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PREFACE

This book is designed to summarize the current state of 
knowledge on the inflammatory disease pancreatitis. Acute 
pancreatitis is one of the most common reasons for hos-
pitalization due to gastrointestinal disease, and there are 
no effective therapies beyond symptomatic treatments. 
Chronic pancreatitis reduces quality of life due to pain and 
inadequate digestion and predisposes patients to pancre-
atic cancer. Autoimmune pancreatitis is a more recently 
described entity and can respond to treatment.

This book describes the genesis, experimental animal 
models, and diagnosis and treatment of clinical disease. 
Chapters are relatively short and designed to be read 
in a sitting. This was accomplished by dividing topics 
into smaller units while maintaining depth of coverage. 
The pertinent literature is cited for both recent develop-
ments and comprehensive reviews. Overall there are 
65 chapters presented in four sections: “Experimental 
Pancreatitis,” “Acute Pancreatitis,” “Chronic Pancreatitis,” 
and “Autoimmune Pancreatitis.” Each chapter is written 
by acknowledged experts from around the world reflect-
ing the global nature of the Pancreas community. The book 
is directed primarily to pancreas researchers and clinical 

practitioners but will also appeal to an educated audience 
of individuals interested in the exocrine pancreas and its  
diseases.

This material was originally published as entries on 
the Pancreapedia site (www.pancreapedia.org). The 
Pancreapedia is an open-access knowledge base developed 
at the University of Michigan under the sponsorship of the 
American Pancreatic Association and with support from the 
National Library of Medicine. Topics were developed by 
the Editors of the Pancreapedia and Section Editors for dif-
ferent aspects of pancreatitis. Submitted manuscripts were 
subjected to peer review to ensure clarity and complete-
ness, then edited and mounted within a month of receipt 
on the Pancreapedia website, thus avoiding the long delays 
of traditional reference books. For any Pancreapedia entry 
over 2 years old, the authors were given the opportunity to 
update their contribution. Book chapters were then further 
copyedited and type set. Illustrative material was included 
wherever possible. The book has been indexed and cross-
referenced and is available in electronic and print formats. 
Future books are planned on other aspects of the exocrine 
pancreas and its diseases.

xiii
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Chapter 1

Experimental acute pancreatitis: In vitro models

Olga A. Mareninova1, Abrahim I. Orabi2, and Sohail Z. Husain2*

1 Veterans Affairs Greater Los Angeles Healthcare System and Department of Medicine, David Geffen School of Medicine, University 
of California at Los Angeles, CA 90073 USA;

2 Department of Pediatrics, Children’s Hospital of Pittsburgh of UPMC and the University of Pittsburgh School of Medicine, 
Pittsburgh, PA 15224 USA.

Introduction

Acute pancreatitis is an extremely painful and life-threatening 
inflammatory disease of the exocrine pancreas.1,2 A sobering 
point for both clinicians and researchers is that treatment for 
acute pancreatitis remains largely supportive. Furthermore, 
there is a lack of therapies that target primary mechanisms 
underlying disease initiation or propagation. Reliable, relevant, 
and convenient experimental animal models that resemble the 
human disease are crucial to developing an understanding of 
pancreatitis pathobiology.3-8 In this chapter, we will review the 
current in vitro (i.e., ex vivo) models that serve as surrogates for 
experimental acute pancreatitis. We will specifically discuss: 
(1) the standard process of preparing pancreatic acinar cells or 
pancreatic tissue components, (2) assays for assessing in vitro 
injury and inflammatory precursors, and (3) the array of nonal-
coholic and alcoholic in vitro models of pancreatitis.

The pancreatic acinar cell is the main parenchymal cell 
of the pancreas. It comprises roughly 90% of the pancreatic 
parenchyma and synthesizes and secretes digestive enzymes 
in response to hormonal stimulation.9-12 The acinar cell is con-
sidered the initial site of pancreatic injury that leads to pancre-
atitis; thus, acinar cell cultures have been used for decades to 
define the molecular events that occur during the early stages 
of the disease.13-15 The advantage of these models is that they 
provide a high throughput (or at least rapid) system to examine 
whether cellular pathways or molecular targets modulate inju-
rious in vitro corollaries to in vivo events including aberrant 
calcium (Ca2+) signaling, activation of digestive proteases, 
nuclear factor (NF)-κB activation, mitochondrial dysfunction, 
and cell death through apoptosis or necrosis. A disadvantage is 
that they lack the full inflammatory or systemic components, 
so subsequent in vivo validation of in vitro findings is crucial.

Adenovirus-mediated gene transfer has enabled research-
ers to manipulate acinar cell function in the presence of path-
ological agents.16,17 Another powerful genetic approach for 

studying pancreatitis in vitro is to isolate acinar cells from the 
pancreas of gene-targeted knockout or transgenic mice.18-21

Acinar Cell Preparations

Single, double, and large cluster acinar cell preparations
Isolated pancreatic acini and acinar cells can be prepared 
from rat, mouse, and guinea pig pancreas using a collagenase 
digestion protocol.22-26 Depending on the stringency of the 
isolation protocol, single, double, and large cluster acinar 
cells are obtained (Figure 1A-B). The greatest determinant 
in acinar cell preparation stringency is the concentration 
and duration of collagenase digestion. Nonetheless, there 
are several collagenases to choose from, including Sigma 
Types II,27 IV or V,28 and Worthington type IV.29 A newer 
collagenase P from Roche can be used to prepare smaller 
acini for electrophysiology;30,31 Liberase (Roche) is another 
option. Some authorities use collagenase NB1 (Serva) to 
perform human islet cell isolation, which also yields acinar 
cells (and duct cells) for experimental use.32,33 Acinar size 
and integrity are highly dependent on collagenase type and 
shearing force application.34 After pancreatic tissue diges-
tion, acinar cells can be purified away from ducts, islets, and 
blood vessels by filtration and bovine serum albumin (BSA) 
density sedimentation. Following this method, acini can be 
maintained in culture for 24-48 h, and after that time they 
start to lose their polarity and secretory capability. 

Lobules
To assess the direct and indirect effects of agonists on acinar 
cell secretion, in vitro preparations should ideally contain 
nerves and islets in addition to acinar cells.

For this reason, pancreatic lobules are useful (Figure 1C). 
In the original description by Scheele and colleagues, pancreatic 
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lobules were spread apart by injecting Krebs-Ringer bicarbo-
nate (KRB) buffer into the loose connective tissue of the pan-
creas and then individually excised by micro-dissection under 
a stereomicroscope.35,38 This procedure minimizes acinar cell 
damage since most of the surgical trauma is limited to ducts 
and vessels. The excised lobules preserve the overall acinar 
architecture of the tissue, and their small size allows for easy 
penetration of oxygen and solutes from the incubation medium. 
Following this method, lobules can be maintained for several 
hours in culture.39-42 

Organoids
The most recent advance in studying pancreatic physiol-
ogy in vitro involves the generation of pancreatic organoids 
(Figure 1D).36-43 By definition, organoids are three-dimensional 

organ buds that arise from stem cells. With the use of growth 
 factors, stem cell populations can be coaxed into forming balls 
of terminally differentiated cells that self-organize into distinc-
tive layers. As described by Boj and colleagues, pancreatic 
organoids can be rapidly generated from resected pancreatic 
tumors and biopsies following manual digestion with col-
lagenase II and seeded in growth factor-reduced Matrigel.36 
Conditioning the medium with the growth factor R-spondin 
promotes a predominantly duct cell population. These pancre-
atic organoids survive cryopreservation and exhibit ductal- and 
disease stage-specific characteristics. Further, pancreatic orga-
noids from wild-type mice accurately recapitulate physiologi-
cally relevant aspects of disease progression in vitro. Following 
orthotopic transplantation, pancreatic organoids are capable of 
regenerating normal ductal architectures. This technique is par-
ticularly useful for studying duct cell phenotypes.36

Figure 1. In vitro preparations of the pancreas include (A) single acinar cell preparations,22 (B) acini,34 (C) pancreatic lobules,35 
(D) pancreatic organoids,36 and (E) pancreatic slices.37 Republished with permission.
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Pancreas slice
The novel method of culturing pancreas slices is useful to pre-
serve the integrity of the pancreatic milieu for at least 2 days 
(Figure 1E).37,44 This technique allows for both in situ imaging 
of cellular events relevant to pancreatitis and genetic manipula-
tion. To obtain a pancreas slice, Gaisano and colleagues gently 
infused a low melting agarose gel into the pancreatic duct of an 
anesthetized mouse via transduodenal puncture and common 
bile duct cannulation.37,44 The pancreas was then excised and 
trimmed. The agarose renders the organ firm enough to slice it 
with a vibratome, at a thickness of 80-140 µm. Moreover, aga-
rose is porous and thus provides free buffer exchange, ensuring 
optimal health in culture for up to 2 days. This technique per-
mits both cell transfection and real-time imaging. 

Acinar cell lines
The most commonly used cell line to study the exocrine pan-
creas is the rat pancreatic acinar cell line AR42J (Figure 2). 

These cells were derived from a transplantable tumor of the 
rat exocrine pancreas. They differ from primary pancreatic 
acinar cells in at least two ways: (1) they proliferate rapidly 
and (2), although they synthesize, store, and secrete digestive 
enzymes, they express atypical receptors and have atypical ino-
sitol phosphate metabolism and cytoskeleton rearrangement.45 

Dexamethasone favors their differentiation toward the acinar 
phenotype, including agonist-stimulated Ca2+ signaling.46-49 
AR42J cells are incubated for 48-72 h in culture medium sup-
plemented with 100 nM dexamethasone prior to experimental 
treatment or induction. They are easily cultured in RPMI 1640 
medium supplemented with glutamine, fetal bovine serum, and 
antibiotics at 37°C under humidified conditions of 95% air and 
5% carbon dioxide. AR42J cells can be routinely plated at a den-
sity of 105 cells/mL in 75-cm2 flasks and cultured for 7-10 days. 

A less common acinar cell line is the 266-6 line derived 
from young adult mouse tumors that were induced with the 
elastase I/SV-40 T-antigen fusion gene. First described by 
Robert Hammer in 1985,51 266-6 cells retain a partially dif-
ferentiated phenotype and express several digestive enzymes. 
They respond to carbachol and cholecystokinin (CCK) but 
not substance P, secretin, or vasoactive intestinal peptide 
(VIP). The culture method is the same as that described for 
AR42J cells except that there is no dexamethasone priming.

Assays for In Vitro Surrogates of Pancreatitis 

Ca2+ signaling
Pancreatic acinar cells have served as an epithelial cell 
model for examining Ca2+ signaling for decades (Figure 3). 
Consistent with the polarized nature of acinar cells, Ca2+ signals 
in these cells exhibit highly organized spatial characteristics.52 
Most agonist-stimulated Ca2+ signals in acinar cells initiate in 
the apical region and propagate to the basolateral region.10,53,54 
Single-cell imaging of Ca2+ signals requires fluorescent dyes 
and confocal microscopy. A number of Ca2+-sensing dyes are 
available, depending on the needs of the researcher.55-58 The 
simplest dyes exhibit signature fluorescent properties upon 
binding Ca2+; they are excited by a certain wavelength of light 
and emit photons at a certain emission wavelength (i.e., Fluo-
3AM, Fluo-4AM). Conversely, ratiometric dyes (i.e., Fura-2) 
exhibit distinct spectral shifts upon Ca2+ binding, such that the 
Ca2+-free form is excited maximally at 380 nm while the Ca2+-
bound form is excited maximally at 340 nm. Both states emit 
peak fluorescence at 510 nm. 

Cells are loaded with the Ca2+ dye of choice, allowed 
to adhere to glass coverslips, and excited with the agonist 
of choice while collecting real-time images, usually with a 
laser scanning confocal microscope.22 

Intra-acinar protease activation
Premature intracellular activation of digestive proteases has 
long been considered an early, initiating event in pancreatitis 

Figure 2. Morphological characteristics of the AR42J acinar 
cell line. AR42J cells primed with dexamethasone (100 nM) and 
visualized by (A)45 light microscopy using a 20X objective or (B)50 
electron microscopy (arrowheads point to zymogen granules). 
Republished with permission. 
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pathogenesis. The traditional method for  examining intra- 
acinar protease activation involves probing pancreatic aci-
nar cell lysates with a fluorogenic substrate for the protease 
of interest.4,61,62 The readout is obtained from a fluorimeter 
(e.g., a fluorescent plate reader or cuvette system) in the form 
of a kinetic plot. These data can be normalized to total pro-
tein content or total DNA to control for cell loading. Since the 
initial description of these fluorogenic substrates in 1983,63,64 
bisamide derivatives of rhodamine 110 have been used as a 
sensitive and selective substrate for activated protease meas-
urements. Proteolytic selectivity is achieved by using specific 

benzyloxycarbonyl-peptides. The tripeptide derivative bis-
(CBZ-Ile-Pro-Arg)-R110 (BZiPAR) has been successfully 
used by some groups to measure trypsinogen activation by live 
microscopy.3,65-67 

NF-κB translocation
NF-κB activation is thought to be an early and critical 
component of the inflammatory response during acute 
pancreatitis.6 Traditional methods for examining NF-κB 
activity in vitro include protein determination of NF-κB 

Figure 3. Typical Ca2+ transients upon stimulation with supraphysiologic concentrations of carbachol (1 μM) or physiologic 
concentrations of caerulein (10 pM). Changes in whole-cell Ca2+ were measured by time-lapse confocal microscopy using the Ca2+ 
dye Fluo-4AM (5 μM). Images are represented in pseudocolor with a color scale. (A) From left to right, bright field view of an acinus 
labeled at the apical and basolateral regions of interest. Upon stimulation with physiologic carbachol (1 μM, Ach analogue), subsequent 
images show the initiation of the Ca2+ signal in the apical region followed by propagation to the basal region. (B) Each paneled image  
(1-4) corresponds to a frame along a representative tracing of change in fluorescence over time for each region of interest. (C-D) 
Oscillating Ca2+ signals are observed in response to low-dose caerulein (10 pM, CCK analogue). Republished with permission.59,60
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pathway markers (i.e., phosphorylated IκB, p65 nuclear 
translocation, IKK upregulation), electromobility shift 
assay (EMSA), and immunohistochemistry for phospho-
rylated p65.19,68 Newer techniques include the transfection 
(or usually infection via viral vectors in pancreatic cells) 
of NF-κB-luciferase reporters (Figure 4). With these tech-
niques, binding of NF-κB subunits to a nuclear response 
element drives transcription of the gene encoding the 
luminescent luciferase protein. The most commonly used 
reporters are firefly69 and renilla70 luciferases. The devel-
opment of secreted luciferases such as gaussia (Gluc), 
secreted alkaline phosphatase (SEAP), and cypridina 
allows for serial determination of NF-κB activity from the 
media over time.71-74 

Mitochondrial damage
Mitochondrial dysfunction has been shown to play a criti-
cal role in the pathogenesis of pancreatic acinar cell injury, 
resulting in pancreatitis.75 Manifestations of mitochondrial 
dysfunction in pancreatitis include loss of mitochondrial 
inner membrane potential (∆Ψm), reactive oxygen species 
(ROS) production, release of the programmed cell death 
mediator cytochrome c into the cytosol, and failure of ATP 
production; these events lead to varying degrees of acinar 
cell necrosis or apoptosis.76 Recent data show that prevent-
ing mitochondrial damage improves several aspects of pan-
creatitis and ameliorates disease severity.77,78

The effect of pancreatitis on ∆Ψm can be measured in 
isolated acinar cells using the ∆Ψm-sensitive fluorescence 
probe tetramethylrhodamine methyl ester (TMRM), which 
is a lipophilic cation dye whose accumulation in mitochon-
dria is proportional to the ∆Ψm. After preincubation with 
an agonist, cells are loaded with 1 μM TMRM for 10-20 
min at 37°C and transferred to a fluorimeter to measure 
fluorescence intensity at 543 nm/570 nm.77,79 ∆Ψm can 
also be detected using another ∆Ψm-sensitive fluorescence 
probe JC-1, which exists as a green monomer at low ∆Ψm. 
Because JC-1 forms red fluorescent J-aggregates at higher 
potentials, the ratio between red (550 nm/600 nm) and green 
(485 nm/535 nm) fluorescence is used to monitor ∆Ψm. 
Decreased ∆Ψm leads to depletion of intracellular ATP and 
subsequent necrosis. ATP levels in pancreatic acinar cells 

can be detected using a luciferin/luciferase luminescence-
based assay that is normalized to protein content.

Permeabilization of the mitochondrial outer membrane 
occurs through opening of the mitochondrial permeability 
transition pore (MPTP), an event that is integral to apop-
tosis in pancreatitis. MPTP opening and subsequent mito-
chondrial outer membrane permeabilization result in the 
release of the mitochondrial resident protein cytochrome c 
into the cytosol. Cytochrome c release within acinar cells 
is assessed by immunoblotting against cytochrome c from 
cellular fractions of mitochondria-enriched membrane and 
cytosolic fractions.81,82 

The mitochondria within acinar cells are highly sus-
ceptible to oxidative damage from ROS, and they also 
serve as primary generators of ROS when the electron 
transport chain within the inner mitochondrial membrane 
is perturbed (usually with ∆Ψm loss). ROS can trigger 
cytochrome c release and death responses in pancreatic 
acinar cells, demonstrating the cross-talk between necro-
sis and apoptosis in the mitochondria.78 Intracellular ROS 
levels are detected using 2,7-dichlorofluorescein (DCF).81 
ROS that is selectively generated by the mitochondria can 
be monitored by labeling the cells with the mitochondrial 
ROS-sensitive rhodamine-based fluorescent dye DHR123. 
Mitochondrial localization of DHR123 can be confirmed 
by co-staining the cells with the mitochondrial specific 
marker MitoTracker Red (CMXRos). Proper analysis of 
ROS production in living cells requires the combined use 
of several fluorescent ROS probes in parallel experiments, 
assessment of non-ROS related parameters that can induce 
artifacts (e.g., ∆Ψ, pH), and the inclusion of adequate con-
trol conditions. For example, a common positive control 
known to stimulate the generation of mitochondrial ROS 
is rotenone, which inhibits complex I of the electron trans-
port chain. A negative control is the mitochondrial uncou-
pler carbonyl cyanide m-chlorophenylhydrazone (CCCP), 
which blocks mitochondrial ROS production.

Cell injury
The three most common assays used to assess acinar cell 
injury include (1) lactate dehydrogenase (LDH) release; (2) 
propidium iodide (PI) uptake; and (3) reduction of MTT 

Figure 4. Schematic of the NF-κB-luciferase adenoviral construct. The construct contains six tandem-repeat transcription factor 
response elements, a minimal promoter, and a luciferase coding region. Binding of NF-κB subunits to a nuclear response element drives 
transcription of the luminescent protein luciferase. Republished with permission.80
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(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide). LDH catalyzes the interconversion of pyruvate 
to lactate and NADH to NAD+.83 Elevated levels of LDH 
are indicative of tissue injury and breakdown. LDH can be 
measured using colorimetric assays supplied by Promega 
(cat #G1780).22 PI is a high-affinity DNA-binding dye 
that is effectively excluded from live cells.84-86 Dead or 
dying cells have compromised plasma membranes and 
thereby allow PI to enter the nucleus and bind to DNA. 
MTT reduction is a measure of mitochondrial function and 
cell viability.87-89 MTT is reduced to insoluble formazan by 
mitochondrial dehydrogenases. Water-insoluble formazan 
can be solubilized using isopropanol or other solvents. The 
dissolved material is measured spectrophotometrically, 
yielding absorbance as a function of the concentration of 
the converted dye. 

Nonalcoholic Models

Secretagogues 
The peptide hormone CCK and its analog caerulein has been 
used with in vitro models to reproducibly induce acute pan-
creatitis-like responses in acinar cells.15,26,32,61,90-92 Pancreatic 
acinar cells express high- and low-affinity CCK receptors 
(CCKRs) that are activated by low and high concentrations 
of CCK, respectively.93,94 Low concentrations in the picomo-
lar range bind to high-affinity CCK receptors and maximally 
stimulate physiological acinar cell enzyme secretion.95 High 
(supraphysiological) concentrations in the nanomolar range 
bind to low-affinity CCK receptors, which results in a rela-
tive reduction in the secretory response, a phenomenon that 
is thought to be pathological because it leads to the retention 
of prematurely activated proteases and their missorting.65

Digestive protease activation requires a rise in cyto-
solic Ca2+, which occurs through release from intracellu-
lar Ca2+ pools (primarily the endoplasmic reticulum) that 
are gated by inositol trisphosphate receptors and ryanodine 
receptors.3,4,10,96 Another consequence of supraphysiologi-
cal CCK seen both in vitro and in vivo is the emergence of 
large intra-acinar vacuoles.3,97,98 

There are other CCK analogues that do not lead to pro-
tease activation or pancreatitis even at high concentrations 
because they elicit distinct phenotypic responses and dis-
tinct cell signals. They include the O-phenyl-methyl-ester 
analogue of CCK (OPE) and JMV-180.93,94 These agonists 
can serve as physiological controls to differentiate between 
pathological signals. The agonist bombesin (also known 
as gastrin-related peptide) causes intra-acinar protease 
activation but not acinar cell injury because, unlike CCK, 
bombesin does not cause activated proteases to be retained 
in acinar cells.7 Other secretagogues that stimulate acinar 
cell enzyme secretion include secretin, VIP, and pituitary 
adenylate cyclase-activating peptide.10,99,100

Several investigations have questioned whether CCK 
hyperstimulation is relevant to human acinar cells.92,101 
Whereas CCK receptors are abundant on murine acinar 
cells, they have little to no expression in the human acinar 
cell.102,103 Except for a notable recent report,104 CCK failed 
to elicit a Ca2+ signal or a secretory response in isolated 
human acini.102,105,106 By contrast, acetylcholine or its long-
acting analog carbachol stimulates robust physiological and 
pathological (at high millimolar concentrations) responses 
in acinar cells from mouse, rat, and man.107,108 Several clini-
cal correlates of pancreatitis are associated with cholinergic 
overload, from exposure to scorpion toxin or organophos-
phates (which would prevent the degradation of acetylcho-
line by inhibiting endogenous acetylcholinesterases).109-112 

Bile acids 
The most common cause of acute pancreatitis is impaction 
of gallstones or sludge in the distal common bile duct, a sit-
uation called biliary pancreatitis.113-116 There are two hotly 
debated and nonmutually exclusive theories for biliary pan-
creatitis: (1) increased pressure in the pancreatic duct and 
(2) reflux of bile into the pancreatic duct.117 The latter can 
be recapitulated in vitro by exogenous administration of 
bile or its components. Bile is composed predominantly of 
the bile acids taurocholate (TC), taurochenodeoxycholate 
(TCDC), and taurodeoxycholate (TDC), while taurolitho-
cholic acid 3-sulfate (TLCS) comprises a small fraction of 
bile.118,119 However, TLCS is most commonly used in vitro 
because it is the least hydrophilic and therefore, the most 
potent of the naturally occurring bile acids. It induces Ca2+ 
signals at low micromolar concentrations that are below the 
critical micellar concentration.120 Bile acids can be trans-
ported into pancreatic acinar cells through specific trans-
porters, or they can bind to their cognate receptors including 
the transmembrane G-protein coupled receptor TGR5 (also 
known as the G-protein coupled bile acid receptor 1, or 
GPBAR1).121,122 Bile acid administration triggers aberrant 
acinar cell Ca2+ signals leading to trypsinogen activation 
and cell death.123-126 Rescuing ATP depletion by patching 
ATP into isolated acinar cells prevents necrotic cell death 
due to the bile acids.123,127,128 

Fatty acids
Recent investigations into the role of obesity during acute 
pancreatitis have revealed that accumulation of intrapan-
creatic fat is associated with a greater tendency towards 
pancreatic necrosis during acute pancreatitis, which is asso-
ciated with multisystem organ failure in obese individu-
als.5,129,130 These findings provided a rationale to examine a 
direct role for fatty acids in acinar cell pathobiology in vitro. 
Unsaturated fatty acids in particular appear to play a proin-
flammatory role; they trigger pathological intracellular Ca2+ 
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signals, inhibit mitochondrial complexes I and V, and cause 
necrosis. Saturated fatty acids exert none of these effects. 

Alcoholic Models

Alcohol is a major etiology of acute pancreatitis.131,132 
Chronic ethanol exposure appears to sensitize the pancreas 
to the pathologic effects of other concomitant stressors dur-
ing disease development.2,59,107,133 

The mechanism underlying alcohol’s sensitizing effect is 
unclear. In vitro exposure to clinically relevant concentrations 
of ethanol (50-100 mM; for at least 1 h under sealed condi-
tions) in combination with physiological concentrations of 
CCK or carbachol has been shown to trigger pathological 
pancreatitis responses in acinar cells, including protease 
activation, intracellular NF-κB activation, pro-inflammatory 
cytokine expression, vacuolization, and necrosis.59,134-136 

Some have found that using sealed conditions with minimal 
dead space is important in order to prevent evaporation  of 
the ethanol.59,134-136

One mechanism of ethanol’s toxic effects is through 
the actions of oxidative (acetaldehyde) and nonoxidative 
(fatty acid ethyl ester, FAEEs) metabolites.137-142 Several 
studies have demonstrated that both pathways in ethanol 
metabolism are evident in the pancreas and that expo-
sure of pancreatic acinar cells to ethanol alone results in 
accumulation of both acetaldehyde and FAEEs.141,143,144 
Nonoxidative FAEEs increase acinar cell lysosomal fragil-
ity and induce a rise in intracellular Ca2+,145-147 along with 
premature intracellular digestive enzyme activation, aci-
nar cell vacuolization, ∆Ψm loss, ATP depletion, and cell  
necrosis.127,141 

Summary

In summary, we have described methods for isolating pan-
creatic acinar cells, lobules, organoids, and slices. We also 
described in vitro assays for critical surrogates of pancreatitis. 
Lastly, we provided an overview of the various secretagogues 
and naturally occurring agonists that can be used to stimulate 
pancreatic acinar cells in vitro for the purpose of studying path-
ologic surrogates of pancreatitis. Such tools help researchers 
elucidate the molecular mechanisms mediating acute pancrea-
titis and allow them to test novel therapeutic agents that could 
reduce pancreatitis-mediated acinar cell damage.
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General Comments

Acute pancreatitis (AP) is a disorder with a sudden onset 
that can present in mild edematous and severe necrotizing 
forms.1 Mild AP is usually self- limiting and is character-
ized by minimal or no distant organ dysfunction and an 
uncomplicated recovery. In contrast, severe necrotizing AP 
usually involves organ failure (pulmonary insufficiency, 
renal failure, shock, etc.), and local complications (e.g., 
infected necrosis, abscess, or pseudocyst formation). These 
complications of severe AP contribute to its high mortality 
and morbidity rates. 

Despite intensive research, our understanding of AP 
pathophysiology is far from complete. Because it is gen-
erally not possible to obtain pancreatic tissue during the 
early stages of the clinical disease, most of our knowledge 
base comes from studies using in vivo animal models of 
AP.2-6 Nowadays, ex vivo AP models are also becoming 
more widely used, especially for mechanistic studies. On 
the other hand, as AP is a systemic disease involving other 
organs besides the pancreas, the usefulness of ex vivo AP 
models is still limited, and the preferred use of in vivo mod-
els to investigate AP is more than justified. 

About 80% of human AP cases are related to either 
ethanol abuse or gallstone disease. However, the disease 
will develop in only a minority (≤10%) of individuals who 
either harbor gall stones or consume alcohol, and there are 
no animal models of AP that can be induced by these con-
ditions alone. Conversely, most of the agents commonly 
used to induce experimental AP in animals do not cause 
pancreatitis in humans. 

Necrotizing clinical AP is usually characterized by 
large, patchy areas of hemorrhagic necrosis of pancreatic 
and peripancreatic tissues,7-9 and it is not characterized 
by diffuse, homogeneous injury. The necrosis of severe 

clinical pancreatitis usually develops within the first 4 days 
after symptom onset in humans, whereas infection of the 
necrotic pancreas develops most frequently in 2 to 3 weeks 
after symptom onset.10 Actually, many necrotizing AP 
deaths result from pancreatic infections, which are reported 
to occur in 30% to 70% of patients.11 The incidence of 
infection correlates with the extent of intra- and extrapan-
creatic tissue necrosis. Rodents with necrotizing AP seem 
to be much more resistant to infections than humans, and 
considerable pancreatic infection rates are only reported for 
the invasive rodent AP models.12

With respect to disease treatment, researchers have 
often found that drugs that are beneficial in rodent mod-
els of experimental pancreatitis fail in clinical trials. This 
may be because most protocols in animals permit starting 
treatment before or very shortly after AP induction, which 
does not resemble the clinical situation where prophylactic 
therapy is only possible in cases of endoscopic retrograde 
cholangiopancreatography-induced AP. 

It is likely that the rate of AP progression differs 
between experimental and clinical pancreatitis. Disease 
kinetics appear to depend on many parameters, including 
body mass. While many patients with severe pancreati-
tis are obese, most animal models of pancreatitis employ 
lean animals. At the time of emergency room presenta-
tion, which is usually 12 to 36 hours after symptom onset, 
the clinical disease is usually already quite developed.3 In 
contrast, pronounced pathology requires many hours to 
develop in some models (i.e., choline-deficient ethionine-
supplemented [CDE]-diet, L-arginine).

Despite these potentially important differences between 
clinical and experimental pancreatitis, we have come a 
long way since the first experimental AP model of retro-
grade injection of bile and olive oil into the dog pancreatic 
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duct was described by Claude Bernard in 1856.13 Since 
then, numerous AP models have been developed. In the 
past, large animals such as dogs and cats were commonly 
used in AP studies, but most modern investigations employ 
small animals, usually rats and mice. The latter species has 
become increasingly used, primarily due to the availabil-
ity of genetically modified mouse strains. Although the use 
of larger animals may present fewer technical limitations 
related to the size of the subjects (such as surgical or thera-
peutic interventions including intravenous [i.v.] adminis-
tration of drugs and fluids], rodents are also utilized more 
commonly because of financial, ethical, and practical rea-
sons. Furthermore, inbred rodent strains are better stand-
ardized, and the utilization of larger numbers of animals 
per group can improve experimental statistical power. In 
this regard, the use of inbred rodent strains may offer dis-
tinct advantages over clinical studies, which are hampered 
by difficulties in recruiting and monitoring a sufficiently 
large and homogeneous population of patients.

Aims
The main aims of this review are to provide the reader with 
a general description of various commonly used in vivo 
rodent AP models, discuss their strengths and weaknesses, 
and explain how the various models relate to human dis-
ease. In addition to this summary, we will make a number 
of “opinion-based” comments regarding the use of these 
models and the interpretation of the results obtained. We 
will suggest (a) which models are most appropriate for 
addressing specific AP-related questions, (b) why we feel 
investigators should consider using more than one type of 
model for their studies, (c) how the severity of observed 
changes might best be quantitated, and (d) how discord-
ant results from studies employing more than one type of 
model might best be interpreted. Our review will focus 
entirely on issues related to nonalcohol-related AP; we will 
not discuss models of alcohol-induced AP or chronic pan-
creatitis. In addition, we will not discuss issues related to 
hereditary pancreatitis, models of genetically induced AP, 
or those models that have only recently been described and 
have not been extensively used or validated. Our review 
will focus on in vivo models, but since most of the com-
monly used in vivo models can be replicated for ex vivo use, 
we will also briefly discuss some of these systems. 

Types of Models

The ideal experimental AP model would be technically 
simple to create, minimally invasive, reproducible, well 
characterized, inexpensive, and resemble the human dis-
ease with respect to its triggering event, pathologic mor-
phology, pathophysiology, disease course and response to 

treatment.14 Needless to say, none of the existing AP mod-
els fulfill all of these criteria. Therefore, it is not surprising 
that none of the pancreatitis models is universally used and 
that AP pathophysiology remains poorly understood.

Noninvasive models of AP
In general, noninvasive AP models are relatively sim-
ple and inexpensive to create; therefore, their use has 
become quite popular. However, none of them are rel-
evant to the human disease with respect to their etiology 
(i.e., their triggering event). This review will discuss 
the most commonly used noninvasive models induced 
by (a) supramaximal stimulation with secretagogues, 
(b) a CDE diet, and (c) administration of basic amino 
acids.

Secretagogue-induced models
Cerulein is a more stable analog of the gastrointestinal 
secretagogue hormone cholecystokinin (CCK). In maxi-
mally stimulating concentrations, cerulein or CCK causes 
digestive enzyme release from pancreatic acinar cells.15 
However, as initially shown by Lampel and Kern,16 in 
higher, supramaximally stimulating concentrations, CCK 
or cerulein inhibit digestive enzyme secretion, cause pre-
mature intrapancreatic proteolytic enzyme activation, and 
induce AP. In rats, cerulein causes mild edematous AP,16 
but in mice, it causes more severe, necrotizing AP.17 In both 
species, the disease is transient and self-limited. Therefore, 
it is not surprising that mortality in cerulein-induced pan-
creatitis is nonexistent in rats and negligible in mice. This 
may be due to a mild pulmonary injury in cerulein-induced 
AP that has been shown to resemble the early stages of 
adult respiratory distress syndrome in human AP.18 

Cerulein can be administered parenterally via intra-
peritoneal (i.p.), i.v., or subcutaneous (s.c.) injections.19 
The i.v. route, which allows for continuous cerulein 
administration (at doses of 5-50 µg/kg/h), is considered 
the best way of administering the hormone to rats; how-
ever, it is not commonly used due to the requirement of 
central venous cannulation and anesthesia. For this reason, 
the cerulein-induced model is usually elicited by the i.p. or 
s.c. administration of several (4-12) hourly doses. In rats 
and mice, pancreatic injury (as manifested by trypsino-
gen activation, nuclear factor-κB activation, and vacuole 
formation) evolves within an hour of the start of cerulein 
administration, and the peak of histological changes (inter-
stitial edema, inflammation, and acinar cell injury/death) 
occurs 3 to 6 hours after the start of secretagogue admin-
istration. By 24 hours after the start of supramaximal 
secretagogue stimulation, these changes begin to resolve, 
and 1 week later, the pancreas appears to be morphologi-
cally normal. Disease severity can be adjusted by varying 
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the dose and number of cerulein injections. Similar to the 
clinical characteristics of human AP, cerulein-induced AP 
is more pronounced in aged mice, which exhibit higher 
mortality rates.20 An advantage of using cerulein adminis-
tration to elicit AP is the fact that isolated acini can also be 
exposed to supramaximally stimulating concentrations of 
cerulein; in this way, in vivo studies can be complemented 
by ex vivo studies under more controllable conditions. 

A similar secretagogue-induced model has been devel-
oped to induce moderate AP in rats; it only requires a single 
i.p. injection of 25 to 250 µg/kg carbachol, a cholinergic 
agonist.21,22 This model leads to edematous pancreatitis 
characterized by hyperamylasemia and cellular injury, as 
well as diarrhea and excessive lacrimation and salivation. 
Rats die at higher doses (250 µg/kg), presumably due to 
pulmonary edema. The pancreatitis induced by cholinergic 
agonists may be considered a model for the pancreatitis that 
results clinically from scorpion venom intoxication.23,24

The secretagogue-induced models are the most com-
monly used and best characterized AP rodent models, 
despite the questionable clinical relevance of their  initiating 
event. In rodents, cerulein acts through the CCK receptors 
(in their low-affinity state) on acinar cells. However, it is 
debatable whether human acinar cells express any CCK 
receptors. Murphy et al. found that isolated human acinar 
cells respond to CCK by manifesting cytosolic calcium 
signaling, activating mitochondrial function, and stimu-
lating digestive enzyme secretion.25 In contrast, Ji et al.26 
and Miyasaka et al.27 were unable to induce any func-
tional responses. It is likely that even if human acinar cells 
express CCK receptors, their expression level is markedly 
lower than that in rodents.

CDE diet-induced model
This model was originally described by Lombardi et al.28 
It is the least invasive of the AP models because it requires 
no injections and no anesthesia or surgery. In this model, 
young female mice are fed a choline-deficient diet supple-
mented with 0.5% ethionine (CDE diet), and they develop 
acute hemorrhagic pancreatitis with fat necrosis throughout 
the peritoneal cavity. They also develop a poorly charac-
terized but very prominent liver injury. Feeding only an 
 ethionine-supplemented diet can lead to edematous pan-
creatitis.29 CDE diet-induced AP onset is variable, but it 
usually takes 2 to 3 days of diet administration for the dis-
ease to develop. Systemic effects such as acidosis, hypoxia, 
and  hypovolemia can also be observed. If the diet is fed ad 
libitum, it is usually lethal after 4 or 5 days. Consumption 
of the CDE diet (and, thus, the severity of diet-induced 
pancreatitis) can vary considerably between groups of ani-
mals. Some mice would rather die than eat the CDE diet, 
and this possible variability in CDE diet consumption can 
severely complicate experimental design. Careful record 

keeping and the use of large numbers of animals in each 
 experimental group are important. Control and experi-
mental groups of animals should only include young, age-
matched female mice given aliquots of the same CDE diet 
preparation, and diet consumption should be controlled 
so that each animal consumes 3 g/day. Because mice are 
frequently cannibalistic, animal mortality should be deter-
mined by counting the number of living mice instead of dead 
mice. The mortality of the model can be varied by chang-
ing the duration of CDE diet administration.30 Gilliland 
and Steer were able to reduce AP severity by modifying 
the feeding protocol.31 The homogeneity and reproduc-
ibility of CDE diet-induced AP depend on controlling the 
sex, age, weight, and food intake of the mice. According 
to the most commonly used protocol, CD-1 female mice  
(11-13 g) are starved for 1 day (to promote  subsequent CDE 
diet consumption), then fed 3 g/mouse of the CDE diet 
on each of the subsequent 3 days, then fasted for another 
day before being placed back on a regular laboratory diet. 
Young mice are more severely affected than adult mice, 
and females more than males.32 Estradiol treatment of male 
mice sensitizes the animals to CDE diet-induced AP, so 
estrogens are likely to play an important role in the sex-spe-
cific nature of this model.33 Systemic signs such as ascites, 
hypovolemia, acidosis, and hypoxia accompany the local 
pancreatic inflammation.30 Unfortunately, the diet affects 
the liver as well as the central nervous system, and these 
nonpancreatic effects contribute to multiple organ failure 
and eventually death. Therefore, this model is not ideal for 
studying multiple organ distress syndromes because it can 
trigger those syndromes by mechanisms hat are unrelated 
to AP severity. Another drawback of this model is that it 
elicits a severe disturbance of glucose metabolism (i.e., 
hypoglycemia).34 Also, despite severe acinar necrosis, the 
incidence of pancreatic infection is low (i.e., 3% and 8% in 
survivor and nonsurvivor mice, respectively).12,35

AP induced by basic amino acids
Whereas amino acids are essential components of the 
body, large i.p. doses of L-arginine,36-38 L-ornithine,39 and 
L-lysine40 but not L-histidine41 have been shown to induce 
severe acute necrotizing pancreatitis. L-arginine doses of 
2.5 to 5.0 g/kg are most commonly used to induce experi-
mental AP in rats. Two i.p. doses of 2.5 g/kg given at an 
interval of 1 hour do not produce as severe AP as a sin-
gle 5 g/kg dose. For a long time, it was thought that this 
model of experimental pancreatitis could only be elicited 
in rats, but Dawra et al. recently showed that using even 
higher L-arginine doses (2 × 4 g/kg) can also induce AP in 
mice.42,43 In the case of L-lysine, the disease evolves with 
the formation of vesicular structures, recently identified as 
damaged mitochondria,40 within pancreatic acinar cells. 
Pancreatic edema and necrosis followed by inflammation 
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has been observed in this model, and both peripancreatic 
necrosis and ascites can occur, but hemorrhage is not a 
typical feature of this model.

Basic amino acids induce selective acinar cell damage 
without any apparent effect on duct and islet cells. Thus, the 
basic amino acid-induced models seem to morphologically 
resemble human necrotizing pancreatitis in which nerves, 
major ducts, and islets are not markedly affected.44 One 
important drawback of the basic amino acid-induced mod-
els is that extrapancreatic complications (e.g., pulmonary 
insufficiency) due to AP are mild in these models.46 For this 
reason, these models are not suitable for studies focused 
on the pathophysiology of extrapancreatic AP-associated 
events. This may also explain the low mortality in this 
model. In mice, the effective and toxic/lethal doses of basic 
amino acids are very close to each other, and toxicity, which 
is frequently lethal, is most likely due to metabolic effects 
of the basic amino acids themselves rather than associated 
AP. Rats and mice become lethargic soon after receiving 
an i.p. injection of amino acids, and it takes several hours 
for the animals to recover from this phase. The mortal-
ity associated with the L-arginine mouse model has been 
reported to be 5% to 7%.43 Administration of more than 
5 g/kg L-arginine, 3 g/kg L-ornithine, or 2 g/kg L-lysine 
causes high mortality that occurs very shortly after the i.p. 
injection in rats, independent of AP. Notably, the sensitiv-
ity of rats to basic amino acids seems to be strain and age 
specific, and it is difficult to obtain a graded response (with 
the exception of L-arginine). Bohus et al. found a subset of 
Sprague Dawley rats that responded weakly to the injec-
tion of 4 g/kg L-arginine.45 Similarly, we found that this 
occurred with i.p. administration of 2 g/kg L-lysine.40

As with many AP models, the clinical relevance of basic 
amino acid-induced pancreatic injury remains questionable. 
Saka et al. reported a 16-year-old male patient who was sus-
pected to have arginine-induced AP after taking 500 mg argi-
nine a day for 5 months.47 However, this is not a very high 
dose, and the route of intake was oral, not i.p. Rats that (acci-
dentally) receive the L-arginine injection into their bowels do 
not develop AP. Therefore, it is unlikely that arginine intake 
was the cause of AP in this patient.

Invasive AP models
The most commonly used invasive AP models build upon 
the “common channel theory” first proposed by Opie in 
1901.48 According to Opie’s theory, when a gallstone is 
impacted in the papilla of Vater (at the end of the common 
biliopancreatic channel), it can create a common channel 
upstream to the impacted stone, allowing bile to retrogradely 
flow into the pancreatic duct and initiate AP. However, there 
are numerous arguments against this theory.49 Among these 
objections is that in many individuals, the common channel 
is so short that a gallstone (or the edema around a stone) 

impacted in the papilla of Vater would also obstruct the pan-
creatic duct, which would prevent the outflow of pancreatic 
juice. However, it would also prevent bile reflux into the 
pancreatic duct. Another challenge to the common channel 
theory is that pancreatic duct pressure normally exceeds bile 
duct pressure, so in cases of stone-induced distal obstruc-
tion, pancreatic juice would be expected to reflux into the 
bile duct, while bile reflux into the pancreatic duct would 
likely be prevented. However, perhaps the most compelling 
of the objections is the fact that perfusion of the pancre-
atic duct with bile under normal pressures does not cause 
pancreatic damage unless ductal pressure is also increased. 
In spite of these various objections, the so-called “common 
channel theory” continues to be an attractive explanation for 
the frequently noted association between biliary tract stone 
passage and the onset of acute biliary pancreatitis.

Besides their attractive feature of possibly mimick-
ing the triggering event of human biliary pancreatitis, the 
invasive AP models require anesthetizing animals, which 
by itself can be challenging. Furthermore, postoperative 
problems such as infections and difficulties in maintaining 
nutrition can make result interpretation difficult.

Retrograde ductal infusion
The retrograde infusion of substances (e.g., bile acids, 
enterokinase, trypsin) into the pancreatic duct of an ani-
mal via the ampulla of Vater is known to induce pancreatic 
inflammation. In fact, AP is also observed in about 5% of 
cases after retrograde infusion of an X-ray contrast material 
used for endoscopic retrograde cholangiopancreatography 
in humans.50 

One of the most commonly used retrograde ductal 
infusion protocols was described by Aho et al. in rats.51 
Their model uses 3% to 5% sodium taurocholate (1 mL/
kg) infused at a rate of 0.1 mL/min. Sodium bile salts used 
by others include glycodeoxycholate, taurodeoxycholate, 
chenodeoxycholate, and taurolithocholic acid 3-sulfate. 
Recently, the retrograde ductal infusion technique has been 
adapted for mice.52-56 In either species, disease severity can 
be controlled by altering the concentration, volume, and 
infusion pressure of the injected bile acid. Administration 
of 3% sodium taurocholate causes mild pancreatitis with 
no mortality over 72 hours, while 5% sodium taurocholate 
causes more severe disease and a higher mortality rate. The 
disease induced by retrograde ductal bile acid infusion is 
also associated with extrapancreatic organ involvement, 
but the creation of the model unfortunately requires both 
anesthesia and a surgical procedure, which may make inter-
pretation of the extrapancreatic effects very difficult. This 
is particularly true when studies are designed to evaluate 
acute lung injury after induction of pancreatitis by retro-
grade bile acid infusion into the pancreatic duct. Unlike the 
noninvasive necrotizing AP models, secondary pancreatic 
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infections are more common following retrograde duct 
infusion. However, this higher infection rate may at least 
partly be the result of exogenously introduced organisms.

Technically, it is difficult to control for constant infu-
sion pressure to produce a standard degree of pancreatic 
injury. The use of pumps makes the procedure more stand-
ardized. Uncontrolled pressure-related pancreatic damage 
should be avoided as it causes variation in AP severity. The 
retrograde ductal injection of substances such as bile acids 
will result in AP with a focal distribution mainly affecting 
the pancreatic head but not the tail.52 This must always be 
kept in mind when sampling the pancreatic tissue for analy-
sis. On the other hand, the disease that does develop in this 
model tends to have a patchy, nonhomogeneous distribu-
tion throughout the affected portion of the gland, which is 
similar to that seen in humans with AP.

In general, retrograde ductal infusion-induced pancreati-
tis is elicited in anesthetized rodents via a small laparotomy 
and transduodenal, transpapillary, cannulation of the pancre-
aticobiliary ductal system. After low-pressure infusion of a 
solution containing selected bile acids or other suspected pan-
creaticotoxic agents, the cannula is removed, and the animal 
allowed to recover. Control animals undergo infusion with 
only saline, which elicits only mild and transient pancreatic 
edema that fully resolves within 24 hours. Pancreatitis that 
develops following bile acid infusion usually evolves slowly 
and reaches its peak severity over the initial 12 to 24 hours. 
It is characterized by patchy pancreatic injury/necrosis, pan-
creatic inflammation, pancreatic edema, and intrapancreatic 
activation of digestive enzyme zymogens. Left untreated, 
bile acid infusion-induced pancreatitis in rodents spontane-
ously resolves over the subsequent week and the pancreas 
appears morphologically normal thereafter. 

Schmidt et al. modified the rat duct infusion model by 
combining the short-term pressure and volume-controlled 
retrograde injection of low concentrations (5-10 mM) of 
sodium glycodeoxycholic acid with i.v. infusion of cerulein 
(5 μg/kg/h for 6 h).57 This so-called “Boston Model” is 
thought to resemble human necrotizing AP in many ways 
including the fact that it triggers both local and systemic 
changes.14 However, the triggering event does not resemble 
human AP.

Recent advances in the research of biliary AP models 
was reviewed by Wan et al.54 One potentially important 
study in this field demonstrated that biliary AP may be a 
receptor-mediated disease.58 The G protein-coupled bile acid 
receptor-1 (Gpbar1) is expressed in the apical membrane of 
acinar cells. Its genetic deletion significantly reduces biliary 
but not secretagogue-induced experimental AP.58

Closed duodenal loop
The closed duodenal loop model was originally described 
by Pfeffer et al. in dogs.59 In this model, the duodenum 

is obstructed by the placement of two ligatures: one just 
beyond the pylorus and the second just beyond the point 
of biliopancreatic inflow. This creates a closed intestinal 
segment that communicates with the biliopancreatic duct. 
Bile is excluded by ligating the biliary duct, and gastric 
outflow is re-established by constructing a gastrojejunos-
tomy. Closing the duodenal lumen both proximal and distal 
to the papilla of Vater will result in the reflux of duodenal 
contents into the biliopancreatic duct, and this will cause 
AP. The condition induced with this approach is quite vari-
able and difficult to control. Most investigators note that 
inflammation is mild given the level of pancreatic necrosis.

The closed duodenal loop technique has also been 
adapted for rats by Nevalainen and Seppä.60 In their 
model, an intraduodenal tube was placed into the intestinal 
lumen prior to its ligation to maintain duodenal continu-
ity. Within 24 hours, a variable degree of hemorrhagic AP 
is observed. Increased serum amylase activity, pancreatic 
edema, acinar cell necrosis, hemorrhage, intra-abdominal 
fat necrosis, and the accumulation of ascitic fluid with 
high amylase activity are detected. Chetty et al. modified 
the latter model by instilling infected bile into the closed 
duodenal loop under pressure, and this resulted in a more 
reproducible AP.61 Orda et al. injected a combination 
of sodium taurocholate and trypsin into the permanently 
occluded duodenal loop, and this resulted in a mortal-
ity of 45% within 1 week.62 Dickson et al. histologically 
and bacteriologically analyzed three closed duodenal loop 
model variants.63 Histological studies showed that the 
resulting AP is usually mild to moderate; it is severe only 
in association with sepsis. Bacteriological studies revealed 
gross infection as a major complication. Interestingly, pan-
creatic necrosis is not necessary for infection to occur in 
the closed duodenal loop model.12 This and other obser-
vations made with the closed duodenal loop model sug-
gest that the major cause of injury in this model may be 
ischemic necrosis of the duodenum rather that primary 
AP, and the closed duodenal loop model is rarely used by  
investigators.

Duct obstruction/ligation
Interestingly, simple ligation of the pancreatic duct does 
not usually induce severe AP in most animals. The major 
exception to this generalization seems to be the American 
opossum.64 Short-term obstruction of the rat pancreatic 
duct results in mild interstitial pancreatic edema and hyper-
amylasemia,65 while longer exposure to ligation results in 
atrophy of the rat exocrine pancreas with very mild or no 
inflammation.66 However, combining duct obstruction with 
stimulation of pancreatic secretion can induce AP in rats. 

The biliopancreatic ductal system of the opossum 
resembles that of humans in that the biliary and pancreatic 
ducts merge several centimeters before the combined duct 
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Table 1. Comparison of Rodent Acute Pancreatitis Models (the good  and the bad ).

Model type (animal) CDE diet (mouse)

Amino acid 
arginine (mouse/

rat)
Secretagogue cerulein 

(mouse/rat)
Bile acid duct infusion 

(mouse/rat)

Relevant induction event No No No ?Yes

Lobular & patchy pathology No No No Yes

Controllable severity No Yes in rats Yes Yes

Systemic toxicity Yes Yes No No

Uncontrollable lethality Yes Yes in mice No No

Knock-out animals Yes Yes Yes Yes

In vitro correlate No Yes Yes Yes

Need for surgery and anesthesia No No No Yes

opens into the duodenum. Duct ligation in the opossum 
causes severe necrotizing hemorrhagic AP that evolves 
over a period of several days. This pancreatitis is also asso-
ciated with lung injury.64,67 All of the animals die within 
14 days after ligation. Experiments performed in American 
opossums suggest that bile may not be necessary to induce 
AP since the obstruction of the separate pancreatic duct 
produces pancreatitis that is similar in severity compared 
to that seen after simple ligation of the combined bilio-
pancreatic duct.67 Unfortunately, the opossum model has 
several limitations which are mainly species related.68 The 
opossums used for these experiments are wild and there-
fore collected from the wilderness. Besides being difficult 
to maintain and handle, this also means that the animals are 
not inbred, so there are large interanimal variations. The 
animals also need to be preconditioned prior to their use 
for experiments since they are under considerable stress 
in the early days of captivity. Opossums are often infected 
with parasites and thus require anti-helminthic treatment. 
Furthermore, since they frequently acquire acute bacterial 
endocarditis in captivity, they should be given prophylactic 
antibiotics before use. Because of the difficulties involved 
in obtaining, handling, and caring for opossums, as well 
as the considerable animal-to-animal variations in results, 
the opossum model of duct ligation-induced pancreatitis is 
currently only infrequently used.

Choosing the “Best” AP Model

Basic requirements: cost and severity
Clinical material including pancreatic tissue is rarely avail-
able for study during the early phases of AP. Therefore, most 
investigations focused on mechanistic issues related to AP 
must be performed using animal as well as ex-vivo mod-
els of the disease. The two basic requirements of a useful 
animal model of AP are both pragmatically based; most of 

the commonly used pancreatitis models are (a) induced in 
rodents (rats and mice), which are cheap, easy to handle, 
readily available, and subject to genetic manipulation and 
(b) characterized by moderate to severe degrees of pancre-
atic injury. As noted earlier in this review, the severe form of 
clinical AP is responsible for almost all of the clinical pan-
creatitis-related morbidity and mortality, while mild clini-
cal pancreatitis is largely a transient and self-limited disease 
with little or no morbidity or mortality. 

The good and the bad about rodent models of AP 
The four most frequently utilized types of rodent AP models 
are the (a) CDE diet-induced model, (b) basic amino acid-
induced models, (c) secretagogue (cerulein)-induced mod-
els, and (d) retrograde duct infusion models. We will discuss 
their relative merits and identify those best suited for use in 
studies probing basic AP-related issues. In this discussion, 
we will evaluate these models in terms of eight separate cri-
teria that each has an important impact on the overall value 
and utility of the models. These criteria (Table 1) are as  
follows:

1. Is the pancreatitis-triggering event in the model similar 
to the event(s) believed to trigger clinical AP (i.e., pas-
sage of biliary tract stones, ethanol abuse, exposure to 
certain drugs, expression of certain mutated genes, per-
formance of endoscopic retrograde cholangiopancrea-
tography, etc.)?

2. Do the pathologic changes elicited in the model repli-
cate those noted in clinical pancreatitis (i.e., is the dis-
tribution of pancreatic injury lobular and patchy as in 
clinical AP or is it diffuse and homogeneous throughout 
the gland)?

3. Is pancreatic injury/inflammation severity control-
lable by the investigator and is the magnitude of 
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pancreatic injury significant so that increases or 
decreases in response to experimental interventions can 
be identified?

4. Is the model associated with significant systemic toxic-
ity caused by the eliciting event(s) that could confound 
the interpretation of specific intrapancreatic and sys-
temic changes associated with the model?

5. Is the magnitude of lethality in the model controlla-
ble by the investigator so that changes resulting from 
specific interventions can be detected and statistically 
evaluated?

6. Can the model be elicited in mice so that the many 
knock-out or otherwise genetically modified strains can 
be used in mechanistic studies?

7. Is there an ex vivo correlate of the model so that in vitro 
studies can be performed under conditions that are more 
controllable than those present when only in vivo studies 
are possible?

8. Does the model require surgery (which may be difficult) 
or anesthesia that may itself, trigger a variety of nonspe-
cific systemic changes, thus complicating data interpre-
tation and limiting the types of studies.

Strengths and weaknesses of individual models
The results of our “model comparison” in terms of these 
criteria can be summarized as follows (see Table 1):

CDE diet model in mice
The major strengths of this model are its utility in mice, 
thus enabling the use of genetically modified mouse 
strains, and the fact that it is a noninvasive model that 
requires neither anesthesia nor surgery. Unfortunately, 
these attractive features are more than offset by a num-
ber of weaknesses. These include the fact that (a) inges-
tion of the CDE diet is not associated with clinical AP, 
(b) CDE diet-induced pancreatic injury in mice is diffuse 
rather than lobular or patchy as is the case in clinical pan-
creatitis, and (c) there is no ex vivo correlate for this in 
vivo model. An even more critical flaw is the fact that 
CDE diet-induced pancreatitis severity in mice is highly 
dependent upon the age, sex, and size of the mouse and 
closely related to the amount of the CDE ingested and diet 
duration. To adjust for these animal-to-animal causes of 
varied pancreatitis severity, the investigator is forced to 
use large numbers of age- and sex-matched mice, each 
simultaneously exposed to a standard amount of the same 
CDE diet preparation. This can be extremely cumbersome 
even when only wild-type animals are being used and can 
represent an insurmountable obstacle when also employ-
ing genetically modified mice. Another critical flaw of the 
CDE diet-induced model stems from the fact that the diet 

is associated with the induction of severe and uncontrolla-
ble nonpancreatic injury (primarily central nervous system 
injury and severe liver toxicity), which probably account 
for most of the diet-induced mortality of this model. These 
nonpancreatic injuries also preclude the use of this model 
for studies focused on quantitation of pancreatitis-associ-
ated systemic phenomena such as pancreatitis-associated 
lung and/or renal injury.

Basic amino acid-induced model in mice and rats
Like the CDE diet-induced model, the AP models induced 
by administration of basic amino acids such as arginine 
are attractive because they are noninvasive and therefore 
do not require anesthesia or surgery. At least in the case 
of L-arginine, this form of pancreatitis can be elicited in 
mice, thus enabling the use of genetically modified ani-
mals. However, in mice there is a very narrow margin of 
error when arginine is used (i.e., the dose required to elicit 
pancreatic injury is only slightly less than the toxic dose 
for mice). As a result, control arginine-treated groups of 
animals are needed to demonstrate that otherwise untreated 
animals do in fact manifest nonlethal pancreatic injury. 
Other possible flaws in the L-arginine-induced models 
include the generalized, as opposed to patchy, distribution 
of pancreatic injury and the systemic toxicity of pancrea-
titis-eliciting doses of the basic amino acid. These short-
comings may preclude the use of this model in studies 
designed to explore issues related to systemic AP events 
(e.g., lung injury). Clearly, although exposure of acini to 
toxic concentrations of L-arginine results in cell damage,69 
this is not a likely triggering event in clinical pancreatitis. 
However, recent in vitro studies by our group indicate that 
basic amino acids such as L-lysine can elicit mitochondrial 
injury in acinar cells, and this is a known early event in 
secretagogue-induced and bile acid-induced pancreatitis.40 
In this regard, the basic amino acid-induced model may in 
fact be triggered by a clinically relevant mechanism (i.e., 
mitochondrial injury), but further studies are needed to 
confirm this.

Cerulein models in rats and mice
Rodent models are generated by administering supramaxi-
mally stimulating doses of the pancreatic secretagogue 
CCK or its analog cerulein. They are attractive models for 
a number of reasons including the fact that they are asso-
ciated with easily controllable and reproducible AP sever-
ity without systemic toxicity or uncontrollable lethality. In 
addition, they are noninvasive in the sense that they require 
no anesthesia or surgical procedures, making them ideally 
suited to explore systemic events that occur during or after 
pancreatitis onset. Genetically engineered mice can be used, 
and ex vivo studies exploring the effects of supramaximal 
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secretagogue stimulation on isolated acinar cells are easily 
performed. The major flaws of these models are (a) they 
are elicited by an event (supramaximal secretagogue stimu-
lation) that is unlikely to contribute to clinical pancreatitis 
onset and (b) the observation that CCK or cerulein-induced 
pancreatitis is characterized by diffuse, homogeneous pan-
creatic injury rather than the patchy pancreatic injury that 
typifies clinical pancreatitis. 

Retrograde bile acid infusion into the rodent pancreatic 
duct 
These models have been extensively used with rats or larger 
animals, but our group recently showed that they can also 
be modified for use with mice.52 The most attractive fea-
tures of these models are (a) that their induction mimics an 
event (i.e., bile acid reflux into the pancreatic duct) that has 
been proposed to be the mechanism underlying the most 
common form of clinical, nonalcohol-related AP (i.e., bil-
iary pancreatitis) and (b) the pancreatic injury that occurs in 
these models has a patchy or lobular distribution that closely 
resembles the injury distribution noted in clinical pancrea-
titis. Other attractive features of these models include their 
easily controllable and reproducible severity (especially in 
mice) and the fact that they are not associated with systemic 
toxicity or uncontrollable lethality. In addition, ex vivo stud-
ies in which isolated acini are exposed to bile acids can eas-
ily be performed, making it easier to explore the potential 
mechanisms by which bile acids trigger pancreatic injury 
and pancreatitis. The major weakness of these models stems 
from the fact that they require anesthesia and a laparotomy 
for their induction. First, in mice these procedures may 
be technically difficult. Second, in both mice and rats the 
pulmonary and other systemic effects of anesthesia and a 
laparotomy make it difficult, if not impossible, to isolate the 
effects of AP from those of surgery.

Quantitating the severity of rodent experimental AP
It is often critical that the experimentalist be able to reli-
ably quantitate both the severity of the model and the 
response to experimental manipulation. Each of the mod-
els is characterized by hyperamylasemia/hyperlipasemia, 
pancreatic edema, intrapancreatic activation of digestive 
enzyme zymogens, pancreatic inflammation, and mor-
phological changes suggestive of acinar cell injury/death. 
Hyperenzymemia is easily quantitated by measuring the 
activity of amylase and/or lipase in circulating blood. 
While it is standard practice to demonstrate that the model 
exhibits elevated serum amylase and/or lipase activity, the 
magnitude of that hyperenzymemia is not considered an 
indicator of pancreatitis severity. 

The other characteristics of AP mentioned above 
are believed to be individual and separable indicators of 
pancreatitis severity, although they may be interobserver 

dependent to some degree. In our opinion, they should be 
separately measured and reported. Grading them on a 1 to 
4+ scale and combining those scores to calculate a so-called 
“pancreatitis severity score” may be misleading because 
it presumes that the individual parameters of AP severity 
are interchangeable (e.g., that 1≈unit of pancreatic inflam-
mation is equal to 1 unit of pancreatic edema or 1 unit of 
acinar cell injury/death). Pancreatic edema can be objec-
tively quantitated by measuring pancreatic water content 
([wet weight – dry weight]/wet weight),70 although some 
investigators choose to morphologically quantitate edema 
by grading it as being 1 to 4+.

We favor the former method because it is more objec-
tive. Intrapancreatic zymogen activation can be fluorimetri-
cally quantitated by measuring trypsin and/or chymotrypsin 
activity in pancreas homogenates using enzyme-specific flu-
orescent substrates,70,71 while pancreatic inflammation can 
be quantitated by measuring the myeloperoxidase activity in 
pancreas homogenates.72 Some investigators have preferred 
to monitor inflammation morphologically by quantitating 
inflammatory cells within pancreas tissue samples. Because 
of its ease and, in our opinion, greater reliability, we pre-
fer the former method. Acinar cell injury/death is conven-
tionally monitored morphometrically in tissue samples of 
unknown identity (i.e., in a “blinded” fashion) by quantitat-
ing the fraction of acinar cells which appear to be injured or 
dead,71 but it is important to recognize that morphological 
distinction between injured and dead acinar cells is usually 
not possible.

The best model to use may depend upon the questions 
being asked
None of the AP rodent models is perfect; each has its own 
strengths/weaknesses. In our opinion, the best models to 
probe the very early pancreatic cell biological mechanisms 
underlying AP are those elicited by retrograde ductal infu-
sion of bile acids in mice or rats. This judgment is based on 
the fact that those models are (a) triggered by a mechanism 
that may also be relevant to clinical pancreatitis and (b) 
characterized by a distribution of pancreatic changes that 
resembles that observed in clinical pancreatitis (i.e., patchy 
rather than homogeneous and diffuse). On the other hand, for   
studies focused on the more downstream events that might 
be expected to be similar regardless of the initial, triggering 
events, it would be appropriate to also employ the cerulein-
induced models and/or basic amino acid-induced models. 
Because of their ease of use, noninvasive induction, and lack 
of systemic toxicity, the cerulein-induced models are most 
appropriate for studies focused on nonpancreas-related events 
associated with AP such as acute lung injury or the systemic 
inflammatory response syndrome.73,74 For either mild (rat) 
or severe (mouse) pancreatitis, these cerulein-induced mod-
els avoid the need for anesthesia and a surgical procedure 
that could confound the results by causing pulmonary and 
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systemic changes even in the absence of AP. In our opinion, 
there is little or no ongoing justification for the use of (a) 
the CDE diet-induced model, (b) pancreatic duct obstruction 
models, or (c) the closed duodenal loop model.

The value of performing studies using multiple rodent 
models of acute pancreatitis and interpreting discordant 
results 
Many but certainly not all of the AP-related studies reported 
to date have been performed using two or more experimen-
tal models. The results with multiple models have been 
consistent in that identical interventions in different mod-
els have resulted in similar changes in pancreatitis severity. 
This has generally been interpreted as indicating that the 
phenomena being studied are relevant to the general issue 
of AP rather than idiosyncratic manifestations of model-
specific phenomena. Recently, however, a series of stud-
ies using cerulein-induced and duct infusion-induced mice 
models performed genetic deletion and pharmacological 
inhibition of protease-activated receptor-2 (PAR2) and 
assessed their effects on pancreatitis severity. The studies 
showed that genetic deletion or pharmacological inhibition 
of PAR2 had dramatically different effects in the two mod-
els; they worsened the severity of cerulein-induced pan-
creatitis but lessened the severity of duct infusion-induced 
pancreatitis.75,76 These unexpected and surprising results 
indicating that PAR2 exerts model-specific effects on AP 
severity were interpreted to indicate that the severities of 
the two models are differentially regulated by one or more 
PAR2-sensitive mechanisms. In addition to demonstrating 
the value of performing pancreatitis studies using two or 
more dissimilar disease models, these studies also raised 
an additional important question: how should the investiga-
tor interpret the relevance of results to the clinical situa-
tion when studies using multiple models yield discordant 
results? When and if this should occur, we propose that the 
guide to clinical relevance should be the model that most 
closely resembles clinical pancreatitis. In this case, the duct 
infusion-induced model because (a) in contrast to cerulein-
induced pancreatitis, it is triggered by a mechanism that 
may replicate the events that trigger clinical pancreatitis 
and (b) it is characterized by a distribution of pancreatic 
injury similar to the clinical pathology (i.e., variable and 
patchy), while cerulein-induced AP yields diffuse and 
homogeneous injury. 
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The role of the pancreatic acinar cell  
in acute pancreatitis

Pancreatic necrosis, systemic inflammatory response syn-
drome, multiple organ failure, and sepsis are characteris-
tic of severe acute pancreatitis (AP), which results in the 
death of one in four patients and does not have a specific 
drug therapy.1,2 As the pancreatic acinar cell is an initial 
site of injury,1,3 commonly initiated by bile or ethanol 
excess, investigation of its behavior in response to toxins 
that induce AP may determine critical mechanisms and 
importantly identify new drug targets. In view of the criti-
cal roles of calcium (Ca2+) signaling in normal stimulus-
secretion and stimulus-metabolism coupling, and the long 
known toxicity of raised intracellular Ca2+, we proposed 
the hypothesis that prolonged elevations of cytosolic Ca2+ 
is the key trigger of AP.4 Since that proposal over 20 years 
ago, increasing evidence has confirmed that sustained 
elevation of the cytosolic Ca2+ concentration ([Ca2+]C) is a 
critical trigger for pancreatic acinar cell injury and necrosis 
that depends on store-operated Ca2+ entry (SOCE).5-10

The critical role of Ca2+ entry in acinar cell injury

Intracellular Ca2+ signals control normal secretion from 
pancreatic acinar cells but can become a critical trigger in 
pathogenesis. Physiological concentrations of acetylcho-
line (ACh) and cholecystokinin (CCK) generate repetitive 
elevations in [Ca2+]C within the cellular apical pole that 
elicit stimulus-metabolism coupling to generate adenosine 
triphosphate (ATP) from the mitochondria and stimulus-
secretion coupling to initiate exocytosis.11 Intermittently, 
global extension of short-lived signals throughout the cell 
are necessary for nuclear signaling contributing to tran-
scription and translation.11 Elevations of [Ca2+]C are buff-
ered in the mitochondria, notably those surrounding the 
apical pole, with subsequent reuptake into the endoplasmic 

reticulum (ER) by sarcoER Ca2+ ATPase (SERCA) pumps 
and extrusion by plasma membrane Ca2+ pump (PMCA) 
(Figure 1). In contrast, toxins such as bile acids12 and oxi-
dative13 and nonoxidative metabolites5,14 of ethanol and 
CCK hyperstimulation15,16 each elicit abnormal elevations 
of [Ca2+]C that are global and sustained. The abnormal ele-
vations induce premature intracellular enzyme activation, 
mitochondrial dysfunction, impaired autophagy, vacuoliza-
tion, and necrosis, all of which contribute to AP pathogen-
esis.17 Maintenance of these abnormal elevations depends 
on continued emptying of the ER Ca2+ store and activation 
of SOCE and Ca2+-release activated Ca2+ currents (CRAC) 
to replenish the ER store.6,10 Ca2+

 chelation prevents zymo-
gen activation and vacuolization through attenuation of 
Ca2+ overload in acinar cells in vitro9,18 and ameliorates 
AP severity in vivo.19

Excessive Ca2+ release from intracellular stores occurs 
predominantly via inositol 1,4,5-trisphosphate receptor 
(IP3R) Ca2+ channels.20 Pancreatic acinar cells express all 
three IP3R subtypes in the apical region, close to the lumi-
nal membrane,21-23 but IP3R types 2 and 3 are predomi-
nantly responsible for physiological Ca2+ signaling and 
enzyme secretion.21 Stimuli such as CCK,24 the bile acid 
taurolithocholic acid 3-sulphate (TLCS),25,26 alcohol,27 and 
fatty acid ethyl esters (FAEEs)5,20 cause intracellular Ca2+ 
release in pancreatic acinar cells primarily via IP3Rs, an 
effect inhibited by double knockout of IP3R types 2 and 321 
or by caffeine.16,20

Since the discovery of the Ca2+ entry channel ORAI1, 
ORAI1 has been shown to be the principal SOCE channel in 
the pancreatic acinar cell,23 opening of which is coordinated 
by stromal interaction molecules (STIM1 and STIM2), 
 following decreases in ER Ca2+ store concentrations.6,23,28,29

GSK-7975A and CM_128 have been developed 
independently by GlaxoSmithKline6,28,30 and 
CalciMedica,10 respectively, to block ORAI1 channels, 
although only CM_128 continues towards clinical 
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development. GSK-7975A inhibits SOCE induced by 
thapsigargin in isolated murine pancreatic acinar cells over 
the range 1-50 µM (half-maximal inhibitory concentration 
[IC50] ~3.4 µM)6 inhibits endocytic vacuole formation31 
and reduces necrosis induced by toxins that cause AP.6,10,31 
CM_128 is a new molecular entity, the effects of which we 
have recently confirmed to be similar.10 We have also shown 
that ORAI inhibition inhibits SOCE and necrosis in human 
pancreatic acinar cells, and ORAI inhibition can markedly 
reduce the severity of multiple models of experimental AP.

Genetic knockout of the transient receptor potential 
canonical (TRPC) 3 channel,32 a nonselective cation chan-
nel regulated in part by STIM1 via TRPC1,33 results in 
a ~50% reduction of in vivo serum amylase elevation and 
edema formation induced by four cerulein injections.32 
These results supported a role for SOCE in AP, but in 
a  single, mild model with few parameters of response.

As indicated, we have defined the concentration-
dependent inhibitory effects of GSK-7975A and CM_128 
on SOCE and necrosis in murine and human pancreatic  
acinar cells induced by TLCS26,34 or CCK-8.9,32 The effects 
of CM_128 on ORAI1 were confirmed by examination of its 
effect on Ca2+ release-activated Ca2+ currents (ICRAC),6,28,29 
in ORAI1/STIM1-transfected HEK 293 cells.28 GSK-
7975A was given at selected doses in vivo after induction of 
AP with TLCS (TLCS-AP),35 seven injections of cerulein 

(CER-AP),36 or ethanol and palmitoleic acid (FAEE-AP).14 
Since GSK-7975A markedly reduced all parameters of 
pathobiologic response in a dose-dependent manner, a high 
dose of GSK-7975A and separately CM_128 were begun at 
two different time points after disease induction to clarify 
the effects of early versus late drug administration. In all 
models, drug administration started 1 h after disease induc-
tion was highly effective in reducing parameters of the 
pathobiologic response,10 significantly more so than when 
begun 6 hours after disease induction, in all models. These 
data provide thorough preclinical validation for ORAI chan-
nel inhibition as a potential early treatment for AP.

We found that GSK-7975A and the new molecular entity 
CM_128 could inhibit toxin-induced SOCE in murine and 
human pancreatic acinar cells in a concentration-dependent 
manner, exceeding a >90% block of relative control values 
in some protocols.10 We also found both GSK-7975A and 
CM_128 to significantly reduce necrotic cell death path-
way activation in murine and human pancreatic acinar cells 
exposed to TLCS, which induces AP in vivo.35,36 While 
effects of GSK-7975A have been described for thapsigar-
gin- and FAEE-induced murine pancreatic acinar SOCE,6 
we found GSK-7975A to have a similarly critical effect on 
TLCS- and CCK-induced murine pancreatic acinar SOCE, 
as well as thapsigargin-induced human pancreatic acinar 
SOCE and TLCS-induced human pancreatic acinar necrotic 
cell death pathway activation.10 CM_128 showed higher 
potency (IC50 ~0.1 µM from ORAI1/STIM1-transfected 
HEK 293 cell patch clamp data), and unlike GSK-7975A, no 
loss of efficacy at high doses. Comprehensive in vivo evalu-
ation using three diverse, clinically representative AP mod-
els10 with prior pharmacokinetic assessment demonstrated 
the validity of SOCE inhibition as a therapeutic approach. 
Thus, administration of either compound within an hour 
following disease induction was markedly effective across 
a representative range of local and systemic biochemical, 
immunological, and histological disease responses. These 
data provide robust confirmation of the hypothesis that 
cytosolic Ca2+ overload is a critical trigger of AP.4

Further confirmation of the role of cytosolic Ca2+ 
overload in AP has come from our work with xanthines.37 
We defined the inhibitory effects of methylxanthines on 
IP3R-mediated Ca2+ release from the pancreatic acinar 
ER store into the cytosol and potential application in AP. 
It has been shown that caffeine inhibits IP3Rs, as well as 
IP3 production in a concentration-dependent manner.38 
We found that inhibition of IP3R-mediated Ca2+ release is 
attributable at least in part to an action on the IP3R, since 
xanthines inhibited IP3R-mediated Ca2+ release elicited by 
uncaged IP3.

37 Caffeine, theophylline, and paraxanthine 
prevented physiological Ca2+ signaling and toxic eleva-
tions of [Ca2+]C induced by agents (CCK and TLCS) that 
cause AP in a concentration-dependent manner (500 µM to 
10 mM), also inhibiting falls in mitochondrial membrane 

Figure 1. Ca2+ signaling in the pancreatic acinar cell depends 
on tight control of concentrations across the plasma membrane 
and within subcellular organelles. In resting conditions [Ca2+]c 
is ~10,000 fold lower than outside the cell, with Ca2+ stored mainly 
in the ER. Stimulus-secretion coupling operates by secretagogue-
elicited GPCR activation to release second messengers that bind 
to inositol trisphosphate and ryanodine receptors on the ER, 
through which Ca2+ is released into the cytosol and mitochondria, 
initiating ATP production that provides energy for secretion. Ca2+ 
is cleared by reuptake into the ER and extrusion from the cell; the 
Ca2+ extruded is replenished via puncta that form between the ER 
and plasma membrane in response to low ER Ca2+ levels, allowing 
entry via ORAI channels. Pancreatitis toxins induce excessive 
ER Ca2+ release, initiating a vicious circle that overwhelms the 
cell (ER: endoplasmic reticulum; GA: Golgi apparatus; MT: 
mitochondria; NU: nucleus; ZG: zymogen granules).
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potential (∆ΨM) and necrotic cell death pathway activation. 
An inhibitory action on phosphodiesterase (PDE) prevent-
ing cAMP/cGMP degradation could not account for the 
effects on toxic [Ca2+]C overload, since additional cAMP/
cGMP did not prevent these. Extending these findings in 
vivo, caffeine significantly reduced the severity of multi-
ple, diverse models of AP.37 The combined concentrations 
of di- and trimethylxanthines after the 25 mg/kg caffeine 
protocol were within the range over which effects on both 
IP3R-mediated Ca2+ release and toxic elevations of [Ca2+]
C were identified. Despite the half-life of caffeine in mice 
of ~60 min,39 the combined peak concentrations of di- and 
trimethylxanthines with 25 mg/kg caffeine regimen (seven 
injections) were >2 mM, and serum caffeine was >400 μM 
6 h after the last caffeine injection. Following similar pro-
tocols of 25 mg/kg theophylline or paraxanthine, concen-
trations were far below the effective range on IP3Rs but 
within the effective range on PDE (approaching 100 µM 
10 min after the last dimethylxanthine injection),40 and no 
protective effects on in vivo AP were seen. Since pancre-
atic cellular injury initiates and determines AP severity, the 
protective effect of caffeine on AP is likely to have been 
mediated by inhibition of IP3R-mediated Ca2+ release.

The effects of Ca2+ elevation in mitochondria

The pancreatic acinar cell typifies nonexcitable exo-
crine cells with a high secretory turnover that is heavily 
dependent on mitochondrial production of ATP.11 While 
zymogen activation has long been considered the princi-
ple mechanism of injury,1,3 mitochondrial dysfunction has 
been increasingly implicated,5,13,14,41-44 presumed conse-
quent upon intracellular Ca2+ overload induced by tox-
ins that include bile acids and ethanol metabolites.5,14,45 
Mitochondrial uptake of Ca2+ drives normal cellular bio-
energetics, but high Ca2+ loads induce increasingly drastic 
responses culminating in necrosis.46 Mitochondrial matrix 
Ca2+ overload leads to opening of the mitochondrial per-
meability transition pore (MPTP), a nonspecific channel 
that forms in the inner mitochondrial membrane allowing 
passage of particles <1,500 Da, causing loss of ∆ψm essen-
tial to ATP production.46 Recent evidence implicates F0F1 
ATP synthase in MPTP formation.47,48 MPTP opening is 
physiological in low conductance mode, releasing Ca2+ and 
reactive oxygen species (ROS) to match metabolism with 
workload,49,50 but pathological in high conductance mode 
compromising ATP production and inducing cell death.46 
Both functions are regulated by the mitochondrial matrix 
protein peptidyl-prolyl cis-trans isomerase (PPI) cyclophi-
lin D (also known as cyclophilin F).51 

Our work has demonstrated that MPTP opening is criti-
cal to experimental AP, mediating impaired ATP production, 
defective autophagy, zymogen activation, inflammatory 

responses and necrosis,52 all features of AP at molecular, 
cellular, and whole organism levels.1 We have established 
the general significance of MPTP opening as a central 
mechanism in the pathogenesis of AP, and the  primary role 
in this process of Ca2+ overload. Patch clamp data show 
how tight control of cytosolic Ca2+ elevation is essential to 
normal stimulus-secretion coupling by IP3Rs and ryanodine 
receptors (RyRs)11 is lost in wild-type but maintained in 
Ppif-/- pancreatic acinar cells, which lack functional MPTP; 
these cells preserve their ATP supply and clear Ca2+ more 
effectively. Coupling of ER IP3Rs and RyRs with outer 
mitochondrial membranes tightly localizes high Ca2+ con-
centrations53 but may expose mitochondria to abnormal 
Ca2+ release despite modulation by Bcl-2 family proteins.43 
We have shown that pancreatitis toxins cause abnormal 
release of Ca2+ via IP3Rs and RyRs that overload pancreatic 
acinar mitochondria52 that are markedly sensitive to Ca2+ 
signals.54 The mitochondrial Ca2+ overload induces high 
conductance MPTP opening and dissipates ∆ψm, initiat-
ing collapse of ATP production, diminished Ca2+ clearance, 
activation of PGAM5 (phosphoglycerate mutase fam-
ily member 5, a mitochondrial protein phosphatase), and 
subsequent necrosis.52 Importantly for a disease without 
specific treatment, pharmacological MPTP inhibition10,55 
administered after AP induction came close to preventing 
all injury, notably in the clinically relevant TLCS-AP.

For more than a century following an original postulate 
by Chiari,56 AP has been viewed as an autodigestive disease 
consequent on pathological zymogen activation.3,7,57-59 
In experimental AP, zymogens are activated inside acinar 
cells within minutes of toxin exposure,1,3,9,60 which we 
have shown to result from induction of the MPTP, caused 
by and contributing to Ca2+ overload. Sustained Ca2+ over-
load may activate degradative calpains, phospholipases, 
or other enzymes51 and damage zymogen granules, induc-
ing autophagic60 and/or endolysosomal61 responses that 
activate digestive enzymes. Such activation was not com-
pletely prevented by MPTP inhibition; however, this was 
likely from global cytosolic Ca2+ overload that was seen to 
be more effectively cleared in Ppif-/- cells, without which 
overload no enzyme activation occurs.9 Nevertheless, 
intracellular expression of trypsin per se without mito-
chondrial injury leads to apoptotic not necrotic pathway 
activation.57 Trypsinogen activation does not appear nec-
essary for either local or systemic inflammation;62 knock-
out of cathepsin B greatly reduces trypsinogen activation 
with little effect on serum interleukin-6 or lung injury.58 
Hereditary pancreatitis caused by cationic trypsinogen 
gene mutations rarely features clinically significant pan-
creatic necrosis;63,64 further, systemic protease inhibition 
has had little success as a clinical strategy,1 suggesting that 
while zymogen activation contributes, it is not the critical 
driver of AP. Our work, however, shows that MPTP open-
ing triggers defective autophagy, while inhibition of MPTP 
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opening preserves ATP supply, increasing the efficiency of 
autophagy and decreasing zymogen activation. Together 
with major effects of MPTP opening on PGAM5 activation 
that implements necrosis,65,66 and on local and systemic 
inflammatory responses, these findings now centrally place 
mitochondrial injury in AP.

Our data show that IP3Rs and RyRs in pancreatic aci-
nar cells are vulnerable to specific toxins that markedly 
increase their Ca2+ channel open-state probabilities.52 
Toxic transformation of Ca2+ channel function induced 
pancreatic acinar cell necrosis through Ca2+-dependent 
formation of the MPTP, with diminished ATP production 
the critical consequence. Toxic transformation by different 
toxins was specific to different second messengers, iden-
tifying the potential for a variety of deleterious effects. 
ATP deficiency may be further exacerbated by fatty acids 
released on hydrolysis of FAEEs or triglycerides,67 which 
may inhibit beta-oxidation.5 Without sufficient ATP, cyto-
solic Ca2+ overload produces a vicious circle in which high 
affinity, low capacity SERCA and PMCA pump clearance 
of cytosolic Ca2+ is impaired, further mitochondrial injury 
sustained, and necrotic cell death accelerated.5,45 Although 
the toxicity of cytosolic Ca2+ overload depends on Ca2+ 
store refilling from outside the cell,9,32 specific second 
messenger receptor blockade demonstrated Ca2+ overload 
to be due completely to release from their Ca2+ channels,52 
not direct effects of toxins on Ca2+ entry or extrusion.

Whereas the vast majority of previous studies under-
taken to determine mechanisms and/or new targets in AP 
have used only one model, we have used four models52 that 
are broadly representative of a range of etiologies includ-
ing biliary (TLCS-AP), hyperstimulation (CER-AP), etha-
nolic (FAEE-AP), and amino acid-induced (CDE-AP).1,68 
Our experimental AP findings are entirely consistent with 
those made in isolated mitochondria and cells, identifying 
a generalized mechanism of pancreatic injury and necrosis, 
confirmed in murine and human pancreatic acinar cells, 
pancreas lobules, and tissue slices. Pancreatic necrosis 
drives the inflammasome,69 which can be induced by MPTP 
opening70 and is part of the systemic inflammatory response 
contributing to multiple organ failure.2 Further pancreatic 
injury is driven through tumor necrosis factor receptor acti-
vation that also promotes MPTP opening71 and Ca2+ dereg-
ulation, activating calcineurin and calcineurin-dependent 
transcription factor nuclear factor of activated T cells.72

Therapeutic avenues for AP

Our novel human data support the potential applicability of 
SOCE inhibition as a treatment for clinical AP (Figure 2). 
Both GSK-7975A and CM_128 blocked SOCE promptly, 
shown to result in complete block of human ORAI1 by 
CM_128.10 While an action on other ORAI channels can-
not be excluded and could be desirable, ORAI1 is the 

primary channel for SOCE into pancreatic acinar cells6,23 
and is blocked by both compounds. ORAI channels also 
contribute to inflammatory cell responses including neu-
trophil migration and activation.73 Inhibition of innate 
immune responses significantly reduces the severity of 
experimental AP,74 thus, there may be a contribution from 
ORAI inhibition of immune cells. Nevertheless while 
knockout of ORAI1/STIM1 SOCE inhibits neutrophil 
functions, it does not prevent all,73 so the primary contri-
bution of ORAI blockade in our experiments is likely to 
have been in the pancreas. Further, since SOCE inhibition 
for clinical AP would necessarily be short-term, inhibi-
tion of the adaptive immune system73 would also be short 
term. ORAI blockade has less effect on other cell types 
in which ORAI channels have a less prominent role, such 
as  electrically excitable cells in which other ion channels 
(e.g., nonselective cation channels) have a larger role in 
Ca2+ entry.75 However, nonselective cation channels permit 
limited SOCE into pancreatic acinar cells6,32 that could sus-
tain essential Ca2+ entry.75 Without such Ca2+ entry, contin-
ued activation of the plasma membrane Ca2+-ATPase pump 
upon secretagogue- or toxin-mediated release of Ca2+ from 
intracellular stores could deplete these stores to deleterious 
levels, inducing or exacerbating ER stress.76

Both ORAI inhibitory compounds were administered 
after disease induction to model treatment of clinical AP, 
but delay in administration of either compound to 6 h after 

Figure 2. Abnormal Ca2+ signaling in the pancreatic acinar 
cell initiated by pancreatitis toxins (e.g., bile acids, FAEEs, 
hyperstimulation) causes injury dependent on continued 
store-operated Ca2+ (SOC) entry via ORAI channels. As a 
consequence, mitochondria are overloaded with Ca2+, failing 
to produce adequate ATP to clear the Ca2+ and protect the cell. 
Autophagy is defective, and vacuoles develop presaging cell death. 
Ca2+ entry blockade prevents these events, avoiding prolonged, 
global cytosolic Ca2+ overload. This was first demonstrated by 
removal of Ca2+ from the external medium surrounding isolated 
cells and has since been shown using ORAI blockers applied 
to isolated human and murine pancreatic acinar cells. These 
findings have since been extended into three murine models of 
experimental AP, in which this strategy of Ca2+ entry inhibition 
with ORAI blockers has been demonstrated to be highly effective.
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disease induction resulted in diminished efficacy, depend-
ent on the endpoint measured and the model employed.10 
While biological time courses including that of AP are 
longer in humans than mice,1,2,36,77 with pancreatic necrosis 
typically detected within days rather than hours,78 human 
pancreatic acinar necrotic cell death pathway activation 
may begin soon after clinical AP onset, shown here in 
mouse models within 6 h. Door-to-needle times of less than 
60 min are established guidelines for patients with acute 
myocardial infarction (30 min)79 and acute ischemic stroke 
(60 min),80 making every second count, with national and 
international quality improvement initiatives underway 
towards fully achieving these.81 

Although pancreatic necrosis has a less rapid time 
course and is characteristically not the result of major arte-
rial occlusion,1 the translational implication of our work is 
that door-to-needle time is an important issue in adminis-
tration of any treatment for AP that targets the pathogenesis 
of pancreatic injury, which drives the disease. Previously 
clinical trials of treatments for AP have “enriched” recruit-
ment with patients predicted to have severe disease (often 
with recruitment up to 72 h after admission),82 which delays 
therapy initiation. Furthermore, the expansion of disease 
categories from the original Atlanta Classification (mild 
and severe)83 into the revised Atlanta (mild, moderate, and 
severe)84 and Determinant-Based (mild, moderate, severe, 
critical)85 classification, further complicates patient selec-
tion from among these potentially overlapping subgroups. 
To minimize door-to-needle time, a quicker and more accu-
rate approach to patient selection is required for trials of 
any therapy, such as that offered here with ORAI inhibition 
by CM_128, a novel molecular entity currently undergoing 
preclinical toxicological evaluation prior to phase I trials.

With respect to inhibition of Ca2+ release within the pan-
creatic acinar cell rather than Ca2+ entry into the cell, it is 
important to note that in our studies, high doses of caffeine 
were required to reduce experimental AP severity. The most 
effective 25 mg/kg regimen extended into toxicity, indica-
tive of a very narrow therapeutic index. At this dose, the 
number of hourly injections had to be reduced from seven 
to two in FAEE-AP to avoid mortality; in CER-AP, 50 mg/
kg resulted in caffeine intoxication syndrome, although no 
visible side effects were observed at 25 mg/kg. In humans 
even 10 mg/kg caffeine would be likely to induce caffeine 
intoxication, with florid neuro-excitotoxic and other unde-
sirable side effects.40 There is marked individual variabil-
ity in caffeine metabolism and pharmacokinetics.40 Since 
the half-life in humans typically ranges from 3 to 7 hours, 
repeated high doses would be hazardous unless rapid thera-
peutic monitoring were possible. Nevertheless, our study 
has demonstrated proof of principle that caffeine causes 
marked amelioration of experimental AP, largely through 
inhibition of IP3R-mediated signaling. Medicinal chem-
istry starting with the template of caffeine and/or other 

compounds that inhibit IP3R-mediated signaling could 
lead to more potent, selective, and safer drug candidates 
for AP. This approach, however, might have effects on 
IP3R-mediated signaling in other cells, tissues, and organs 
including the brain and other solid organs.

Our data from the cyclophilin D knockout and pharmaco-
therapy with Debio-025 (nonimmunosuppressive derivative 
of cyclosporin A) or TRO40303 (in clinical development for 
other indications) show the potential for MPTP inhibition as 
an alternative strategy to ORAI inhibition (Figure 3).

The effect of this approach was remarkably effective in 
both isolated human and murine pancreatic acinar cells as 
well as in four models of experimental AP.52 The attractions 
of this approach are made stronger by the relatively mod-
est phenotype of the cyclophilin D knockout that is able to 
grow, develop, and breed normally; there is an extensive 
range of pathologies that cyclophilin D knockout protects 
against, although capacity for exercise is reduced and there 
is some impact on memory in later life.49,50 These effects 
are unlikely to be important for short-term administration 
as would be required in AP and has not proven a problem 
in long-term cyclosporin A administration.

Figure 3. The MPTP plays a critical role in AP 
development. Pancreatitis toxins induce a sustained rise 
in [Ca2+]C that crosses the inner mitochondrial membrane 
(IMM) via the mitochondrial uniporter to enter the 
mitochondrial matrix. Consequent Ca2+-cyclophilin D 
(CypD) activation promotes MPTP opening, causing 
mitochondrial depolarization and impaired ATP production, 
failure of Ca2+ clearance and cell injury. When MPTP 
opening is inhibited by genetic (Ppif−/−) or pharmacological 
means (DEB025 or TR040303), mitochondrial membrane 
potential is preserved and ATP production sustained. This 
maintains cellular integrity to clear Ca2+ more effectively 
and prevents the development of AP (lower panel) 
(Copyright © BMJ Publishing Group Ltd and British 
Society of Gastroenterology. All rights reserved: http://gut.
bmj.com/content/65/8/1333.full).
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Introduction

Pancreatitis is an inflammatory disease of the pancreas 
that starts in pancreatic acinar cells and results in signifi-
cant morbidity and mortality.1 More than a century ago, 
the pathologist Dr. Hans Chiari proposed that the acute 
pancreatitis (AP) is a disease rather than an infection, in 
which the pancreas destroys itself through autodigestion.2 
Since then, elucidating the mechanism, site, and impor-
tance of premature activation of digestive enzymes, espe-
cially trypsin, have become major areas of investigation 
in AP pathobiology. Premature activation of trypsin has 
been observed both in vitro hyperstimulation and in ani-
mal models of AP.3-7 In this review, we discuss our cur-
rent understanding of the role of trypsin in the pancreatitis  
pathophysiology.

Physiology of trypsinogen in health

Trypsin is synthesized as trypsinogen, an inactive precur-
sor, in the rough endoplasmic reticulum (ER) and trans-
ported to the Golgi apparatus for sorting. Trypsinogen is 
always cosynthesized and packed with a pancreatic secre-
tory trypsin inhibitor (PSTI) that inhibits its premature acti-
vation. Once, it reaches the Golgi system, trypsinogen and 
other digestive enzymes condense into core particles and 
are packed in zymogen granules. The condensed enzymes 
are stable, and minimal activation happens within the 
zymogen granules. Once acini receive secretory stimuli, 
these zymogen granules are released in to the lumen of 
the pancreatic duct, which carries the digestive enzymes 
into the duodenum. Once there, enteropeptidase acti-
vates trypsinogen by removing 7-10 amino acid from the 
N-terminal region known as trypsinogen activation peptide 
(TAP). Removal of TAP induces a conformational change 
that results in active trypsin. TAP is immunologically dis-
tinct from the same sequence within trypsinogen, thereby 
allowing detection of trypsinogen activation in situ.8,9 

Intra-acinar location of trypsin activation during AP

While it is clear that intra-acinar trypsin activation occurs, 
the exact intracellular location where trypsin is activated is 
a hotly debated area in pancreatitis research. Subcellular 
fractionation and analysis of pancreatic homogenate shortly 
after pancreatitis induction have provided insight about the 
location of trypsinogen activation. In vitro studies of acinar 
cells showed that within 30 min of hyperstimulation, most 
of the active trypsin localizes to a heavy, zymogen-rich pel-
let; after 60 min of hyperstimulation, trypsin activity shifts 
to the supernatant. This shift is paralleled by appearance of 
immunoreactive TAP and cathepsin B, a lysosomal enzyme 
capable of activating trypsinogen, in the soluble fraction.10 
This experimental evidence led to development of the 
“colocalization hypothesis,” which purports that lysoso-
mal enzymes and zymogens fuse to form structures termed 
“colocalization organelles” during AP. It has been proposed 
that lysosomal enzyme cathepsin B activates trypsinogen 
to trypsin inside these colocalization organelles. Studies 
have shown that premature trypsinogen activation occurs 
in membrane-bound compartments resembling autophagic 
vesicles formed in association with the colocalization of 
zymogen and lysosomes.5 In these colocalized vacuoles, 
the lysosomal protease cathepsin B activates trypsino-
gen. Hypothetically, active trypsin further activates other 
digestive enzymes within acinar cells, presumably in the 
same manner as normally occurs in the duodenum. These 
colocalization vacuoles have been observed in all models 
of experimental pancreatitis, as well as in pathological 
specimens of human pancreatitis. Studies that have dem-
onstrated that cathepsin B can activate trypsinogen in vitro 
further support this theory.11,12 It seems that <1% of the 
trypsinogen peptide is hydrolyzed in the absence of cath-
epsin B, but after incubation with cathepsin B for 30 min 
at pH 5, 96% of trypsinogen peptide was hydrolyzed.11 
Interestingly, cathepsin B-mediated trypsinogen activation 
does not seem to be a crucial pathogenic step in hereditary 
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pancreatitis patients with the D22G and K23R trypsinogen 
mutations.11

Role of trypsin during AP

For decades, intra-acinar trypsin activation has been con-
sidered to be the key event in AP, and this trypsin-centric 
hypothesis is supported by various observations. Inhibition 
of trypsin, by somewhat nonspecific protease inhibi-
tors, provides protection against injury during AP.13,14 
Furthermore, limiting trypsinogen activation by inhibiting 
the activity of cathepsin B or deleting the cathepsin B gene 
also decreases pancreatic injury during AP, again suggesting 
that trypsinogen activation is important for pancreatic dam-
age.13,15 Halangk et al. showed that cathepsin B knock out 
(KO) mice have less necrosis compared to wild-type (WT) 
mice.15 However, the degree of leukocyte infiltration in the 
pancreas or lungs during pancreatitis was not affected by the 
absence of cathepsin B, indicating that cathepsin B, and thus 
trypsin act independent of local and systemic inflammation.

The strongest support for the trypsin-centric theory is 
the identification of mutations in the cationic trypsinogen 
gene PRSS1 in hereditary pancreatitis, an uncommon form 
of pancreatitis with autosomal dominant inheritance.16 
In vitro biochemical studies of pancreatitis-associated 
p.R122H mutations of human cationic trypsinogen showed 
that this trypsinogen variant has an increased propen-
sity for auto-activation and is resistant to degradation by 
chymotrypsin C.17 However, this mutation is not exclu-
sively activating; it has pleiotropic effects, and there is no 
direct evidence for increased intracellular trypsin activity 
in patients with hereditary pancreatitis due to this muta-
tion.18 Furthermore, these patients experience episodic 
attacks rather than continuous disease. In a mouse model 
of hereditary pancreatitis generated by transgenic expres-
sion of R122H trypsinogen, no increased trypsinogen 
activation was observed, again indicating the involvement 
of other factors. The R122H mutation has been shown to 
increase the frequency of trypsin auto-activation.18-20 An 
investigation of another PRSS1 mutant (p.R116C) revealed 
an entirely novel mechanism of acinar cell injury that is 
unrelated to trypsinogen activation. The mutation induces 
proenzyme misfolding, leading to ER stress and unfolded 
protein response (UPR) activation.20 The trypsinogen acti-
vation hypothesis of hereditary pancreatitis also does not 
explain incomplete penetrance, the intermittent nature of 
the disease, and lack of progression to chronic pancrea-
titis (CP) in some individuals despite recurrent episodes. 
While emerging epidemiologic and genetic data continue 
to link pancreatitis to trypsinogen activation, it is becom-
ing increasingly clear that with the exception of hereditary 
pancreatitis and cystic fibrosis, a direct simplistic genetic 
mechanism for AP may not exist. Rather, it is likely that 
a complex interplay between genetic, environmental, and 

developmental factors influences pancreatitis susceptibility 
and severity.

Evaluating the role of trypsin activation, Gaiser et al. 
showed that expression of active trypsin in pancreas was 
sufficient for AP induction.19 Indeed, moderate to low 
constitutive expression of rat anionic trypsinogen PRSS2 
in acini was sufficient to induce pancreatitis. Though the 
study diverged from the known pattern of transient to high-
level trypsin activation, which is an important limitation of 
this model, the conclusions provide additional support for 
the role of trypsin activation in pancreatitis pathogenesis.19 
However, this overexpression model is somewhat artifi-
cial and lacks the stimuli and other intra-acinar processes 
observed during AP. Contrary to these findings, a study 
by Wartmann et al. reported that cathepsin L KO mice 
have much higher trypsinogen activation but significantly 
reduced pancreatic injury, suggesting that trypsinogen acti-
vation may even have a protective role during pancreatitis 
by degrading trypsinogen and other proteases.21 

To obtain further insight into the role of trypsin in AP, 
we generated a novel KO mouse lacking trypsinogen iso-
form-7 (T7, mouse paralog of human cationic trypsinogen, 
PRSS1).22 In this mouse strain, we do not observe intra-
acinar pathologic trypsin activation during AP, suggesting 
that T7 is responsible for pathologic trypsin activation. 
Intriguingly, in these novel KO mice (T -/-), we observed 
that acinar cell necrosis during caerulein- (Figure 1A) 
and L-arginine-induced AP is reduced to about half of that 
observed in mice with intact T7.22 In vitro, we noted that 
acini lacking T7 do not undergo necrosis (as measured by 
lactate dehydrogenase [LDH] release) when stimulated 
by a supramaximal dose of caerulein. Furthermore, we 
observed that nuclear factor (NF)-κB activation and local 
or systemic inflammation are not altered by the absence of 
trypsin (Figure 1B-C).22 Collectively, these data suggest 
that trypsin is only partly responsible for acinar cell necro-
sis observed during AP, and local and systemic inflamma-
tion is independent of trypsin. One could also extrapolate 
this to suggest that inflammatory cells and mediators are 
responsible for acinar cell injury observed in the absence 
of trypsin. The fact that markers of local and systemic 
injury during pancreatitis were not affected by the absence 
of trypsinogen activation underscores the importance of 
under-appreciated trypsin-independent events in AP.23

Therefore, it is likely that trypsin is only required to 
initiate injury and trypsin-independent inflammatory path-
ways (importantly NF-κB) that determine disease progres-
sion and severity.

Mechanism by which trypsin leads to acinar cell injury

We recently evaluated the mechanism by which trypsin 
induces cell death in acinar cells and observed that trypsin 
makes colocalized vesicles fragile, which causes cathepsin 
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B to escape into the cytosol, which in turn causes cell 
death during pancreatitis.24 Supramaximal stimulation by 
caerulein causes cathepsin B leakage into the cytoplasm 
(Figure 2A). This release is dependent on trypsin, as in its 
absence either in T -/- mice or by pharmacologic inhibition 
of trypsin (Figure 2B), cathepsin B release into the cytosol 
during AP was prevented. These data suggest that active 
trypsin within the colocalized organelles plays a role in 
making the membranes fragile and thus prone to leakage. 
Furthermore, only small amounts of cathepsin B, amylase, 
active trypsin, and arylsulfatase are released from the colo-
calized organelles into the cytosol. This suggests, as we 
previously observed, that only a portion of lysosomes and 
zymogen granules come together and colocalize. The fac-
tors that determine which colocalized organelles become 
leaky and release their contents into the cytosol are not 
known and will be studied in future investigations.

Supramaximal caerulein stimulation leads to apopto-
sis that can be prevented by pretreatment with cathepsin B 
and trypsin inhibitors, suggesting roles of both cathepsin B 
and trypsin in acinar cell apoptosis (Figure 2C). However, 
when cathepsin B or trypsin was added to permeabilized 
acini to simulate the presence of cathepsin B or trypsin in 
the cytosol, dose-dependent activation of apoptosis was 
seen in the presence of cytosolic cathepsin B but not trypsin 
(Figure 2D).24 This suggests a role of cytosolic cathepsin 
B but not trypsin in acinar cell apoptosis induction. These 
observations are supported by similar findings from experi-
ments using T -/- and cathepsin B KO animals.24 The most 
logical inference from these studies is that active trypsin 
within the colocalized organelles is involved in making the 
organelles “leaky,” causing cathepsin B to enter the cytosol 
where the newly released cathepsin B activates apoptotic 
pathways. Inhibition of trypsin prevents the colocalized 
organelles from becoming fragile, thereby preventing cath-
epsin B release into the cytosol.  Exogenous trypsin failed 

to activate caspase when incubated with streptolysin-O-
permeabilized acinar cells, suggesting that trypsin does not 
directly cause acinar cell death.

Extrinsic and intrinsic pathways are two major routes 
through which apoptosis occurs. The extrinsic pathway 
involves death receptors and is activated in response to 
external signals, whereas the intrinsic pathway involves 
mitochondria and occurs in response to internal signals. 
Lysosomal disruption has been implicated in initiating 
the intrinsic apoptotic pathway involving cleavage of the 
pro-apoptotic Bcl-2 family member Bid. Upon apoptotic 
stimuli, Bcl-2 apoptosis-promoting protein Bax undergoes 
a conformational change and translocates to mitochon-
dria, where it oligomerizes and forms pores that allow 
cytochrome c release into cytoplasm. It has also been 
shown that in early stages of experimental AP, there is a 
release of cytochrome c into the cytosol that in turn acti-
vates caspase-9, which subsequently leads to caspase-3 
activation. Caspase-3 then executes intracellular apoptotic 
events via different downstream mediators.25 

Our studies suggest that during acinar cell death, cath-
epsin B is released into the cytosol and induces apopto-
sis predominantly via the intrinsic pathway by inducing 
Bid cleavage and Bax activation. Truncated Bid and acti-
vated Bax cause release of cytochrome c from mitochon-
dria, which leads to caspase-3 activation and acinar cell 
apoptosis. This cathepsin B-induced apoptosis was fully 
inhibited in acini pretreated with CA074-me (Figure 2C). 
Moreover, the reduction of cytosolic cytochrome c after 
pretreatment with a cytochrome c antibody reduced cath-
epsin B-triggered acinar cell apoptosis, again indicating 
apoptosis via the intrinsic pathway.24

Interestingly, the amount of cathepsin B in the cytosol 
determines whether acinar cell die via apoptosis or necro-
sis. A small amount of cathepsin B activates apoptosis, 
whereas larger amounts shift the cell toward the necrotic 

Figure 1. Trypsin contributes partially to acinar cell necrosis during AP. Local and systemic inflammation during AP are 
independent of trypsin activation. AP was induced by repeated injections caerulein (50 μg/kg intraperitoneally. every hour for 10 h). 
A) Quantification of necrosis by morphometry. B) Quantification of neutrophil infiltration (MPO) as a measure of inflammation in the 
pancreas and C) lung MPO as a measure of lung inflammation.  Modified from Dawra et al.22
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pathway. Necrosis is a form of cell death involving orga-
nelle swelling and plasma membrane rupture. Necrosis 
was once considered accidental cell death caused by over-
whelming physical or chemical trauma. However, we now 
know that specific genes can induce necrosis in a regulated 
manner. The terms programmed necrosis, necroptosis, and 
regulated necrosis have been used to distinguish these types 
of cell death from accidental necrosis. Receptor-interacting 
protein 3 (RIP-3) is an important regulator of necroptosis. 
Upon activation, RIP-3 forms a complex with receptor acti-
vating kinase 1 (RIP-1). This complex activates a cascade 
of events that eventually lead to cell necrosis.26 The leak-
age of a large amount of cathepsin B following acinar cell 
hyperstimulation leads to RIP-1/RIP-3 complex formation, 
which shifts the form of death from apoptosis to necrosis. 

In the future, studies designed to elucidate the key mole-
cules favoring RIP-1/RIP-3 complex formation and down-
stream events in AP pathogenesis may help clarify what 
determines apoptosis versus necrosis during AP.

Besides premature trypsinogen activation, intra-acinar 
NF-κB activation was previously shown to result in local 
pancreatic damage and systemic inflammation.27,28 NF-κB-
related injury was persistent in acinar cells even in the 
absence of trypsin in T -/- mice, suggesting its trypsin-inde-
pendent role in acinar cell injury. Although activation of 
other inflammatory cascades has been described in AP and 
may theoretically lead to trypsin- and NF-κB-independent 
injury, which need to explored in further studies, these 
pathways are generally known to be minor players com-
pared to NF-κB signaling. 

Figure 2. (A) Supramaximal caerulein stimulation increases cytosolic cathepsin B levels in acinar cells. (B) Cytosolic cathepsin B 
activity normalized to LDH is increased in pancreatic acinar cell treated with supramaximal caerulein. A similar increase was not 
observed in T -/- mice, suggesting that trypsin activity is required for cathepsin B release into the cytosol. (C) Caspase-3 activity in control 
acinar cells and those treated with supramaximal caerulein alone or with CA047 or benzamidine. (D) Addition of exogenous cathepsin B 
but not trypsin to SLO permeabilized normal rat pancreatic acinar cells and led to caspase-3 activation. Caspase-3 activity was induced 
by cathepsin B in a concentration-dependent manner, and no activity was seen with any trypsin dose. Values are expressed as percent of 
total and normalized to per mg protein. Modified from Talukdar et al.24
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Soluble inflammatory cell mediators like tumor necro-
sis factor-α, which is a product of the activated NF-κB path-
way, were shown to directly induce premature trypsinogen 
activation and necrosis in pancreatic acinar cells, suggest-
ing a contribution of inflammatory signaling in disease 
initiation and progression.29 Thus, NF-κB activation may 
also be the key early event responsible for progression of 
systemic injury. This supposition was further supported by 
another important study that demonstrated a partial reduc-
tion in acinar necrosis during pancreatitis in mice lack-
ing the p50 unit of NF-κB (p50−/−).30 Gukovskaya et al. 

observed that neutrophils recruited during inflammation 
were able to activate trypsin in acinar cell, and this was 
dependent on neutrophil NAPDH oxidase,31 suggesting 
involvement of immune cells like neutrophils in further 
promoting acinar cell injury.

Role of trypsin in CP

Using our T -/- mice we have also explored the role of trypsin 
in CP.32 Using the caerulein model of CP we found compa-
rable levels of acinar cell damage and fibrosis (Figure 3) 

Figure 3. CP severity is not modulated by absence of trypsin. (A) Representative pictures of CP showing acinar fibrosis in WT, T -/-, 
and CB -/- CP groups. Fibrosis was detected by Sirius red staining. (B) Quantification of Sirius red staining indicates comparable fibrosis 
in WT, T -/-, and CB-/- CP groups. Modified from Sah et al.32

Figure 4. NF-kB activation in human CP samples. (A) Persistent NF-κB activation is observed in human CP. NF-κB component 
protein p65 immunostaining shows its nuclear localization in acinar cells in human CP sections (200×) (insets: zoomed-in views showing 
nucleus from acinar cells showing positive stain for p65). (B) The nuclear stain was quantified and represented here. Pancreas sections 
from seven CP patients and seven controls were analyzed. Modified from Sah et al.32
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in T -/- and WT C57BL/6 mice, suggesting trypsin-inde-
pendent activation of acinar necrosis and stellate cell 
activation in CP. We further looked at T cell infiltration 
and NF-κB activation and found that it was compara-
ble in both T -/- and WT. 32 Taken together, these findings 
support the hypothesis that persistent inflammation, pos-
sibly driven by NF-κB-dependent pathways, can lead to 
CP even in absence of trypsin. We further verified this in 
human CP samples, and all tested samples had high NF-κB  
activity (Figure 4). 

Pancreatic acinar cells contain protein-synthesizing 
machinery for secretory proteins, and any stress leading 
to disturbance in cellular homeostasis can cause ER stress 
which can then activate  evolutionarily conserved UPR path-
ways. A study from our group showed that during acinar cell 
injury there is ER stress and UPR activation as evidenced 
by upregulation of UPR components like CHOP, ATF-4, 
GRP-78, and XBP-1 during caerulein-induced CP. However, 
T -/- that lack intra-acinar trypsinogen activation show com-
parable levels of ER stress and activation of UPR, suggesting 
a minimal role of trypsin in causing ER stress during CP.33

In conclusion, different genetic mouse models of trypsin 
overexpression or lacking trypsinogen activation have 
produced exciting results that challenge the century-old 
trypsin-centered theory of pancreatitis. Our current under-
standing of AP pathogenesis is depicted in Figure 5. No 
doubt trypsin is important for disease initiation,  however, 

its contribution to the disease mechanism has been overes-
timated. The use of trypsin protease inhibitors in clinical 
practice fails to provide any resolution for SAP patients.34 
It is becoming increasingly clear that cathepsin B release, 
NF-κB signaling, and ER stress in acinar cells are all cru-
cial to pancreatitis pathogenesis and could be important 
drug targets for pancreatitis.  
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The role of cytokines and inflammation in the genesis of experimental pancreatitis
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Introduction

Pancreatic acinar cell injury triggers the synthesis and 
release of pro-inflammatory cytokines and chemokines.1-5 
Together with damage- associated molecular patterns 
(DAMPs) such as histones, high-mobility group box1 
protein (HMGB1) and ATP6  released by acinar cell death, 
this initiates an acute, sterile inflammatory response,7 in a 
manner that shares similarities with the molecular/signal-
ing events observed in sepsis.8 The resulting early cellular 
response, consisting of glandular infiltration by neutrophils 
and monocytes, appears to exacerbate pancreatic injury and 
is at least in part responsible for early onset organ failure 
seen in some cases of acute pancreatitis (AP).9,10 The clini-
cal significance of these events is highlighted by the utility 
of cytokine measurements in predicting outcome in human 
AP.11 Inflammation is either self-limiting or self-perpetuat-
ing resulting in significant organ necrosis. Several days to 
weeks into the disease, development of immune anergy—
or compensatory anti-inflammatory response syndrome—
has been described in patients,12 associated with infection 
of pancreatic necrosis and multisystem organ failure. There 
are important differences in the immunological response to 
pancreatitis observed in humans and in experimental mod-
els13; however, animal and cell models remain critical in 
furthering our understanding of molecular mechanisms, 
signaling pathways, and new drug targets. This review 
describes the roles of key cytokines and chemokines in 
commonly used experimental models of pancreatitis and 
how the cytokine profile is affected by model choice. 
Where relevant, we present and compare quantitative data 
reported in various models. 

Tissue injury and inflammatory cell recruitment

Tissue injury caused by pancreatitis toxins leads to the 
release of DAMPs: nuclear proteins (e.g., histones and 
HMGB1), nuclear and mitochondrial DNA, heat shock 

proteins, and ATP.6,14 Nuclear proteins in particular can be 
measured in plasma as early as 4 h after induction of exper-
imental AP.15,16 These act via common immune sensors and 
mediators to initiate sterile inflammation.17 Other mecha-
nisms whereby injured pancreatic acinar cells trigger the 
inflammatory response is through synthesis and release of 
cytokines1 and chemokines,18 and upregulation of adhesion 
molecules such as the intercellular adhesion molecule-1 
(ICAM-1),19 which together promote neutrophil and mono-
cyte infiltration20,21 and exacerbate tissue injury.5,21-23

Chemokines that recruit innate immune cells 
in pancreatitis

Chemokines (chemotactic cytokines) are positively 
charged polypeptides with highly conserved cysteine (C) 
residues within the N-terminal sequence, classifying them 
as “C,” “CC,” “CXC,” or “CX3C” types.24,25 The pres-
ence or absence of a glutamate-leucine-arginine sequence 
further divides chemokines into “ELR” and “non-ELR” 
chemokines, with ELR-chemokines exhibiting highest 
activity in chemotaxis assays.26,27

In the context of AP, the most extensively investigated 
chemokines are CC-ligand 2 (CCL2, also known as mono-
cyte chemoattractant protein-1 or MCP-1), CXC-ligand 1 
(CXCL1, also known as cytokine-induced neutrophil che-
moattractant or CINC in rat and keratinocyte cytokine or 
KC in mouse), and CXC-ligand 2 (CXCL2, also known 
as macrophage inflammatory protein 2-alpha or MIP2a). 
CCL2 acts predominantly via the CC-receptor CCR2, 
although it also binds to CCR428, whereas CXCL1 and 
CXCL2 both act via CXCR2.29

CXC ligands
In response to cerulein (a CCK-8 orthologue widely used 
to elicit early pancreatitis responses in isolated acini, an  
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ex vivo pancreatitis model), murine pancreatic acinar 
cells upregulate CXCL1 and CXCL2 mRNA levels within 
90 min, with a supramaximally stimulating cerulein con-
centration of 0.1 µM producing an 8-fold increase in 
CXCL1 and 10-fold increase in CXCL2 expression.30 In a 
mouse model of cerulein-induced AP (CER-AP), 10 hourly 
doses of 50 µg/kg cerulein results in an increase in CXCL2 
concentration from <10 to 110 pg/mL in serum, 190 pg/
mL in the pancreas, and 240 pg/mL in lung homogen-
ate.31 A >40-fold increase in pancreatic CXCL2 mRNA 
expression was measured in rat CER-AP.32 Pretreatment 
with an anti-CXCL2 antibody was shown to reduce pan-
creatic edema, inflammatory cell infiltration, and necrosis, 
as well as reduce pancreatic and lung myeloperoxidase.31 
Antibodies against CXCL1 elicit similar protection for 
pancreatic and lung injury in rats.33 Inhibition of CXCR2 
with antileukinate,34 evasin-3,35 or AZD830936 improves 
the above parameters, as does CXCR2 knockout in the con-
text of cerulein-induced acute and chronic pancreatitis.37 
Glycyrrhizin, a licorice extract, reduces the ability of iso-
lated pancreatic acinar cells to produce CCL2 and CXCL2 
in response to cerulein,38 and treatment with glycyrrhizin 
was shown to attenuate pancreatic injury in response to 
cerulein in vivo.39 Taken together, these data convincingly 
demonstrate the crucial role of the CXCL2/CXCR2 axis in 
the genesis of experimental AP.

A chemokine that has gained recent prominence is 
CX3CL1, or fractalkine. CX3CL1 uniquely acts as both a 
chemoattractant and surface adhesion molecule; induced 
by other cytokines (in particular tumor necrosis factor 
[TNF]α), it is expressed on the surface of vascular endothe-
lium and enhances leukocyte adhesion by increasing integ-
rin binding avidity.40 In the rat bile-acid model of AP, serum 
CX3CL1 has been shown to rise from 150 pg/mL at base-
line to peak at 1,400 pg/ml 16 h following intraductal tau-
rocholate infusion.41 AR42J cells (a rat cell line retaining 
some acinar cell characteristics) are able to synthesize and 
release CX3CL1 in response to cerulein, and they express 
the CX3CR1 receptor, which on stimulation triggers TNFα 
synthesis and release.42 More recently, acinar cell CX3CR1 
expression has been reported in normal rat pancreas; it is 
upregulated in models of acute and chronic pancreatitis in 
which it induces pancreatic stellate cell proliferation.43 To 
date, no specific CX3CL1 inhibitors have been tested in 
AP; however, CX3CL1 siRNA has been shown to reduce 
pro-inflammatory cytokine release in the context of tauro-
cholate-induced AP (TC-AP).44

CC ligands
CCL2 expression increases in CER-AP by about 30% in 
the lung, 60% in blood, and 140-fold in the pancreas.45 
Knockout of CCL245 or inhibition with evasin-335 reduced 
pancreatic leukocyte infiltration and necrosis and decreased 

hyperamylasemia in murine CER-AP, while evasin-4 treat-
ment only ameliorated lung injury. Inhibition of CCL2 
production with the relatively specific inhibitor bindarit 
reduced serum amylase and histopathologic scores in rat 
TC-AP.46 Antibody-mediated inhibition of CCL2 in this 
model had similar effects on the pancreas and also dramati-
cally reduced other serum cytokines including TNFα and 
interleukin (IL)-6, and -10.47 This effect, however, was 
only partially reproduced by genetic ablation of its known 
receptors, CCR2 or CCR4, suggesting alternatives and 
redundancies in CCL2 signaling pathways. Interestingly, 
CCR2 knockout exacerbated chronic pancreatitis in the 
repetitive cerulein model.48 Together, these findings high-
light a key role of CCL2 in early inflammation.

Mediators of early cellular infiltration and systemic 
inflammatory response 

Neutrophils are among the earliest innate immune cells to 
respond to tissue injury and the chemokines released in 
response to tissue injury in AP; with infiltration of the pan-
creas by neutrophils observed as early as 1 h after induction 
of experimental pancreatitis and lung infiltration after 3 h.49 
The severity of human AP correlates with circulating levels 
of IL-8, a major neutrophil-activating chemokine, as well 
as with neutrophil elastase.50 Antibody-mediated deple-
tion of neutrophils ameliorates experimental AP (espe-
cially the lung injury),23,51-53 as does the genetic ablation of 
ICAM-121 or neutrophil NADPH oxidase.22 Interestingly, 
the latter knockout reduced the pathologic, intrapancreatic 
increase in trypsin activity in CER-AP,22 which was previ-
ously considered acinar cell autonomous. Inhibitors of neu-
trophil elastase have also shown promise in the treatment 
of pancreatitis-associated lung injury.54,55 

Neutrophils and monocytes contribute to further 
cytokine release, which is amplified by activated peritoneal 
macrophages and hepatic Kupffer cells to enhance levels 
in the systemic circulation,56-58 manifesting clinically as 
systemic inflammatory response syndrome (SIRS). The 
amplification links pancreatic injury to organ dysfunction 
associated with severe AP. In this context, the most relevant 
cytokines for discussion are IL-6, IL-1β, and TNFα.

IL-6
IL-6 is a key cytokine involved in early inflammation in AP. 
It belongs to a family of nine IL-6 type cytokines and has 
unusual signaling properties. Although IL-6 is produced 
and secreted by many cell types, very few (predominately 
hepatocytes, neutrophils and macrophages) express IL-6 
receptors, leading to the assumption of a very specific pro-
inflammatory role for this cytokine.59 However, in complex 
with a soluble form of its receptor (sIL-6R) IL-6 can induce 
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signals in cells not expressing the IL-6R—a phenomenon 
termed trans-signaling.60-62

IL-6 expression is upregulated in AR42J cells,63,64 
rodent pancreatic acinar cells,65 and indeed murine salivary 
gland66 following stimulation. In vivo models of experimen-
tal AP show the rise of serum IL-6 levels correlating with 
model severity, from less than 10 pg/mL to 50-100 pg/mL 
(24 h) and 200 pg/mL (72 h) in mouse CER-AP,67,68 to 
400 pg/mL following intraductal taurolithocholate-sulfate 
infusion.69 Intraductal infusion of taurocholate leads to the 
highest levels of serum IL-6: 2,000 pg/mL 24-48 h after 
AP induction.70 Interestingly, the increase in pancreatic 
IL-6 mRNA expression in this model (as well as other 
injury parameters) is much greater in the head than in the 
tail of the pancreas.71 A ~100-fold increase in pancreatic 
IL-6 mRNA expression has been reported in rat CER-AP.32

Administering IL-6 together with cerulein caused total 
lethality in mice after 4 days, and IL-6 trans-signaling has 
been demonstrated to link experimental pancreatitis to 
acute lung injury.72 Furthermore, even though acinar cells 
are clearly able to secrete IL-6, pancreatic IL-6 in CER-AP 
appears to derive predominantly from invading myeloid 
cells.72 As may be expected, inhibition of IL-6 signaling, 
either with neutralizing antibody73,74 or by genetic modi-
fication of an upstream signaling pathway,75 ameliorates 
cerulein- and bile acid-induced AP. A very pronounced 
effect of IL-6 genetic ablation on CER-AP occurs in the 
context of diet-induced obesity; in this setting, IL-6 is 
responsible for delayed clearance of neutrophilic infiltrate 
and associated pancreatic necrosis.76

TNFα
TNFα was initially identified as a serum factor able to 
induce necrosis in solid tumors.77 Since then, anti-TNF 
signaling strategies have been successfully employed in 
a number of inflammatory diseases resulting in a deeper 
understanding of its therapeutic manipulation.78 TNFα 
is synthesized in membrane-bound form in many tissues 
in experimental AP79 and requires cleavage by TNFα-
converting enzyme (TACE or ADAM17) to be released in 
soluble form.80 TNFα activity is dependent on its binding 
to one of two receptors: TNFR1 or TNFR2. TNFR1 is ubiq-
uitously expressed and linked to TNFR1-associated death 
domain protein, with activation of this pathway resulting 
in the induction of programmed cell death.81 TNFR2 is 
predominantly expressed on immune and endothelial cells, 
lacks a death domain, and responds primarily to the mem-
brane-bound form of TNFα82 to promote cell survival, pro-
liferation, and inflammation. Both receptors can be shed 
following inflammatory stimuli, rendering them soluble 
and able to bind and inactivate circulating TNFα.83

Due to this complex binding pattern, measuring TNFα 
with commercial kits can be difficult, as some kits only 

measure free TNFα. In rat bile-acid induced AP, for exam-
ple, free TNFα increased from 3 to 7.5 pg/mL within 1 h, 
only to return to baseline after 3 h.84 Total TNFα increased 
from 2.5 to 7.5 ng/mL in the same time period and remained 
at the higher level for 9 h. Levels of soluble TNFR1 and 
2 similarly increased within 1 h and remained elevated for 
at least 9 h. Plasma levels in rats with bile-acid induced AP 
rise from 20 to 80 pg/mL within 24 h.85

TNFα was one of the first cytokines whose mRNA 
expression was found to be induced in experimental AP.86 
Pancreatic acinar cells can themselves synthesize TNFα,1 
and gene expression is upregulated in response to cerulein 
and lipopolysaccharide as rapidly as within 30 min, with 
maximal expression after 6 h.87 Vascular endothelial cells 
are also able to synthesize and release TNFα in response to 
DAMPs such as double-stranded DNA,88 which are abun-
dant in AP due to cellular necrosis and actively released 
from neutrophils in the form of neutrophil extracellular 
traps.89 While neutrophil recruitment can be sustained 
via TNFR1 alone, monocyte recruitment is dependent 
on TNFR2, and upregulation of this receptor on the vas-
cular endothelium contributes to selective recruitment of 
inflammatory monocytes.90 TNFα was the first cytokine 
(together with IL-1) implicated by genetic means in the 
pathogenic mechanism of pancreatitis.91 Genetic dele-
tion of TNFα, or use of neutralizing antibodies prevents 
leukocyte-induced trypsin activation and necrosis in iso-
lated acini.92 TNFα also regulates acinar cell apoptosis in 
AP.1 In rat TC-AP, infliximab (a monoclonal anti-TNFα 
antibody) attenuated pancreas and lung injury,93 an effect 
seemingly enhanced by concomitant octreotide therapy.94 
Furthermore, the use of infliximab alone or in combina-
tion was proposed to limit intestinal dysfunction in this  
model.95 

The complex roles of TNFα in both pro- and anti-
inflammatory processes make it a difficult target for trans-
lation into clinical practice in AP.

IL-1
The IL-1 family of cytokines, which includes pro-inflam-
matory IL-1α/β, -18, -33, and -36, as well as anti-inflam-
matory IL-1 receptor antagonist (IL-1ra), -36ra, and IL-38, 
are another group of cytokines mediating sterile inflamma-
tion in AP. IL-1 (α and β) are produced as pro-enzymes and 
require proteolytic cleavage by caspase-1 (also known as 
IL-1 converting enzyme or ICE) or by neutrophil proteases 
to develop maximal biological activity.96 IL-1α/β both act 
via the same receptor and are inactivated by competitive 
binding to soluble IL-1ra, a naturally occurring IL-1 inhibi-
tor regulated through many of the same pathways as IL-1 
itself.96 IL-1 blockade is proving particularly effective in 
rheumatologic diseases, with a number of agents approved 
for clinical use.97 
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IL-1β, ICE, and IL-1ra mRNA are all expressed at 
low levels in mouse pancreas but increase rapidly on 
cerulein stimulation or on a choline deficient, ethionine- 
supplemented (CDE) diet.98 Serum levels of IL-1β rise 
from a <10 pg/mL baseline to 150 pg/mL after 6 h in 
CER-AP, or to 200 pg/mL after 48 h in CDE-AP. Similar 
levels of IL-1ra could be detected in serum over the same 
time scales.98 Using glycodeoxycholic acid ductal infusion 
in rats, levels as high as 5,000 pg/mL have been reported 
12 h after AP induction.16

Targeted IL-1β overexpression in murine pancreas 
produced inflammatory changes consistent with chronic 
pancreatitis in animals as young as 6 weeks,99 and  
co-administration of IL-1β exacerbated pancreatic and 
lung injury in rat CER-AP.100 Accordingly, recombinant 
IL-1ra effectively attenuated damage in mouse101 and rat102 
chronic pancreatitis models. The synthetic IL-1ra Anakinra 
(a modification of recombinant IL-1ra licensed for the treat-
ment of rheumatoid arthritis) also attenuated pancreatic 
injury in rat CER-AP.103 Reduction of biologically active 
IL-1β through inhibition of caspase-1 has also been shown 
to have some end-organ protective effects, for example by 
reducing renal injury,104 lung injury,105 and mortality106 
associated with rat TC-AP. It should be remembered, how-
ever, that IL-1β can be activated in other ways—for exam-
ple, by neutrophil proteases. Another member of the IL-1 
family, IL-33, links these signaling pathways by stimulat-
ing IL-6, CCL2, and CXCL2 release, as demonstrated in 
isolated murine pancreatic acinar cells.107

MIF
Activated T lymphocytes, inflammatory monocytes, and 
resident macrophages release macrophage migration inhib-
itory factor (MIF),108 a pro-inflammatory cytokine that 
acts to further stimulate other macrophages109 and T lym-
phocytes.110 In experimental AP in rats, MIF reaches peak 
concentrations of around 120 ng/mL (ascites and plasma) 
within 2-4 h in CER-AP and 280 ng/mL (ascites) within 1 h 
or 200 ng/mL (plasma) 10 h following TC-AP induction. 
Pretreatment with anti-MIF antibody decreased plasma 
TNFα levels and reduced the lethality of TCA-AP and 
CDE-AP.111

Resolution of inflammation and delayed 
immune anergy

The interplay of inflammatory cells aims to control and 
clear the site of injury of cellular debris (and pathogens) 
quickly and effectively, then repair and restore function 
to the surrounding tissue. Cessation of inflammation thus 
requires anti-inflammatory signals to overpower the pro-
inflammatory ones. For example, monocyte/macrophage 

subsets encountering apoptotic cells including neutrophils 
respond by releasing anti-inflammatory cytokines and are 
critical to resolution of inflammation.112 Dysfunction of 
these regulatory systems together with ongoing injury can 
lead to nonresolving inflammation, progression to chronic 
pancreatitis, or even pancreatic neoplasia.5 Many of these 
anti-inflammatory cytokines are released alongside their 
pro-inflammatory counterparts and have been discussed 
above (IL-1ra and soluble TNF receptors); the two other 
cytokines central to resolution of acute inflammation in AP 
are IL-10 and transforming growth factor beta (TGF-β).

IL-10
IL-10 is the foremost member of class-II cytokines, a fam-
ily of anti-inflammatory cytokines that includes IL-19, 
-20, -22, -24, -26, -28, and -29. It is produced by a wide 
range of leukocytes including B cells, T cells, monocyte/ 
macrophages, and dendritic cells, and it was initially 
described as a cytokine synthesis inhibitory factor due to its 
ability to inhibit interferon gamma release by Th1 cells.113 
In fact, IL-10 inhibits release of many pro-inflammatory 
cytokines on a transcriptional level via signal transducer 
and activator of transcription 3 (STAT3).114 IL-10 also 
directly inhibits T cell expansion through downregulation 
of class II major histocompatibility complex and costimu-
latory molecules such as CD80/CD86.115

As with many other cytokines discussed in this review, 
pancreatic acinar cells also produce and secrete IL-10 
and upregulate its production in response to pancreati-
tis toxins.116 Levels in systemic circulation, however, are 
likely to derive from infiltrating leukocytes, as well as 
splenocytes117 and hepatic Kupffer cells.118,119 Knockout 
of B cells, another source of IL-10, exacerbates murine 
CER-AP in a manner that can be rescued by adoptive trans-
fer of B cells.120

In rat bile-acid infusion AP model, IL-10 rises from 
a baseline of 10 pg/mL to 5,000 pg/mL after 6 h, earlier 
than the pro-inflammatory cytokines IL-1β and IL-6, and 
then drops to a new baseline of 2,000 pg/mL for the next 
6 h. Rats administered exogenous IL-10 either before or 
after CER-AP induction had lower serum amylase and 
pro-inflammatory cytokine levels, as well as less histo-
logic pancreatic damage.121 Although there are currently 
no licensed IL-10 analogues in clinical use, agents shown 
to increase pancreatic IL-10, such as insulin-like growth 
factor 1 (IGF-1), have been tried in the context of experi-
mental AP. Given during the course of rat CER-AP, IGF-1 
ameliorated pancreatic damage and reduced pro-inflam-
matory cytokine levels (although other explanations are 
possible for such an effect).122 Other strategies to enhance 
IL-10 secretion include administering IL-4 to cultured liver 
macrophages, which effectively reverses their polarization 
from a pro-inflammatory M1-type to an anti-inflammatory, 
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IL-10-producing M2-type in vitro.123 Adenoviral trans-
fer of the IL-4 gene into pancreatic stellate cells simi-
larly increased endogenous IL-10 expression.124 Injection 
of such an IL-4 gene-carrying vector into the rat gastric 
artery led to a transient increase in pancreatic IL-10 after 
2 weeks.125 While these methods are clearly not ready for 
translation into clinical trials, they are important proof-
of-principle studies and add to our understanding of this 
particular cytokine signaling axis. As could be expected, 
knockout of IL-10 greatly exacerbated pancreas injury in 
repetitive-cerulein mouse model of chronic pancreatitis.126

TGF-β
TGF-β is a member of a family of about 40 related factors 
promoting growth and cellular differentiation. Of the three 
mammalian isoforms, TGF-β1, -β2 and -β3, TGF-β1 is the 
most extensively studied.127 Its overall effects are strongly 
cytostatic and anti-inflammatory (through inhibition of 
pro-inflammatory M1-type macrophages and Th1-type 
lymphocytes, as well as promotion of anti-inflammatory 
M2-type macrophages, Th2-type lymphocytes, and regu-
latory T cells).128 TGF-β1 production is upregulated early 
in the course of mouse CER-AP, and expression of a non-
functional, dominant negative TGF receptor type II amelio-
rated pancreatic injury in this model.129 Interestingly, acini 
isolated from these mice did not exhibit restricted stimu-
lation at high cerulein concentrations.129 In rat CER-AP, 
increased TGF-β1 mRNA expression was detectable by the 
end of the first hour.130 As early as 5 h following ductal 
infusion with sodium deoxycholate, rat TGF-β plasma lev-
els were as high as 10 ng/mL (twice as high as following 
macrophage depletion).131 Hepatic injury in this model was 
reduced by both depletion of liver macrophages and the use 
a TGF-β neutralizing antibody.131 Notably, TGF-β mRNA 
expression is upregulated much later in rat L-arginine-
induced AP (not until 2 days after induction) ,132 in accord 
with slower development of pancreatitis in this model. In 
a comprehensive time-course analysis of TGF-β mRNA 
expression, increased TGF-β1 mRNA was detectable 
within 4 h of cerulein injection in rats; however, there was 
a clear peak in expression between 2 and 3 days after AP 
induction.133 Peak TGF-β1 expression correlated well with 
collagen mRNA levels in that study, supporting a role for 
this cytokine in pancreatic repair. Administration of recom-
binant TGF-β1 was reported to have little effect on a single 
course of cerulein AP, whereas it led to increased colla-
gen deposition and scarring after six courses of cerulein 
treatment.134 As such, this cytokine may be critical in the 
transition from recurrent acute to chronic pancreatitis.134 
Inhibition of TGF-β activity via a viral vector expressing 
a soluble TGF-β receptor reduced fibrosis in a repetitive 
cerulein model of chronic pancreaititis.135 Similarly, use 
of neutralizing TGF-β1 antibody reduced fibrosis and 

extracellular matrix deposition in rat CER-AP, demonstrat-
ing a key role of TGF-β in regulating pancreas repair/regen-
eration.136 In a recent study,137 TGF-β1 was shown to cause 
abdominal hyperalgesia in a rat model of bile-acid induced 
AP. TGF receptors were upregulated in the dorsal root gan-
glion of rats in this model; administration of recombinant 
TGF-β1 enhanced while inhibition of TGF-β1 attenuated 
abdominal hyperalgesia, suggesting a major contribution 
of this cytokine to pain, a key response of human chronic 
pancreatitis.137

Compensatory anti-inflammatory response syndrome 

Prolonged disease activity is associated with immune 
anergy in AP. The concept of a compensatory anti- 
inflammatory response syndrome (CARS) was first raised 
in an attempt to understand the failure of anti-endotoxin 
strategies in sepsis.138 Mediators of CARS (predominantly 
TGF-β, IL-4, IL-10, and CCL2) are released by neutrophils 
and monocytes139,140 and contribute to immunoparalysis by 
promoting a Th2-type adaptive immune response and pre-
disposing to superinfection.141 The time scale of pro- and 
anti-inflammatory cytokine release is similar in patients,142 
with peak cytokine concentration within 48 h of disease 
onset; thus, anti-inflammatory cytokines presumably limit 
the extent of systemic response. A significant subset of 
patients, however, develop considerable immune anergy, 
predisposing to superinfection.142 In CER-AP, myeloid-
derived suppressor cells producing IL-10 acting via the 
MyD88 pathway appear to contribute significantly to the 
development of immune anergy; targeting of this pathway 
and/or the involved cell types present untapped opportuni-
ties for novel AP management therapies.143

Conclusion

In AP, injured and dying acinar cells release DAMPs 
and cytokines to attract and recruit innate immune cells, 
rapidly initiating the inflammatory response (which can 
develop within 1 h). Infiltrating cells augment cytokine 
signaling to encourage further immune cell recruitment 
and modulate inflammation. Cytokines and chemokines 
released in this way (Table 1) are responded to by resi-
dent hepatic macrophages, which further amplify the sig-
nals leading to detectable plasma cytokines and SIRS. 
Anti-inflammatory cytokines are produced and released 
on the same time scale as their pro-inflammatory counter-
parts; however, as long as there is ongoing tissue injury 
and DAMP release, the balance of cytokines promotes 
further inflammation. Excessive release of anti- inflammatory 
cytokines drives immune anergy, which contributes to 
late mortality by reducing immunity to opportunistic  
infections.
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The overlap and redundancy of cytokine activities and 
signaling pathways, together with differences in responses 
depending on local factors, largely account for the limited 
success with which cytokine antagonists have been trans-
lated from bench to bedside. Any successful immune-ther-
apy for pancreatitis will likely require detailed cytokine 
profiling and/or immune phenotyping to establish person-
alized responses to disease and therapy.
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Introduction

Chronic pancreatitis is a progressive, inflammatory disease 
of the pancreas that leads to inflammation and fibrosis, with 
the potential for exocrine and endocrine insufficiency. The 
prevalence of the disease is estimated to be 42 per 1,00,000 
and rising.1,2 The pathogenesis of chronic pancreatitis is 
incompletely understood and complex, involving the inter-
play of environmental, metabolic, and genetic factors that 
modulate inflammatory and fibrotic pathways. Although 
alcohol is the leading cause of chronic pancreatitis, other 
toxic, hereditary, and obstructive insults can lead to similar 
histologic and clinical manifestations. Studying the cellular 
mechanisms responsible for chronic pancreatitis in human 
subjects is difficult for a number of reasons including the 
undefined natural history of the disease, a lack of reliable 
tests for early chronic pancreatitis, and inaccessibility of 
human tissue. Therefore, animal models are essential to 
advancing our understanding of the pathophysiologic pro-
cesses responsible for chronic pancreatitis.

Though chronic alcohol abuse is the leading cause of 
chronic pancreatitis, a number of other etiologies including 
toxins, obstructive lesions, and genetic disorders can cause 
chronic pancreatitis. There is no consensus as to how these 
diverse etiologic factors lead to a common histological end-
point. Theories of pathogenesis fall into two broad catego-
ries: those in which repeated episodes of acute pancreatitis 
(AP) lead to chronic pancreatitis and those in which an ini-
tiating injurious event is perpetuated and progresses to irre-
versible injury in the appropriate environment (Figure 1).

A prominent model of the latter is the sentinel acute pan-
creatitis event (SAPE) hypothesis, which posits that a single 
AP episode can progress to chronic pancreatitis in a condu-
cive environment. If the sentinel episode is severe enough 
to attract monocytes and activate stellate cells, fibrosis can 
develop in the presence of continued injurious stimuli.3 
Although some theories of injury focus on acinar cell injury, 
others focus on duct cells as the initial target of damage.4,5 

Finally, some hypothesize that that multiple different path-
ways can lead to chronic pancreatitis using different mecha-
nisms. All models of chronic pancreatitis, except autoimmune 
models, share the same histologic endpoints (Figure 2) and 
can lead to similar disease severity. These include some or all 
of the following features: chronic inflammation, stellate cell 
proliferation/activation, acinar cell dropout, ductal dilatation, 
intraductal calcifications, and nerve enlargement.

Animal models can be classified according to the mech-
anism of disease and species used, though in some cases 
various mechanisms are combined to capture the multiple 
factors that lead to disease (Figure 3). Although most ani-
mal models result in histopathologic disease, clinically rel-
evant parameters listed in Table 1, such as pain, exocrine 
and endocrine insufficiency, and predisposition to malig-
nancy are frequently not addressed. This review summa-
rizes the most widely used models of chronic pancreatitis, 
discusses their strengths and weaknesses, and highlights 
particularly clinically relevant aspects of various models. 

Features of chronic pancreatitis in human patients include 
multiple structural and functional characteristics that can be 
reproduced in animal models. No available animal model of 
chronic pancreatitis is known to replicate all of these features.

Chemical Models

Cerulein pancreatitis
Various agents can be administered systemically or locally 
to produce chronic pancreatitis (Table 2).

Treatment with supraphysiologic doses of the cholecys-
tokinin (CCK) analogue cerulein is employed in a widely 
used animal model of AP. At low doses, cerulein provides 
physiologic stimulation to CCK receptors and enhances 
secretion from the acinar cell. However, animals treated with 
high-dose cerulein (10-100×physiologic doses; 20-50 μg/kg, 
intravenously or intraperitoneally) develop mild to moderate 
acute interstitial pancreatitis. The cerulein model of AP is 



54 A. M. Reed and F. S. Gorelick

characterized by aberrant zymogen activation in the acinar cell, 
inhibition of secretion, increased inflammation, and cellular 
damage. Exocrine pancreatic structure and function recover 
within 24 to 48 hours in this model.

The cerulein model of chronic pancreatitis requires 
repeated cerulein injections over time and is the most 

commonly used, reproducible model of chronic pancrea-
titis. There are a number of protocols that vary in dose, 
interval, and duration of cerulein injections.6-8 This model 
produces morphohistologic findings compatible with 
chronic pancreatitis in humans, including fibrosis, chronic 
inflammation, atrophy, transdifferentiation of acini into 
duct-like cells, and ductal dilatation7 as seen in Figure 4. 

Interestingly, these findings can occur even in the 
absence of zymogen activation.9 This model is widely used 
because of its reproducibility and technical ease in rodents, 
making it an attractive technique for use in transgenic mice. 
The cerulein model mirrors chronic pancreatitis in humans 
because it involves repetitive injurious stimulation, paral-
leling the progression from recurrent AP to chronic pan-
creatitis that occurs in some patients.10 However, human 
pancreatitis is not associated with elevated CCK levels. 
Furthermore, it remains controversial whether human aci-
nar cells express CCK receptors like rodent acinar cells.11,12 
Therefore, it is appropriate to question the relevance of the 
cerulein model to human disease with respect to CCK’s role, 
even though it may fully reflect other aspects of disease. 

Table 1. Chronic pancreatitis characteristics studied in animal 
models.

• Fibrosis
• Inflammation
• Exocrine function
• Endocrine function
• Pain
• Predisposition to cancer

Figure 3. Animal models of chronic pancreatitis vary in 
mechanism and species used. A variety of different trigger 
mechanisms and animal species have been used in animal models 
of chronic pancreatitis.

Figure 1. Models of evolution to chronic pancreatitis. In 
the traditional model, repeated bouts of AP lead to fibrosis. An 
example of this model is the induction of chronic pancreatitis 
through repetitive cerulein injections. The Sentinal Acute 
Pancreatitis Event (SAPE) model proposes that an initiating 
event like an AP episode activates the immune system allowing 
risk factors to drive profibrotic, anti-inflammatory pathways that 
lead to chronic pancreatitis. Ethanol sensitization models such 
as the ethanol/lipopolysaccharide (LPS) model conform to this 
hypothesis. Both models can result in similar severity of final 
pancreatic injury.

Figure 2. Histopathologic features of chronic pancreatitis. 
Animal models of chronic pancreatitis share histological 
endpoints including fibrosis, pancreatic duct abnormalities, and 
cellular changes.
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The cerulein model of chronic pancreatitis serves as the 
basis for studying the sensitizing effects of other agents. 
The bacterial endotoxin LPS is a particularly relevant agent 
because chronic alcohol consumption leads to increased 
gut permeability, predisposing to bacterial translocation 
and increased serum LPS levels.13 LPS has been shown 
activate pancreatic stellate cells and stimulate inflamma-
tory cytokines through activation of toll-like receptor 4 
(TLR4) and nuclear factor-κB (NF-κB).14 The addition of 
LPS to the repeated cerulein injection model accelerates 
disease progression and worsens its severity as measured 
by acinar cell atrophy, fibrosis, and the development of 
tubular complexes.15

Cyclosporine A (CsA) has also been used a sensitiz-
ing agent in cerulein-induced chronic pancreatitis. In this 
model, rats received just two doses of intraperitoneal 

cerulein during a 15-day treatment with intraperito-
neal CsA. Rats treated with cerulein alone fully recover 
from AP, while those cotreated with cyclosporine exhibit 
chronic pancreatitis with atrophy, mononuclear inflam-
matory infiltrate, and enhanced collagen deposition.16 
Increases in transforming growth factor (TGF)-β are 
thought to mediate the effects of cyclosporine by activat-
ing pancreatic stellate cells, increasing collagenase inhibi-
tor production, and inhibiting matrix degrading proteases. 
Due to reportedly high toxicity rates by some investiga-
tors, the use of this model is limited. 

Other toxins
Feeding of a choline-deficient ethionine- supplemented 
(CDE) diet induces acute hemorrhagic pancreatitis in 
mice.17,18 The mechanism responsible for CDE-induced 
pancreatic damage is not known. Long-term administration 
of the CDE diet intermittently over 24 weeks leads to histo-
logic changes consistent with chronic pancreatitis, includ-
ing acinar atrophy, fibrosis, and the development of tubular 
complexes. Additionally, increased expression of epidermal 
growth factor receptor, serine protease inhibitor Kazal type 
3 (SPINK3), and TGF-α, which are all implicated in the pro-
gression from chronic pancreatitis to pancreatic adenocar-
cinoma, were observed in this model. However, malignant 
lesions did not form even after 54 weeks of CDE feeding.19

L-arginine, an essential amino acids, administered 
intraperitoneally in high doses has been shown to cause 
severe, necrotizing AP in animal models.20 The mecha-
nisms responsible for the effects of L-arginine on the 
pancreas are unknown, though reactive oxygen species 
production and direct activation of the immune system 
have been postulated. Repeated injections of lower doses 

Table 2. Chemical models of chronic pancreatitis.

• Cerulein
 – Repeated dosing
 – Combined with:

• Lipopolysaccride (LPS)
• Chronic ethanol
• Cyclosporine A
• Dibutyltin dichloride (DBTC)

• Ethanol/LPS
• Arginine
• Choline-deficient ethionine supplemented (CDE) diet
• Trinitrobenzene sulfonic acid (TNBS)

Repetitive administration of cerulein, sometimes in the presence 
of sensitizing agents, is the most commonly used model of chronic 
pancreatitis. Ethanol can be combined with cerulein or LPS to produce 
chronic pancreatitis. Other toxic compounds can be administered 
systemically or by retrograde infusion into the pancreatic duct.

Figure 4. Repeated cerulein injections lead to chronic pancreatitis in mice. After a 2-week cerulein injection protocol, hematoxylin 
and eosin staining shows (A) significant inflammation, and trichrome staining (B) reveals fibrosis in the exocrine pancreas. Images 
provided by Chuhan Chung, Yale University.



56 A. M. Reed and F. S. Gorelick

of L-arginine given over several weeks produce necro-
sis followed by chronic inflammation and fibrosis with 
impaired glucose tolerance in rats.21,22 Unlike most human 
chronic pancreatitis, fibrotic tissue is replaced by adipose 
tissue over time, limiting its usefulness as a histologic 
model of chronic pancreatitis. 

Intravenous or intraperitoneal injection of dibutyltin 
dichloride (DBTC), a compound used in polyvinyl chloride 
production, leads to acute interstitial pancreatitis through 
direct toxicity on acinar cells and by causing chronic biliary 
obstruction through the formation of obstructing plugs in the 
distal common bile duct.23,24 With repeated DBTC injections, 
rats develop chronic inflammation and fibrosis.25,26 However, 
this model is not highly reproducible, as only one-third of ani-
mals display histologic changes consistent with chronic pan-
creatitis. The CDE, L-arginine, and DBTC models are limited 
by the fact that none of these compounds cause pancreatitis in 
humans, their mechanisms of actions are unknown, and they 
each produce nonspecific extrapancreatic injury.

Alcohol
Alcohol is the leading cause of chronic pancreatitis. 
However, less than 10% of alcoholics develop chronic 
pancreatitis.27 The lack of a homogeneous, dose-depend-
ent effect of alcohol on the human exocrine pancreas is 
reflected in ethanol animal models. Ethanol feeding alone 
does not produce chronic pancreatitis in animal models. 
The most informative use of this model has been its use in 
studies of sensitization to other injurious agents. 

The Lieber-DeCarli method of chronic alcohol feed-
ing involves supplementing liquid feed with 36% ethanol 
and is useful in overcoming rodents’ natural aversion to 
alcohol.28 Pancreata from chronically alcohol fed animals 
appear histologically normal without significant gross 
inflammation or fibrosis. More intense alcohol feeding 
by continuous gavage, which produces sustained blood 
alcohol levels of 250-500 mg/dL, also fails to produce sig-
nificant histologic changes consistent with chronic pancre-
atitis.29 Other models of repeated ethanol feeding including 
the ethanol agar block feeding model and supplementing 
drinking water with ethanol fail to achieve consistently 
elevated levels of blood ethanol.30,31 Therefore, chronic 
ethanol feeding cannot be used on its own as an experi-
mental model of chronic pancreatitis. However, despite 
the lack of histologic changes, chronic ethanol feeding has 
pronounced biochemical effects including increased pro-
duction of fatty acid esters, mitochondrial injury, and pan-
creatic stellate cell activation. Therefore, the model still 
provides insight into the pathogenesis of alcohol-induced 
chronic pancreatitis.32-34

Combining chronic alcohol feeding with other inju-
rious stimuli creates histologic damage and provides 
a reliable model of chronic pancreatitis. Rats fed the 

Lieber-DeCarli diet challenged with repeated high-dose 
cerulein injections show changes consistent with human 
alcoholic chronic pancreatitis. While animals treated 
only with cerulein recovered, those sensitized with eth-
anol developed fibrosis, calcifications, and necrosis. 
Furthermore, the immune cell profile at each stage of 
injury was markedly different in ethanol-sensitized rats 
compared to cerulein-only controls.35,36 Similar results 
were seen in a mouse version of the same model.36

In another model, rats fed Lieber-DiCarli diets were 
challenged with LPS. In this model ethanol-fed rats but 
not those on the control diet developed fibrosis and dis-
played stellate cell activation.37 This model has direct 
clinical relevance because alcoholics are known to have 
increased gut permeability, which encourages higher cir-
culating LPS levels.13,38 The LPS/alcohol model has been 
used to study the effects of alcohol abstinence on chronic 
pancreatitis progression and has shown that alcohol with-
drawal leads to fibrosis regression and increased pancre-
atic stellate cell apoptosis.16 Of the chronic pancreatitis 
summarized in this review, the combined use of ethanol 
feeding and LPS appears to have the most relevance to 
 disease etiology encountered in clinical disease. The 
histologic responses are also very similar to those that 
develop in human disease (Figure 5).

These alcohol sensitization models conform to the 
SAPE hypothesis of chronic pancreatitis (Figure 1). Even 
in the presence of important risk factors like heavy alcohol 
intake, a sentinel inflammatory event, like an episode of 
AP, is required to activate the immune system and prime 
the pancreas for chronic inflammation. Then fibrosis may 
develop depending on the presence of continued risk fac-
tors that modulate the immune response.3

Retrograde infusion of toxic substances 
Several models involving the retrograde infusion of 
toxic substances have been attempted. These models 
deliver toxins only to the pancreas, unlike the models 
that require systemic toxin administration described 
above. Retrograde infusion of the cytotoxic unsaturated 
fatty acid oleic acid destroys acinar cells and causes 
acute inflammation.39 Because the exocrine pancreatic 
parenchyma undergoes fatty replacement rather than 
fibrosis over time, this model is not ideal for studying 
human chronic pancreatitis. Infusion of trinitrobenzene 
sulfonic acid into the pancreatic duct leads to acute 
necrotizing pancreatitis at 48 hours and fibrosis, inflam-
mation, and atrophy consistent with chronic pancrea-
titis at later time points.40 Retrograde infusion of bile 
acids provides an attractive model to study AP because 
gallstone obstruction is a common cause of AP.41 This 
method is thought to elicit pancreatitis through direct 
toxic effects on the acinar cell that is mediated by G 
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protein-coupled bile acid receptor 1 (Gpbar1). Chronic 
pancreatitis caused by obstructive lesions may also be 
mediated by bile reflux into the pancreatic duct. While 
retrograde infusion of high doses of sodium taurocholate 
leads to the death of most rats by 72 hours, some survi-
vors display atrophy and fibrosis.42 Retrograde infusion 
of lower doses of sodium taurocholate produces milder 
acute injury with return to normal histopathology at 14 
days.6 Drawbacks of this model include its technical dif-
ficulty and the finding that injury is often localized to the  
pancreatic head.

Obstructive Models

Obstructive lesions such as tumors and trauma are rare 
causes of chronic pancreatitis. In humans with chronic 
pancreatitis from any cause, protein plugs form in small 
pancreatic ducts, and pancreatic ductal pressure is ele-
vated.43,44 Therefore, obstruction of the pancreatic duct 

provides a rational model for studying chronic pancre-
atitis (Table 3). One week after dogs or rats undergo 
ductal ligation, their pancreata display ductal dilatation, 
disorganized acinar cell arrangement, fibrosis with col-
lagen deposition, and inflammatory infiltrate in intersti-
tial spaces.45 Pancreatic duct ligation in rabbits and dogs 
also results in significantly impaired glucose tolerance.46 
Pancreatic ductal ligation in the mouse is technically 
challenging because of the small size of the pancreatic 
duct. Furthermore, the redundant duct anatomy of the 

Figure 5. Alcohol/LPS leads to chronic pancreatitis in rats. In untreated rats (A) and rats treated with alcohol alone, acinar architecture 
is well preserved, and morphohistologic features of chronic pancreatitis are absent. Rats treated with alcohol in the presence of LPS 
(C-D) show findings consistent with chronic pancreatitis including vacuolization (arrow), inflammatory infiltrate (arrowhead), acinar cell 
dropout, and fibrosis (blue staining in D). Images provided by Minoti Apte, University of New South Wales. 

Table 3. Mechanical models of chronic pancreatitis.

• Duct obstruction
 – Entire duct or segmental
 – Partial obstruction or complete obstruction

• Duct hypertension

Obstructive chronic pancreatitis has been produced in several different 
species by complete or partial pancreatic duct ligation or through 
inducing pancreatic ductal hypertension.
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mouse leads to histopathologic changes in some but not 
all pancreatic lobes. Edema, increased inflammatory 
infiltrate, enhanced apoptosis, and acinar cell dropout 
are seen 3 days after pancreatic duct ligation.47 By 5 days 
after pancreatic ductal ligation, there few remaining nor-
mal acinar cells and abundant proliferation of duct-like 
cells with fibrosis. Seven days after ligation, metaplas-
tic ducts, which are resistant to apoptosis are observed. 
Figure 6 demonstrates the early histologic changes after 
pancreatic duct ligation. After several months there is 
intralobular fatty replacement of the exocrine pancreas.48 
Partial pancreatic obstruction in dogs can be accom-
plished by inserting a small plastic tube into the pancre-
atic duct to produce pancreatic acinar atrophy, fibrosis, 
and inflammation.49

Given that pancreatic duct ligation leads to eventual 
complete acinar cell loss rather than fibrosis, a model that 
causes pancreatic ductal hypertension without pancre-
atic ductal obstruction was developed. In this technically 
challenging model, pancreatic ductal hypertension was 
induced by implanting pancreatic, biliary, and duodenal 
cannulas in rats. The free end of the pancreatic duct can-
nula was then vertically raised to create increased hydro-
static pressure for 2 weeks.6 Rats with pancreatic ductal 
hypertension showed significant fibrosis with collagen 
deposition, lymphocytic inflammatory infiltrate, and plug 
formation in the main pancreatic duct. 

Genetic Models

Several transgenic models based on known susceptibility 
genes in humans have been developed (Table 4). These 
animal models have direct clinical relevance to human dis-
ease. The fidelity with which the transgenic animal pheno-
type mimics human disease varies widely.

CFTR
Cystic fibrosis is a common autosomal recessive disease 
among Caucasian populations that affects multiple organ 
systems including the respiratory tract and gastrointestinal 
(GI) organs. It is caused by mutations in the CFTR gene 
located on chromosome 7, which encodes a regulated chlo-
ride channel. Most patients with cystic fibrosis develop pan-
creatic insufficiency, and these individuals are at high risk 
for chronic pancreatitis.50 Patients who are not homozygotes 
or compound heterozygotes for the classical, severe CFTR 
mutations and, therefore, do not have cystic fibrosis, can 
express other milder phenotypic variants. Patients who are 
homozygotes or compound heterozygotes, with at least one 

Figure 6. Pancreatic ductal ligation in mice leads to histology consistent with chronic pancreatitis. Characteristic histologic 
features including loss of normal acinar architecture, inflammation, and the formation of duct-like structures (arrows) are seen soon after 
pancreatic duct ligation in the mouse. Images provided by Howard Crawford, Mayo Clinic (Jacksonville, Florida).

Table 4. Genetic models of chronic pancreatitis.

• A. General (including pancreatic development)
 – CFTR deficient mice, pigs, and ferrets
 – SPINK3 -/- mice
 – Kif3a -/- mice (PDX-1)
 – Wistar Bonn/Kobori (WBN/Kob) rats
 – Hedgehog (zebra fish)
 – Cytokeratin 8 (human) in mice
 – E2F1/E2F2 double-deficient (DKO) mice
 – IKKa -/- mice (PDX-1)
 – PEDF null mice

• B. Acinar cell
 – PRSSI (cationic trypsinogen) R122H mice
 – Ras activity (K-Ras)
 – PERK -/- (elastase)
 – IL-1b mice (elastase)

• C. Duct Cells
 – COX2 overexpression duct cells (BK5)
 – LXRβ deletion

Genetic models of chronic pancreatitis can target genes that are 
generally or specifically expressed in acinar or duct cells.
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allele encoding a mild variant have a  40%-80% increased 
risk of developing chronic pancreatitis.51 Heterozygotes for 
CFTR mutations have a 3-4-fold increased risk of devel-
oping chronic pancreatitis, with the subset of patients who 
coexpress mutated SPINK1 at the highest risk.21

Several transgenic animal models have been used 
to study the relationship between CFTR mutations and 
chronic pancreatitis. Mice homozygous for the S489X 
mutation, which encodes a truncated protein, display a phe-
notype that has many features of human cystic fibrosis.52 
In particular, these mice fail to thrive and develop meco-
nium ileus and alterations in mucous and serous glands. 
The mice have modest exocrine insufficiency with lower 
trypsin and lipase activities than controls, an abnormally 
acidic duodenum because of decreased pancreatic bicarbo-
nate secretion, and blunted secretory responses to CCK.53 
CFTR mutant mice develop more severe acute cerulein-
induced pancreatitis with a more exuberant inflamma-
tory response and decreased apoptosis than controls.53 
Although these transgenic mice have enhanced expression 
of proinflammatory cytokine genes at baseline, they do not 
develop chronic pancreatitis. Death from intestinal obstruc-
tion occurs during weaning by 40 days of age in nearly all 
CFTR-/- mice, limiting the usefulness of this murine model 
for studying CFTR-related chronic pancreatitis.

A porcine model of cystic fibrosis was developed to 
more closely replicate human disease. CFTR-/- pigs appear 
normal at birth but soon develop meconium ileus and failure 
to thrive.54 The piglets require surgery to relieve intestinal 
obstruction from meconium ileus and prevent perforation. 
They also eventually develop infertility and focal biliary 
cirrhosis. Porcine CFTR-/- pancreata appear small, with 
increased adiposity and inflammation. Centroacinar spaces 
and ducts are dilated and obstructed by eosinophilic mate-
rial. CF pigs also have significantly lower levels of pancre-
atic amylase, lipase, and trypsin.55 The baseline volume and 
pH of pancreatic fluid are depressed in CF pigs, and they do 
not respond to secretin stimulation with increased pancreatic 
secretions like wild-type pigs. Newborn CF piglet pancreata 
display a mixed inflammatory infiltrate with neutrophils, 
macrophages, effector and cytotoxic T cells, activated T 
helper cells, and natural killer (NK) T cells.56 Additionally, 
fetal CF pig acinar cells display increased expression of pro-
inflammatory, complement cascade, and profibrotic genes. 
Furthermore, increased apoptosis, α-smooth muscle actin, 
and TGFβ-1 are observed in newborn and fetal CF pigs. 
These findings suggest upregulation of fibrotic pathways, 
providing a superior model for CF-related pancreatic dis-
ease.57 Although the CF pig model appears to very closely 
resemble human disease, the high cost of the animals limits 
the opportunities for studying this model.

A ferret model of CF has also been developed. 
Newborn CFTR-/- animals display dilated pancreatic 
ducts with inspissated zymogen secretions, and 75% of 

animals maintain this phenotype during infancy. A small 
minority of cases develop more severe lesions including 
fibrosis and loss of pancreatic parenchyma. Because these 
animals have high early mortality because of meconium 
ileus and GI malabsorption, a gut-corrected transgenic 
CFTR knockout (KO) that only expresses CFTR in the 
intestines and does not suffer from meconium ileus was 
created.58 Although the latter model is more amenable to 
study, its use has been limited. 

PRSS1
Mutations in cationic trypsinogen are responsible for 80% 
of cases of hereditary pancreatitis that are not caused by CF. 
These mutations affect the regulatory regions of trypsinogen, 
rendering it more vulnerable to inappropriate activation. The 
R122H missense mutation of the cationic trypsinogen gene 
(PRSS1) was the first identified mutation responsible for 
hereditary pancreatitis and is an attractive target for manip-
ulation in mouse models.59 In one model, transgenic mice 
with the R122H mutation in murine trypsin 4 targeted to 
pancreatic acinar cells were produced. These mice develop 
inflammation, fibrosis, and acinar cell dedifferentiation. 
There is activation of acinar cell-specific inflammatory sign-
aling pathways and c-Jun-N-terminal kinase, which medi-
ates TNF-α-induced cell death.60 Unfortunately, this model 
is no longer available. Another model created mice trans-
genic for human R122H cationic trypsinogen targeted to the 
pancreas. These animals have elevated lipase levels, but no 
spontaneous alterations in pancreatic histology.61 Cerulein-
induced chronic pancreatitis is more severe in both models.

SPINK3
The serine protease inhibitor Kazal type 1 (SPINK1) encodes 
for a protease inhibitor that is upregulated in inflammatory 
states and safeguards against aberrant intracellular zymogen 
activation. SPINK mutations are common in humans, though 
the vast majority of those with even “high-risk” mutations 
do not develop pancreatitis.62 Deficiency of SPINK3, a 
homologue of SPINK1, is lethal by 2 weeks in KO mice. 
Analysis of acinar cells isolated from neonatal mice revealed 
enhanced trypsin activation.63 Embryonic pancreatic speci-
mens revealed autophagic degeneration of acinar cells, 
which progressed to rapid cell death after birth.64 SPINK3 
heterozygotes have reduced trypsin inhibitor capacity com-
pared to wild-type mice because they express less SPINK3 
protein. However, SPINK3 heterozygotes do demonstrate 
increased susceptibility to cerulein-induced pancreatitis, 
suggesting that a threshold level of SPINK3 is sufficient 
to protect against pancreatitis.65 Although these animals do 
not manifest spontaneous chronic pancreatitis, the model 
highlights the important role of SPINK in exocrine pancreas 
maintenance and regeneration.
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KRAS
The oncogene KRAS is the most common gene mutated 
in pancreatic ductal adenocarcinoma (PDAC) and is also 
mutated in about 40% of patients with chronic pancreati-
tis.66 Transgenic mice that overexpress activated KRAS 
in acinar cells demonstrate fibrosis and inflammation that 
mimics the histologic findings of human chronic pancrea-
titis.67 Elevated levels of Ras activity in this model leads 
to the spontaneous development of PDAC, making it an 
attractive model for the progression from chronic pancrea-
titis to pancreatic cancer. Inflammatory stimuli that produce 
transient Ras signaling in wild-type animals induced pro-
longed Ras, NF-κB, and COX-2 activity in mice express-
ing oncogenic KRAS, leading to chronic inflammation 
and precancerous lesions.68 Thus, the KRAS model likely 
reflects a mechanism seen in human chronic pancreatitis 
with respect to chronic inflammation and fibrosis. 

Other genetic models
Several other genetic models do not have an obvious cor-
relate in human disease, but can be useful in understanding 
the pathways that lead to chronic pancreatitis. Acinar cells 
have an extensive endoplasmic reticulum (ER) network 
with associated chaperones and foldases to manage the 
production and secretion of digestive enzymes. Regulatory 
mechanisms direct misfolded proteins to ER-associated 
degradation pathways. Stressors such as oxidative dam-
age, overloading the protein-folding capacity of the ER, or 
the presence of mutant proteins lead to ER stress and trig-
ger the unfolded protein response, which is an important 
mediator of acinar cell damage in alcohol-induced pancrea-
titis.69 The ER sensor PERK (protein kinase RNA-like ER 
kinase) responds to ER stress by decreasing overall protein 
translation while enhancing regulators of redox status and 
glutathione production. Pancreas-specific PERK KO mice 
develop pancre atic exocrine and endocrine dysfunction 
rapidly after birth.70 Acinar cell death in this model occurs 
through ischemia, which then triggers an inflammatory 
response consisting of neutrophils and macrophages.71 This 
model highlights the importance of the ER stress response 
in maintaining acinar cell function and may be relevant to 
the rare human disease Wolcott-Rallison syndrome, which 
is caused by a mutation in the PERK gene and character-
ized by early onset diabetes, skeletal dysplasia, and exo-
crine pancreatic insufficiency.

Defects in primary cilia have been implicated in poly-
cystic kidney disease (PKD). Pancreatic lesions, especially 
pancreatic cysts and occasionally chronic pancreatitis, are 
more common in patients in PKD. To study this disease, a 
mouse model with pancreas-specific inactivation of Kif3a, 
which encodes kinesin-2, was developed. Kinesin-2 is a 
protein that is required for cilia assembly. The pancreata 
of these mice display acinoductular metaplasia, fibrosis, 

eventual pancreatic lipomatosis, and cyst formation.72 
These findings provide a model for the pancreatic dis-
eases associated with PKD and primary ciliary dyskinesia 
(Kartagener’s syndrome).

Another model focuses on the role of the inflammatory 
cytokine IL-1β by employing transgenic mice that selectively 
overexpress human IL-1β in the pancreas. These elastase 
sshIL-1β mice develop acinar cell atrophy, pancreatic ductal 
dilatation, mixed inflammatory infiltrate, acinar-ductal 
metaplasia, and fibrosis.73 The mice are susceptible to more 
severe chronic pancreatitis after 20 weeks of cerulein treat-
ment. There are also increased expression levels of tumor 
necrosis factor-alpha (TNF-α); chemokine (C-X-C motif) 
ligand 1; stromal cell-derived factor 1, TGF-β1; matrix met-
allopeptidases 2, 7, and 9; inhibitor of metalloproteinase 1; 
and cyclooxygenase 2 (COX-2). Given this profile, IL-1β 
likely induces acinar cell damage by recruiting and activat-
ing inflammatory cells and pancreatic stellate cells. 

WBN/Kob rats, initially developed as a model for gas-
tric tumors, also spontaneously develop pancreatic fibro-
sis and diabetes mellitus.74 By 3 months of age, the mice 
develop focal pancreatic necrosis and inflammation that 
slowly encompasses the entire pancreas. By 4 months, fibro-
sis is seen in the exocrine pancreas, with eventual expan-
sion to the endocrine pancreas. The rats become diabetic 
at 60-90 months. These findings are only seen in sexually 
mature, male mice, suggesting a role for androgen in the 
pathogenesis of the pancreatic lesions. A limitation of this 
model is that exact nature of the genetic alterations respon-
sible for the phenotype of this mouse strain is unknown. 
Chromosomal mapping identified polymorphisms in three 
candidate genes: Rac2, Grap2, and Xpnpep3.75 Rac2 is 
a GTPase member of the Rho family, which plays a role 
in apoptosis, phagocytosis, and cytoskeletal reorganiza-
tion. Grap2 is an adaptor protein that participates in leu-
kocyte specific protein-tyrosine kinase signaling. Finally, 
Xpnpep3, localizes to mitochondria and is involved in cili-
ary function. Which of these candidate genes is responsible  
for the pancreatic phenotype of WBN/Kob mice requires 
further study.

The hedgehog signaling pathway plays a key role in 
patterning events in normal mammalian development. 
Indian hedgehog (Ihh), a member of this family, is upregu-
lated in human chronic pancreatitis.76 To explore the con-
tribution of the Hedgehog pathway in the pathogenesis of 
chronic pancreatitis, transgenic zebrafish that overexpress 
Ihh and Sonic hedgehog (Shh) along with green fluores-
cent protein were developed.77 Both mutants have similar 
phenotypes. Neither form of transgenic zebrafish develop 
derangements in acinar differentiation, but both develop 
fibrosis over time with increased expression of matrix met-
alloproteinase and TGF-β.

Keratins are epithelia-specific intermediate filament 
proteins involved in pancreatic acinar cell homeostasis. 
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Some human studies suggest that mutations in the kera-
tin 8 gene are associated with chronic pancreatitis,78 but 
others did not find an association between keratin 8 muta-
tions and chronic pancreatitis.79 When human keratin K8 
is overexpressed in HK8 transgenic mice, acinar cells dis-
play inflammation, fibrosis, dysplasia, and parenchymal 
replacement by adipose tissue.80

The E2F family of DNA-binding transcriptional activa-
tors is comprised of six members (E2F1-6)that heterodimer-
ize with the transcription factor DP to regulate the expression 
of genes involved in cell growth and differentiation. E2F1/
E2F2 double KO mice lose acinar cells and develop fibrosis 
and fat replacement without significant inflammation after 
2 weeks. The endocrine pancreas also becomes progres-
sively atrophic. The mice have a shortened lifespan, in part, 
because of the development of frank diabetes with decreased 
insulin levels and hyperglycemia and exocrine insufficiency 
with steatorrhea. These studies suggest that E2F1 and E2F2 
play critical roles in pancreatic homeostasis.81

IκB kinase α (IΚΚα), a subunit of the IΚΚ complex, 
regulates the activation of the NF-κΒ transcription factor 
and is critical for epidermal differentiation, keratinocyte 
differentiation, and skeletal patterning. Conditional IΚΚα 
KO mice, with IΚΚα deficiency in acinar, ductal, and islet 
cells develop spontaneous and progressive acinar cell dam-
age, fibrosis, and inflammation, as well as endocrine insuf-
ficiency. The pathway underlying these defects was shown 
to be impaired autophagic protein degradation, leading 
to ER stress and elevated expression of CHOP (C/EBP 
homologous protein), a proapoptotic transcription factor.82

Pigment epithelial-derived factor (PEDF) is involved 
in maintaining a normal extracellular matrix and regulat-
ing intracellular lipid metabolism. At baseline, PEDF-null 
mice express markers suggestive of pancreatic stellate cell 
activation, but there are no changes in acinar cell morphol-
ogy. However, there is sensitization to cerulein-induced 
chronic injury. PEDF KO animals display more pronounced 
fibrotic changes than wild-type mice with greater weight 
loss, suggestive of exocrine insufficiency. Surprisingly, 
PEDF-deficient mice recover from fibrotic injury similarly 
to wild-type controls, suggesting that PEDF is not required 
for the compensatory mechanisms involved in the resolu-
tion of pancreatic tissue fibrosis.83

Pancreatic duct cell
Cyclooxygenase-2 (COX-2) is a rate-limiting enzyme 
for the production of prostaglandin, which is a critical 
mediator of chronic inflammation. Mice with overex-
pression of COX-2 driven by a BK5 promoter (BK5 
mice) have high levels of COX-2 in ductal cells. High 
prostaglandin levels drive the development of chronic 
pancreatitis with histologic features including inflam-
mation, fibrosis, and ductal metaplasia foci. Older mice 

spontaneously develop lesions consistent with pancre-
atic ductal adenocarcinoma.84

Liver X receptor β (LXRβ) is a nuclear receptor with a 
key role in cholesterol, triglyceride, and glucose metabo-
lism and is expressed in pancreatic duct epithelial cells. 
LXRβ-null mice display periductal inflammation with 
increased cell death of ductal epithelial cells. Additionally, 
pancreatic cells have enlarged Golgi cisternae, and the 
ducts are dilated with markedly dense secretory fluid. The 
KO mice develop pancreatic exocrine insufficiency with 
weight loss and decreased fat stores. The secretory defect in 
LXRβ null mice is likely mediated by loss of aquaporin-1, 
a membrane water channel protein that regulates transcel-
lular fluid transport.85

Viral Models

Infection with group B coxsackieviruses has been impli-
cated in a number of diseases including acute and chronic 
pancreatitis, making it a clinically relevant model of dis-
ease.86 This model of pancreatitis involves infection with 
one of two coxsackie B4 virus strains. The CVB4-P strain 
produces mild AP, which completely resolves after 10 days. 
The more virulent CVB4-V strain produces more severe, 
necrotizing AP, followed by a chronic phase of disease 
characterized by acinar-ductal metaplasia, an inflammatory 
infiltrate, fibrosis, and fatty replacement of the pancreas. 
Microarray data analysis was employed to determine which 
genes correlated with disease resolution versus progression 
to chronic disease. In mild, reversible CVB4-P disease, 
there is enhanced expression of embryonic markers, which 
are likely involved in pancreatic regeneration. The gene 
expression map for the chronic CVB4-V model empha-
sized genes involved in apoptosis and fibrosis. Markers of 
innate and adaptive immunity also varied in the two mod-
els. While the CVB4-P infection is associated with alter-
natively activated (M2) macrophages and T helper 2 (Th2) 
cells, the progressive CVB4-V model is characterized by 
increased expression of classically activated (M1) mac-
rophages and T helper 1 (Th1). The differences between 
CVB4-P and CVB4-V infection provide a useful approach 
to study why some injurious stimuli lead to reversible pan-
creatic injury in humans, while others progress to chronic 
pancreatitis.87

Models of Autoimmune Pancreatitis

Autoimmune pancreatitis (AIP) is a distinct fibro-inflam-
matory pancreatic disorder with two subtypes. Type 1 AIP is 
associated with elevated serum immunoglobulin G (IgG)4 
and IgG4-positive lesions in other tissues. Additionally, the 
pancreas of patients affected by type 1 is often diffusely 
enlarged with characteristic lymphoplasmacytic sclerosing 
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histology. In contrast, type 2 AIP is not associated with 
IgG4. Instead, the exocrine pancreas develops focal gran-
ulocyte-epithelial lesions. Type 2 AIP is associated with 
inflammatory bowel disease (IBD) in more that 15% of 
cases.

MRL-Mp mice spontaneously develop a number of 
autoimmune diseases including glomerulonephritis, arteritis, 
and arthritis. Chronic pancreatitis develops in 75% of female 
MRL-Mp mice at 34-38 weeks with mononuclear inflamma-
tory infiltrate, destruction and fatty replacement of pancre-
atic acini.88 The injection of polyinosinic:polycytidylic acid 
(poly I:C), which is structurally similar to double-stranded 
viral RNA and proinflammatory, leads to activation of mac-
rophages and NK and B cells, and increased cytokine pro-
duction, thus accelerating and improving disease penetrance. 
All female MRL-Mp mice treated with poly I:C develop 
chronic pancreatitis with infiltration of CD4+ T cells and 
activated macrophages by 18 weeks. In this model, the mice 
do not develop other overt autoimmune conditions.89

Interleukin 10 (IL-10) KO mice spontaneously develop 
colitis and are a widely used model of IBD. When IL-10 
KO mice are treated with poly I:C, they develop pancre-
atitis with a mononuclear inflammatory infiltrate, acini 
destruction, fibrosis, and fatty changes.90 This histology, 
like that of the MRL-Mp model, resembles that seen with 
type I AIP. This finding is unexpected because type 2 but 
not type 1 is associated with IBD.

One theory of AIP pathogenesis implicates immune 
responses to microorganisms in the environmental etiol-
ogy of AIP. To explore this hypothesis, mice were injected 
with heat-killed Escherichia coli. Shortly after inocula-
tion, these mice develop acinar inflammatory infiltrate 
composed mainly of granulocytes and periductal fibro-
sis. Months after the final inoculation, lesions similar to 
granulocyte epithelial lesions of type 2 AIP form. There 
is also marked, periductal fibrosis and acinar to ductal 
metaplasia. E. coli- treated mice also have increased 
serum IgG levels and extrapancreatic disease with sali-
vary gland involvement. This model mixes features of 
type I (extrapancreatic involvement, elevated IgG) and 
type 2 (histology) AIP.91

A lesser used model immunizes neonatally thymecto-
mized mice with carbonic anhydrase and lactoferrin. These 
agents were chosen because autoantibodies against car-
bonic anhydrase II and lactoferrin have been identified in 
patients with AIP. These mice develop pancreatic inflam-
mation mediated by Th1 CD4+ T cells.92 They also show 
extrapancreatic involvement with salivary gland inflamma-
tion and cholangitis.

Though each of these models employs an autoimmune 
pathogenic mechanism, none of them accurately reproduce 
the constellation of clinical and histologic features of either 
type 1 or 2 AIP. Therefore, the relevance to human disease is 
unclear. Another issue complicating this and all murine models 

of inflammatory disease is the lack of congruence of genomic 
responses to inflammatory stimuli in humans and mice.93

Clinical Relevance of Pancreatitis Models

Selecting the appropriate animal model of chronic pancrea-
titis depends on the experimental question being investi-
gated. Table 5 summarizes the most relevant  features of 
the various models. The most widely used animal model 
of chronic pancreatitis is repetitive cerulein injection. This 
nonsurgical model allows for a relatively technically sim-
ple, inexpensive, flexible, and highly reproducible mech-
anism of replicating the histopathologic findings seen in 
human pancreatitis. However, given that hyperstimulation 
is not involved in the pathogenesis of human disease, the 
relevance of the cerulein model with respect to disease ini-
tiation is questionable, though it does accurately represent 
later events in human disease. The LPS/ethanol model of 
pancreatitis is a clinically relevant model of the events that 
lead to alcoholic chronic pancreatitis. It is also unique in 
its ability to address early disease durability/reversibility. 
However, chronic alcohol feeding of rodents can be chal-
lenging. Additionally, it is a rat model and is therefore not 
optimized for genetically modified mice. Another com-
plicating factor in all mice models is that recent studies 
comparing acute inflammatory responses between mice 
and humans have shown dramatic differences in cytokine 
responses between these two species.93 The types of inflam-
matory cells and cytokines expressed in animal models 
of chronic pancreatitis, their levels, and time dependence 
are being defined. Studies to date have been performed in 
only a few models and underscore the complexity of these 
responses.54,87 It will be a challenge to determine whether 
these responses, which are likely central to the pathogen-
esis of chronic pancreatitis, are conserved between species. 
Another issue with animal models of pancreatitis is that 
although they provide an accurate morphohistologic model 
of pancreatitis, they do not fully address other clinically 
relevant aspects of human disease, including endocrine and 
exocrine insufficiency, pain, and increased susceptibility to 
pancreatic adenocarcinoma.

Exocrine and endocrine insufficiency occur late in the 
course of chronic pancreatitis. The extent of exocrine insuf-
ficiency produced by the cerulein model of chronic pan-
creatitis is not well characterized, though the significant 
decrease in acinar cell protein content at 6 weeks may indi-
cate reduced exocrine function.94 The cerulein model does 
not produce endocrine insufficiency on its own;however, it 
can occur when combined another insult. In one rat model, 
repetitive cerulein injection model is combined with the 
stress of water immersion.95,96 This model results in his-
tologic endocrine cellular damage, hyperglycemia, and 
decreased insulin levels. The L-arginine model results in 
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exocrine and endocrine insufficiency coinciding with pan-
creatic atrophy.48 The WBN/Kob mouse model also produces 
endocrine insufficiency, with diabetes occurring spontane-
ously at 60-90 weeks. PERK-/- mice exhibit decreased 
endocrine function between 4 and 8 weeks.70,74 Both WBN/
Kob and PERK-/- mice also exhibit exocrine insufficiency. 
Additionally, the surgical pancreatic duct ligation models 
produce exocrine and endocrine insufficiency.49,97

Chronic pancreatitis is an important risk factor for 
the development of pancreatic adenocarcinoma, increas-
ing the risk of cancer tenfold. The potential for progres-
sion from pancreatitis to cancer is not addressed in the 
most commonly used animal models. Mice that over-
express oncogenic KRAS provide a useful, clinically 
relevant model of the development of pancreatic adeno-
carcinoma from chronic pancreatitis. In these experi-
mental models, healthy cells are resistant to malignant 
transformation, while a background of chronic pancrea-
titis encourages high penetrance of oncogenic KRAS 
with the development of pancreatic intraepithelial neo-
plasiaand PDAC.98,99 It is likely that chronic pancreatic 
injury induces acinar cell proliferation for tissue repair, 
either by mature acinar cell dedifferentiation or progeni-
tor cell recruitment.100 These cells, which have increased 
embryonic markers, may be key in the progression from 
pancreatitis to cancer.

Abdominal pain in AP can be severe, impacts patient 
quality of life, and is the most frequent reason for hospi-
talization.101 Given that there are no targeted therapies for 
chronic pancreatitis pain, characterization of pain pathways 
could be helpful in developing potential therapies. In the 
DBTC mouse model of pancreatitis, pain measured by 
behavioral responses to visceral stimuli was mediated by 
bradykinin and IL-6.102,103 The IL-6 trinitrobenzene sul-
fonic acid infusion model identified nerve growth factor 
as a mediator of pancreatic nociceptor excitability and pain 
behaviors in rats.104-106

Conclusion

Animal models provide a reproducible method for exam-
ining the pathogenesis of chronic pancreatitis. Repetitive 
cerulein injection is the most widely used model because 
it is technically straightforward, reproducible, and flexible. 
However, while the histopathologic findings reproduce 
those seen in humans with chronic pancreatitis, the rele-
vance of cerulein as a triggering mechanism in the patho-
genesis of human disease is questionable. Other models, 
like the alcohol/LPS model, mechanical injury, and genetic 
and viral models employ triggers with direct correlates 
to known risk factors for chronic pancreatitis in humans. 
Ultimately, the choice of animal model depends upon the 
hypothesis being tested. A central concern in unraveling the 
mechanisms of chronic pancreatitis is understanding how 

genetic and environmental risk factors interact to initiate 
and advance disease in some patients but not others. This 
issue presents a particular challenge in the development 
of animal models, which must be highly reproducible to 
be practically useful. Furthermore, no currently available 
models reproduce all relevant aspects of disease: histo-
pathology, endocrine/exocrine insufficiency, pain, and 
increased risk of progression to cancer. The development 
of new models or combining known models in new ways 
may provide further insight into the complex pathogenesis 
of chronic pancreatitis.
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Introduction

Acute pancreatitis
Acute pancreatitis (AP) is one of the most common gastro-
intestinal causes for hospital admission. AP can develop in 
response to various factors (e.g., gallstones, excessive alcohol 
consumption, viral infections, and strong reactions to certain 
medications). Initiating events for acinar cell injury take place 
locally. Premature enzyme activation and abnormal exocyto-
sis of zymogens are potent triggers of inflammation, edema, 
and tissue damage. In the beginning, inflammation, edema, 
and tissue damage are localized. However, these events can 
progress to systemic complications (e.g., multiple organ dys-
function [MOD] primarily affecting lung, liver, and kidney).

Based on physiological findings and laboratory val-
ues, AP can be classified as mild, moderate, or severe. In 
most cases, patients are suffering from mild AP, which is 
reflected in upper abdominal pain that can radiate into the 
back, often accompanied by a swollen and tender abdomen, 
and in 85% of cases, followed by nausea and vomiting. In 
contrast to this, less than 25% of patients develop moderate 
to severe pancreatitis.1,2 Severe pancreatitis is character-
ized by pancreatic dysfunction, local and systemic com-
plications (e.g., MOD), followed by a difficult and long 
recovery, and in some cases, death.

Immune cells are crucial mediators that determine the 
complex pathophysiology of this disease. The balance 
between pro- and anti-inflammatory events in AP is key to 
disease severity.3

Chronic pancreatitis
Recurrent AP can result in chronic pancreatitis (CP), which 
is a progressive inflammatory and fibrotic disease that can 
lead to exocrine and endocrine insufficiency.4 Although 
less common than AP, CP is associated with significant 
morbidity and health care cost. CP is commonly associ-
ated with excessive alcohol consumption and remains an 

important risk factor for developing pancreatic cancer.5 
Other factors such as the genetic mutations causing heredi-
tary pancreatitis also contribute to the development of this 
chronic, debilitating disease. Immune responses associated 
with CP are increasingly appreciated, although the role of 
immune cells is not as well studied as in AP. More recently, 
manipulations of immune pathways have challenged the 
notion of the  “irreversible” nature of this disease. 

In this review, we focus on the role of immune cells, 
pathways, and immune mediators associated with AP and 
CP. Autoimmune pancreatitis is covered elsewhere.

Immune cells in pancreatitis 

Neutrophils
Neutrophils are not typically present in the normal, healthy 
pancreas.6 However, AP involves the release of inflamma-
tory mediators by acinar cells, in response to the damage, 
triggering innate immune mechanisms that recruit immune 
cells to the site of inflammation. Initially, neutrophils and 
monocytes are recruited, followed by dendritic cells (DCs), 
mast cells, T cells, and platelets. Migration of immune 
cells is a multistep process that engages diverse adhesion 
molecules.7 A prominent protein required for neutrophil 
adhesion to the endothelium and epithelium is intercellular 
adhesion molecule-1 (ICAM-1),8 which is constitutively 
expressed at a low level on the endothelium and some epi-
thelium sites. At inflammation sites (e.g., damaged acinar 
cells), ICAM-1 is produced in higher amounts, thus leading 
to increased neutrophil adhesion. Furthermore, the chole-
cystokinin analogue cerulein upregulates ICAM-1 mRNA 
and protein expression in cerulein-induced pancreatitis.9,10 
Interestingly, ICAM-1 knockout mice were protected com-
pared to control mice.11 The study using the same mouse 
model demonstrated that serum, pancreatic, and lung levels 
of ICAM-1 increased during AP.11
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Oxidative stress is one of the mechanisms by which 
infiltrated neutrophils induce damage in AP. Nicotinamide 
adenine dinucleotide phosphate (NADPH) oxidase is an 
important oxidative stress protein.12 In AP, NADPH  oxidase 
expression and activity are increased.13 Through  oxidative 
stress, infiltrating neutrophils substantially contribute to 
trypsin activation in acinar cells during AP.14,15 In a rat 
model of cerulein-induced pancreatitis, it was demonstrated 
that trypsin activation was supported through a mechanism 
involving NADPH oxidase.13 Furthermore, immunohisto-
chemical analysis and measurement of reactive oxygen spe-
cies (ROS) production indicated that NADPH oxidase was 
present in infiltrated neutrophils but not pancreatic acinar 
cells. Consistent with this finding, neutrophil depletion and 
NADPH oxidase deficiency both inhibit trypsin activation 
and cerulein-induced damage in the pancreas.14

Monocytes/macrophages
Monocytes are another major mediator of AP.16 Similar 
to neutrophils, the recruiting mechanisms involve signals 
deriving from damaged pancreatic acinar cells.17 It is 
believed that activation of primary monocytes is influenced 
by chemokine (C-C motif) ligands 2 (CCL2), CCL3, and 
CCL5.6 Signals originally sent by acinar cells are multiplied 
by activated monocytes.18 As a result, tumor necrosis 
factor (TNF)-α, interleukin-1 (IL-1), IL-6, and ICAM-1 are 
produced at higher levels, which assists disease progression. 
This signal amplification specifically affects lung, liver, 
and kidney tissues, leading to systemic inflammation.19 
Interestingly, a recent study addressing the role of myeloid 
RelA/p65 in IL-6 regulation in cerulein-induced AP 
unequivocally demonstrated that myeloid cells, namely 
macrophages, play the central role and are the major source of 
IL-6.20 Macrophages and IL-6, through IL-6 trans-signaling 
were responsible for AP-associated acute lung injury.

Interestingly, several macrophage populations are 
responsible for systemic organ inflammation. In severe 
pancreatitis, peritoneal macrophages are rapidly activated 
due to excessive production of pancreatic enzymes and 
cytokines. Consequently, this leads to release of media-
tors including pro-inflammatory cytokines such as TNF-α, 
IL-1β, IL-6, and enzymes such as nitric oxide (NO) synthase 
(iNOS) that easily reach the bloodstream, thus contributing 
to the inflammatory responses in severe pancreatitis.21,22 
Association of these macrophages with the complications 
of severe pancreatitis was clearly demonstrated in several 
studies.23 Peritoneal lavage in rats suffering from AP sig-
nificantly reduced the cytotoxic effect of ascitic fluid. Then 
investigators concluded that this was a consequence of a 
reduced number of peritoneal macrophages, thus there was 
a milder response to activating mediators from ascitic fluid. 

A second population that significantly contributes to the 
secondary complications in AP is alveolar macrophages. 

Upon activation, these cells have great capability to pro-
duce cytokines and NO, and attract large numbers of leu-
kocytes to the lungs. Lung injury, as a secondary effect of 
AP, is largely related to high iNOS activity and high NO 
levels.24 Another population of macrophages involved in 
AP are Kupffer cells, which normally respond to toxic sub-
stances in the blood, thus participating in the acute liver 
response. However, during the AP, inflammatory media-
tors released into the bloodstream by a damaged pancreas 
can activate Kupffer cells and induce systemic inflamma-
tion.25 In vitro analysis of Kupffer cell activity demon-
strated that pancreatic enzymes could activate these cells.26 
Nonetheless, hepatic damage is only evident in late stages 
of pancreatitis. Interestingly, another study raised doubt 
regarding the possibility that acute liver responses in AP 
could be induced by inflammatory mediators released by 
the pancreas.27 The authors provided evidence of endotoxin 
contamination of porcine pancreatic elastase responsible 
for activating Kupffer cells in AP. Pancreatic elastase, free 
of contamination, failed to activate murine macrophages 
to release TNF-α and exert a pro-inflammatory effect in 
vivo. Nonetheless, the authors could not exclude that other 
fragments might activate Kupffer cells.

Significant macrophage infitration has been observed in 
experimental models of CP. Notably, the macrophages are 
found in proximity to fibrotic areas.28,29 Lipopolysaccharide 
(LPS)-activated macrophages stimulate PSC activation and 
promote collagen and fibronectin synthesis in cultured pan-
creatic stellate cells (PSCs).30 Toll-like receptor 4 (TLR4) 
binds LPS, and TLR4+ monocyte/macrophages play an 
important role in the pathogenesis of AP.31,32 However, 
a role for macrophage TLR4 in CP remains to be defined. 
Unlike in AP, alternatively activated macrophages predom-
inate in CP, and inhibiting macrophage IL-4Rα signalling 
decreases PSC activation, fibrosis, and disease progres-
sion in cerulein-induced mouse model of CP.29 Alcohol 
feeding and cerulein treatment in mice have an additive 
effect in increasing arginase-expressing macrophages in 
the pancreas,33 suggesting a role for alternatively activated 
macrophages. The contribution of myeloid cells, espe-
cially macrophages, is highlighted by the fact that myeloid 
and not acinar nuclear factor kappa B (NF-κB) activation 
(RelA/p65) is necessary for promoting fibroisis in cerulein-
mediated expermental CP.34

Dendritic Cells (DCs)
As active participants of inflammation, through mentoring 
T-cell responses, DCs emerge as both potent promoters 
and suppressors of inflammation.35 Numerous publica-
tions highlight their importance in a number of organ-
specific inflammatory diseases. It was demonstrated that 
DC depletion in a mouse model of cerulein-induced AP 
massively increased pancreatic damage and pancreatic 
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exocrine cell death, followed by consequent mortality.36 
Interestingly, it seems that DCs have dual roles in AP. They 
galvanize the inflammatory response to damage via produc-
tion of different inflammatory mediators (e.g., IL-6, TNF-α, 
and CCL2), but on the other hand, protect the pancreas fol-
lowing cellular stress. The same group demonstrated that 
DCs are required for pancreatic viability in AP, as the they 
are the major cell type clearing byproducts of injury. 

DCs also increase in cerulein-induced CP.37 Moreover, 
adoptive transfer of bone marrow-derived DCs and in 
vivo expansion of DCs, using Fms-like tyrosine kinase-3 
ligand (FLT3L), resulted in PSC activation and worsened 
CP. These effects seem to be mediated via DC-CD4+ T cell 
activation, since CD4+ T cell-deficient mice were protected 
from the effects of the DCs. TLR4 can signal in MyD88-
dependent and -independent pathways; interestingly, in this 
study MyD88-deficient DC transfer further worsened CP, 
suggesting opposing roles of TLR4 downstream signal-
ling in DCs during pancreatic inflammation. More studies 
are likely to reveal the role of different subsets of DCs in 
pancreatitis.

T cells
Initial studies that demonstrated the involvement of CD4+ 
T cells were performed in nude mice and in vivo CD4(+) or 
CD8(+) T cell-depleted mice. These experiments revealed 
a pivotal role in the development of tissue injury during 
experimental AP in mice. Indeed, the reduction of periph-
eral blood CD4+ T lymphocytes is associated with persis-
tent organ failure during AP.38 In contrast, an increase in 
immune cell infiltration, mainly T cells and macrophages, 
is observed in CP.29,39,40 In the dibutyltin dichloride (DBTC) 
rat model of CP, increases in both CD4+ and CD8+ T cells 
were observed, and over time there was a decrease in the 
CD4+/CD8+ T cell ratio due to a continuous rise in infil-
trating CD8+ T cells.41 Moreover, increases in IFNγ, IL-2, 
and IL-2 receptor transcripts during the chronic phase 
suggested a role for lymphocyte activation in disease 
pathogenesis. 

Increases in mononuclear cell (lymphocytes and mac-
rophages) infiltrates in pancreatic tissues are observed in 
patients with CP.40,42 Among the infiltrating lymphocytes, T 
cells were predominant with higher CD8+ relative to CD4+ 
T cells, and they were localized between the parenchyma 
and fibrotic areas. Interestingly, a significant increase in 
perforin mRNA-expressing CD8+ and CD56+ cells were 
observed in pancreatic tissue sections from patients with 
alcoholic CP, suggesting a possible role for cytotoxic CD8+ 
and/or NK T cells in this disease.43 In contrast, amongst 
circulating leukocytes, CD8+ and CD56+ were reportedly 
lower in a handful number of CP patients compared to 
healthy controls.44 In addition, unlike the decreased CD4+/
CD8+ T cell ratio reported by Hunger et al in pancreatic 

tissue, an increased CD4+/CD8+ T cell ratio was found in 
the circulation of patients with CP,44 suggesting differences 
in both T cell activation and recruitment. However, another 
study found that CD4+ but not CD8+ was the predomi-
nant tissue infiltrating T cells in CP patients.45 This study 
found the CD4+ T cell to be localized in the fibrous area, 
whereas CD8+ T cells expressing the αE integrin (CD103), 
implicated in mediating T cell adhesion to intestine epithe-
lium E-cadherin, were scattered between ductal cells, sug-
gesting possible microenvironment-dependent functional 
 differences among infiltrating T cell subsets.

An interesting study comparing bone marrow and 
blood mononuclear cells from healthy, CP, and pancreatic 
cancer patients, as well as infiltrating lymphocytes from 
CP lesions found that only CP patients had a strong IL-10-
producing Foxp3+ regulatory T cell responses against 
pancreatitis-associated antigens.46 Moreover, increased 
circulating memory T cells and persistence of dysregu-
lated immune responses, even long after the removal of CP 
lesions,47 support the hypothesis of ongoing CP-specific 
T cell responses.

Mediators for immune cell recruitment 
Examples of cytokines/chemokines involved 
Under inflammatory and noninflammatory conditions, 
cytokines and in particular chemokines play an important 
role in leukocyte recruitment.48-50 Distinct and differential 
expression of cytokines and chemokines have been described 
in AP and CP.51-53 Based on overexpression of chemokines 
and chemokine receptors observed, several investigators 
employed blockade approaches to modulate and show 
 protective effects against experimental pancreatitis. 

Protective effects of inhibiting the chemokine CCL2/
MCP-1 (CCR2 ligand) have been shown by multiple inves-
tigators using different rodent models of AP.54-57 Results 
form CCR2-deficient mice were also consistent with these 
findings.58 CCR5-deficient mice on the other hand had 
exacerbated cerulein-induced AP, and may have been due 
to the fact that CCR5 knockout mice had increased CCL2/
MCP-1 and other monocyte/macrophage chemoattractant 
production that may have accounted for the pronounced 
pancreatic inflammation.59 Inhibition of other chemokines 
or chemokine receptors such as cytokine-induced neutro-
phil chemoattractant (CINC), serum chemokine (C-X3-C 
motif) ligand 1 (CX3CL1)/fractalkine, CXCR2, and CCR1 
were also shown to ameliorate pancreatic and/or its associ-
ated lung inflammation.60-65 Leukocyte migration is a mul-
tistep process involving trafficking receptors and adhesion 
molecules.66,67 Consistent with the significance of leukocyte 
migration in pancreatitis, a pathogenic role was also demon-
strated for ICAM-1 in various experimental AP models.68-72

CCR2 ligands are also elevated in experimental CP, and 
competitive bone marrow studies show a role for CCR2 
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in monocyte/macrophage accumulation in the chronically 
inflamed pancreas.29 However, a worse disease outcome 
was reported in cerulein-induced CP in CCR2 knockout 
mice compared to their wild-type counterparts.58 Thus, fur-
ther studies are needed to clarify the role for CCR2 in CP. 
Similar to AP, CXCR2 inhibition had a protective effect in 
experimental CP.65 Significant mRNA increases for CCR5 
and its chemokine ligands CCL5 and CCL3 in the pancreas 
were evident in patients with CP.73 Moreover, the majority 
of the CCR5-positive cells by immunostaining were also 
CD68-positive, suggesting a role for CCR5 in monocyte/
macrophage recruitment in CP. Overall, there are fewer 
experimental studies on chemokine and chemokine recep-
tor blockade in CP compared to AP models. Nevertheless, 
modulations of chemokine and chemokine receptors appear 
to impact immune cell infiltration and disease outcomes, at 
least in experimental models of both AP and CP.

Transcription factors in pancreatitis
NF-κB is one of the central transcription factors, and a main 
mediator responsible for pancreatitis pathophysiology. The 
most prominent regulatory functions of NF-κB are inflam-
matory responses, cell proliferation, and apoptosis. NF-κB 
is formed by different homo- and heterodimers of members 
of the NF-κB/Rel family and can be activated by different 
stimuli (e.g., cytokines, LPS, oxidative stress, and activators 
of protein kinase C).74-77

The earliest study to demonstrate early activation of 
NF-κB in AP was presented by Stephen Pandol’s group and 
confirmed by another group 1 year later.78,79 However, both 
studies presented different conclusions with respect to the 
role of NF-κB in AP. Since then, NF-κB activation has been 
reported in numerous publications.80-82 

In most studies, pharmacologic NF-κB inhibition ame-
liorated the inflammatory response, necrosis, and other 
parameters of pancreatitis severity. However, the pharmaco-
logic agents were largely nonspecific, such as antioxidants 
and proteasomal inhibitors. Thus, it was expected that the 
new tool of genetically engineered mouse models would 
help to clarify the role of NF-κB in AP. But surprisingly, 
the controversies were perpetuated with evidence that the 
I kappa B kinase (IKK)/NF-κB/RelA pathway leads to both 
aggravation34,79,83,84 and amelioration78,85-88 of pancreatitis. 
However, this paradox can be resolved, at least in part, by 
realizing that acinar cell NF-κB activation triggers both pro- 
and anti-inflammatory pathways. Even more, this system is 
strikingly context dependent, and its fine-tuning will require 
exhaustive characterization of the underlying mechanisms. 
A recent study demonstrated that fine-tuning of this path-
way via the IκB protein Bcl-3 determines AP severity.89  
These studies underscore both the complexity and gaps in 
our understanding of this pathway. And yet, it is expected 

that with more clarification of its role in pancreatitis patho-
genesis, the therapeutic potential of this system for  treatment 
of pancreatitis will become clearer.

Although, intra-acinar NF-κB activation was shown 
to be highly present in human CP,90 its pathophysiologi-
cal role is less understood. While loss of IKKβ has no 
impact on pancreatic integrity,91 deletion of IKKα in the 
pancreas induces spontaneous chronic inflammation. IKKα 
was shown to potentially control autophagic protein deg-
radation and maintain pancreatic acinar cell homeostasis. 
Further, other studies revealed the critical role for NF-κB in 
myeloid cells in inducing fibrosis during CP.34

Signal transducer and activator of transcription 3
Signal transducer and activator of transcription 3 (STAT3) 
is among the most promising new cancer therapy targets. It 
is generally considered to be a direct transcription factor, 
and IL-6 is a well known traditional activator of STAT3.92 
STAT3 is highly involved in several pathologic processes 
in the pancreas (e.g., acinar-to-ductal metaplasia and  
AP/CP progression). It is highly associated with cell sur-
vival, proliferation, and differentiation, as well as tissue 
inflammation.93 Using a model of cerulein-induced AP, it 
was demonstrated that conditional STAT3 knockout mice 
showed more damage with higher levels of serum amyl-
ase and lipase, as well as significantly higher infiltration of 
inflammatory cells in the pancreas.94

Interestingly, STAT3 activation in the pancreas emerged 
as highly responsible for the secondary effect of severe AP: 
acute lung injury.20 Furthermore, the authors demonstrated 
different STAT3 phosphorylation sites, namely STAT3S727 

and STAT3Y705. Additionally, genetic inhibition of IL-6 
signaling (in IL-6-/- mice) where STAT3S727 emerged, unlike 
blocking IL-6 trans-signaling (in opt_sgp130Fc mice) 
where STAT3S727 did not emerge, eliminates protective 
mechanisms during inflammation. Nonetheless, the authors 
could not explain whether STAT3 phosphorylation status 
could account for the differences in local tissue damage.

Therapeutic approaches targeting inflammation  
in the pancreas

AP
Given the profound and increasing understanding of 
pathology and regulatory mechanisms of AP, numerous 
studies have evaluated mediators and different pathways 
with the aim to provide evidence for the development of 
pharmaceutical therapies. Unfortunately, several facts 
have contributed to treatment limitations. Firstly, AP can 
be multifactorial with unidentified causes. Secondly, it is 
accepted that disease initiation is followed by common 
inflammatory mechanisms, but this might not be the case 
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in all patients. Thirdly, disease initiation and duration are 
individual, so the time of treatment initiation is not uni-
form. This makes it difficult to predict the final outcome as 
to whether a patient develops mild or severe pancreatitis.95 
Conservative management, such as antibiotics and bowel 
rest have been insufficient treatment for AP. Many agents 
beneficial for AP in animal studies failed to achieve the 
same success in early clinical trials.

One of the first attempts to influence immune system 
mediators was with lexipafant.96 This drug is one of the most 
potent platelet-activating factor (PAF) receptor antagonists. 
Disappointingly, a clinical study in patients with severe AP 
failed to demonstrate an effect on new organ failure during 
treatment.97 Thus, this study demonstrated that an antago-
nist of PAF activity on its own is not sufficient to amelio-
rate systemic inflammatory response syndrome in severe 
AP. The latest reviews summarized recent therapeutics and 
experimental approaches that target immune responses in 
AP.95,98 Several therapeutic agents, depleting or regulating 
immune cells via various mechanisms of action, demon-
strated protective roles against AP in animal models: 

-	 Glycyrrhizin is a therapeutic agent that reduces serum 
levels of CCL2 and amylase and lipase activity by 
inhibiting the recruitment of inflammatory cells into the 
pancreas99

-	 Sivelestat demonstrated strong anti-inflammatory 
potential; it interferes with regulatory mechanisms of 
immune cells and reduces expression of lipase, amylase, 
IL-1β, TNF-α, and NF-αB; its administration increases 
antioxidant power and IL-4 serum levels100

-	 Flavocoxid reduces levels of TNF-α, serum levels of 
prostaglandin E2 (PGE2) and leukotriene B4 (LTB4), and  
lessens histological damage. It influences neutrophil 
and macrophage action via cyclooxygenase-2 (COX-2) 
and 5-lipoxygenase (5-LOX) blockade101

-	 Rofecoxib and lisinopril decrease levels of CCL2, 
CCL3, TNF-α, and IL-6, influencing macrophage infil-
tration via COX-2 pathway inhibition102

It is essential to mention IL-6 inhibitors as highly prom-
ising drug targets for AP. Tocilizumab has emerged as 
remarkably efficient for treating several inflammatory dis-
eases. Recent reports demonstrated positive effects of toci-
lizumab on experimental severe AP and associated acute 
lung injury in rats.103 Severe AP was induced by retrograde 
injection of sodium taurocholate into the biliopancreatic 
duct. Following the administration of tocilizumab, pancre-
atic and lung histopathological scores were reduced; serum 
amylase, C-reactive protein, and lung surfactant protein 
levels were decreased; and myeloperoxidase activity was 
attenuated. In line with these findings, pancreatic NF-κB 
and STAT3 were decreased, and the serum chemokine 

(C-X-C motif) ligand 1 (CXCL1) was down regulated in 
rats after tocilizumab administration.

In an interesting and novel approach proposed only 
recently, treatment with CO-releasing molecule-2 (CORM-2)  
decreased mortality, pancreatic damage, and lung injury in 
a mouse model of AP.32 This treatment decreased systemic 
inflammatory cytokines and suppressed systemic and pan-
creatic macrophage activation. Such cellular therapeutic 
approaches, therefore, offers an alternative treatment route.

CP
As mentioned previously, increases in mononuclear cell 
(particularly T cells and macrophages) infiltrates in pancre-
atic tissues are observed in patients with CP as compared to 
the normal pancreas.40 Alternatively activated macrophages 
are abundant in CP, especially in the vicinity of the fibrosis 
and activated PSCs.29,73 Differences in inflammatory infil-
trates with increases in lymphocytes and macrophages, as 
well as DCs around the ducts, were reported in nonalco-
hol- versus alcohol-related CP pathologies.104 However the 
nonalcoholic group comprised a heterogeneous group of 
patients (including 4/12 patients with associated nonpan-
creatic immune disease manifestations), although no major 
histologic differences were noted between the patients. 
Thus, whether functional and immune response differ-
ences exist between alcohol- and nonalcohol-mediated 
CP remains to be defined in studies with large numbers of 
patients. In addition, immune cell infiltration and responses 
are likely dynamic processes that vary with stage and dis-
ease progression. In agreement with this, early disease is 
associated with moderate inflammatory cell collections or 
dispersed in the fibrous tissue; later disease stages are char-
acterized by scant lymphocyte infiltration around the ducts 
and neurons.39 Recent experimental data show that mac-
rophages can influence fibrosis and CP progression.29 More 
importantly, immune mediated pathways targeting IL-4Rα 
signaling could alter established CP-associated fibrosis and 
slow disease progression. Thus immune targets might offer 
novel future therapies in CP, although the dilemma of diag-
nosing early clinical CP remains.

Conclusion

To date, experimental therapies used for AP treatment have 
demonstrated some success, but have given more chal-
lenges and unanswered questions from the clinical side. 
Numerous preclinical studies often gave diverse, and in 
some cases, contradictory results. Unfortunately, inconsist-
ency in conclusions after drug testing does not give us an 
open window for translating these drugs into clinical tri-
als. Turning our direction and changing our approach from 
classic, standard AP drug treatments, towards targeting 
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immune response might bring more promising results and 
significantly better disease outcomes. Also, it might be 
rewarding to try combinational therapies targeting immune 
cells together with classic approaches. These questions and 
assumptions need to be answered in the near future. CP 
adds another challenge where immune responses are quite 
different from AP responses. In addition, translating exper-
imental findings will require better diagnostic criteria that 
can identify patients with early and late disease.
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Introduction

Heat shock proteins (HSPs) are highly conserved proteins 
expressed in response to stress in all species. In 1962, 
Ritossa was the first to observe an altered puffing pattern 
in giant chromosomes of salivary glands in Drosophila 
busckii after heat shock.1 On microscopic evaluation, areas 
of increased transcriptional activity in these giant chromo-
somes appear swollen and are called puffs. He reported 
that temperature shock induced well-defined variation in 
the normal puffing patterns, which is observed during the 
development of Drosophila larvae. After initiation of heat 
shock, incorporation of 3H-cytidine in puffs started within 
3-4 min and peaked after 10 min. In addition to heat shock, 
this effect could also be reproduced by treatment with 
2,4-dinitrophenol (DNP) and sodium salicylate. After the 
initial report, this important work remained largely ignored 
until it was rediscovered in 1974. While studying synthesis 
of proteins by metabolic incorporation of radioactive pre-
cursors, Tissieres et al. observed a new pattern of radiola-
beled protein synthesis following heat shock.2 These new 
proteins were termed HSPs. Interestingly, heat shock acti-
vated the synthesis of only a few polypeptides and strongly 
inhibited the synthesis of most others. Subsequently, it was 
found that this family of proteins is upregulated in response 
to a variety of stresses including heat stress, inflammation, 
ischemia, anoxia, and heavy metals.

HSPs are subdivided according to their molecular 
weight (MW): HSP110, HSP90 (HSP90a, HSP90b, GRP94), 
HSP70 (HSP70, HSC70, mHSP70 [GRP75], GRP78),3-5 
HSP60,6 HSP40,7,8 HSP27,9 and HSP10 (GroES)10,11 and 
contain both constitutively expressed members and poly-
peptides whose expression increases many fold in response 
to stress.

HSP100: This family is comprised of proteins with 
MW 104-110kDa, and each member has ATPase  activity.12 
Members of this family include both constitutively 
expressed and inducible proteins. There are usually two 
ATP binding domains; however, a few members have 

only one ATP binding site. HSP104 is required for induc-
ing thermo tolerance in yeast and appears to disaggregate 
 insoluble proteins. Proteins of this family are localized to 
different subcellular compartments.12

HSP90s: These proteins (MW 82-94kDa) have per-
manent and abundant expression in eukaryotic cells.13,14 
This family of proteins is involved in regulating cytoskel-
eton dynamics, cell shape, and motility. Experiments sug-
gest that HSP90 may be involved in cross-linking actin 
 filaments in a calcium (Ca2+)-dependent fashion and has 
critical ATPase activity.

HSP70: The HSP70s are ubiquitous and have both con-
stitutive and inducible members.15 These are major molec-
ular chaperones of eukaryotes and are present throughout 
cells. These have highly conserved nucleotide-binding 
N-termini and relatively variable C-termini domains. 
Synthesis of inducible members sharply increases in 
response to stress. The constitutive members are equally 
important because of their role in protein folding, matu-
ration and proteolysis. HSP72 (HSP70) is the best-known 
stress inducible cytoplasmic chaperone, while other stress-
inducible chaperones are found in other cellular compart-
ments. GRP78 is located in the endoplasmic reticulum 
while GRP75 is found in mitochondria. HSC71 is present 
in cytoplasm but is constitutively expressed.

HSP60: This mitochondrial chaperone is coded by a 
nuclear gene.6 It is essential for the folding and assembly 
of newly imported proteins in mitochondria. HSP60 mono-
mers form a complex arrangement as two stacks of seven 
monomers each. This complex binds to unfolded proteins 
and catalyze their folding in an ATP-dependent manner.

HSP40: All DnaJ/HSP40 proteins contain a J domain 
through which they bind to HSP70s and can be catego-
rized into three groups depending upon the presence of 
other domains.7 In humans, 41 DnaJ/HSP40 family mem-
bers have been identified based on genome-wide analysis. 
HSP40s are considered cochaperones for HSP70s because 
their binding causes an essential increase in HSP70’sATP 
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hydrolysis activity. In the absence of a cochaperone, ATP 
hydrolysis by HSP70s proceeds slowly, but it is enhanced 
several fold in the presence of cochaperone (DnaJ/Hsp40s), 
thereby accelerating the processing of unfolded polypep-
tides. DnaJ/Hsp40s also help in binding HSP70 to polypep-
tides, which stabilizes their interaction with the substrates. 
HSP40 activity is affected by the redox status.7

HSP27: These proteins lack ATPase activity but can be 
phosphorylated.16-18 They protect other proteins from thermal 
inactivation and aggregation. The role of phosphorylation 
has been studied, and the results indicate that transient 
phosphorylation might play a role in release of unproduc-
tively unfolded proteins from HSP27. It is required for 
suppression of ASK1 cell death signaling and neuroprotec-
tion against ischemic injury.9 Oligomerization of HSP27 is 
required for chaperone activity, and phosphorylation down-
regulates its chaperone properties by decreasing oligomeri-
zation. HSP27 expression is increased in response to stress, 
but it follows different kinetics compared to phosphoryla-
tion, which is considered its first response to stress.

Ubiquitin: This low MW (~8kDA) heat-inducible pro-
tein is constitutively expressed in most mammalian cell 
types and increases with heat shock. These have a role in 
protein degradation. Heat shock response stimulates protein 
degradation, and increased ubiquitin synthesis facilitates 
the process.19,20 The ubiquitin genes constitute a multigene 
family, and three types of mRNA are detectable. The func-
tion of ubiquitin is presumed to be labeling polypeptides 
designated as substrates for intracellular proteases.

Crystallin: The lens structural proteins, crystallin-αA 
and -αB are also considered to be HSPs.21 Besides their 
robust expression in lens, these are also expressed in other 
tissues. αA-crystallin is expressed in human and mouse 
pancreas and is involved in modulating activation of AP-1. 
αA crystallin has also been shown to negatively regulate 
pancreatic tumorigenesis.21

HSP expression in pancreatitis

Cerulein- and L-arginine-induced models of acute pancrea-
titis (AP) have been used to evaluate heat shock responses 
during AP development.22,23 HSP70 mRNA was upregu-
lated when pancreatic lobules were stimulated with supra 
maximal concentrations of cerulein or heat shocked at 
42°C for 60 min.22 Relative HSP70 expression varied in 
response to induction of pancreatitis and heat shock.22 With 
cerulein-induced pancreatitis, HSP70 levels were increased 
6-7 fold, but in response to heat shock the expression levels 
reached 20-23 fold that of baseline. When 35S-methionine 
metabolic labeling of rat acinar cells was performed to 
determine hyperthermia-induced protein expression, the 
results revealed that overall protein synthesis was reduced 
by hyperthermia, but proteins with apparent MWs of 90, 
72, 59, 58 and 30 kDa were induced. Thermal stress with 

42°C led to significantly higher incorporation of radioac-
tivity in at least five acinar proteins with MWs of 90, 72, 
59, 58, and 30 kDa apparent molecular weight whereas 
incubation at 40°C had no such effect.24 The degree of 
induction of hyperthermia-induced protein synthesis var-
ied greatly between individual proteins, with and 72-and 
90-kDa proteins showing the highest and lowest responses, 
respectively.21 Four HSP70 isoforms were expressed in the 
pancreas in response to thermal stress in vivo.

Heat stress responses were evaluated at 24 h in the pan-
creases of rats after intraperitoneal injection of L-arginine 
at 3.0 and 4.5 g/kg.23 With induction of arginine pancrea-
titis, there were increases in the expression of HSP27, 70, 
60, and 90. A lower L-arginine dose resulted in the high-
est expression of HSP27 followed by HSP70, 60, and 90.23 
With a higher dose, HSP60 was expressed at a higher level 
followed by HSP27 and HSP70. HSP27 exists as three iso-
forms (unphosphorylated, mono-, and diphosphorylated 
forms) in rat pancreatic acinar cells. HSP27 phosphoryla-
tion was stimulated by CCK in vivo and in vitro and by 
osmotic stress in vitro. HSP27 phosphorylation status was 
also altered with the monophosphorylated form increasing 
at 6 h and remaining elevated up to 120 h.23 The dephospho-
rylated form was highest at 12 h and decreased there after  
but was still higher compared to basal level. Injection of a 
nonpathological dose of L-arginine (3 g/kg) induced a higher 
ratio of phosphorylated to unphosphorylated HSP27 pro-
tein, which indicates that it might be a protective response.  
HSP27 overexpression is known to confer resistance to 
heat and other stresses. The mechanism of HSP induction 
during AP onset has not been the specific subject of any 
study. Some plausible mechanisms could be (i) decreased 
ATP levels, (ii) accumulation of unfolded proteins, or 
(iii) ischemia due to compromised microcirculation.25 
All of these could trigger cellular stress and a heat stress 
response. In the study by Ritossa, treatment with DNP, also 
altered the puffing pattern.1 DNP inhibits oxidative phos-
phorylation and can decrease intracellular ATP levels, so 
it could be a strong signal for triggering stress responses. 
Pancreatitis-causing agents like cerulein, bile acids, palmit-
oleic acid (POA), and palmitoleic acid ethyl ester (POAEE) 
decrease ATP levels in the pancreas.26,27

HSP-mediated protection from pancreatitis

Based on initial observations that showed that pre-exposure 
to sublethal stress has a protective effect to subsequent 
lethal exposure, there are several studies, which have 
investigated expression of heat stress proteins during AP 
development.22-24 In these studies, increased HSP expres-
sion was observed during AP. It was hypothesized that this 
is a protective response of acinar cells, and its preinduc-
tion might protect pancreatic acinar cells from subsequent 
injury. In pancreatitis, injury is initiated in pancreatic 
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acinar cells, which eventually leads to the development of 
AP. Weber et al. studied autoprotective potential of pancre-
atic acinar cells by exposing rat pancreatic lobules either to 
cerulein (100 nM) stimulation or hyperthermia (42°C for  
60 min).22 HSP70 and ubiquitin expression levels in 
response to cerulein stimulation and hyperthermia were 
compared to those in unexposed pancreatic lobules. The 
rationale of using pancreatic lobules rather than pancreatic 
acinar cells was that cells will undergo minimal processing-
related stress. Increased expression of HSP70 mRNA was 
observed with cerulein hyperstimulation and hyperthermia, 
but there was no effect on ubiquitin expression. This pro-
tective effect was further confirmed by induction of mild 
edematous pancreatitis in rats using cerulein (10 μg/kg/h, 
intravenous). Increased HSP70 expression was observed as 
early as 4 h and peaked by 12 h; however, ubiquitin mRNA 
levels did not change. It was hypothesized that HSP70 
expression during pancreatitis is a self-defense mechanism 
of pancreatic acinar cells.

The expression of various HSPs and the correlation 
with reduced AP severity was further investigated by 
Wagner et al.24 The authors exposed rat pancreatic acini to 
heat and analyzed protein expression using 35S-methionine 
labeling and western blots. They observed that after ther-
mal stress (42°C), pancreatic acini increasingly expressed 
five proteins of 92, 72, 59, 58, and 30kDa, with HSP70 the 
most strongly induced 72-kDa protein. After whole-body 

hyperthermia (42°C for 20 min, using a heat pad and lamp 
in anesthetized rats), cerulein-induced pancreatic organ 
damage was greatly reduced.24 The degree of protection 
was correlated with the strength of HSP induction. Based 
on these findings, a causal relationship between hyperther-
mia-induced HSP expression and protection from subse-
quent injury to the pancreas was proposed.

Because heat stress induces multiple HSPs, although 
HSP70 (also known as HSP72) was the major protein, it was 
not clear that the observed protection against pancreatitis is 
due to HSP70 overexpression. This issue was investigated 
by Bhagat et al.,28 who used in vitro culture of pancreatic 
lobules to demonstrate that HSP70 overexpression was 
actually responsible for the observed protective role of heat 
stress. In this elegant study, selective inhibition of HSP70 
overexpression using an antisense approach and pharmaco-
logical inhibition (Figure 1 & 2) was used to understand 
the contribution of HSP70 in heat stress-induced protec-
tion against AP. In the presence of HSP70 antisense or the 
pharmacological inhibitor quercetin, protection against 
cerulein-induced injury was abrogated (Figure 1 & 2). 
These findings indicated that protection against cerulein-
induced pancreatitis following heat stress is mediated by 
HSP70. The role of HSP70 in protection imparted by heat 
stress against pancreatic injury was further evaluated in 
vivo by Bhagat et al. (Figure 3).29 When antisense oligo-
nucleotide specific to HSP70 was administered prior to 

Figure 1. HSP expression following incubation of pancreas fragments with quercetin or antisense/sense HSP70 oligonucleotides. 
(a) C0, freshly prepared pancreas fragments; C12, pancreas fragments after 12 h of culture; Q, pancreas fragments after 12 h of culture 
with quercetin (50 μM). HSP70 protein expression was evaluated by western blotting, and relative optical densities are expressed as 
mean ± SEM for at least three separate experiments in each group. AP < 0.01, quercetin-incubated fragments vs. untreated 12 h control 
fragments. (b) C0, freshly prepared pancreas fragments; C12, pancreas fragments after 12 h of culture; S I, pancreas fragments incubated 
with sense oligonucleotide S I (1 μM) for 12 h; AS I, pancreas fragments incubated with 14-mer antisense oligonucleotide AS I (1 μM) 
for 12 h; S II, pancreas fragments incubated with sense oligonucleotide S II (1 μM) for 12 h; AS II, pancreas fragments incubated with 
18-mer antisense oligonucleotide AS II (1 μM) for 12 h. Expression of indicated HSPs was assessed by western blotting. Relative optical 
densities of HSP70 bands are expressed as mean ± SEM for at least three separate experiments in each group. AP < 0.01, antisense 
oligonucleotide-incubated fragments vs. untreated 12 h control fragments. Reproduced with permission from J Clin Invest.28
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heat stress, the authors observed expression of other stress 
proteins except HSP70. The protective effect of preinduced 
heat stress to cerulein-induced pancreatitis in these animals 
was lost, indicating that this protective effect is mediated 
through overexpressed HSP70. But in the group treated 
with sense-oligonucleotide for HSP70 prior to heat stress, 
HSP70 overexpression was not affected and the protective 
effect of heat stress to cerulein-induced pancreatitis was 
maintained.

HSP70 can also be induced by other means. Bhagat et 
al. investigated whether sodium arsenite-induced HSP70 
overexpression protects against AP, similar to the HSP70 
expression by heat stress.30 It was observed that sodium 
arsenite-induced HSP70 overexpression provides protection 

against cerulein- (Figure 4 & 5) and L-arginine-induced 
models of AP. That study demonstrated that the protective 
effects of heat stress are not due to non-HSP-related heat 
stress events and are not limited to mild cerulein-induced 
pancreatitis. Frossard et al. showed that HSP70 induced 
by β-adrenergic stimulation protected against cerulein-
induced pancreatitis, a finding that supports the conclusion 
that HSP70 has a protective role in pancreatitis irrespective 
of the mode of induction.31

Further evidence of role of HSP70 in modulation of 
severity of AP came from the clinical studies, where AP 
severity was related to HSP70 gene polymorphism status. 
Specifically, HSP 70.2 expression was linked to pancrea-
titis severity. The HSP70-2G allele has been associated 

Figure 2. Effect of incubation of pancreas fragments with antisense/sense HSP70 oligonucleotides (1 μM) on trypsinogen 
activation and cell injury as assessed by LDH release into the medium. Trypsin activity (a), TAP levels (b), and LDH leakage (c) were 
measured. Values are mean ± SEM from at least three independent experiments and are expressed as the percent of maximal response to 
cerulein stimulation in freshly prepared pancreas fragments. AP < 0.05, cerulein-treated freshly prepared fragment values vs. basal 
values. BP < 0.05, antisense oligonucleotide-incubated cerulein-stimulated fragments vs. cerulein-stimulated 12 h control fragments.  
(d) Quercetin treatment blocked HSP70 induction and restored cerulein-induced trypsinogen activation. Reproduced with permission 
from J Clin Invest.28



84 R. K. Dawra et al.

with low HSP70-2 expression and was more prevalent in 
patients with severe pancreatitis than those with mild dis-
ease or a healthy population. Conversely, patients with the 
“protective” AA genotype are less vulnerable to severe 
disease and are expected to have better prognoses with 
far fewer complications. The coexistence of TNF2 and 
HSP70-2G was detected in 9 of the 49 patients in the severe 
group, and 6 of these patients experienced infected necrosis 
with multiple organ failure, and 1 died.32

Pancreatic HSP60 is reportedly weakly induced in 
response to heat stress but has robust expression follow-
ing water immersion stress.33 Prior induction of HSP60 

was also found to be protective against cerulein-induced 
pancreatitis as evaluated by different markers of sever-
ity. Although HSP60 was the main stress protein overex-
pressed, water immersion can theoretically induce other 
proteins and pathways that could be responsible for the 
observed protection; therefore further confirmation of 
these findings by targeted changes in HSP60 expression is 
required.

HSP27 is another inducible stress protein whose protec-
tive role has been studied in AP. Kubisch et al. reported that 
HSP27 overexpression in the pancreas also protects against 
cerulein-induced pancreatitis.34 In this study, huHSP27 was 

Figure 3. Effects of prior thermal stress and oligonucleotide treatment on morphologic changes induced by supramaximal cerulein 
in the rat pancreas. Representative light micrographs of H&E-stained pancreas sections from (A) control, (B) CER-, (C) H+CER-, (D) 
H+AS+CER-, (E) H+S+CER-, and (F) AS+CER-treated rats are shown. Note increased vacuolization/necrosis and leukocyte infiltration 
in the CER and H+AS+CER groups. Both H+CER- and H+S+CER-treated rats show marked protection, whereas (F) animals given AS-
HSP70 before cerulein show more pronounced acinar cell vacuolization/necrosis. Reproduced with permission from Gastroenterology.29

Figure 4. Effect of sodium arsenite pretreatment on cerulein-induced colocalization and trypsinogen activation. (A) Subcellular 
distribution of cathepsin B. Rats were given a single intraperitoneal injection (10 mg/kg) of sodium arsenite (ARS). After 14 h, pancreatitis 
was induced in both treated and untreated rats by a single injection of cerulein (CER, 20 μg/kg); rats were sacrificed 2.5 h later. Untreated 
and ARS alone-treated rats served as controls (CON). Cathepsin B activity in subcellular fractions was measured as described in the 
text. Values are mean ± SEM for at least three independent experiments, each with at least three or four rats per group. *P < 0.05 for 
ARS + CER rats vs. CER-alone rats. Trypsinogen activation measured as trypsin (B) and TAP levels (C). Values are mean ± SEM for three 
independent experiments. *P < 0.05 for ARS + CER rats vs. CER rats. Reproduced with permission from J Cell Physiol.30
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overexpressed under the control of a cytomegalovirus pro-
moter. Of all the tissues examined, high huHSP27 expres-
sion was found in the pancreas and stomach. The protection 
was mediated by a phosphorylated form of HSP27 because 
the effect was not observed when a nonphosphorylatable 
huHSP27 mutant form was used. HSP27 differs from other 
HSPs in that it modulates actin dynamics following HSP27 
phosphorylation. Microfilament stabilization is thought to 
be responsible for increased survival of cells recovering 
from stress.

There is overwhelming evidence to indicate that over-
expression of HSP70, -60 or -27 has a protective effect on 
pancreatitis, and this effect is observed irrespective of the 
method used for inducing overexpression or the experi-
mental model used for pancreatitis induction. However, in 
an interesting study by Lunova et al.,35 acinar cell-specific 
HSP70 overexpression did not protect against pancreatitis 
severity but did accelerate recovery.

This some what contradictory finding could be 
explained by the observation that HSP70 ATPase activity 
is slow but is accelerated many fold in the presence of its 
cochaperone HSP40; this protein also helps HSP70 bind to 
polypeptides. Efficient cleavage of ATP and effective bind-
ing to unfolded polypeptides determine HSP70 effective-
ness. With targeted HSP70 overexpression, cochaperone 
availability may become a limitation, which may not be the 
case with induction of stress proteins by other methods.

Mechanism of HSP overexpression-
mediated protection 

The mechanism by which HSP overexpression protects 
against injury in pancreatitis has been investigated in stud-
ies where either HSP70, HSP60, or HSP27 was overex-
pressed. In the studies where HSP70 was overexpressed 
via heat stress or pharmacological means, activation of 
trypsinogen to trypsin was significantly inhibited dur-
ing pancreatitis initiation (Figures 2 & 4). Activation of 
trypsin is observed early and is considered to be the key 
pathological event in AP.28,29 Inhibition of trypsin activa-
tion by different means is protective36-38 while disrupting 
the protective mechanisms by deletion of SPINK139,40 or 
chymotrypsin C41 accentuate trypsin activation and pan-
creatitis. The mechanism by which HSP70 prevents trypsin 
activation has also been investigated. Studies suggest that 
HSP70 overexpression interferes with colocalization of 
zymogens and lysosomes, which is a prerequisite for intra-
cellular activation of trypsinogen to trypsin. In nonpan-
creatic cells, HSP70 has been suggested to influence Ca2+ 

homeostasis.42 Given the requirement of Ca2+ for colocali-
zation of zymogen and lysosomal contents and evidence 
of HSP70 perturbing Ca2+ signaling, HSP70-mediated 
inhibition of colocalization could be through the attenua-
tion of pathological Ca2+ signaling. Another key event in 
the pathogenesis of AP is activation of nuclear factor kappa 
B (NFkB), which is independent of trypsin activation and 

Figure 5. Preinduction of HSP70 expression using sodium arsenite-inhibited, secretagogue-induced NFkB activation in the 
pancreas. Upper panels show the EMSA of the nuclear fractions, while the lower panels depict IkBa degradation in the cytosolic fraction. 
Reproduced with permission from J Cell Physiol.30
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contributes to the development of pancreatitis and associ-
ated systemic injury. HSP70 overexpression also provides 
protection against NFkB activation (Figure 5).30

Besides the mechanisms described above, other means 
of HSP-mediated protection in AP have been proposed. 
All three major components of the cytoskeleton (micro-
filaments, intermediate filaments, and microtubules) are 
present in pancreatic acinar cells.23 Stimulation of acinar 
cells with supramaximal concentrations of cerulein or 
induction of AP in vivo leads to a loss of filamentous actin.  
Arginine administration has also been reported to cause 
changes in the actin cytoskeleton, including reduced actin 
staining under the luminal membrane and increased cyto-
plasmic staining.23 These early changes are related to acinar 
cell injury in pancreatitis. HSP27 overexpression is con-
sidered to provide protection through regulation of actin.23 

Microfilament stabilization is considered important for 
the survival of cells recovering from stress. The protective 
effects of HSP27 overexpression correlate with both over-
expression and phosphorylation. HSP70 overexpression 
has also been shown to protect the cytoskeleton. The stress 
conditions that induce HSP27 are also known to cause 
increases in HSP70.23 The observed protection of HSP27 
on the cytoskeleton may also be enhanced in the setting of 
HSP70 overexpression.

Park et al. reported that HSP27 associates with IkB 
kinase complex and this interaction is stimulated by 
treatment with tumor necrosis factor alpha.43 There are 
contradictory reports about enhanced association of phos-
phorylated HSP27 with IkB kinase complex and resulting 
decreased IkB kinase activity because no increased activ-
ity was observed in transgenic mice with overexpression 
of HSP27.34

HSP27 overexpression also did not affect intracellular 
calcium release in response to cerulein stimulation.Thus, 
the protective effect of HSP27 overexpression during AP 
is mainly related to cytoskeleton stabilization. Subcellular 
redistribution of cathepsin B from the lysosome-enriched 
fraction to the zymogen granule-enriched fraction was 
decreased in animals subjected to water immersion; this 
might indicate that HSP60-mediated protection involves 
interference with colocalization and a subsequent decrease 
in trypsin activation.

Conclusion

There is strong experimental evidence to support the hypoth-
esis that HSPs are overexpressed during the development 
of pancreatitis. Increased HSP expression is a protective 
response and is observed in multiple models of experimen-
tal pancreatitis. Preinduction of HSPs by different means 
protects from subsequent pancreatitis-induced injury. The 
mechanism of protection is not fully understood, but pre-
vention of intra-acinar trypsinogen activation, cytoskeleton 

stabilization, and inhibition of NFkB signaling appear to 
be the main contributors. Better and safe pharmacological 
approaches for inducing HSPs could help reduce pancreatitis 
severity and related complications. 
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Endoplasmic reticulum stress and the unfolded protein response in exocrine pancreas 
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Endoplasmic Reticulum Stress and the Unfolded 
Protein Response

The endoplasmic reticulum (ER) plays a pivotal role in 
cellular homeostasis as it is the site of translation, folding 
and covalent modification of proteins either destined for 
secretion or expressed on the surface of other organelles 
and the plasma membrane. The cytoplasmic surface of 
the ER membrane is also the primary site of triglyceride, 
phospholipid, and sterol synthesis and therefore is a hub of 
membrane synthesis and cellular metabolism. Many stud-
ies have established the ER as a major site of intracellular 
calcium (Ca2+) storage, essential for hormone/neurotrans-
mitter signaling. More recent work has identified unex-
pected functions of the ER in diverse cellular processes 
including mitochondrial fission, endosomal dynamics, and 
autophagy. 

Quality control mechanisms for protein folding in the 
ER were first demonstrated by the identification of glu-
cose-regulated proteins (GRPs) 78 (a.k.a. binding immu-
noglobulin protein [BiP]) and 94 (a.k.a. heat shock protein 
[HSP] 90B1/endoplasmin) that reside in the ER lumen.1 
Whereas GRPs have significant homology to heat-shock 
chaperone proteins, their expression is induced by glu-
cose starvation, sulfhydryl reducing agents, glycosylation 
inhibitors, and calcium ionophores rather than heat stress. 
A seminal study demonstrated that enhanced expression 
of misfolded proteins in the ER induced GRP mRNA 
expression, thereby establishing the presence of a signal-
ing network from the ER to the nucleus.2 The concept of 
an unfolded protein response (UPR) opened the door to a 
multitude of studies over the last three decades uncover-
ing molecular components and mechanisms of the UPR. 
These findings have provided important insight into the 
pathophysiological consequences of ER stress in various 

disorders from neurodegenerative to metabolic diseases. 
Perhaps not surprisingly given the high protein secretory 
capacity and vastly expanded ER in the pancreatic acinar 
cell, results indicate that the UPR is critical to maintaining 
acinar cell homeostasis. This review will focus on what is 
known of the UPR in acinar cell function, as well as recent 
evidence underscoring its importance in the development 
and progression of pancreatitis.

The UPR is Comprised of Distinct Functional 
Components 

The UPR is activated when the concentration of unfolded 
or misfolded proteins present in the ER overwhelms the 
capacity of resident proteins including molecular chaper-
ones, disulfide isomerases, oxidoreductases, acetylases, 
and glycosylases to respond to that stress. 

Figure 1 illustrates many of the features discussed in 
this and subsequent sections. Three major pathways of the 
UPR have been identified; the inositol-requiring enzyme-1 
(IRE1), activating transcription factor 6 (ATF6), and pro-
tein kinase RNA (PKR)-like ER kinase (PERK) pathways. 
These transmembrane proteins can sense the level of stress 
in the ER lumen and transduce signals to the cytoplasm; 
complex sensing mechanisms involve the binding of either 
unfolded proteins themselves, or chaperones, (e.g., BiP) 
that modulate their oligomerization and other individual 
functional responses. 

The level and duration of ER stresses dictate the extent 
to which each UPR pathway becomes activated. Acutely, 
new protein synthesis is attenuated to limit the protein 
load entering the ER. At later times, nuclear signaling 
induces gene expression to promote protein folding as well 
as the degradation of misfolded proteins. Under extreme 
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conditions of ER stress intensity and duration, UPR 
responses mitigating ER stress are supplanted by those 
promoting cell death.

The IRE1 and XBP1/spliced XBP1 (sXBP1) pathway
IRE1 was originally identified in yeast as a gene required 
to enhance the expression of KAR2 (a.k.a. BiP) or 
78-kDa glucose-regulated protein (GRP-78) in mamma-
lian cells) during ER stress.3,4 The name inositol-requir-
ing enzyme-1 was coined based on its role in inositol 
prototropy in yeast.5 There are two isoforms, IRE1α 
and IRE1β, the latter of which is prominent in intesti-
nal epithelia though its function is unclear. This review 
will focus on IRE1α (i.e., IRE1). IRE1 is a type 1 trans-
membrane protein with an N-terminal domain in the ER 
lumen that binds to BiP and a C-terminal serine/threonine 
protein kinase domain oriented toward the cytoplasm. 
Displacement of the molecular chaperone BiP from the 
N-terminus and/or a direct interaction with unfolded pro-
teins has been proposed to activate IRE1 kinase activity. 

Although kinase activity is required for signaling, the 
only known substrate characterized is IRE1 itself, which 
upon trans-autophosphorylation causes IRE1 to oli-
gomerize in the ER membrane.3,4,6 Phosphorylated IRE1 
induces endoribonuclease activity in its C-terminus that 
excises a portion of the mRNA encoding the transcrip-
tion factor homologous to ATF/CREB1 (HAC) in yeast7 
or X-box binding protein-1 (XBP1) in mammals.3,8,9 
Spliced XBP1 induces the expression of a number of 
ER proteins to mitigate ER stress (see below). With high 
levels of or prolonged ER stress, IRE1 also participates 
in a process termed “regulated IRE1-dependent decay” 
(RIDD) of ER membrane-bound and cytosolic mRNAs, 
as well as IRE1 mRNA to reduce protein synthesis.10,11 
More recently, IRE1 was also reported to cleave microR-
NAs that control the level of caspase-2, thereby promot-
ing apoptosis.12 It is proposed that IRE1-mediated XBP1 
splicing has a prosurvival output, whereas RIDD has a 
proapoptotic output.7 A final consideration is that IRE1 
may serve as a link between ER stress and stress kinase 
activation. IRE1 recruits an adapter protein, TRAF2, to 

Figure 1. Principal components of the UPR/ER-stress response. ATF6, IRE1, and PERK are ER transmembrane proteins capable of 
sensing the level of unfolded or misfolded proteins in the ER lumen. The precise mechanism(s) for activating each pathway is unclear 
and likely involves the displacement of molecular chaperones (e.g., BiP) from the luminal domain of the protein. ATF6: Upon activation, 
ATF6 traffics from the ER to the Golgi via COPII-directed clathrin-coated vesicles. In the Golgi, ATF6 is sequentially cleaved by site-1 
and site-2 proteases, freeing the N-terminal transcription factor domain (cATF6) to translocate to the nucleus and promote transcription 
of UPR target genes. IRE1: Activation of IRE1 kinase activity is mediated by trans-autophosphorylation causing IRE1 to oligomerize 
in the ER membrane. Phosphorylated IRE1 exhibits endoribonuclease activity that excises a portion of the XBP1 mRNA, forming a 
spliced mRNA that generates the transcription factor sXBP1, which translocates to the nucleus and directs the expression of a number of  
ER-regulators necessary for protein folding, lipid metabolism, vesicular trafficking, and acinar secretory function. PERK: Kinase 
activation and autophosphorylation of PERK phosphorylates the cytosolic eukaryotic translation initiation factor eIF2α, thereby inhibiting 
global secretory protein translation. As a consequence, translation of select mRNAs including ATF4 is redirected to an upstream open 
reading frame, giving rise to alternative protein products. ATF4 acts as a transcriptional activator or repressor and directs the synthesis of 
the transcription factor CHOP, which plays a key role in mediating cell death, inflammation, and metabolic stress.
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the ER membrane to initiate a signaling cascade that cul-
minates in activation of Jun N-terminal kinase (JNK).13 
Although JNK is a stress kinase that can induce apopto-
sis, the significance of this activation during physiologi-
cal ER stress is unclear.

Activated IRE1 mediates the splicing of an intron in 
XBP1 mRNA that causes a frame-shift during translation, 
resulting in a new carboxyl terminal domain in the spliced 
XBP1 (sXBP1) protein. Unspliced XBP1 (MW 29-33 kDa) 
has a nuclear exclusion signal and rapidly degrades but can 
act as a negative modulator of the UPR when accumulated 
in mammalian cells.14 Conversely, sXBP1 (54-60 kDa) con-
tains a nuclear localization signal and basic leucine-zipper 
(BZIP) domain that binds to the cis-acting ER stress response 
element (ERSE) and functions as a potent transcription fac-
tor. Genetic profiling and analyses revealed that sXBP1 
controls the expression of genes related to the UPR, includ-
ing chaperone induction, up-regulation of ER-associated 
degradation (ERAD) machinery, membrane biogenesis, and 
ER quality control.15-17 In mammals, sXBP1 also activates 
the expression of cell type-specific targets linked to cell 
differentiation, signaling, and DNA damage.15,18 In pancre-
atic acinar cells, sXBP1 has been shown to be essential to 
maintain a differentiated secretory phenotype.19 This role of 
sXBP1 was demonstrated using pharmacologic inhibitors of 
IRE1 endonuclease activity in the acinar cell line, AR42J.20 
Thus, IRE1 inhibition substantially diminished spontaneous 
amylase secretion by these cells. We also found that inhibi-
tion of sXBP1 formation attenuates the synthesis of certain 
digestive enzymes by acinar cells, as well as secretagogue-
induced secretion (unpublished data). That the efficacy of 
these approaches relies on inhibition of the splicing reaction 
indicates that the spliced form of XBP1 plays a major role 
in the biosynthesis and secretion in professional secretory 
cells. Nevertheless, unspliced XBP1 may yet prove to act in 
unknown ways to alter acinar cell physiology. Interestingly, 
the unspliced form was reported to regulate sXBP1 stability, 
and more recently a role was also proposed for unspliced 
XBP1 to regulate autophagy via control of the stability of 
another transcription factor, Foxo1.21

The PERK/ATF4 pathway 

The protein kinase RNA (PKR)-like ER kinase (PERK) is 
a type 1 transmembrane protein that, like IRE1, undergoes 
kinase activation in response to accumulation of misfolded 
proteins in the ER lumen. Autophosphorylated PERK in 
turn phosphorylates the cytosolic eukaryotic translation 
initiation factor eIF2α at Ser51, causing its inactivation. 
Inactivation of eIF2α, a small G-protein, involves block-
ing its interaction with a guanine nucleotide exchange fac-
tor, thereby locking it in a GDP-bound state. This greatly 
reduces protein translation and acutely attenuates secretory 

protein load.22 Besides PERK, other kinases including gen-
eral control nonderepressible 2 (GCN2), protein kinase 
RNA-activated (PKR), and heme-regulated inhibitor (HRI) 
can promote phosphorylation of eIF2α at Ser51 in response 
to cellular stresses such as amino acid deprivation, viral 
infection, and heme deficiency.

In addition to inhibiting general protein translation, 
PERK activation also increases the translation of mRNAs 
that contain upstream open reading frames within their 
5’-UTR including the transcription factor ATF4.23 Under 
stress conditions and eIF2α inhibition, translation is redi-
rected to the upstream open reading frame, giving rise 
to an alternative protein product. Only translation from 
the upstream open reading frame gives rise to a stable 
form of ATF4, which is a BZIP transcription factor of the 
cAMP response element-binding protein family that forms 
homo- and heteromeric dimers with various proteins and 
can act as a transcriptional activator or repressor. Analysis 
of transcripts from ATF4 knockout cells support that it 
regulates a number of genes that are important for secre-
tory cell function.24 However, the best characterized ATF4 
gene targets include CHOP (transcriptional factor C/EBP 
homologous protein), GADD34 (growth arrest and DNA 
damage-inducible 34), and activating transcription fac-
tor 3 (ATF3). CHOP was reported to play a major role in 
promoting apoptosis by inducing the expression of pro-
apoptotic proteins including Bim, and more recently, DR5 
and repressing the expression of anti-apoptotic proteins 
(e.g., Bcl2).25-29 An alternate theory put forward by some 
investigators emphasizes enhanced expression and func-
tion of translational machinery to de-energize the cell by 
consuming excessive amounts of metabolic intermediates, 
rather than differential induction and suppression of pro- 
and anti-apoptotic proteins, respectively, as a major role 
of CHOP.30,31 Irrespective of the precise pathway, CHOP 
induction correlates with cell death, and knockout models 
have established its role as a detrimental signal, including 
in the exocrine pancreas. 

A theme in the regulatory control of UPR is feedback 
within and/or between the different branches. CHOP (and 
ATF4) reportedly induces expression of GADD34, a regula-
tory subunit of protein phosphatase 1. Thus, GADD34 enables 
a stress-inducible phosphatase that dephosphorylates eIF2α, 
producing negative feedback to inactivate its own induction 
(since eif2α Ser51 phosphorylation mediates CHOP expres-
sion). Although GADD34 can help restore protein translation, 
it also promotes the expression of pro-apoptotic proteins, as 
evidenced by knockout and pharmacologic approaches.31 
ATF3 is also a BZIP transcription factor of the cAMP response 
element-binding protein family. Its expression can be induced 
by a number of stresses in addition to the UPR and has been 
shown to exert both positive and negative effects on cell sur-
vival and disease progression.32 ATF3 was recently shown 
to interact with an acetyltransferase, Tat-interactive protein  
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60 (Tip60), that acetylates the major DNA damage kinase 
Ataxia telangiectasia mutated (ATM) to promote genomic 
stability during cell stress.33

The ATF6 pathway 

Two ubiquitously expressed isoforms, ATF6α and ATF6β, 
are found in mammalian cells. Although they share signifi-
cant homology, ER localization, and processing, studies in 
cultured mouse embryonic fibroblasts from double knock-
out mice indicate that ATF6α and not ATF6β is required for 
gene transcription induction.34 Activated ATF6 mediates 
expansion of the ER and induces the expression of chaper-
ones, foldases, and components of the ERAD pathway.34,35 
ATF6 is a type II ER transmembrane protein, which like 
IRE1 and PERK, has a C-terminal luminal domain but dif-
fers in that it has a BZIP transcription factor domain in the 
N-terminal cytoplasmic domain. During ER stress, and 
potentially via the loss of BiP binding, ATF6 emerges from 
the ER on COPII-coated vesicles and traffics to the Golgi 
where it is sequentially cleaved by site-1 and site-2 pro-
teases (S1P and S2P).36 Once released, the N-terminal tran-
scription factor domain (cATF6) translocates to the nucleus 
and activates UPR target gene transcription.37,38 

ER Stress, UPR, and Functional Crosstalk in 
Pancreatitis Models

Synthesis and packaging of proteins for transport is the sin-
gular key task of the acinar cell of the exocrine pancreas. 
Accordingly, the ER of the acinar cell is highly developed, and 
all of the UPR components described above have been identi-
fied in this cell type. The importance of the UPR to exocrine 
pancreatic function was demonstrated by ablating the XBP1 
gene in mice and expressing an XBP1 transgene in liver to pre-
vent embryonic lethality.19 These mice have normal morphol-
ogy of all organs except the exocrine pancreas and salivary 
glands and die shortly after birth due to poor ER development 
and digestive enzyme synthesis in the acinar cells, resulting 
in severe exocrine insufficiency.19 We have confirmed these 
results in a mouse with acinar cell-specific conditional knock 
down of XBP1 (unpublished data). XBP1 deficiency leads to 
extensive acinar cell loss and severe pathology in the remain-
ing acinar cells, as evidenced by a poorly developed ER 
network and secretory system, reduced ER chaperone expres-
sion, marked reduction in zymogen granules and digestive 
enzymes, and accumulation of autophagic vacuoles. 

The activation of UPR pathways has been demon-
strated in several models of experimental pancreatitis.39-53 
In the arginine-induced and high-dose cholecystokinin 
(CCK) models, there was phosphorylation of PERK and 
its downstream target eIF2α, ATF4 nuclear translocation, 
and increased CHOP expression accompanied by BiP and 

sXBP1 upregulation.39,41 Under these conditions, there was 
development of pancreatitis with inflammation and trypsin 
activation. On the other hand, secretagogues that do not 
cause pancreatitis, such as bombesin and the CCK analogue 
JMV-180, caused only increases in BiP and sXBP1.40,49 
The chemical chaperones, tauroursodeoxycholic acid and 
4-phenyl butyric acid reduced these markers of ER stress, 
which was associated with less severe pancreatitis.47,49 
Finally, altering BiP expression has an effect on pancreati-
tis severity.45 UPR pathways are involved in both acute and 
chronic pancreatitis models.53 

Our understanding of the role of specific UPR system 
components in physiology and disease remains incomplete. 
Nevertheless, there are key findings that provide a frame-
work for further investigations. One key finding is that 
genetic deletion of CHOP results in less severe experimen-
tal pancreatitis, suggesting that activation of the PERK-
eIF2α pathway leading to increased CHOP expression is 
important for the development of the pathologic pancreati-
tis response.44 Indeed, Chop-/- mice exhibited less pancre-
atic inflammation and histological damage than wild type 
when challenged with cerulein and lipopolysaccharide.44

We showed that sXBP1 expression increases in the 
pancreas of alcohol-fed animals. Further, we observed that 
pathologic changes of pancreatitis occur with genetic inhi-
bition of the sXBP1 response to alcohol feeding.54-56 With 
inhibition of the sXBP1 response, there was activation of 
the PERK/eIF2α/ATF4/CHOP pathway associated with the 
development of pancreatitis. That is, we found that depriving 
the acinar cell from using the IRE1-sXBP1 to adapt to ER 
stress was associated with sustained activation of the PERK/
eIF2α/ATF4/CHOP pathway and development of pancreatic 
pathology.56 From these findings, we postulate that the IRE1/
sXBP1 pathway is activated with mild to moderate ER stress-
ors such as alcohol abuse, and pancreas pathology devel-
ops when this ER “adaptive” response fails to  re-establish 
ER homeostasis, reinforcing PERK/eIF2α/ATF4/CHOP 
 pathways activation, inflammation, and cell death. These 
findings also align with our hypotheses that the UPR medi-
ates necessary adaptive responses to stressors to maintain 
normal exocrine pancreas function (illustrated in the above 
case with alcohol) and that cellular failure and pancreatitis 
ensue when the stressors exceed the cell’s adaptive capacity 
or the adaptive response fails to deploy. We anticipate that 
completion of ongoing proteomic analysis of the ER from 
XBP1-deficient mice will clarify which key proteins are 
altered, as well as how the deficiencies are pathologically 
exacerbated by risk factors such as ethanol consumption. 

The findings and hypothesis listed above are consistent 
with results in other systems showing that CHOP promotes 
inflammation by regulating cytokine production, inflamma-
tory and cell survival.57,58 Our studies representing patho-
logic ER stress mechanisms arising in the exocrine pancreas 
also complement those attributed to beta cell malfunction 
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in the endocrine pancreas that reportedly contribute to dia-
betic pathology.31 Indeed, the links between endocrine and 
exocrine dysfunction have been insufficiently elucidated 
despite many years of study, but there is increasing aware-
ness that each of these compartments reciprocally partici-
pates in regulating pancreas damage and disease.

ER stress, ERAD, and autophagy 

ER stress is also linked with activation of ER-associated 
degradation (ERAD) and induction of autophagic gene 
expression, mechanisms to eliminate misfolded proteins and 
dysfunctional ER.59,60 These misfolded proteins are protea-
somally degraded in conjunction with autophagy to disas-
semble proteins and recycle their amino acids. Misfolded 
proteins within the ER are recognized and targeted for ERAD 
by mechanisms utilizing ER chaperones and quality control 
systems. Several ERAD regulators are regulated by sXBP1, 
and both cells and mice deficient in sXBP1 exhibit impair-
ments in ERAD and autophagy activation.55,56 We reported 
that Xbp+/- mice fed alcohol diets exhibited reduced levels 
of pancreatic EDEM1, a key ERAD protein. This decrease 
was associated with marked vacuolization suggesting that a 
failure of the adaptive IRE1-sXBP1 pathway inhibits ERAD 
and promotes disordered autophagy.54-56 

The PERK-eIF2α arm of the UPR induces autophagy 
through downstream targets including ATF4 and CHOP. 
Autophagy regulators required for induction and autophago-
some formation including REDD1, ATG3, ATG5, ATG7, 
LC3B, and p62 are transcriptionally upregulated by ATF4 
and CHOP.61,62 These findings highlight the linkage 
between ER stress and autophagy induction, two important 
contributors to pancreatitis pathology. 

The roles of ER Ca2+, oxidative stress, and other 
factors in ER stress/UPR

The ER is one of the major storage sites for Ca2+ used to 
generate cytosolic signals to trigger diverse events includ-
ing secretion and mitosis in all mammalian cells.63 The 
role of inositol lipid turnover in Ca2+ release from the ER 
was originally demonstrated in pancreatic acinar cells.64 
Extensive studies established the roles of both intra- and 
extracellular Ca2+ in regulated secretion of zymogens 
from acinar cells.65 Localized Ca2+ spikes are required 
for optimal secretagogue-induced amylase release, while 
global cytosolic Ca2+ elevations in acinar cells have been 
associated with supraphysiological inhibition of secretion 
and aberrant conversion of trypsinogen to active trypsin. 
Whereas these events represent widely accepted root 
causes of initial damage to acinar cells, nuclear factor-kB 
activation and an inflammatory response are also required 
for full pancreatitis development.66 Ca2+ stored within the 
ER has important functions in protein biosynthesis and 

folding. Membrane-bound (calnexin) or lumenal (calreti-
culin) lectins are major Ca2+-binding proteins within the 
ER.67 These “glycosensor” proteins recycle cargo until its 
core glycosylation meets a quality standard for packaging 
and export from the ER en route to the Golgi. Ca2+ also 
regulates the ATPase activity of BiP that in turn regulates 
its interactions, including those with unfolded proteins.68

Whether Ca2+ affects the ER stress sensor functions 
through regulation of specific BiP interaction sites or inde-
pendently, depletion of Ca2+ from the ER is well established 
as a major inducer of ER stress. Thapsigargin (TG), an irre-
versible Ca2+ pump inhibitor, potently induces cellular XBP1 
splicing, as well as the PERK/eif2α/CHOP and ATF6 path-
ways. TG administration elicits cell type-specific effects rang-
ing from growth arrest to apoptosis. The ER stress associated 
with TG treatment is caused by perturbation of multiple func-
tions including protein synthesis and folding and formation 
of cargo-laden transport vesicles. To counterbalance these 
defects, XBP1s govern several measures that reduce the mis-
folded protein load, either through chaperone-assisted cycles 
of redox-dependent refolding, or removal via ERAD. 

ER Ca2+ depletion and redox alterations are causally 
linked. Increases in misfolded proteins upregulate the activ-
ity and/or gene expression of the folding oxidoreductase, 
ERO-1L that generates hydrogen peroxide as it restores the 
balance of oxidized to reduced protein disulfide isomer-
ases. In ongoing studies, we are examining effects of etha-
nol to perturb the redox status of key proteins of the folding 
and quality control apparatus, as well as the various cargo 
molecules (zymogens) in transit to the secretory pathway. 
The scheme shown in Figure 2 illustrates aspects of our 
working hypothesis for these studies.

Figure 2. Scheme depicting UPR activation and regulation of 
ER stress responses. Working hypothesis for adaptation versus 
pathological outcomes to insults triggering redox perturbations in 
acinar cells in the presence or absence of the protein unfolded 
response regulator, spliced XBP1 (sXBP1).
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Importantly, the ER stores a major part but not all of the 
cellular Ca2+ used for signaling. Endo-lysosomal “acidic” 
organelles have also increasingly been implicated in physi-
ological events.65,69 In particular, specialized Ca2+-ATPases 
(SERCA3), and release channels (two pore channels and 
Mcoln1/TRPML1) have been associated with storage and 
release events, which have been linked to lysosomal func-
tions and autophagy in other cell types.70,71 Pharmacologic 
agents that have helped to identify these stores in pancre-
atic acinar cells include glycyl-L-phenylalanine-beta-naph-
thylamide (GPN), bafilomycin, and nigericin. Recently it 
was reported that all these agents release Ca2+ from both 
ER and endolysosomal Ca2+ stores. Substantial evidence 
points to cooperative domains, especially the membranes 
of distinct organelles such as mitochondrial, lysosomal, or 
plasma membrane in apposition to the ER. Whereas the most 
essential among these has not been identified, it seems clear 
that the multiple Ca2+ stores of the ER and other membrane-
bound organelles operate interdependently.72 Recent studies 
of membrane contact sites uncovered specific complexes 
(e.g., EGFR-PTP1B, Rab7-VAP via ORP1L or RILP, and 
STARD3-VAP) that tether segments of ER with endosomes, 
as well as Nvj1p-Vac8p that mediates nuclear-vacuole  
tethering.73-76 

Reversible transcriptional regulation of acinar cell 
secretory differentiation: compensatory regrowth 
after damage versus tumorigenesis

A highly specialized transcription factor of the helix-loop-
helix (HLH) family termed BHLHA15 or MIST1 was 
shown to dramatically alter the fate of the ER and secre-
tory pathways. The expression of MIST1 is reportedly 
regulated by XBP1s.18 Konieczny and others used a knock-
out approach to establish that proper pancreatic acinar cell 
organization and secretory function were MIST1 depend-
ent.77 Subsequently, Mist1-/- mice proved an interesting 
model to study the role of Ca2+ signaling in the acinar cell. 
The altered balance of ER versus secretory compartments 
revealed their roles in Ca2+ transients and global cytosolic 
elevations.78 Research probing the roles of distinct tran-
scriptional pathways in altering the identity of acinar cells 
continue to reveal the unexpected phenotypic plasticity of 
this extraordinary cell type. 

Mounting evidence indicates that acinar cells can give 
rise to tumors as well as regenerative self-duplication, both 
of which occur through an initial loss of acinar cell prop-
erties and transition to a dedifferentiated phenotype. In this 
process, acinar genes such as carboxypeptidase 1 (CPA1), 
pancreatic amylase (Amy2), and Ptf-1a are lost, and the 
expression of some genes important for embryonic devel-
opment or conferring stem-like properties, including Sox-9, 
Pdx1, and intermediates of the Wnt/β-catenin signaling 

pathway, are recapitulated. Dedifferentiation is permissive 
for proliferation, and in regeneration after damage, it is fol-
lowed by restoration of the acinar phenotype. In contrast, 
further phenotypic transition such as acinar-to-ductal meta-
plasia (ADM) formation may occur in parallel with or lead-
ing to pancreatic intraepithelial neoplasia (PanIN) lesions. 
PanINs represent definitive precursor lesions for pancreatic 
ductal adenocarcinoma (PDAC), whereas ADMs are only 
tentatively established as such. Which of these (regrowth or 
tumorigenic) pathways is followed depends in part on envi-
ronmental factors including the presence or absence of an 
inflammatory milieu.

Interestingly, the Map kinases, extracellular signal-
regulated kinase 1/2 (ERK1/2), and the BZIP transcription 
factor c-Jun, are required for dedifferentiation.79,80 Much 
evidence also supports a role for ERK-dependent signaling 
as a critical effector through which KRAS activity promotes 
PanIN and PDAC formation. MIST1 expression restrains 
these activities of KRAS and promotes maintenance of 
the acinar phenotype. Specifically, removing MIST1 was 
a permissive event for formation of ADM.81 Mechanisms 
whereby Ca2+, redox, and UPR pathways impact MIST1 
or other transcription factors to modulate phenotypic plas-
ticity remain relatively unexplored. Elucidation of these 
pathways enable harnessing the replicative potential of 
dedifferentiated cells and reverse engineering acinar and/or 
endocrine cells to develop novel stem cell therapies. 

Summary 

ER stress and oxidative stress are interlocked events regu-
lated by Ca2+ and interchanged via intimate membrane 
contacts in the pancreatic acinar cell. Distinct UPR path-
ways work to maintain the acinar secretory phenotype 
and restrain oncogenic signaling (sXBP1, MIST1), while 
others (CHOP) are proapoptotic. Multiple investigations 
support the view of sXBP1-mediated signaling as an adap-
tive branch of UPR that protects/maintains the functional 
phenotype of the pancreatic acinar cell. Prolonged ER 
stress impairs homeostatic processes such as endo-/lyso-
somal function and autophagy (see Figure 2). Collectively, 
such disturbances in acinar cell function lead to pathologic 
outcomes. In particular, the energetic imbalance and oxi-
dative stress that accompany excessive unfolded ER pro-
teins and impaired ER-mitochondrial cooperation promote 
necrosis, a form of cell death associated with inflammatory 
responses. Impaired autophagy may also favor cell death 
by promoting apoptosis or necrosis. Acinar cell dediffer-
entiation permits proliferative, stem-like properties with 
concomitant loss of the acinar phenotype and may give rise 
to tumorigenic intermediates. However, dedifferentiation 
must also be contemplated to achieve stem cell therapy 
since adult tissues are nonproliferative. 
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Introduction

Dysregulation of multiple signaling pathways in the pan-
creas is proposed to be involved the initiation of pancrea-
titis. Genetic manipulation in experimental animals has 
been used to understand the critical roles of these path-
ways during the pathogenesis of pancreatitis. In general, 
the genetic approaches that specifically target these spe-
cific molecules are superior to pharmacological methods. 
Additionally, genetic modification of the initiator genes 
observed in human pancreatitis can help create clinically 
relevant animal models. These models will be valuable for 
studying the mechanisms of pancreatitis and testing pre-
clinical therapeutic and preventive interventions. In this 
review, we will focus on the impact of trypsin, nuclear fac-
tor kappa B (NF-κB), endoplasmic reticulum (ER) stress, 
Ras, autophagy, cyclooxygenase (Cox)-2 and several oth-
ers on pancreatitis. We will also discuss efforts to create 
animal models for human hereditary pancreatitis, cystic 
fibrosis, and autoimmune pancreatitis.

Animal Models Targeting Trypsinogen Activation

Trypsin and pancreatitis
The exocrine pancreas synthesizes digestive enzymes to 
facilitate digestion. More than a century ago, Chiari pro-
posed that acute pancreatitis (AP) was an autodigestive 
 disease.1 During the past two decades, researchers discov-
ered that trypsinogen is prematurely activated in various 
animal models of pancreatitis and human pancreatitis.2-6 
Because trypsin is capable of degrading proteins and initi-
ating other zymogen activation cascades, premature activa-
tion of trypsinogen in pancreatic acinar cells is considered 
a key initiator of this disease. This notion is strongly 
supported by the observation that gain-of-function cati-
onic trypsinogen (PRSS1) mutations and loss-of-function 
 mutations of the potent pancreatic protease inhibitor Kazal 

type 1 (SPINK1) are associated with hereditary pancreatitis 
(HP).7-14 The mechanisms of trypsinogen activation have 
been extensively studied.15-18 However, the roles of intracel-
lular trypsin have only recently been directly investigated. 
In transgenic mouse models, expression of active trypsin 
or mutant PRSS1 caused pancreatitis, and the expression 
of the trypsin inhibitor SPINK1 ameliorated experimental 
pancreatitis.13,19-21 Genetic deletion of trypsinogen 7, the 
most prominent trypsinogen in mice, blunted trypsinogen 
activation and caused a 50% reduction in acinar necrosis 
following caerulein challenge.22

Models with direct trypsinogen activation
Because pharmacological inhibitors have nonspecific 
effects, and the stimuli used to induce pancreatitis acti-
vate multiple signaling pathways in addition to activat-
ing trypsinogen,23 the direct effects of intracellular trypsin 
activity cannot be examined using these approaches. 
However, a recent study reported the development of a 
mutant trypsinogen that could be activated intracellularly 
by PACE, an endogenous protease named paired basic 
amino acid cleaving enzyme.24 This new construct (PACE-
trypsinogen) allowed direct examination of the effects of 
intracellular trypsin on pancreatic acinar cells for the first 
time. In in vitro studies, PACE-trypsinogen was expressed 
by means of adenoviral vector in the secretory pathway 
and was activated within acinar cells. Expression of PACE-
trypsinogen induced the apoptosis of pancreatic acinar 
cells. Cell death was blocked by the trypsin inhibitor pefa-
bloc, but it was not completely blocked by the pancaspase 
inhibitor benzyloxycarbonyl-VAD, indicating that caspase-
independent pathways were also involved. However, intra-
cellular trypsin had no significant effect on the activity of 
the proinflammatory transcription factor NF-κB. In con-
trast, extracellular trypsin caused cell damage and dramati-
cally increased NF-κB activity. These data indicate that 
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the effects of active trypsin on pancreatic acinar cells are 
determined by its localization.24 For in vivo studies, a new 
mouse model of this construct was developed. These mice 
were engineered to conditionally express an endogenously 
activated trypsinogen within pancreatic acinar cells after 
Cre-mediated recombination (Figure 1B)19. The acinar 
specificity was achieved by crossing these mice with mice 
harboring pancreatic elastase I promoter-driven CreERT, 
a tamoxifen-inducible Cre (Figure 2A).25 These fre-
quently used pancreatic-specific Cre mice are described in 
Figure 2B. Interestingly, initiation of AP was observed at 
high (homozygous) but not low (heterozygous) expression 
levels of PACE-trypsinogen. Rapid caspase-3 activation 
and apoptosis with delayed necrosis was observed, and lost 
acinar cells were replaced with abundant fatty tissue and 
limited fibrosis. These findings indicated that intra-acinar 
activation of trypsinogen is sufficient to initiate AP. This 
novel model will provide a powerful tool for improving our 
understanding of the basic mechanisms that occur during 
the initiation of pancreatitis.19 

A model with SPINK inactivation
SPINK1 (Serine Protease Inhibitor Kazal-type 1), also 
known as pancreatic secretory trypsin inhibitor (PSTI), 

was originally identified as a trypsin inhibitor in 1948 by 
Kazal et al.26 SPINK1 is synthesized by the acinar cells of 
the pancreas and binds to trypsin to prevent further activa-
tion of pancreatic enzymes. Thus, a lack of SPINK1 may 
result in the premature conversion of trypsinogen into 
active trypsin in acinar cells, leading to autodigestion of 
the exocrine pancreas by activated proteases. The detailed 
functions and roles of SPINK1in pancreatic diseases have 
been previously reviewed.27,28 In 2000, Witt et al. showed 
that mutations in the SPINK1 gene were associated with 
chronic pancreatitis,14 and since then there have been many 
reports on the association between mutations in SPINK1 
genes and patients with pancreatitis.29-31

In mice, SPINK3 is the homolog of human SPINK1. 
Upregulation of SPINK 3 provides a protective mecha-
nism in caerulein-induced pancreatitis,32 and knockdown 
of SPINK3 (Spink3−/− mice) enhances trypsin activity in 
pancreatic acinar cells.33 The pancreas of Spink3−/− mice 
usually develops for up to 15.5 days after fertilization; 
however, autophagic degeneration of acinar cells, but not 
ductal or islet cells, begins after 16.5 days. Rapid onset of 
cell death occurs in the pancreas and duodenum within a 
few days after birth and results in death by 14.5 days after 
birth. There is limited inflammatory cell infiltration and no 
signs of apoptosis. At 7.5 days after birth, residual ductlike 

Figure 1. Expression of a trypsinogen that can be activated intracellularly. A. Wild-type trypsinogen is normally activated in the 
duodenum by enteropeptidase (top). A mutant trypsinogen was developed by the insertion of an amino acid sequence motif RTKR 
immediate before the active trypsin. The RTKR sequence can be recognized and cleaved by PACE. B. In a conditional transgenic mouse 
line, PACE-trypsinogen expression was blocked by a loxp-GFP-stop-loxP cassette until Cre medicated recombination.19,24
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cells in the tubular complexes strongly express pancreatic 
duodenal homeodomain-containing protein 1, a marker 
of pancreatic stem cells, without any sign of acinar cell 
regeneration. These findings indicate that the progressive 
disappearance of acinar cells in Spink3−/− mice was due to 
autophagic cell death and impaired regeneration, suggest-
ing that SPINK3 maintains the integrity and regeneration 
of acinar cells.34 Although SPINK3 is also expressed in the 
kidney, lung, and a small proportion of cells in the gas-
trointestinal tract and liver,35 pancreas-specific transgenic 
expression of SPINK rescues SPINK3-/- mice and restores 
a normal pancreatic phenotype, supporting the critical role 
of SPINK3 in pancreatic homeostasis.20,36

Hereditary pancreatitis-related models
Hereditary pancreatitis (HP) is a rare form of pancreati-
tis.37 The first family with HP was described by Comfort 
and Steinberg in 1952.38 Using genetic linkage studies, 
the HP locus was independently narrowed to the long arm 
of chromosome 7 by Le Bodic, Whitcomb, and Pandya in 
1996.39-41 Shortly afterward, Whitcomb et al.7 identified an 
Arg-His substitution at residue 122 of the cationic trypsino-
gen gene (PRSS1) in HP through mutational analysis. It 
was originally named R117H based on the chymotrypsin 
numbering system, and was renamed R122H following 

the recommendations for gene mutation nomenclature.42,43 
Subsequently, a number of gain-of-function PRSS1 
mutations were identified. The most common ones were 
R122H, A16V, and N29I.44 Clinically, HP is characterized 
by recurrent AP with an unusual early onset of the disease 
(5-23 years of age) and the development of chronic pan-
creatitis. Importantly, the cumulative risk of pancreatic 
cancer after the onset of symptoms is 44% at 70 years 
after the onset of the disease in HP patients. The calculated 
standardized incidence ratio of pancreatic cancer from the 
European registry of hereditary pancreatitis and pancreatic 
cancer cohort after correction for age, history of smoking, 
nationality, and surgical intervention was 67.45

Several groups have tried to generate an animal model 
mimicking the mutations harbored in HP patients, but with 
limited success. In one model, human PRSS1 mutant R122H 
transgenic mice were generated under using a 213-bp frag-
ment of the rat elastase promoter/enhancer.46 PRSS1 was 
expressed in small amounts in zymogen granules. No 
spontaneous development of pancreatitis was observed. 
However, serum pancreatic lipase levels or activity was 
higher in these animals after induction of pancreatitis com-
pared with controls. Repeated caerulein insults resulted in 
a slightly more severe pancreatitis. This rather small differ-
ence compared with controls could have been caused by the 
low expression of the transgene in the mouse pancreas.46

Figure 2. Commonly used cell-specific Cre mouse lines for pancreatic research. A. For inducible pancreatic acinar specific gene 
targeting, a tamoxifen-inducible Cre (CreERT) was introduced in a bacterial artificial chromosome containing the pancreatic elastase I 
gene. The full length promoter of elastase I gave highly efficient and specific CreERT expression in acinar cells. B. pdx1 and p48 (Ptf1a) 
are transcription factors expressed early in pancreatic multipotent progenitor cells (MPC). Cre driven by these promoters will be active in 
acinar, ductal, and endocrine cells. Pancreatic elastase I promoter is pancreatic acinar-cell specific. Although P48 and Mist1 are activated 
early in MPC, in adults they are expressed only in acinar cells. Therefore, using the tamoxifen-inducible CreERT system in adults, these 
gene promoters will only induce recombination in pancreatic acinar cells. Similarly, Pdx1 promoter is active only in endocrine cells of the 
adult pancreas. Ngn3 drives differentiation of endocrine islets. Cre expression driven by this gene promoter will occur in all pancreatic 
endocrine lineages. Insulin promoter is specific to beta cells. For pancreatic duct cells, CK19 and Sox9 promoters can be used. However, 
these genes are also expressed in many other organs.
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Another transgenic mouse was generated in which 
the expression of the mouse PRSS1 mutant R122H 
(R122H_mPRSS1) was expressed using a rat elastase pro-
moter.13 Acinar cell damage was detectable by 7 weeks of 
age with increasing inflammatory infiltrates at 12 weeks. 
Fibrosis was evident in 24-week-old animals. The high-
est penetrance of this phenotype reached 40% after 1 year 
of age. The inflammatory phenotype varied in both extent 
and severity among the animals. It is surprising that the 
rapid response of the transgenic animals to caerulein 
injection was indistinguishable from that of the wild-type 
(WT). In contrast, 1 week after injection the inflamma-
tory phenotype in the WT animals largely resolved, while 
the R122H_mPRSS1 transgenic animals displayed exten-
sive collagen deposition in the periacinar and interlobular 
areas, indicating a chronic inflammatory response. This 
was the first genetic model of chronic pancreatitis in which 
a genetic alteration resulted in a predicted phenotype. 
Unfortunately, there have been no follow-up studies pub-
lished since 2006. Therefore, this model might be “lost” 
during breeding, probably because of unstable gene expres-
sion from the small elastase promoter.

In another recent study, Athwal et al. developed a trans-
genic mouse model system using WT human PRSS1 and 
two HP-associated mutants (R122H and N29I) using a rat 
elastase promoter.47 The transgenic animals revealed path-
ological changes similar to those of chronic pancreatitis, 
particularly in aging (> 9 months of age) animals. These 
changes occurred spontaneously in up to 10% of the ani-
mals that expressed the transgenes. When a supra-physio-
logical dose (50 μg/kg) of caerulein was administered to the 
WT and PRSS1 transgenic strains, no differences in pancre-
atic response were observed. However, when these animals 
were treated with a lower dose of caerulein (20 μg/kg), the 
transgenic animals from each of the three transgenic strains 
displayed more severe pancreatitis than WT animals. The 
transgenic expression of PRSS1 promoted apoptotic rather 
than necrotic cell death. It is intriguing that no differences 
in phenotype were observed among these transgenic strains, 
and that the supra-physiological dose of caerulein did not 
cause more severe pancreatitis in the transgenic mice com-
pared with the WT mice.

Animal Models Induced by Modulating NF-κB Activity

Introduction of NF-κB
The NF-κB transcription factor family is expressed in 
almost all cell types and tissues, and specific NF-κB bind-
ing sites are present in the promoters/enhancers of a large 
number of genes. These genes regulate inflammation, 
immunity, cell proliferation, differentiation, and survival.48 
NF-κB consists of five proteins, p65 (RelA), RelB, c-Rel, 
p105/p50 (NF-κB1), and p100/52 (NF-κB2) that associate 

with each other to form distinct transcriptionally active 
homo- and heterodimeric complexes. Among these, p65, 
RelB, and c-Rel contain c-terminal transactivation domains. 
p50 and p52 are generated by processing of the precursor 
molecules p105 and p100, respectively. The p50/65 heter-
odimer represents the most abundant form of Rel dimers 
and is expressed in almost all cell types. However, not all 
combinations of Rel dimers are transcriptionally active. 
DNA-bound p50 and p52 homo- and heterodimers have 
been found to repress κB-dependent transcription. In most 
unstimulated cells, NF-κB dimers are retained in an inac-
tive form in the cytosol through their interaction with IκB 
proteins. Degradation of these inhibitors upon phospho-
rylation by the IκB kinase (IKK) complex leads to nuclear 
translocation of NF-κB and induction of the transcription 
of target genes.49-52

The canonical IKKs, IKKα, and IKKβ, form a complex 
with the regulatory adaptor protein NF-κB essential modu-
lator (NEMO), which is also known as IKKγ. IKKα and 
IKKβ are Ser/Thr kinases that phosphorylate the NF-κB 
inhibitor IκB proteins, resulting in their poly-ubiquitina-
tion and subsequent proteasomal degradation. This allows 
NF-κB to translocate to the nucleus and bind to specific 
DNA elements. Despite extensive sequence similarity, 
IKKα and IKKβ have largely distinct functions because 
they have different substrate specificities and modes of 
regulation. IKKβ (and IKKγ) are essential for rapid NF-κB 
activation by proinflammatory signaling cascades, such as 
those triggered by tumor necrosis factor alpha (TNFα) or 
lipopolysaccharide (LPS). In contrast, IKKα participates 
in the activation of a specific form of NF-κB in response 
to a subset of TNF family members and may also serve 
to attenuate IKKβ-driven NF-κB activation.53 Based on 
sequence similarities with IKKα and IKKβ, two IKK-
related kinases, TANK binding kinase 1 (TBK1) and IKKɛ 
(also known as IKK-inducible or IKK-i), were discovered. 
IKKɛ and TBK1 are known as noncanonical IKKs. These 
protein kinases are important for the activation of inter-
feron response factors 3 and 7. NF-κB is activated in most 
inflammatory diseases including animal models of AP.54,55 
Moreover, IKKs are also involved in kinase- and NF-κB-
independent activities.53,56-58

Activation of IKK2 (IKKB)-induced pancreatitis
To specifically address the roles of NF-κB in pancreatitis, 
the active form of NF-κB subunit can be expressed in the 
pancreas. IKK contains a canonical MAP kinase activation 
loop motif in which phosphorylation of both serine resi-
dues is necessary for activation. Mutation of both serine 
residues to glutamate residues mimics the effect of p-serine 
and generates high kinase activity.59,60 An early attempt to 
conditionally overexpress the constitutively active mutant 
of IKK2 in the pancreas used a tetracycline-inducible 
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system. To achieve transgene expression in the pancreas, 
tetO-IKK2-EE (EE denotes serine to glutamate mutations) 
animals were crossed with CMV-reverse tetracycline-
responsive transactivator (rtTA) mice.61 In these double 
transgenic animals, doxycycline treatment induced expres-
sion of IKK2-EE in pancreatic acinar cells, resulting in 
moderate activation of the IKK complex. IKK2 expression 
in the pancreas had a mosaic pattern, and the activation 
level of the NF-κB cascade induced by IKK2 was consid-
erably lower compared with that observed after supramaxi-
mal caerulein stimulation, but it still led to the formation 
of the leucocyte infiltrates observed after 4 weeks of doxy-
cycline stimulation. The infiltrates were mainly composed 
of B lymphocytes and macrophages. However, only minor 
damage to pancreatic tissue was observed, indicating that 
a moderate level of activation is not sufficient to induce 
pancreatic damage in mice.62

The influence of expression and thus activation level 
of NF-κB on the development of AP was confirmed by a 
second study from the same group of investigators pub-
lished a few months later. In the new transgene system, 
transgenic mice expressing the rtTA gene under the con-
trol of a rat elastase promoter were generated to mediate 
acinar cell-specific expression of IKK2 alleles. Expression 
of dominant-negative IKK2 ameliorated caerulein-induced 
pancreatitis but did not affect trypsinogen activation. 
Expression of constitutively active IKK2 was sufficient to 
induce AP, including increased edema, cellular infiltrates, 
necrosis, serum lipase levels, and pancreatic fibrosis.63 
These phenotypes were likely caused by increased expres-
sion levels from the tandem (tetO)7 Promoter (64).

Activation of the IKK2/NF-κB signaling pathway 
causing AP was further confirmed by transgenic mice that 
encode the NF-κB p65 subunit or constitutively active 
IKK2 in pancreatic acinar cells.65 Transgenic expression 
of p65 led to compensatory expression of the inhibitory 

subunit IΚB-α. Therefore, there was no increased NF-κB 
activity or clear phenotype. However, p65 transgenic 
mice had higher levels of NF-κB activity in acinar cells 
and increased levels of inflammation in pancreatic tissue 
upon caerulein challenge. In contrast, pancreas-specific 
expression of active IKK2 directly increased the activity of 
NF-κB in acinar cells and induced pancreatitis. Prolonged 
activity of IKK2 resulted in the activation of stellate cells, 
loss of acinar cells, and initiation of fibrosis, which are the 
characteristics of chronic pancreatitis. Co-expression of 
IKK2 and p65 further increased the expression levels of 
inflammatory mediators and the severity of pancreatitis.65 
In addition, this pathway also orchestrated oncogenic Ras-
induced inflammation and tumorigenesis, which are further 
discussed below.66

Overall, these findings indicate that NF-κB activity 
increased the severity of pancreatic inflammation, and strat-
egies to inactivate NF-κB may be used to treat patients with 
acute or chronic pancreatitis. However, selective truncation 
of the p65 gene (Figure 3), which leads to the reduction the 
NF-κB activity in pancreatic exocrine cells, surprisingly 
led to both severe injury of the acinar cells and systemic 
adverse events.67 This is because the expression and induc-
tion of the protective pancreas-specific acute phase protein 
pancreatitis-associated protein 1 (PAP1) depends on RelA/
p65. Lentiviral gene transfer of PAP1 cDNA reduced the 
severity of pancreatitis in mice with selective truncation of 
RelA/p65. Opposing functions of RelA/p65 on AP in dif-
ferent cell types have been reported. For example, RelA/
p65 activation in myeloid cells promotes the pathogen-
esis of CP but protects against chronic inflammation in 
acinar cells.68

The assembled data argue that NF-κB functions more 
generally as a central regulator of stress responses and reg-
ulates both inflammation and cell survival. Coupling stress 
responsiveness and antiapoptotic pathways through the use 

Figure 3. An example of tissue specific gene deletion. Two identical loxp sites flank several exons of the p65 gene. Cre mediated 
recombination removes the sequences between these two sites, causing gene truncation or deletion.
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of a common transcription factor may result in increased 
cell survival following stress insults.56

Functional roles of IKK1 (IKKα)
IκB kinase α (IKKα) is a subunit of the IKK complex, 
which functions together with IKKβ and IKKγ/NEMO. 
Although it is involved in the regulation of NK-κB activ-
ity by phosphorylation of IκB proteins, which triggers their 
degradation, IKKα is not required for degradation of IκB 
by proinflammatory stimuli. IKKα is more important in 
alternative NF-κB signaling in which RelB:p52 dimers are 
activated.53 Global loss of IKKα perturbs multiple mor-
phogenetic events, including limb and skeletal pattern-
ing and the proliferation and differentiation of epidermal 
keratinocytes.53,69,70 Pancreatic-specific IKKα ablation 
using PDX-CRE results in acinar cell vacuolization and 
death, fibrosis, and inflammation, resembling chronic 
pancreatitis in humans. These studies indicate that IKKα 
plays a central role in maintaining pancreatic acinar cell 
homeostasis.71,72 The role of IKKα in maintaining pan-
creatic homeostasis is independent of NF-κB or its pro-
tein kinase activity reflected in inactive IKK1 knock-in 
mutant mice, which exhibit no pancreatic abnormalities. 
In contrast, the loss of IKKα in acinar cells diminished 
autophagic protein degradation and caused the accu-
mulation of p62 aggregates and ER stress. Pancreatic-
specific p62 ablation ameliorated pancreatitis in IKKα  
deficient mice.71

IκB-α mutation/deletion and pancreatitis
One of the key target genes induced by NF-κB is its inhibi-
tor IκBα, which in turn inhibits NF-κB activity and thus 
establishes a feedback regulation mechanism for control-
ling NF-κB activity.73 Therefore, IκB-α deficiency results 
in a sustained NF-κB response and severe widespread der-
matitis in mice.74 Although they appear normal at birth, 
IκB-α-/- mice exhibit severe runting, skin defects, and 
extensive granulopoiesis postnatally and typically die after 
8 days.75

In a mouse model where the 2 well-defined κB enhancer 
elements and 4 additional κB-like sites in the IκBα promoter 
were altered and therefore defective in response to NF-κB 
activation-induced negative feedback, the mice became 
sick, had elevated serum cytokine levels, and died at 13 to 
15 months of age. These mice were found to be hypersensi-
tive to LPS-induced proinflammatory cytokine production 
and lethality. Pancreas, liver, and lung tissues derived from 
these mice at 3 months of age showed extensive perivascu-
lar lymphocytic infiltration. Immunohistochemical analy-
sis revealed a phenotype resembling Sjögren’s syndrome, 
an autoimmune disorder.76

Pancreas-specific ablation of IκB-α also led to increased 
basal NF-κB activity with small increases in cytokine and 
chemokine levels. In stark contrast, the basal increase of 
NF-κB did not cause any overt phenotype in the pancreas, 
but caerulein- and L-arginine-induced pancreatitis was 
ameliorated in IΚB-α-/- mice.77 The amelioration of pan-
creatitis was lost in the mice when p65 was also ablated, 
indicating that the protective effects of IκB deletion were 
mediated by p65. These results were consistent with a pre-
vious study by this group reporting that pancreas-specific 
RelA/p65 truncation increased the susceptibility of acini 
to inflammation-associated cell death following caerulein-
induced pancreatitis.67 They concluded that acinar-cell 
NF-κB activation exerts a protective role in AP.

In summary, NF-κB regulates both cell survival and 
inflammation. The extent and mode of NF-κB manipula-
tion, and the cellular context can have profoundly different 
consequences. The paradox that activation of IKK2 or p65 
leads to both aggravation and amelioration of pancreati-
tis reflects the complicated roles of NF-κB signaling. The 
complexities of the NF-κB system, with both pro- and anti-
inflammatory effects, have been discussed in an editorial.78

Ras signaling and pancreatitis
Ras proteins function as binary molecular switches that, 
when turned on in the GTP-bound state, interact with 
downstream signaling molecules to activate a wide vari-
ety of intracellular signaling networks regulating prolif-
eration, differentiation, apoptosis, and cell migration.79 Ras 
mutations lead to increased Ras activity and are observed 
in ~30% of all cancers. In particular, K-Ras mutations 
are found in nearly every pancreatic cancer, which is the 
fourth leading cause of cancer-related death in USA.80 That 
mutant Ras is oncogenic has been shown in many in vivo 
and in vitro studies.81 However, its role in the development 
of inflammation and fibrosis was not appreciated until 
recently.66,82,83

It is well known that activation of Ras mutations can 
induce either proliferation at low levels or senescence at 
high levels. In mice bearing targeted pancreas-specific acti-
vating mutations at the native K-Ras locus that promote 
low levels of Ras activity, pancreatic histology was normal 
at the early stages. Only a small subset of cells displayed 
hyperproliferation and tumorigenesis when the levels of 
Ras activity were significantly elevated.84 Evidence for 
the existence of a threshold of Ras pathway activity in 
pancreatic pathology comes from studies of high levels 
of mutant K-Ras expression using a transgenic approach 
(Figure 4A).82 Although the expression of endogenous 
levels of mutant K-Ras results in minimal change in the 
pancreas, higher levels of expression generate Ras pathway 
activity that mimics what is observed in pancreatic cancer 
cells. In this model, increased Ras activity in pancreatic 
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acinar cells caused rapid and abundant development of 
inflammatory cell infiltration, fibrosis, acinar cell loss, and 
atrophy. This model confirms that elevation of Ras activ-
ity is sufficient to cause chronic pancreatitis-like changes. 
These data suggest that the level of Ras pathway activ-
ity, rather than the presence of mutations, is biologically 
important.

Transgenic overexpression of mutant K-Ras provides 
proof-of-concept that high Ras activity will cause an 
inflammatory response with drastic fibrosis. However, 
under physiological conditions, humans or mice with 
knock-in mutant Ras express only endogenous levels 
of mutant K-Ras. While expression of oncogenic Ras 
at physiological levels in a K-Ras knock-in model gen-
erally does not directly cause pathological outcomes 
(Figure 4B),85 the presence of mutations predispose to 

significant elevation of Ras activity by various etiologic 
stimuli.66

Stimuli that cause only transient up-regulation of 
Ras activity in WT animals induced enhanced and pro-
longed stimulation in animals bearing oncogenic K-Ras. 
Importantly, this increased Ras signaling led to the devel-
opment of chronic inflammatory changes similar to those 
observed in transgenic K-Ras mice with high Ras activ-
ity. Further study demonstrated that inflammatory or 
physiologic stimuli triggered an NF-κB-mediated positive 
feedback mechanism involving Cox-2 that amplified Ras 
activity to pathological levels. Because a large proportion 
of the adult human population possess Ras mutations, dis-
ruption of this positive feedback loop may be an important 
strategy for cancer prevention.66 It may be puzzling why 
stimulation is needed for “constitutively active” mutant 

Figure 4. Different expression levels in transgene and knock-in models. (A) Mutant KRas was expressed at high level from a strong 
CMV chimeric promoter (pCAG) after Cre recombination. (B) A mutation was knocked into the endogenous KRas exon (*). Upon Cre 
recombination, the mutant KRas was expressed from its native promoter at physiological levels.
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Ras to increase in activity and cause pathology. However, 
it has been demonstrated that oncogenic K-Ras is not con-
stitutively active, as has been believed, but can be readily 
activated by upstream stimuli leading to prolonged strong 
Ras activity.79 These data indicate that in addition to target-
ing K-Ras downstream effectors, interventions to reduce 
K-Ras activation may have important cancer-preventive 
value, especially in patients with oncogenic Ras mutations. 

ER Stress and Pancreatitis

Pancreatic acinar cells are specialized for the production 
of many digestive enzymes. The enzyme proteins are pro-
duced in the ER, a multifunctional organelle responsible 
for the synthesis and folding of proteins in the secretory 
pathway. When misfolded proteins in the ER exceed the 
capacity of ER chaperones (e.g., GRP78), the unfolded 
protein response (UPR) will be activated. In mammalian 
cells, the UPR is transduced by 3 ER-localized transmem-
brane protein sensors, activating transcription factor 6α 
(ATF6α), inositol-requiring kinase 1α (IRE1α), and PKR-
like ER kinase (PERK). ATF6α leads to increased tran-
scription of ER chaperones, including GRP78 (BiP) and 
protein foldases. Activation of IRE1 induces the splicing 
and activation of XBP1 to its active transcription factor 
form (sXBP1), which also regulates the expression of vari-
ous chaperones, foldases, and other protective molecules. 
PERK activation leads to phosphorylation of eukaryotic 
initiation factor (eIF)-2α and results in decreased pro-
tein translation. At a certain level, the UPR mechanisms 
decrease protein misfolding and alleviate stress by shut-
ting down translation and upregulating protective mol-
ecules. However, prolonged and severe UPRs can lead to 
apoptosis by upregulating the transcription factor C/EBP-
homologous protein (CHOP) and the IRE1-activated JNK 
pathway. Severe ER stress also impairs cellular homeo-
stasis through ER calcium leakage, mitochondrial dam-
age, oxidative stress, energy depletion, and activation of 
caspases. ER stress triggered by protein misfolding repre-
sents a potential disease mechanism for pancreatitis.16,86-90 
Genetic deletion of GRP78 leads to peri-implantation 
lethality.91 Grp78 heterozygosity regulates ER chaperone 
balance against a dietary- and genetic background, and 
improved ER protein folding may be protective against 
pancreatitis.92 Pancreata that have a genetic deletion of 
CHOP are histologically normal, and the role of CHOP in 
pancreatitis remains controversial.93,94

XBP1 and pancreatitis
Pancreatic acinar-specific disruption of Xbp1 in adult pan-
creatic acinar cells with Mist1-CreERT led to the activa-
tion of the UPR, extensive apoptosis followed by a rapid 

recovery phase that included expansion of the centroaci-
nar cell compartment, formation of tubular complexes that 
contained Hes1- and Sox9-expressing cells, and regenera-
tion of acinar cells that expressed Mist1 from the residual, 
surviving Xbp1+ cell population. This study suggests that 
XBP1 is required for the homeostasis of adult acinar cells 
in mice.95 In ethanol-fed Xbp1+/− mice, ER stress was asso-
ciated with disorganized and dilated ER, loss of zymo-
gen granules, accumulation of autophagic vacuoles, and 
increased acinar cell death.96

PERK and pancreatitis
The exocrine and endocrine pancreas developed normally 
in Perk−/− mice. Postnatally, ER distention and activation of 
the ER stress transducer IRE1α accompanied increased cell 
death and led to progressive diabetes mellitus and exocrine 
pancreatic insufficiency.97 In another study with pancreatic 
specific PERK ablation (Ela-CRE), there was no evidence 
of perturbations in ER-stress, but acinar cells succumbed 
to a nonapoptotic form of cell death, oncosis, which is 
associated with a pronounced inflammatory response and 
induction of pancreatitis stress response genes.98 In the 
same study, the effects of activating transcription factor 4 
(ATF4) on the pancreas were evaluated in ATF4-deficient 
mice because translation of the ATF4 transcription factor 
is positively regulated by PERK activation. In these mice, 
the exocrine pancreata of neonatal (P4) mice were severely 
underdeveloped, and the number of acini and the acinar 
cell size were greatly reduced. The pancreatic acini were 
dispersed and often were not in close proximity to neigh-
boring acini, resulting in an expanded extracellular space. 
Moreover, ATF4-deficient acinar cells appeared smaller 
with substantially less zymogen granule content, which 
correlated with an increase in the diameter of the cen-
troacinar duct. In adults the centroacinar duct was greatly 
expanded resulting in a tubular appearance of the exocrine 
pancreas with numerous adipocytes.98

Cystic Fibrosis (CF)

CF is caused by mutations in the gene encoding the cystic 
fibrosis transmembrane conductance regulator (CFTR). 
The CFTR protein is highly expressed in pancreatic duct 
epithelia. CFTR is an ion channel that conducts chloride 
and thiocyanate ions across epithelial cell membranes. 
Mutations in the CFTR gene lead to dysregulation of 
epithelial fluid transport in the lung, pancreas, and other 
organs. In the CF pancreas, a high protein concentration 
resulting from a low flow of secretions causes precipita-
tion in the duct, leading to obstruction and damage. These 
changes in the CF pancreas begin in utero. Eventually, 
this process results in the obstruction of ducts by mucus, 
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the destruction of acini, severe inflammation, generalized 
fibrosis, and fat replacement.99

Mouse models of CF
Since the discovery of CFTR gene in 1989,100 many genetic 
mouse models have been developed to study the patho-
physiology of CF and to test experimental therapies prior to 
clinical trials.101,102 All CFTR-mutant mice develop promi-
nent intestinal disease similar to that seen in human CF, 
and die from intestinal obstruction during the first month 
of life. Although the lung and pancreas are the organs 
severely affected in human CF, mouse models with CFTR 
mutations lack obvious lung and pancreas histology except 
in one study.101 In that study, Cftr-/- mice were weaned to 
a liquid diet to minimize bowel obstruction and optimize 
long-term viability. Under these conditions, the interca-
lated, intralobular and interlobular ducts, and acinar lumina 
of the exocrine pancreas of the Cftr-/- animals were dilated 
and filled with inspissated material. There was also mild 
inflammation and acinar cell drop out. Quantitative meas-
urements of the pancreas showed significant acinar atrophy 
and increased acinar volume compared with age-matched 
WT littermates.103 Cftr-/- mice were also more sensitive to 
caerulein-induced severe pancreatitis than WT mice.104,105

When human CFTR (hCFTR) was expressed in Cftr-/- 
mice under the control of the rat intestinal fatty acid- binding 
protein gene promoter, the mice survived and showed func-
tional correction of ileal goblet cell and crypt cell hyper-
plasia and cyclic adenosine monophosphate-stimulated 
chloride secretion. These results support the concept that 
transfer of the hCFTR gene may be a useful strategy for 
correcting physiologic defects in patients with CF.106

Pig models of CF
Because pigs share many anatomical and physiological 
features with humans, pigs with CFTR gene disruptions or 
mutations (DeltaF508) were generated by adeno-associated 
virus (rAAV)-mediated gene targeting.107 Newborn pigs 
lacking CFTR exhibited defective chloride transport and 
developed meconium ileus, exocrine pancreatic destruc-
tion, and focal biliary cirrhosis, replicating the abnormali-
ties seen in newborn humans with CF. The Cftr-/- porcine 
pancreas was smaller than that in WT controls. Microscopic 
examination revealed small, degenerative lobules with 
increased loose adipose and myxomatous tissue, as well 
as scattered-to-moderate cellular inflammation. Residual 
acini had diminished amounts of eosinophilic zymogen 
granules. Ducts were variably dilated and obstructed by 
eosinophilic material plus neutrophils and macrophages 
mixed with cellular debris. Pancreatic endocrine tis-
sue was spared. These changes are similar to those seen 

in human CF.108,109 Cftr DF508/DF508 pancreata had reduced 
parenchyma compared with those in Cftr+/+ mice, but the 
destruction was slightly less severe than in Cftr-/- because 
this mutant has residual CFTR activity.110 The pig model 
may provide opportunities to address persistent questions 
about CF pathogenesis and accelerate the discovery of 
strategies for prevention and treatment.

Ferret model of CF
The domestic ferret is also an alternative species to be used 
for modeling human CF because ferrets and humans share 
similar airway cytoarchitecture and CFTR gene expression 
patterns. A CFTR gene-deficient domestic ferret model 
has been developed using rAAV-mediated gene targeting 
of exon 10 in fibroblasts and nuclear transfer cloning.111 
Neonatal CFTR-knockout ferrets demonstrated many of 
the characteristics of human CF disease. The pancreata of 
newborn Cftr-/- ferrets were normal at the gross level, but 
histologic lesions were evident, with acinar lumen and duct 
dilation in all animals. Overall, the level of histopathology 
in the newborn Cftr-/- ferret pancreas appears quite similar 
to that seen in CF infants and significantly less severe than 
the extensive destruction observed in the exocrine pancreas 
of newborn CF pigs.112 Further evaluation of older CF ani-
mals indicated that 85% of these CF animals had signifi-
cant loss of the exocrine pancreas with associated fibrosis, 
ductal proliferation, and plugging of intralobular ducts. 
Interestingly, some of the CF animals had fewer histologi-
cal changes, with only focal loss of exocrine parenchyma 
and cystic dilation of ducts. These findings demonstrate 
that the ferret model retains the variability in pancreatic 
phenotypes also seen in CF patients, where 10% to 15% 
of CF patients retain partial or complete exocrine pancreas 
function. Modifier genes are the most likely explanation 
for the pancreatic sufficiency.113

Inflammatory Factors/Growth Factors/Cytokines 
and Pancreatitis

Transforming growth factor-beta (TGF-β)
TGF-β 1 proteins are central regulators of pancreatic cell 
function and play key roles in pancreatic development and 
disease.114 In transgenic mice that express TGF-β1 in the 
pancreatic islet cells directed by a human insulin promoter, 
fibroblast proliferation and abnormal deposition of mac-
rophages and neutrophils in the extracellular matrix were 
observed from birth onward, and replaced almost the entire 
exocrine pancreas. TGF-β1 inhibited proliferation of acinar 
cells and resulted in small islet-cell clusters. These find-
ings suggest that TGF-β1 might mediate diseases associ-
ated with extracellular matrix deposition, such as chronic 
pancreatitis.115
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In a mouse model in which TGF-β signaling was inac-
tivated in pancreas by overexpressing a dominant-negative 
mutant form of the TGF-β type II receptor under the con-
trol of the pS2/TFF1 promoter, the mice showed marked 
increases in MHC class II molecules and matrix metallo-
proteinase expression in pancreatic acinar cells. These mice 
also showed increased susceptibility to caerulein-induced 
pancreatitis. Therefore, TGF-β signaling seems to be essen-
tial either for maintaining normal immune homeostasis and 
suppressing autoimmunity or for preserving the integrity 
of pancreatic acinar cells.116 Remarkably, in another study 
from the same group, attenuated caerulein-induced pancre-
atic fibrosis was reported in these mice.117

The dominant-negative mutant type II TGF-β recep-
tor (DNR), the extracellular and transmembrane domains 
of TβRII, blocks signaling of all three TGF-β isoforms. In 
transgenic mice expressing DNR with a mouse MT1 pro-
moter, the pancreas showed severe abnormalities, includ-
ing ductular transformation, neo-angiogenesis, inter- and 
intralobular fibrosis, and adipose replacement of acini in 
the exocrine pancreas.118 These mice exhibited reduced 
pancreatitis in response to caerulein compared with WT 
control mice, indicating that a functional TGF-β signaling 
pathway may be required for caerulein to induce AP.119

In mice with conditional knockout of the TGFβ type II 
receptor by an S100A4/fibroblast-specific protein 1 (FSP1) 
Cre, which is expressed in dendritic cells (DCs) and 
 fibroblasts, autoimmune pancreatitis (AIP) spontaneously 
developed by 6 weeks of age. Adoptive transfer of bone 
marrow-derived DC from Tgfbr2 KO mice into 2-week-old 
syngeneic WT mice resulted in reproduction of pancreatitis 
within 6 weeks. In contrast, adoptive transfer of Tgfbr2 KO 
DC to adult mice failed to induce pancreatitis, suggesting 
a developmental event in AIP pathogenesis. This model 
illustrates the role of TGFβ for maintaining myeloid DC 
immune tolerance.120

COX-2
Cyclooxygenases (COX-1 and -2) are rate-limiting enzymes 
in the production of prostaglandins. COX-1 expres-
sion is generally constitutive, whereas COX-2 is usually 
induced by stimuli involved in inflammatory responses.121 
Overexpression of COX-2 in transgenic mice using a bovine 
keratin-5 promoter caused a chronic pancreatitis-like state 
by 3 months of age. By 6 to 8 months, strongly dysplastic 
features suggestive of pancreatic ductal adenocarcinoma 
emerged in the metaplastic ducts. The abnormal pancreatic 
phenotype can be completely prevented by maintaining 
mice on a diet containing celecoxib, a well-characterized 
COX-2 inhibitor.122 In contrast, COX-2 over expression 
in pancreatic acinar cells increased pancreas size but did 
not affect histology within 5-6 months. After 8 months, 
COX-2-expressing mice developed chronic inflammation 

and numerous pancreatic cysts (ductal ectasia). None of 
the COX-2-expressing mice developed PanINs or tumors 
within 1 year. However, co-expression of Cox-2 and 
mutant KRas caused dramatic inflammation resembling 
severe chronic pancreatitis and abundant PanINs.66 In line 
with this study, COX-2 but not COX-1 deficiency attenu-
ated the severity of AP.123

Interleukin-1 beta (IL-1β)
Pancreatitis is associated with the increase of numerous 
cytokine/chemokines.124 A transgenic approach can be used 
to study the function of these factors. For example, IL-1β 
is a proinflammatory cytokine involved in many inflamma-
tion pathways. In a transgenic mouse model in which a rat 
elastase promoter drives the expression of human IL-1β, 
the pancreas was atrophied, and there was increased aci-
nar proliferation and apoptosis, which is typical of chronic 
pancreatitis. Older mice displayed acinar-ductal metaplasia 
but did not develop neoplasia.125

Lymphotoxin (LT) α and β
LTα and LTβ are cytokines of the TNF superfamily and are 
involved in the regulation of immunity. LTα and β mRNA 
levels were increased in pancreatic tissues from patients 
with AIP. Acinar-specific overexpression of LTαβ (Ela1-
LTαβ) in mice led to an autoimmune disorder with various 
features similar to AIP. Chronic inflammation developed 
only in the pancreas but was sufficient to cause systemic 
autoimmunity. Acinar-specific overexpression of LTαβ did 
not cause autoimmunity in lymphocyte-deficient mice.126 
This transgenic mouse model has the critical features of 
human AIP, including progressive pancreatitis and the for-
mation of B- and T-cell zones that are reminiscent of tertiary 
lymphoid tissues. Most surprisingly, the overexpression of 
LT in the pancreas was sufficient to trigger a systemic auto-
immune response that involved distant organs.127

Other Models

Autophagy
Autophagy degrades intracellular protein aggregates and 
damaged or unneeded organelles through a lysosome-driven 
process and recycles components vital for cell survival. 
There are 3 major autophagic pathways, chaperone-medi-
ated autophagy, microautophagy, and macroautophagy.128 
The major form of autophagy is macroautophagy.

Impaired autophagic flux can lead to the formation 
of large vacuoles resulting fom the fusion of autophagic 
vacuoles. Accumulation of large vacuoles in acinar cells 
is a prominent feature of pancreatitis, and most of these 
vacuoles are predominantly autolysosomes accompanied 
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by increased LC3-II and p62, which are signs of increased 
and defective autophagy.129 Impaired autophagy can cause 
accumulation of damaged mitochondria, resulting in 
decreased ATP production, reactive oxygen species (ROS) 
overproduction, inflammasome activation, and ultimately 
cell death.130 Impaired autophagy also induces the accu-
mulation of aggregates that contain p62, a signaling hub 
for oxidative stress and NF-κB pathways.131 In addition, 
autophagic dysfunction mediates the accumulation of 
active trypsin in acinar cells, another key mechanism of 
pancreatitis.129

The assembly of Atg5-Atg12-Atg16 and the Atg5-
Atg12-Atg16-mediated conjugation of LC3-I with 
phosphatidylethanolamine is key to the formation of 
autophagosomes. Therefore, the absence of Atg5 blocks 
autophagic processing, leading to the accumulation of 
protein aggregates and damaged organelles.132. The role 
of Atg5 was recently studied in pancreas-specific Atg5-
deficient mice by crossing Atg5flox/flox with Ptf1aCre 
mice.133 Pancreata were normal in 1-week-old Atg5 defi-
cient mice. However, the loss of Atg5 resulted in edematous 
and enlarged pancreata by 4 weeks of age. With increasing 
age, the pancreata became atrophic, and the mice lost a sig-
nificant amount of body weight. Histologically, acinar cells 
exhibited early cytoplasmic vacuolization and acquired a 
hypertrophic phenotype. Evidence of incremental fibro-
sis, pancreatic stellate cell activation, duct-like struc-
tures, inflammation, proliferation, apoptosis, and necrosis 
were evident. Blocked autophagic degradation was also 
evidenced by the accumulation of improperly formed 
autophagosomes containing various cellular constituents. 
Increased serum lipase activity, increased trypsin, and cath-
epsin B activity were found in pancreatic tissue. Defective 
pancreatic autophagy leads to the accumulation of p62, 
damaged mitochondria, increased ROS, and terminal ER 
stress. ROS and p62 activate Nrf2/Nqo1/p53 signaling, 
thereby exacerbating cellular stress, necrosis/apoptosis, 
inflammation, and fibrosis. Surprisingly, the development 
of CP was much less pronounced in female mice than in 
male mice. Antioxidative treatment prevents the progres-
sion of CP in male mice.133 This study represents the first 
detailed analysis of the effects of genetic ablation of a key 
autophagy mediator in the pancreas.134

Keratin K8 and K18
K8 and K18 are the major components of the intermediate-
filament cytoskeleton of simple epithelia. Transgenic mice 
expressing the human K8 (KRT 8) gene exhibited a mod-
erate increase in keratin-content of the epithelia.135 These 
mice displayed progressive exocrine pancreas alterations, 
including dysplasia, loss of acinar architecture, redifferen-
tiation of acinar cells to ductal cells, inflammation, fibrosis, 
substitution of exocrine tissue by adipose tissue, increased 

cell proliferation, and apoptosis. These results indicate 
that simple epithelial keratins play a relevant role in the 
regulation of exocrine pancreas homeostasis.136 In contrast, 
another study showed that K8- and K18-overexpressing 
pancreata were histologically similar to those of WT mice, 
whereas K8/K18 pancreata displayed age-enhanced vacu-
olization and atrophy of the exocrine pancreas. Zymogen 
granules in K8/K18 pancreata were 50% smaller and more 
dispersed than when in the normal apical concentration.137

Liver X receptors (LXR)
LXRα and LXRβ are nuclear receptors belonging to 
the ligand-activated transcription factor superfamily and 
play a key role in controlling lipid and glucose metabo-
lism. The ligands for LXRs are 22-hydroxycholesterol, 
24(S)-hydroxycholesterol, 25-epoxycholesterol, and 
27-hydroxycholesterol, which at physiological concentra-
tions, bind to and activate these receptors. LXRβ-/- mice 
showed pancreatic exocrine insufficiency with reduced 
serum levels of amylase and lipase, and the pancreas 
pathology indicated chronic inflammatory infiltration and 
increased apoptosis without compensatory proliferation in 
the ductal epithelium.138,139

The serum response factor (SRF)
SRF is a transcription factor regulating many immediate 
early genes and has been implicated in the control of differ-
entiation, growth, and cell death. Using pancreatic-specific 
disruption of this gene, it was shown that SRF is indispen-
sable for pancreatic ontogenesis; and after weaning, these 
mice developed profound pancreatitis. At 4 months of age, 
the exocrine pancreas had completely disappeared in most 
animals and was replaced by adipose tissue. Interestingly, 
the organization and function of the endocrine islets of 
Langerhans remained well preserved even though PDX-
Cre also targets the deletion of SRF in those cells.140

Cilia
Defects in cilia formation or function have been impli-
cated in several human genetic diseases, including poly-
cystic kidney disease (PKD). Pancreatic lesions are found 
in approximately 10% of PKD patients, suggesting a con-
nection between cilia defects and pancreatic pathologies. 
Kif3a, the gene encoding for a subunit of the kinesin-2 
complex that is essential for cilia formation, was condi-
tionally inactivated in pancreatic epithelia using PDX-
Cre. The pancreata of these mutant mice displayed a loss 
of acinar cells shortly after birth and an acinar-to-ductal 
metaplasia and periductal fibrosis by 2 weeks after birth. At 
12 weeks, the acinar cells were replaced by adipose tissue. 
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At 6 months, the pancreata in these mice were composed of 
cysts that enlarged over time.141,142

Summary

The recent use of genetically engineered mice in pancre-
atic research has greatly improved our understanding of the 
molecular mechanisms of pancreatitis. Genetic approaches 
have also assisted the development of clinically relevant 
models of pancreatitis. In general, the genetic approaches 
are believed to be more specific than pharmacological com-
pounds for targeting a particular pathway. However, cau-
tion should be used when interpreting the results of genetic 
studies. Expression of a transgene at an irrelevant level may 
give rise to artificial effects or no phenotype. Expression of 
an irrelevant gene (e.g., toxin) may not reflect pathogenesis 
in humans. Genetic deletion of a gene may cause paradoxi-
cal effects because many genes (e.g., ER stress related genes, 
NF-κB) are important in the pathogenesis of inflammation 
but are also critical for homeostasis. Because of species-spe-
cific gene functions, different phenotypic patterns, or no phe-
notypes, may develop when mouse counterparts are targeted. 
“Off target” effects should also be considered because a sin-
gle gene may regulate many pathways. In addition, pancreati-
tis is caused by multifaceted mechanisms.143 Thus most of the 
genetically engineered pancreatitis models, which are created 
by targeting 1 gene may not be appropriate for testing gen-
eral preventive and therapeutic interventions. It should also 
be noted that pancreatitis initiation, progression, and regres-
sion involve interactions between pancreatic parenchymal 
cells and inflammatory cells (CD11c-Cre, LysM-Cre, F4/80-
Cre, etc), stellate cells (SMA-Cre), and endothelial cells 
(VECadherin-CreERT) that can also be targeted. Using these 
cell-specific Cre to target gene expression in the specific cell 
population is also of great interest in pancreatitis research.
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Pathogenesis of pain in chronic pancreatitis
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Introduction

Severe, disabling abdominal pain is the hallmark of chronic 
pancreatitis. Currently available treatments for pancreatitis 
pain are inadequate and expensive, both in healthcare dol-
lars and lost productivity. Pain is the most common reason 
for hospitalization among chronic pancreatitis patients, and 
as many as 40% require three or more admissions for pain 
management during their lifetime.1 Developing improved 
treatments will require a better understanding of the mech-
anisms of chronic visceral pain, a subject that has recently 
gained attention with the development of suitable animal 
models and reproducible experimental measures of sus-
tained pancreatic pain. 

Manifestations and Treatment of Pancreatic Pain 

Pain theories
Traditional theories of the origin of pancreatic pain in 
chronic pancreatitis focused on structural abnormalities 
causing ductal hypertension.2 Such abnormalities ranged 
from stones and strictures, to fibrosis due to toxic effects, 
and ischemia.3 While this ductal obstruction theory is logi-
cal, studies of patients with chronic pancreatitis have failed 
to show a correlation between ductal pressure and pain lev-
els; moreover, ductal pressures do not accurately predict 
the success of ductal decompression procedures.4-7 In fact, 
Bornman et al. demonstrated that there was no significant dif-
ference in either the anatomy or the morphological changes 
between groups of patients with either painful or painless 
pancreatitis.8 Rather than a single mechanism of pain, recent 
research has favored a more complex relationship between 
these structural and morphological components and their 
interaction with neurobiological mechanisms.9 Nociceptive 
pathways, inflammatory mediators, and sensitization of both 

central and peripheral pathways have been shown to play 
important roles in pancreatic pain.10 

Chronic pain syndrome: A downward spiral
Among the many clinical sequelae of chronic pancreatitis, 
pain has been shown to be the most important factor 
affecting quality of life.11 The pain often becomes the focal 
point around which work, leisure activities, and relation-
ships must revolve. Two types of pain patterns have been 
identified among these patients: type A, characterized by 
intermittent flares of pain, and type B, consisting of pro-
longed periods of persistent pain of varying severity.12 In 
the largest study of pain in chronic pancreatitis, Mullady 
et al. showed that those who exhibit more type B pain of a 
more constant nature have lower quality of life measures.1 
In a study of 265 patients, Wehler et al. demonstrated that 
as abdominal pain index scores increased across subgroups, 
there was a significant and profound decrease in all quality 
of life indices. Because eating can trigger pain exacerbations, 
patients typically respond by decreasing food intake. Many 
patients also suffer nutrient malabsorption due to pancreatic 
exocrine insufficiency, and this combination leads to pro-
gressive weight loss and malnutrition. Decreased body mass 
index has been correlated with impairment in quality of life  
measurements.13 

Medical treatment
The mainstay therapy for chronic pancreatitis is the 
symptomatic treatment of pain. Since we have a limited 
understanding of chronic pancreatic pain pathogenesis, 
treatment is limited to a supportive care regimen targeting 
symptoms rather than etiologies of the pain.14 Therapeutic 
regimens rely heavily on opioid analgesics, which lead to 
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both physiological and psychological dependence, as well 
as tolerance requiring escalating doses. The undesirable side 
effects of these drugs reduce patient well-being through 
physical symptoms such as somnolence, impaired cognitive 
function, and constipation. The side effects of existing thera-
peutics combine with inadequately treated pain to produce 
the detrimental socioeconomic effects of inability to work 
or, in some cases, even to leave the house.15 The results 
of some studies even support the possible role of long-
term opioid treatment in the development of hyperalgesia 
and allodynia, which further exacerbate pain syndromes.16 
Newer approaches typically use multimodal combinations 
of agents that target inflammation, nerve injury, and 
descending pathways, with the goal of reducing narcotic 
dosages and achieving synergistic effects. Examples of this 
include the addition of the gabapentoid pregabalin, as well as 
the antioxidant methionine, both of which have been shown 
to improve pain in chronic pancreatitis.17,18 Despite these 
advances, ideal medical treatments remain elusive due to the 
lack of reliable trials comparing various treatment regimens, 
as well as heterogeneity in pain patterns.14,19

Interventional treatment
For pain that is refractory to medical management, an array 
of procedures have been used with risk and side effect pro-
files that roughly parallel their efficacies and durabilities in 
improving pain.

Peripheral nerve ablation
One of the original approaches was endoscopic injection 
of anti-inflammatory, analgesic, or ablative agents into 
the celiac ganglia through which most of the pancreatic 
afferents pass.20 In a prospective study by Gress and col-
leagues, of 90 patients with chronic pancreatitis, only 55% 
of patients reported significant improvement in pain scores 
following endoscopic ultrasound-guided celiac plexus 
block, and only 10% had lasting benefit from the procedure 
at 24 weeks.21 Rare but serious side effects included motor 
nerve impairment and exacerbation of pain. Therefore, it is 
no longer recommended as a routine therapy for patients 
with intractable benign pancreatic pain, but it is still used 
to improve quality of remaining life for some patients with 
severe pain from pancreatic cancer.22 Newer therapies have 
been developed utilizing percutaneous radiofrequency 
ablation to achieve site-directed ablation of splanchnic 
nerves. Demonstrated first in a small cohort of patients 
with chronic nonmalignant abdominal pain by Garcea 
et al. in 2005,23 this approach was used by Verhaegh et al.  
in 2013 on a cohort of 11 chronic pancreatitis patients. 
They found a 50%-75% reduction in pain scores in more 
than half of patients, and a median pain free period of 
45 weeks.24 While these early results are promising, the 

durability of the effect remains a limitation, and evidence 
for success of repeat interventions is lacking. Surgical 
resection of segments of these peripheral splanchnic nerves 
via a minimally invasive approach, so-called thoracoscopic 
splanchnicectomy, has also been shown to be effective for 
short-term pain relief, but durable improvement remains 
elusive for 50% of patients after 15 months.25 For these 
reasons, peripheral nerve interventions play a limited 
role in the clinical management of patients with severe 
chronic pancreatitis pain. They may, for example, be use-
ful as a bridge therapy to reduce narcotic dependence, and, 
in suitable cases, may allow a patient to gain weight in 
preparation for a more durable, and higher risk, surgical 
procedure.

Pancreatic drainage
For a select minority of patients with diffuse dilation of the 
main pancreatic duct, typically due to anatomic, fibrotic, 
or calculus obstruction at or near the insertion of the pan-
creatic duct into the common channel, endoscopic or sur-
gical drainage into the small intestine may be beneficial. 
Endoscopically, this is typically achieved via a transampul-
lary approach during endoscopic retrograde cholangiopan-
creatography (ERCP) with sphincterotomy, dilation, and 
possibly stenting.28 For patients with large duct disease, 
decompression can improve pain; however, repeat endo-
scopic therapy is often needed as more than half of patients 
will have recurrence of pain.26 Extracorporeal shockwave 
lithotripsy (ESWL) can also be used as an adjunct with 
ERCP in patients with large duct stones.27 Surgical drain-
age procedures have evolved over time, and the modern 
lateral pancreaticojejunostomy now typically includes resec-
tion of a portion of the pancreatic head (Frey procedure) 
to provide wide open drainage of pancreatic juice into the 
limb of the jejunum. One study of 29 chronic pancreatitis 
patients treated with the Frey procedure reported long-term 
pain relief in 90% at 1 year.28 To date, only two large rand-
omized control trials have compared surgical drainage with 
endoscopic drainage modalities. Both studies demonstrated 
significantly better long-term pain relief in surgically treated 
patients. Dite et al. demonstrated that 37% of patients in the 
surgical group remained pain-free at their 5-year follow-
up.29 There were no significant differences in the number of 
adverse events between the two cohorts.29,30 

Pancreatic resection
For the majority of patients with debilitating chronic 
pancreatitis pain, the main pancreatic duct is not diffusely 
dilated, and drainage is not feasible. These patients with 
so-called “small duct” disease who fail non-surgical man-
agement due to uncontrolled pain and its sequelae, and/or 
intolerance of the side effects of high-dose narcotics, are 
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relegated to the last ditch surgical alternative of resection. In 
general, the likelihood of pain relief and surgical diabetes both 
scale with the percentage of pancreas removed, with more 
recent long-term follow-up data diminishing enthusiasm for 
resection. In a study of 224 patients, Riediger et al. evaluated 
surgical partial resections for chronic pancreatitis includ-
ing pylorus-preserving pancreaticoduodenectomy (PPPD), 
duodenum-preserving pancreatic head resection (DPPHR), 
classic Whipple, distal pancreatectomy, and central pancreatic 
resection. With a median follow-up of 56.3 months, 60% 
of patients remained pain free at last follow-up. Although 
subgroup analysis by resection type did not demonstrate a 
significant correlation with pain outcomes, patient selection 
likely plays an important role.31 An advantage of more 
aggressive resections such as total pancreatectomy may be 
the added resection of pancreatic nerve ganglia.20 With more 
generalizable results showing improved glycemic control 
among patients who undergo total pancreatectomy with islet 
cell harvest and auto transplantation.32,33 This procedure has 
recently gained some favor; however, the refractory nature of 
pain in a substantial fraction of these patients, even following 
the resource-intensive removal of the entire gland, remains 
both confusing and frustrating.34 This group of patients pro-
vides us with an interesting glimpse into the complexity of 
the extrapancreatic pathways that contribute to sustained 
pancreatic pain. 

Models

Whereas pancreatic atrophy and fibrosis can be induced 
experimentally in a variety of ways, measures of visceral 
pain have proven more difficult. Studies in rats quali-
tatively evaluated spontaneous activity using video 
tracking and abdomen sensitivity to mechanical and 
electrical stimulation.35 The most widely used of these 
rat models was developed in 1996 by Puig et al. who 
injected trinitrobenzene sulfonic acid (TNBS) directly 
into the pancreatic duct of rats to induce early severe acute 
pancreatitis that evolved over weeks into painful chronic 
pancreatitis.36 In 2005, Winston et al. further character-
ized and modified this model to provide better face valid-
ity and generalization to human disease.35 This model has 
proved invaluable in providing insight into the complex 
nature of pain from chronic pancreatitis. Further progress 
in identifying specific pathways that might be therapeutic 
targets, however, was hampered by the lack of a murine 
model in which putative mediators could be genetically  
deleted.

Adaptation of the TNBS model to mice was fraught 
with early experimental failure related to the high 
mortality of severe acute pancreatitis in physiologically 
fragile mice. Our laboratory adapted the model to mice 
by dramatically reducing the TNBS dose and providing 
perioperative fluid resuscitation during the first 24 hours.37 

The resultant chronic pancreatitis is apparent after 1-2 
weeks with severe fibrosis, monocyte infiltration, atro-
phy, and fatty replacement of the gland. We use Von Frey 
filament probing of the abdomen to demonstrate referred 
mechanical hyperalgesia, in which heightened withdrawal 
responses are measured to a mildly painful stimulus, as 
well as allodynia, in which probes that do not cause pain 
in control mice evoke withdrawal responses. TNBS-
injected mice also show reduced spontaneous activity 
(distance and time) on a running wheel and longer periods 
of immobility during open field testing. This model can 
be used to examine both peripheral and central mecha-
nisms of sustained pain and for comparison with models 
of somatic pain such as peripheral or spinal nerve liga-
tion, so that both shared and unique pathways can be  
identified. 

Components of Pancreatic Pain

Nociceptive neurons
In addition to parasympathetic cholinergic innervation 
from the vagus nerve and sympathetic innervation mainly 
derived from the celiac ganglia, the pancreas is also inner-
vated by nociceptive sensory neurons. These afferent 
neurons have their cell bodies in the dorsal root ganglia 
(DRG), and they give off projections that map to the dorsal 
horn of the spinal cord (Figure 1).10 They are responsible 
for transmitting noxious visceral stimuli from the pancreas 
and the relay of this information to the central nervous 
system (CNS).

Uncontrolled proteolysis
The pancreas is rich in cysteine and serine proteases 
that can be released following a variety of insults and 
are known to directly or indirectly activate nociceptive 
neurons. Using a near infrared-labeled activity-based 
probe that covalently modifies active cathepsins, our lab-
oratory found significant accumulation of cathepsins B, L, 
and S in both the inflamed rodent pancreas and juice from 
patients with painful chronic pancreatitis.38 Cathepsins, 
in turn, cleave and activate trypsinogens, yielding active 
trypsins, some of which are resistant to endogenous deg-
radation by ubiquitous inhibitors, and are thereby free 
to bind and activate receptors on peptidergic neurons.39 
Following activation, these neurons release neuropeptides 
and inflammatory mediators including calcitonin gene 
related peptide (CGRP), substance P (SP), vasoactive 
intestinal polypeptide (VIP), and bradykinin that act both 
peripherally where they promote vasodilation, plasma 
extravasation, and neutrophil infiltration (so called 
neurogenic inflammation) and centrally where they 
activate central pain pathways.40
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Sensory neuron receptors
Vanilloid receptors
One of the best characterized pain receptors is transient 
receptor potential vanilloid 1 (TRPV1). A member of the 
family of vanilloid nociceptive receptors found on sen-
sory neurons, it functions as a nonselective cation channel, 
permitting sodium and calcium flow into cells, leading to 
depolarization of the cell membrane and release of neu-
rotransmitters such as SP and CGRP.10 Originally known 
as the capsaicin receptor, it is activated by heat and local 
acidification, as well as multiple endogenous chemical 
mediators including leukotrienes and arachadonic acid 
metabolites.41 Caterina et al. used TRPV1 knockout mice 
to clearly demonstrate the role of TRPV1 in nociception 
and tissue-injury induced hyperalgesia.42 We showed that 
TRPV1 plays an important role in nociceptive media-
tion in acute pancreatitis through inducing SP and CGRP 
release by pancreatic sensory nerves, thereby increasing 
c-fos expression in the rat spinal cord. Administration of a 
TRPV1 antagonist attenuated this effect.43 TRPV1 is upreg-
ulated in chronic pancreatitis and is a mediator of hyperal-
gesia and inflammation in this condition.44 Additionally, it 
has been implicated to have interactions with other TRP 
receptors, as well as protease-activated receptor 2 (PAR2), 
a G-protein coupled receptor with unique roles in inflam-
mation and pain sensitization,10 described below.

TRPV1 can work alone or in concert with other TRP 
receptors such as TRP ankyrin 1 (TRPA1), to amplify noci-
ceptive signaling. Required for sensory neuron excitation, 
TRPA1 functions as a “gatekeeper” of chronic inflamma-
tion by serving two major roles: controlling the peripheral 
release of inflammatory neuropeptides and facilitating 
neuronal activation by inflammatory mediators released 
through local tissue injury.45 Though it had been previously 
shown to mediate inflammation and visceral pain in acute 
pancreatitis,46 the first evidence of TRPA1’s direct role in 
pain from chronic pancreatitis came in 2013 with the estab-
lishment of a TNBS murine model of chronic pancreati-
tis. In this model of painful chronic pancreatitis following 
severe acute pancreatitis, we found that compared with 
wild-type controls, TRPA1 knockout mice had less inflam-
mation and fibrosis and markedly reduced pain indices 
including referred mechanical hyperalgesia, spontaneous 
running activity, and mobility in open field testing.37

Studies in the past decade using knockout mice,42,47,48 
TRPA1 knockdowns,49 and antagonists,50 have shown that 
TRPA1 works in concert with TRPV1 to mediate inflam-
mation-induced stimulus transmission in sensory neurons. 
Evidence for direct interaction between the two channels 
was shown by Staruschenko et al. using Förster resonance 
energy transfer (FRET) constructs of the respective chan-
nels.51 TRPA1 and TRPV1 were recently implicated in 
the transition from acute to chronic inflammation in the 

pancreas. Schwartz et al. used a cerulein model of acute 
pancreatitis to demonstrate that morphologic acute to 
chronic changes are mitigated by TRP antagonists.52

Increasing evidence also supports a role for TRPV4 
in pancreatic pain. TRPV4 is directly activated by shear 
stress, osmotic stimuli, and lipid mediators, as well as indi-
rectly via G-protein coupled receptors that regulate TRP 
channels.53,54 TRPV4 knockout mice55 and TRPV4 knock-
downs56 have demonstrated abnormal osmotic regulation 
and decreased responses to changes in pressure and tonic-
ity. Alessandri et al. proposed the attractive notion that the 
“soup” of inflammatory mediators that surround local tissue 
injury, including bradykinin, SP, prostaglandin E2 (PGE2), 
serotonin, and histamine, among others, may induce 
mechanical hyperalgesia through activation of TRPV4, 
sensitizing it for a triggering event. They demonstrated that 
activation of TRPV4 by hypotonic saline is enhanced in 
the presence of PGE2 and increases nociceptive behavior 
in rats. These effects are absent in TRPV4 knockout rats.56 
They also showed the involvement of protein kinase A and 
C intracellular second messenger pathways in TRPV4 acti-
vation.57 This activation in turn mediates pain transmission 
through subsequent activation of nociceptive spinal neu-
rons in the superficial laminae of the spinal cord. In the 
pancreas, we showed that injection of a TRPV4 agonist 
into the pancreatic duct increases c-Fos-like immunoreac-
tivity expression in the spinal cord in the input regions of 
pancreatic sensory neurons located by retrograde tracing, 
suggesting that TRPV4 could play a role in pain signaling 
in the inflamed pancreas.46 Further experiments are needed 
to clarify the importance of TRPV4 in acute and chronic 
pancreatic inflammatory pain.

Protease-activated receptor 2 
Protease-activated receptor 2 (PAR2) is one of four GPCRs 
activated by serine proteases such as trypsin and thrombin. 
These proteases cleave an N-terminal fragment, revealing 
a tethered receptor agonist (ligand), which can then bind 
and activate signaling pathways.58 Steinhoff et al. provided 
the initial evidence of a neurogenic inflammatory role for 
PAR2 by demonstrating its co-expression with neuropep-
tides CGRP and SP in DRG neurons. PAR2 activation leads 
to neuropeptide release in peripheral tissues, as well as the 
spinal cord, increasing local inflammation and edema.59 

In addition to causing the direct release of inflamma-
tory neuropeptides from sensory neurons, activated PAR2 
leads to increased intracellular calcium, which lowers the 
threshold for TRP channel activation by other inflamma-
tory mediators and products of tissue injury, so-called “sen-
sitization.” Thus, the addition of trypsin or PAR2-activating 
peptide (AcPep) in dorsal root ganglion cell culture leads 
to significantly increased capsaicin-evoked CGRP release, 
an indication of PAR2 sensitization of TRPV1. In vivo, 
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pre-injection of AcPep into the pancreatic duct increases 
capsaicin-induced FOS expression in pancreatic spinal 
cord segments compared with the control peptide, suggest-
ing that PAR2 sensitizes TRPV1 in the pancreas.60 Under 
normal physiologic conditions, concentrations of active 
trypsin in the pancreas are low due to its release in a zymo-
gen form as trypsinogen. However, following pancreatic 
inflammation, early activation of trypsins by cysteine pro-
teases, as well as the recruitment of mast cells that release 
tryptase, can, in turn, activate PAR2.61 Indirect evidence of 
the importance of mast cell products in chronic pancreatitis 
pain derives from the observation that mast cells are pre-
sent in significantly higher numbers in patients with pain-
ful chronic pancreatitis than in patients with nonpainful 
pancreatitis (33.8 vs. 9.4 average mast cells/10 high-power 
fields; P < 0.01) or with healthy controls (33.8 vs. 6.1 aver-
age mast cells/10 high-power fields, P < 0.01).62 Intraductal 
injection of trypsin into the pancreatic duct of mice in sub-
inflammatory concentrations increases FOS expression in 
pancreatic-specific spinal cord DRG. This effect is miti-
gated by pretreatment with AcPep, indicating that PAR2 
and trypsin may share this pain pathway.63 PAR2 activation 
in these neurons leads to sustained hyperalgesia.64 Thus, 
serine proteases contribute to pancreatic pain via multiple 
pathways mediated by PAR2 activation.39

PAR2 has also been shown to sensitize both TRPV4 
and TRPA1 and thereby lower the threshold for activation 
of pancreatic sensory neurons.65,66 PAR2-mediated sensi-
tization of these TRP channels has been associated with 
neuropathic pain induced by the chemotherapy agent pacli-
taxel, which indicates that these pathways have clinical 
importance.67 Peripheral sensitization represents an impor-
tant pathway by which the painful effects of inflammatory 
mediators that result from tissue injury are amplified and 
sustained.

Nerve growth factor and receptor tyrosine kinase A
Nerve growth factor (NGF), a protein that contributes 
to the development and survival of neurons, also plays 
an important role in the peripheral sensitization of 
sensory neurons.68 It acts mainly through its high affinity 
tyrosine kinase receptor TrkA, which is found in highest 
concentration within the pancreas in the perineurium. 
Co-expression of TrkA with NGF is increased in the pan-
creas from patients with chronic pancreatitis.69 NGF exerts 
its effects through multiple mechanisms including a direct 
effect on ion channels, posttranslational modifications by 
second messengers, and translocation of the NGF/trkA 
complex to the nucleus where it regulates transcriptional 
modifications to certain genes.70 Early evidence for its 
role in mediating visceral pain came from expression 
studies by McMahon et al. in 1994, demonstrating that 
almost all afferent neurons innervating visceral targets 

express trkA, while its expression in those innervating 
skeletal muscle is very low.71 Immunodepletion studies 
using trkA-IgG on cultured neurons showed sustained 
hypoalgesia and CGRP downregulation.72 This is further 
supported by studies that used animals lacking the trkA 
gene, which also experienced a significant hypoalgesic 
state.73 This same hypoalgesic effect was noted after 
rats with chronic pancreatitis were treated with an NGF 
blocking antibody, which significantly increased A-type 
potassium currents, thereby decreasing the likelihood 
of depolarization.74 Conversely, both neonatal and adult 
rats injected with excess exogenous NGF show profound 
behavioral hyperalgesia.75 Recent reports suggest that 
NGF/trkA can sensitize neurons via interaction with the 
vanilloid receptor TRPV1, and NGF can regulate TRPV1 
expression through both transcriptional and posttransla-
tional mechanisms (Figure 1).70

Neurokinin receptor 1
SP and neurokinins A (NKA) and B (NKB) are the main 
tachykinins involved in sensory neural transmission and 
nociception. SP and NKA share a receptor, neurokinin 
receptor 1 (NK-1R), and NKB binds preferentially to neuro-
kinin receptor 2 (NK-2R).76 By studying human pancreatic 
tissue, Di Sabastiano et al. found that although there is an 
increase in SP surrounding pancreatic nerve fibers, there 
is no concomitant increase in the gene encoding SP. This 
observation led to the early understanding that SP is syn-
thesized in extrapancreatic ganglia and transported to the 
pancreas.77 Thus, activation of peripheral sensory nerve 
endings leads to the release of SP and CGRP peripher-
ally within the pancreas, where they promote neurogenic 
inflammation in a positive feedback loop that leads to 
amplification of inflammatory pain, and centrally, where 
SP binds to NK-1R in the dorsal horn of the spinal cord and 
activates central pain pathways.78,79 Shrikhande et al. was 
the first to examine NK-1R expression in pancreata from 
patients with painful chronic pancreatitis. They established 
a definitive relationship between mRNA levels and pain 
intensity, frequency, and duration in these patients.80 

Central Sensitization

Nervous system support cells
Microglia
Microglia are CNS immune cells that respond to tissue 
injury by switching from a quiescent to an active state, in 
which they secrete inflammatory mediators to recruit other 
immune cells and promote cellular hypertrophy and prolif-
eration.81,82 Their function in the CNS is similar to that of 
macrophages in peripheral tissues. 
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How are microglia activated? 
The initial activation likely occurs through multiple 
pathways. Excitation of nociceptive neurons leads to 
release of the chemokine CCL2 that binds to its receptor 
CCR2 on microglia, a critical signaling event in micro-
glial activation83 that promotes pain signal amplification 
(Figure 1). Another potential pathway is through the 
receptors P2X4 and P2X7, which are upregulated in 
microglia after nerve injury and activated in response 
to injury by ATP released by primary sensory and dorsal 
horn neurons, as well as dorsal horn astrocytes.84 P38, 
a mitogen-activated protein kinase (MAPK) has been 
implicated as a major participant in the activation of 
spinal microglia (Figure 1). Originally demonstrated in a 
neuropathic pain model using sciatic nerve ligation, Jin et 
al. showed early p38 activation in spinal microglia (12-24 
h after injury), with subsequent activation in DRG neu-
rons.85 A p38-inhibitor prevents the development of pain 
hypersensitivity.81 P38 activation was also reported in 
a rat model of chronic pancreatitis pain by Liu et al., sug-
gesting that this pathway is important in sustained visceral 
pain.86 Once activated, these loops can function without 
further external stimulus. Thus, excitation of nociceptive 
spinal neurons leads to spinal microglia activation via 
multiple parallel pathways that provide an efficient means 
to amplify inflammatory nociceptive signals. 

How does microglial activation cause sustained pain? 
It is well established that nervous system support cells 
participate in maintaining neuropathic pain pathways in 
somatic pain models.81,87,88 Activation of spinal microglia 
leads to the release of the soluble chemokine fractalkine 
(FKN), which is expressed in CNS sensory neurons as 
a transmembrane protein that can be cleaved to a soluble 
form (Figure 1). This was originally shown to occur after 
excitotoxic stimuli, suggesting that FKN cleavage rep-
resented an early event in the neurogenic inflammatory 
process.89 It is now known that membrane-bound FKN is 
cleaved by the cysteine protease cathepsin S (Cat S), which 
is secreted peripherally by macrophages and centrally by 
activated microglia.90 Cat S cleaves FKN on dorsal horn 
neurons, releasing its soluble form, which then binds its 
own receptor CX3CR1.91 This receptor is only expressed in 
activated microglia,92 and binding further activates the p38 
pathway in a positive feedback loop. Using the rat model of 
peripheral nerve ligation, Clark et al. showed that a Cat S 
inhibitor reduced pain behavior 7 and 14 days after sciatic 
nerve ligation in rats, whereas it did not prevent the initial 
development of pain. This suggests that Cat S is impor-
tant in the maintenance of neuropathic pain, rather than the 
development of hyperalgesia.91 The release of Cat S and 
subsequent binding and activation of the p38 pathway is 
dependent on microglial activation.

Figure 1. Pathways of pancreatic pain signal transmission in chronic pancreatitis with an emphasis on sensitization mechanisms.
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Peripherally, extracellular inflammatory agents includ-
ing NGF, trypsin, and tryptase sensitize and activate pan-
creatic afferent nociceptive neurons through integrative 
calcium signaling pathways. Centrally, sensitization is 
mediated through positive feedback loops among dorsal 
horn neurons and the activated neuronal supporting cells 
microglia and astrocytes, via Cat S-mediated cleavage and 
release of soluble FKN. Abbreviations: AA, arachadonic 
acid metabolites; Cat S, cathepsin S; CCL2, chemokine 
ligand 2; CCR2, chemokine receptor 2; DRG, dorsal root 
ganglia; EET, epoxyeicosatrienoic acids; ERK, extracellular 
signal-related kinase pathway; FKN, fractalkine; MAPK, 
mitogen-activated protein kinase pathway; NGF, nerve 
growth factor; PAR2, protease-activated receptor 2; PKA, 
protein kinase A; PKC, protein kinase C; PLC, phospholi-
pase C; ROS, reactive oxygen species; sFKN, soluble frac-
talkine; SP, substance P; TrkA, trypomyosin-related kinase 
A; TRPV, transient receptor potential vanilloids.

Recent evidence supports the importance of acti-
vated microglia in the development and maintenance of 
sustained visceral pain. In a rat model of TNBS-induced 
chronic pancreatitis, Liu et al. found that the microglial 
activation inhibitor minocycline significantly decreased 
nociceptive behavior, and that withdrawal of minocycline 
caused a return to baseline. Also, pretreatment with 
minocycline prior to TNBS injection prevented chronic 
visceral hyperalgesia for as long as 3 weeks.86 We found 
similar results in the TNBS-induced chronic pancreatitis 
mice treated with minocycline, with normalization of the 
expected heightened responses to Von Frey filament prob-
ing (unpublished results). These data suggest that microglial 
activation may play an important role in sustained pancre-
atic pain.

Astrocytes
Astrocytes demonstrate activated morphology in neuro-
pathic pain models,93 and drugs used to treat pain in these 
experimental conditions attenuate activation.88,94 Activation 
of astrocytes by mediators such as ATP, SP, prostaglandins, 
and glutamate released by sensory nerves in response to 
injury, stimulates release of pro-inflammatory mediators. 
These mediators include cytokines such as interleukin 
(IL)-1β, IL-6 and tumor necrosis factor-α, as well as the 
molecules that activate them, including ATP and prosta-
glandins.88 Multiple intracellular signaling pathways have 
been implicated in the regulation of astrocyte activation, 
including p38, c-Jun-N-terminal kinase (JNK) and, perhaps 
most importantly, the extracellular signal-regulated kinase 
(ERK) pathway.54 Zhuang et al. demonstrated increased 
expression of phosphorylated ERK in both microglia and 
dorsal horn astrocytes 10 days after spinal nerve ligation.

In this study, intrathecal injection of an ERK inhibi-
tor significantly reduced mechanical allodynia.96 In the rat 

TNBS chronic pancreatitis pain model, Feng et al. reported 
an increase in glial fibrillary acidic protein (GFAP), an 
astrocyte marker upregulated in somatic models of neuro-
pathic pain. This study also importantly demonstrated that 
attenuation of neuropathic pain in this model was possible 
using L-α-aminoadipate (LAA), a specific inhibitor of astro-
cyte activation,97 suggesting a potential therapeutic target.

Reorganization
Observational studies in humans with chronic visceral pain 
have led to the notion that changes in inhibitory and ampli-
fication processes in the CNS contribute to reorganization 
of referred pain signal mapping. Mertz et al. meticulously 
mapped pain patterns in patients with inflammatory bowel 
syndrome (IBS). In response to rectal distension, IBS patients 
have increased hypersensitivity in areas remote from the 
stimulus, as well as larger overall pain areas compared with 
healthy controls. These changes are associated with increased 
thalamic activation, suggesting that increased afferent sign-
aling from the gut may lead to perceptual reorganization 
of pain signals.98 Interestingly, in contrast to these results, 
Dimcevski and colleagues reported that chronic pancreatitis 
patients have hypoalgesia in response to balloon distension 
of viscera surrounding the pancreas compared with healthy 
controls.99 It is worth noting that duodenal distension is less 
well established as a marker of referred visceral hyperalgesia 
than rectal distension, which could contribute to these 
results. In other studies by this group, electrical visceral pain 
stimulation in chronic pancreatitis patients was associated 
with reduced evoked potential latency in the brain, thereby 
suggesting that central modulation of pain pathways con-
tributes to visceral hypersensitivity. Similar to prior findings 
in IBS patients, chronic pancreatitis patients also show an 
increase in the mean areas of referred pain following elec-
trical visceral stimulation, suggesting reorganization of pain 
perception.100

Opioid-induced hyperalgesia
Opioids are the mainstay of treatment for patients with 
severe chronic pancreatitis pain. As early as the 19th cen-
tury, it was recognized that chronic opioid use leads 
not only to tolerance and physical and psychological 
dependence, but ironically, to increased sensitivity to pain-
ful stimuli or opioid-induced hyperalgesia (OIH). Unlike 
opioid tolerance, OIH cannot be mitigated by increased 
dosage regimens.101 Multiple studies in animal models 
have shown reductions in mechanical and thermal thresh-
olds to nociceptive stimuli with opioid treatment.102-104 
Similarly, multiple clinical studies in humans describe 
varying levels of hyperalgesic states among both patients 
and healthy controls treated with chronic opioids.105-108 
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Much remains to be defined regarding these hyperalgesic 
mechanisms, but they are thought to be closely intertwined 
with the pathways of opioid tolerance. Pathways involv-
ing the N-methyl-D-aspartate receptor (NMDAR), spinal 
glutamate activity, protein kinase C activity, and spinal 
dynorphin have all been implicated as vital to both toler-
ance and hyperalgesia.109 It is likely that this phenomenon 
contributes, in part, to the exasperation experienced by 
both patients and physicians at the progressive worsening 
of chronic pancreatitis pain experienced by some patients 
on escalating opioid dosages.

Conclusion

Research into the mechanisms of chronic pancreatitis pain 
has been accelerated by the recent availability of validated 
rat and mouse models. These have provided interested 
investigators with a wider array of reproducible measures 
of experimental visceral pain. Emerging models illustrate 
the complexity, redundancy, interconnectedness, and plas-
ticity of chronic visceral pain pathways. Current treatments 
do not address the underlying mechanisms of sensitization 
and amplification of either peripheral or central pain sig-
nals, which may partially explain the high level of medi-
cal and surgical treatment failure. Integrative channels in 
the periphery offer potentially high-leverage targets, as do 
positive feedback loops in the spinal cord, where selec-
tive inhibition could have profound beneficial results. The 
development of clinically useful inhibitors of these poten-
tial targets is expected to improve both treatment efficacy 
and quality of life for patients with debilitating chronic 
pancreatitis pain. 
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Introduction

Bile acids (BAs) are natural end products of cholesterol 
metabolism.1 The physiological functions of BAs are the 
emulsification of lipid aggregates and solubilization of lipids 
in an aqueous environment. The major BAs in humans are 
chenodeoxycholic acid (CDCA) and cholic acid (CA), which 
are known as primary BAs since they are synthesized in the 
liver.2 Before secretion by hepatocytes, primary BAs are 
conjugated with either taurine or glycine, which increases 
their polarity and water solubility. Secondary bile acids such 
as deoxycholic acid (DCA) and lithocholic acid (LCA) are 
produced in the colon by bacterial dehydroxylation of the 
primary BAs. Under physiological conditions, BAs are tem-
porarily stored in the gallbladder and released to the intestine. 
Most BAs are then efficiently reabsorbed from the ileum and 
transported back to the liver via the portal vein (enterohepatic 
circulation). Under normal, physiological conditions, BAs 
cannot access the pancreas. However, under pathophysiolog-
ical conditions such as obstruction of the ampulla of Vater by 
an impacted gallstone, bile can enter into the pancreatic ducts 
and trigger pancreatitis.3 Unfortunately, we do not know the 
concentration of BAs that can reach the pancreatic ductal 
cells under pathological conditions. It probably varies among 
patients and mainly depends on the duration of ampullary 
gallstone obstruction. However, previous studies have shown 
that relatively low concentrations of BAs (25-200 µM) can 
alter intracellular calcium (Ca2+) signaling and cause acinar 
cell death.4,5 The close relationship between gallstone pas-
sage and the development of acute pancreatitis (AP) has been 
known for more than 100 years3 and has been confirmed in a 
number of studies.6-8 However, the pathogenesis underlying 
the development of biliary AP is not well understood. 

Most of the research investigating the pathomechanism 
of AP has been done on pancreatic acinar cells. These stud-
ies have demonstrated that the central intra-acinar events in 

pancreatitis are increased intra-acinar Ca2+ concentration, 
premature activation of trypsinogen, and activation of the 
proinflammatory transcription factor nuclear factor-κB (NF-
κB), which leads to pancreatic injury.9-14 One of the most 
toxic BAs to acinar cells is the secondary BA taurolithocholic  
acid (TLC) that forms from LCA after reabsorption from 
the intestine. The sulfated form of TLC (TLCS) induces 
Ca2+ signaling in pancreatic acinar cells via an inositol 
1,4,5- trisphosphate (IP3)-dependent mobilization of seques-
tered intracellular Ca2+.5 Elevated interacellur free Ca2+ con-
centration [(Ca2+)i] can lead to enzyme activation13 and/or cell  
death4 and leads to severe acute necrotizing pancreatitis. 
Since increased [Ca2+] is a critical step in the initiation of aci-
nar cell injury, several studies have focused on the preven-
tion of cytosolic Ca2+ overload. The Ca2+ chelator, caffeine 
and its dimethylxanthine metabolites efficiently decreased 
TLCS-induced Ca2+ elevation and cell death on isolated 
pancreatic acinar cells. Caffeine also reduced the severity of 
TLCS-induced AP, most likely by inhibiting IP3R-mediated 
Ca2+ signaling.15 In another aspect, blocking Ca2+ entry by 
pharmacological inhibition of the store-operated Ca2+ chan-
nel Orai-1 has also proven effective against TLCS-induced 
acinar cell necrosis.16 The target of the sustained Ca2+ sig-
nal is the Ca2+-activated phosphatase calcineurin, which 
plays a central role in intra-acinar activation of zymogens 
and NF-κB.17 In addition to Ca2+, other cellular mechanisms 
are also involved in BA-induced acinar injury, such as mito-
chondrial dysfunction,18,19 depletion of cytosolic ATP,20 and 
increased reactive oxygen species (ROS) production.21 

In contrast to acinar cells, the role of pancreatic ductal 
epithelial cells (PDECs) in biliary AP pathogenesis has 
received much less attention, despite being the first pancre-
atic cell type exposed to the refluxed bile. Pancreatic ducts 
can be divided into three main types on the basis of their size 
and location: main, interlobular, and intralobular ducts. The 
main duct mostly collects and drains the juice secreted by 
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other branches of the ductal tree, whereas intra-/interlobular 
ducts are the main sites of HCO3

- secretion. Although, several 
studies have shown that ductal fluid and HCO3

- secretion are 
crucially important to maintain pancreas integrity,22-25 the 
role of PDECs in AP development has only been highlighted 
recently. In vivo studies have shown that pancreatic hyper-
secretion (with hypoproteinemia) occurs in the early phase 
of AP, which develops into hyposecretion during pancreati-
tis onset.23-25 This hypersecretion may represent a defense 
mechanism by washing out toxic factors from the pancreas. 
The beneficial effect of fluid hypersecretion is further sup-
ported by studies in which secretin, one of the major secre-
tagogues of ductal fluid secretion, was shown to reduce the 
severity of cerulein-induced AP.26,27 In addition, impaired or 
insufficient ductal fluid secretion, such as observed in cystic 
fibrosis, increases the risk of AP.28,29 Taken together, these 
data strongly suggest that PDECs represent an important and 
essential protective mechanism in the exocrine pancreas. 

Effect of BAs on the Main Pancreatic Duct

In the 1980s, it was postulated that breakdown of the pan-
creatic duct permeability barrier is a risk factor for AP 
development. Researchers then extensively investigated 
the effect of BAs on main pancreatic duct morphology and 
permeability. In these in vivo studies, various BAs were 
perfused through the cannulated main duct, and the perme-
ability of the pancreatic duct mucosal barrier was meas-
ured using different techniques.30-34 The results revealed 
that high concentrations (2-15 mM) of BAs rendered the 
ducts permeable to molecules as large as 20,000-Daltons, 
whereas they are normally impermeable to molecules 
over 3,000 Daltons.30,31 BAs in millimolar concentrations 
also increase the permeability of the main duct to Cl- and 
HCO3

-.32-34 The effect of dihydroxy BAs was significantly 
greater than the effect of trihydroxy BAs on the permeabil-
ity of these anions, probably because trihydroxy BAs are 
less lipid soluble and therefore less cytotoxic. The changes 
in ductal permeability were in accordance with changes in 
ductal epithelia morphology. Perfusion with higher concen-
trations (15 mM) disrupted cell integrity, leading to ductal 
epithelium flattening and cell loss.30 This harmful effect of 
BAs is not surprising given their detergent properties.

It was also highlighted that infected bile is more harmful 
to the duct cells than sterile bile.30,33,34 Its higher toxicity is 
likely due to bacterial deconjugation, which produces more 
toxic unconjugated BAs. The toxicity of BAs mainly depends 
on their solubility and the degree of ionization. At neutral 
pH, unconjugated bile acids exist in an unionized,35 electri-
cally neutral form and therefore can pass easily through the 
cell membrane. In contrast, glycine- and taurine-conjugated 
BAs have a lower pKa (around 4 and 2 respectively), are 
ionized at neutral pH,35 and are therefore less lipid soluble.

Although, in vivo animal studies are important, their 
relevance to human disease is doubtful. One of the major 
problems with these studies is that BAs were used in rela-
tively high concentrations; probably higher than would be 
present in the pancreatic duct following reflux. Moreover, 
at these extremely high concentrations, BAs caused exces-
sive and uncontrolled destruction of both acini and ducts. 

In vitro studies have allowed the investigation of more 
pathophysiologically relevant effects of BAs on the ductal 
epithelium. Okolo et al. studied the effects of BAs (100 µM 
to 2 mM) on the ion conductances and monolayer resistance 
of cultured PDECs isolated from dog accessory pancreatic 
duct.36 They found that taurodeoxycholic acid (TDCA) and 
taurochenodeoxycholic acid caused concentration-depend-
ent increases in both chloride (Cl-) and potassium (K+) con-
ductances, whereas the trihydroxy BA taurocholic acid was 
completely ineffective. The increases in Cl- and K+ conduct-
ances were mediated via [Ca2+]i elevation and blocked by 
4,4′-diisothiocyanostilbene-2,2′-disulfonic acid (DIDS) and 
charybdotoxin, respectively. Using Ussing chambers, they 
could localize the Cl- and K+ conductances to the apical and 
basolateral membranes of PDECs, respectively. In addition, 
they showed that only higher BA concentrations decreased 
the monolayer transepithelial resistance. Similar results 
have been found in bovine PDECs, in which TDCA mark-
edly increased transepithelial ion transport and decreased 
tissue electrical resistance.37 On the other hand, TDCA 
caused dose-dependent mucosal damage,38 and at higher 
concentrations, extensive loss of the epithelial cell lining.37

Effect of BAs on the Intra-/Interlobular 
Pancreatic Ducts

The earlier studies described above characterized the effects 
of BAs on main pancreatic duct permeability and morphol-
ogy; no information was available about their effects on 
the smaller ducts. However, the development of microdis-
section techniques for isolating the small intra-/interlobular 
ducts led to a breakthrough in our understanding of ductal 
cell physiology.39 

The main physiological function of the intra-/ 
interlobular pancreatic ductal cells is to secrete a HCO3

-

-rich alkaline fluid that washes digestive enzymes out of 
the gland and neutralizes acid chyme in the duodenum.39 
The effects of BAs on HCO3

- secretion have been inten-
sively investigated in the last few years,40-42 and the results 
of these studies suggest a complex role of ductal cells in the 
pathomechanism of biliary AP.

Our research group has shown that both basolateral 
and luminal administration of either nonconjugated 
or glycine-conjugated forms of CDCA causes a dose-
dependent intracellular acidification in guinea pig PDECs.42 
Interestingly, basolateral administration of 1 mM CDCA for 
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6–8 min damaged membrane integrity, and the cells rapidly 
lost the fluorescent dye. The same concentration of CDCA 
on the luminal membrane had no toxic effects. Okolo et 
al. also found differences between the effects of BAs on 
the luminal and basolateral membranes.36 In addition, both 
CDCA and glycochenodeoxycholate (GCDCA) induced a 
dose-dependent increase in [Ca2+]i via phospholipase C- and 
IP3 receptor-mediated mechanisms. GCDCA had a smaller 
effect on intracellular pH (pHi) and [Ca2+]i than CDCA, 
most likely because conjugated BAs are ionized at neutral 
pH and therefore require active transport mechanisms for  
cellular uptake. 

We also found that the effect of CDCA on ductal HCO3
- 

efflux is concentration dependent.42 At a low  concentration 
(0.1 mM), CDCA significantly stimulated HCO3

- efflux 
by a DIDS-sensitive Cl-/HCO3

- exchange mechanism. The 
stimulatory effect of CDCA was only observed when CDCA 
was added to the lumen of the ducts and was dependent 
on Ca2+

 mobilization. In contrast, a high concentration 
of CDCA (1 mM) induced pathologic Ca2+ signaling 
and strongly inhibited HCO3

- efflux. This inhibitory 
effect of high-concentration CDCA was independent 
of [Ca2+]i changes and was observed when CDCA was 
applied to either the luminal or basolateral membrane 
of the ducts.42 The effect of the conjugated GCDCA on 
pHi and [Ca2+]i suggest that although GCDCA can enter 
the cells, likely by a transporter-mediated mechanism, 
it had no effect on HCO3

- efflux at either high or low  
concentrations.

The concentration-dependent differences in the effects 
of CDCA suggest that nonconjugated BAs have a specific 
mode of action on PDECs that strongly depends on their 
concentration. The key is to identify the cellular mecha-
nisms by which BAs exert these opposite effects. Perides et 
al. recently described the presence of a G-protein-coupled 
bile acid receptor-1 (GPBAR1 also known as TGR5) on 
the apical membrane of acinar cells.43 They showed that 
GPBAR1 knockout mice were completely protected against 
TLCS-induced pancreatitis and suggested that this recep-
tor has a central role in the BA-induced acinar cell injury 
in mice. In contrast, guinea pig pancreatic ductal cells do 
not express GPBAR1,41 suggesting that this receptor is not 
involved in the effect of CDCA on PDECs. 

Stimulatory effect of low concentrations of BAs
Since CDCA only increases HCO3

- efflux when applied 
to the luminal membrane, it is likely that the stimulatory 
effect of CDCA is due to activation of one or more Ca2+-
dependent apical transporters. The SLC26 anion trans-
porters44,45 and the Ca2+-activated Cl- channel (CaCC) 
are known to be activated by increased [Ca2+]i suggesting 
that these transporters could be the target for the CDCA-
induced Ca2+ increase.

Using the whole cell configuration of the patch clamp 
technique, CDCA failed to activate CaCC but induced a 
robust and reversible increase in K+ currents.41 The activated 
currents could be blocked by the specific large-conductance 
Ca2+-activated K+ channel (BK) inhibitor, iberiotoxin. In 
contrast, the small- and intermediate Ca2+-activated K+ 
channel inhibitors, UCL1684 and TRAM34 had no effect 
on the CDCA-activated currents. Luminal administration 
of iberiotoxin completely blocked the stimulatory effect of 
CDCA on HCO3

- efflux in microperfused ducts. In contrast, 
basolaterally applied iberiotoxin had no effect on luminal 
CDCA-stimulated HCO3

- efflux. These data strongly indi-
cate that BK channels play a central role in the stimulatory 
effect of CDCA on HCO3

- efflux and that they are localized 
to the luminal membrane of ductal cells. This latter hypoth-
esis has been confirmed by immunohistochemistry show-
ing strong BK channel expression at the apical membrane 
of guinea pig intra/interlobular ducts.41 Moreover, activa-
tion of BK channels by luminal administration of the phar-
macological compound NS11021 increased HCO3

- efflux 
in a manner similar to CDCA. Our hypothesis is that api-
cal BK channel activation leads to hyperpolarization of the 
apical plasma membrane, which in turn increases the elec-
trochemical driving force for anion efflux through SLC26 
anion exchangers (Figure 1). The cystic fibrosis transmem-
brane conductance regulator (CFTR) Cl- channel is one of 
the major ion channels on the apical membrane of PDECs 
which interacts with the Cl-/ HCO3

- exchanger and thereby 
plays an essential role in HCO3

- efflux. The possible role of 
this ion channel has also been raised in the stimulatory effect 
of CDCA.46 CFPAC-1 is a human, pancreatic ductal cell 
line that is deficient for CFTR but expresses the SLC26A6 
anion exchanger. Administration of 0.1 mM CDCA had 
no effect on HCO3

- efflux in these cells. However, after 
the transduction of CFPAC-1 cells with wild-type CFTR, 
CDCA significantly stimulated HCO3

- efflux. Patch clamp 
experiments showed that CDCA had no effect on the activ-
ity of this channel, although it requires CFTR expression to 
exert its stimulatory effect.46 

Recent studies by Kowal et al. indicated that ATP 
release and purinergic receptor activation are also involved 
in the stimulatory effect of CDCA.47,48 Using a pancreatic 
ductal cell line (Capan-1) they showed that CDCA induces 
dose-dependent ATP release via both vesicular and nonve-
sicular mechanisms; this is more pronounced when CDCA 
is applied to the luminal membrane. Extracellular ATP then 
binds to P2 receptors leading to increased [Ca2+]i which 
may be involved in the activation of Ca2+-activated ion 
channels such as BK channels (Figure 1). Capan-1 cells 
express the GPBAR1 receptor that is activated by CDCA; 
although activation of this receptor is not involved in 
CDCA-induced ATP release. 

The stimulatory effect of low CDCA concentrations 
highlights the importance of ductal fluid secretion in the 
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protection of the pancreas. The increased fluid volume can 
be beneficial in several ways:

(i) High HCO3
- concentrations in the secreted fluid pro-

mote the deprotonation of BAs to less toxic bile salts.
(ii) The increased volume of fluid decreases ductal BA 

concentration.
(iii) The greater ductal flow may push stones through the 

papilla of Vater to clear the obstruction.
(iv) Increased fluid secretion may wash out the toxic BAs 

from the ductal tree to avoid pancreatic injury. 

Inhibitory effect of high concentrations of bile acids
If the stimulated secretion is not able to wash out BAs from 
the ductal tree, the luminal concentrations of BAs will 
increase further. In this situation, high CDCA concentrations 
cause pathologic Ca2+ signaling and inhibition of the acid/
base transporters of PDECs.42 We have provided evidence 
that mitochondrial damage and depletion of intracellular 
ATP (ATPi) are the most crucial factors in the toxic effect 
of CDCA on pancreatic ductal secretion.40 Administration of 

1 mM CDCA to PDECs for 10 minutes causes swelling of 
the mitochondria and disruption of their inner membranes. 
Damage of the mitochondria markedly and irreversibly 
reduce ATPi. Exposure of pancreatic ducts to carbonyl cya-
nide m-chlorophenyl hydrazone and deoxyglucose/iodoacet-
amide (inhibitors of oxidative phosphorylation and the 
glycolytic pathway respectively) fully mimic the effect of 
1 mM CDCA. These data indicate that CDCA inhibits both 
the oxidative and glycolytic pathways in PDECs. In addition, 
ATPi depletion is crucial in the inhibitory effect of CDCA on 
ductal ion transport mechanisms. In the absence of ATPi the 
acid/base transporters do not work properly, which leads to 
impaired fluid secretion and finally cell death (Figure 2). In 
this case, BAs could reach the acinar cells, either by diffusion 
up the ductal tree or leakage into the gland interstitium, where 
they will switch on pathologic Ca2+ signaling and trigger AP. 
We have also shown that the CDCA-induced mitochondrial 
injury is due to the opening of mitochondrial permeability 
transition pore (mPTP), which leads to mitochondrial swell-
ing/dysfunction and consequently inhibition of ATP syn-
thesis.49 Studies of hepatocytes have demonstrated that the 
toxic effect of hydrophobic BAs can be attenuated by the 
hydrophilic BA ursodeoxycholic acid (UDCA).50–53 These 
studies have shown that the cytoprotective effect of UDCA 
is largely based on its ability to stabilize the mitochondrial 
membrane by inhibiting BA-induced mPTP opening. A 24-h 

Figure 1. Cellular mechanism of the stimulatory effect of 
CDCA. A low CDCA concentration (0.1 mM) elevates [Ca2+]i by 
two distinct mechanisms: (1) release of Ca2+

 from the ER lumen by an 
IP3R- and PLC-mediated pathway and (2) extracellular ATP-induced 
Ca2+ influx directly and indirectly through P2X and P2Y receptors, 
respectively. The increase in [Ca2+]i activates BK channels that leads 
to the hyperpolarization of the plasma membrane that subsequently 
increases the electrochemical driving force for anion secretion 
through CFTR and SLC26 anion exchangers. BK: large conductance 
Ca2+-activated K+ channel, Ca2+: calcium, CDCA: chenodeoxycholic 
acid, CFTR: cystic fibrosis transmembrane conductance regulator Cl- 
channel, Cx: connexin, ER: endoplasmic reticulum, IP3R: inositol 
1,4,5-trisphosphate receptor, PLC: phospholipase C, Px: pannexin, 
VNUT: vesicular nucleotide, +: stimulation.
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Figure 2. Cellular mechanism of the inhibitory effect of CDCA. 
A high concentration of CDCA (1 mM) induces toxic Ca2+

i signaling, 
mitochondrial damage, and ATPi depletion that leads to the inhibition 
of acid-base transporters of PDECs. A 24-h pretreatment of the 
ducts with UDCA (0.5 mM) can prevent the toxic effect of CDCA 
by stabilizing the mitochondrial membrane. BK: large conductance 
Ca2+-activated K+ channel, Ca2+: calcium, CDCA: chenodeoxycholic 
acid, CFTR: cystic fibrosis transmembrane conductance regulator Cl- 
channel, Cx: connexin, ER: endoplasmic reticulum, IP3R: inositol 
1,4,5-trisphosphate receptor, Px: pannexin, UDCA: ursodeoxycholic 
acid, VNUT: vesicular nucleotide, -: inhibition, +: protective effect.
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pretreatment of the pancreatic ducts with 0.5 mM UDCA sig-
nificantly decreased CDCA-induced mitochondrial injury by 
inhibiting CDCA-induced mPTP and ATPi loss and reduced 
the inhibitory effect of CDCA on the acid/base transporters.49 
Moreover, the protective effect of UDCA on the mitochon-
dria is associated with an anti-apoptotic effect, which raises 
the possibility of therapeutic UDCA use for bile-induced AP.

Conclusion

Taken together, both in vivo and in vitro studies indicate 
that once BAs reach the ductal epithelium, they exert a 
harmful or beneficial effect on PDECs depending on their 
concentration (Table 1). This biphasic effect of BAs on 
ductal secretion may be a significant factor in the patho-
mechanism of biliary AP. 
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Introduction

Damage to the pancreas as a result of alcohol† abuse was 
first recognized as early as 200 years ago, with reports pub-
lished in 1815 describing an association between heavy 
drinking and the development of pancreatitis.1,2 This was 
subsequently confirmed by Freidrich3 in 1878 and Fitz4 in 
1889, using a more detailed analytical approach. 

Alcoholic pancreatitis is now generally recognized 
to have both acute and chronic manifestations. An acute 
episode of pancreatic necroinflammation (acute pancrea-
titis [AP]) is characterized by acute abdominal pain and 
raised serum amylase and lipase levels. Repeated attacks 
of necroinflammation can then lead to chronic changes in 
the pancreas including acinar atrophy and fibrosis (chronic 
pancreatitis), with patients suffering from chronic pain, 
symptoms of pancreatic insufficiency (i.e., maldigestion), 
and in advanced cases, diabetes.

Despite the well-established association between alco-
hol abuse and pancreatitis, there is an acknowledged clini-
cal paradox in the field. On one hand, the risk of developing 
the disease increases with increasing alcohol consump-
tion, but only a minority of heavy drinkers (<5%) develop 
clinically evident pancreatic disease.6,7 This implies that 
additional factors may confer susceptibility to alcoholic 
pancreatitis in some drinkers. 

Epidemiology of alcoholic pancreatitis

Alcohol abuse is ranked as the second most common cause 
of AP (after gallstone disease),8 but is well established as the 
single most common cause of chronic pancreatitis, with an 
attributable risk of 40%.9,10 A population-based cohort study 
reported that alcohol increases the risk of pancreatitis in a 
dose-dependent manner,5 while a large case-control study 

proposed a threshold of five drinks per day as the baseline 
for the risk of developing alcoholic chronic pancreatitis.7 
A meta-analysis of several relevant studies has calculated the 
threshold to be four drinks per day for chronic pancreatitis.11 
If patients continue to drink at the same level as that prior 
to the first attack of pancreatitis, their risk of repeated acute 
attacks leading to chronic pancreatic injury is around 41%, 
with reduced drinking the risk falls to 23%, and it decreases 
to 14% with abstinence or occasional alcohol intake.12

Although the increased risk of pancreatitis with alcohol 
abuse is unquestioned, it is well acknowledged that the over-
all frequency of the disease (at least in terms of overt clinical 
illness) is low, with clinically evident AP seen in only up to 
3%-5% of heavy drinkers.5,13,14 Dreiling and Koller reported 
that among 100 alcoholics, 5 will develop clinical AP, 15 will 
develop alcoholic cirrhosis, while only 1 will develop clini-
cal evidence of both diseases.15 Thus in the clinical setting, a 
diagnosis of alcoholic pancreatitis will be less frequent than 
that of alcoholic liver disease. Interestingly, autopsy studies 
have revealed that the frequency of both disorders in alco-
holics is much higher; approximately 40%-50% of patients 
diagnosed with alcoholic pancreatitis during their lifetime 
manifest signs of liver injury at autopsy.16

Natural history and clinical features

The onset of alcoholic pancreatitis usually occurs in the 
fourth decade, and the majority of patients are male with 
a history of heavy drinking (80-100 g of alcohol per day) 
for at least 5 years.8 Alcoholic AP rarely occurs after 
a single binge.17,18 Patients usually present with acute 
abdominal pain, raised serum levels of pancreatic enzymes 
(particularly serum amylase and lipase over 3 times the 
upper limit of normal), and evidence of pancreatic injury 
in imaging studies. Severe AP occurs in a minority of cases 
and can be fatal. As noted earlier, if the patient recovers but 
continues to drink, the disease progresses to a chronic stage 

†  Note: The terms “alcohol” and “ethanol” are used interchange-
ably in this Chapter.
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characterized by atrophy and fibrosis of the pancreas, with 
patients developing chronic, often intractable, abdominal 
pain and signs of exocrine and endocrine insufficiency 
such as maldigestion and diabetes.

Disease progression from the initial attack of acute 
 pancreatic necroinflammation to chronic, irreversible injury 
is now accepted to occur via repeated attacks of AP, each 
resulting in increasing residual damage to the gland and 
eventually leading to chronic pancreatic damage. Evidence 
in support of this necrosis-fibrosis sequence, a concept first 
postulated by Comfort in 1946,19 comes from both clini-
cal and experimental studies. A large prospective study 
demonstrated that clinical manifestations of chronic pan-
creatitis (exocrine and endocrine dysfunction) were more 
likely to occur in alcoholics with recurrent acute inflamma-
tion of the gland, suggesting that these acute episodes may  
eventually lead to chronic damage.20 Recently, smoking, 
a lifestyle factor commonly associated with heavy drinking, 
has been reported to accelerate the progression of alcoholic 
chronic pancreatitis, as evidenced by earlier development 
of calcification and diabetes in patients who drink and 
smoke.21 Experimental evidence in support of the necrosis-
fibrosis sequence is provided by the finding that repeated 
episodes of acute experimental pancreatitis produce 
changes (albeit transient) resembling chronic pancreatitis, 
including fatty infiltration, acinar atrophy, and fibrosis.22,23 
Particularly relevant to alcoholic chronic pancreatitis are 
two recent experimental studies reporting the development 
of low-grade pancreatic fibrosis in alcohol-fed rats24 and 
mice25 subjected to repeated episodes of cerulein-induced 
pancreatic necroinflammation and in alcohol-fed rats 
 subjected to repeated endotoxin challenge.26

Pathogenesis of Alcoholic Pancreatitis

Researchers examining the pathogenesis of alcoholic pan-
creatitis have usually adopted two approaches: (i) to study 
direct toxic effects of alcohol on the pancreas (Figure 
1), given the fact that the risk of developing pancreatitis 
increases with increasing alcohol intake, and (ii) to identify 
individual susceptibility factors based on the knowledge 
that only a minority of heavy drinkers develop clinically 
evident pancreatitis.

Direct effects of alcohol on the pancreas

Effects of alcohol on pancreatic ducts
The earliest studies on the effects of alcohol on the pan-
creas were focused on the sphincter of Oddi (SO), with 
researchers taking their cues from Opie’s original obser-
vations of SO dysfunction as a potential mechanism for 
gallstone pancreatitis.27 The “large duct/sphincteric” 
theories of pancreatitis comprised the biliary-pancreatic 
reflux theory, duodeno-pancreatic reflux theory, and 

stimulation-obstruction theory. The central hypothesis for 
each of these was that alterations in SO motility second-
ary to alcohol exposure, play a major role in pancreatitis 
development. A spasmogenic effect (increased SO tone) of 
alcohol on the sphincter has been reported in an experimen-
tal model involving possums,28 and it was postulated that 
the resultant reduction in trans-sphincteric flow may par-
tially explain the decrease in pancreatic secretion observed 
after acute alcohol intake in humans.29 However, studies on 
the effects of alcohol on SO tone and exocrine secretion in 
humans have reported contradictory findings, resulting in 
a gradual loss of interest in the large duct theories of alco-
holic pancreatitis (a detailed discussion of these theories 
can be found in previously published reviews30-32).

In the 1970s, research focus shifted to the small pan-
creatic ducts, largely inspired by the work of Henri Sarles 
and his coworkers who postulated that a blockage of small 
pancreatic ductules by protein plugs (precipitated and cal-
cified protein deposits) led to increased local duct damage 
as well as upstream pressure, acinar atrophy, and fibrosis.33 
They also proposed that contact of the calculi with the duct 
mucosa and duct wall resulted in ulceration and scarring, 
with further obstruction of the ducts eventually causing 
acinar cell atrophy.33 Pertinent to this theory are reports 
that alcoholics have an increased tendency for protein pre-
cipitation in pancreatic juice.34 Support for the concept is 
also provided by experimental studies using a rat model 
of alcohol administration, which demonstrated that alco-
hol alters the levels of two lithogenic proteins in pancreatic 
secretions. The first is lithostathine (also called pancreatic 
stone protein), a 144-amino acid protein secreted by acinar 
cells that when hydrolyzed by enzymes such as trypsin is 
converted to a highly precipitable 133-amino acid peptide 
called lithostathine S1. Messenger RNA levels of pan-
creatic lithostathine have been shown to be significantly 
increased in alcohol-fed rats.35 The second is GP2, a gly-
coprotein that is the most abundant protein component of 
zymogen granule membranes.36 GP2 is secreted into pan-
creatic ducts via exocytosis from acinar cells along with 
digestive enzymes or directly released from apical plasma 
membranes via an enzymatic process. This glycoprotein 
has unique properties for self aggregation in pancreatic 
juice. Chronic alcohol administration to rats decreases 
pancreatic GP2 content,37 possibly due to increased secre-
tion of GP2 into the pancreatic juice, where it may form 
fibrillar aggregates that act as a nidus for protein and Ca2+  
precipitation. 

Another determinant of lithogenicity of pancreatic 
juice is pancreatic secretion viscosity. Sarles and col-
leagues were the first to show that patients with alco-
holic pancreatitis have increased sweat electrolyte levels, 
suggestive of cystic fibrosis transmembrane regulator 
(CFTR) dysfunction.38 The resultant increase in pancre-
atic secretion viscosity could predispose to protein plug 
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formation, and consequently, chronic changes in the pan-
creas. Interestingly, CFTR gene mutations that affect duct 
cell function are strongly associated with idiopathic chronic 
pancreatitis,39,40 suggesting that ductular dysfunction con-
tributes to pancreatic injury. In this regard, Hegyi and col-
leagues recently published evidence of detrimental effects 
of alcohol on CFTR expression and function in pancreatic 
ductal cells.41 These will be discussed in more detail below 
in the section on effects of alcohol at a cellular level in the 
pancreas.

Cellular effects of alcohol 
The large and small duct theories noted above were insuf-
ficient in terms of fully explaining alcoholic pancreatitis 

pathogenesis. Consequently, researchers’ attention over 
the past four decades has been focused on the acinar cell 
(the major functional unit of the exocrine pancreas), PSC 
(the key player in pancreatic fibrosis), and most recently, 
the ductal cell (Figure 1).

The acinar cell is an enzyme factory that synthesizes 
and secretes significant quantities of digestive enzymes in 
response to a meal. It is well established that this enzyme 
synthetic capacity places the cell at a unique risk of injury 
via a process called autodigestion if the digestive enzymes 
are prematurely activated within the cells. As detailed 
below, in vitro and in vivo experiments have provided 
strong evidence that alcohol exposure predisposes the 
 acinar cell to autodigestive injury. 

Figure 1. Alcohol and its metabolites exert detrimental effects on acinar, stellate, and duct cells in the exocrine pancreas.
Effects on acinar cells: 

• Increased synthesis of digestive and lysosomal enzymes, associated with decreased exocytosis and increased fragility of lysosomal 
and zymogen granule membranes, thus predisposing the cell to premature intracellular enzyme activation and autodigestion

• Damage to subcellular membranes, proteins, and nucleic acids by reactive oxygen species (ROS) formed during ethanol metabolism
• Sustained increase in intracellular calcium (Ca2+) leading to mitochondrial depolarization and cell death
• Release of cytokines by injured acinar cells, which can damage neighboring cells

Effects on pancreatic stellate cells (PSCs):

• Activation of PSCs by ethanol and its metabolites and by cytokines from acinar cells and inflammatory cells, leading to production 
of excessive extracellular matrix proteins (fibrosis) and synthesis of endogenous cytokines that can further activate the cells in an 
autocrine manner, leading to progressive fibrosis, even in the absence of the initial trigger

Effects on ductal cells:

• Decreased CFTR expression and activity, leading to impaired duct cell function
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Most of the detrimental effects of alcohol on the pan-
creas are likely mediated by the metabolism of alcohol to 
toxic metabolites within the gland, via both oxidative and 
nonoxidative pathways. Oxidation of alcohol to acetalde-
hyde is mainly catalyzed by the enzyme alcohol dehydro-
genase (ADH) with some contribution from cytochrome 
P4502E1 (CYP2E1) and, to a lesser extent, from cata-
lase. Studies with rat pancreatic acinar cells have shown 
the presence of ADH activity in the pancreas, with kinet-
ics suggestive of ADH III (an isoform of ADH with low 
affinity and high Km for alcohol).42,43 This ADH activity 
was found to be resistant to inhibition by 4-methylpyra-
zole (4-MP), which is a specific inhibitor of the ADH I 
isoform. However, a study using human pancreatic tissue 
has reported that the predominant class of ADH in human 
pancreatic acini is ADH I, with ADH III contributing lit-
tle to pancreatic alcohol oxidation.44 The differences in 
ADH isozymes and their resulting kinetic properties may 
reflect species differences between the rodent and human 
pancreas. CYP2E1 is also known to be present in the pan-
creas, and its activity is induced by alcohol administration 
in a manner similar to hepatic CYP2E1.45 A byproduct of 
the oxidative pathway of alcohol metabolism is the genera-
tion of ROS that can damage lipid membranes, proteins, 
and cellular DNA. Increased ROS levels associated with a 
concurrent depletion of antioxidant factors (e.g., the ROS 
scavenger glutathione) leads to oxidant stress within the 
cell. Alcohol-induced pancreatic oxidant stress has been 
demonstrated in alcohol-fed experimental animals and 
humans with alcoholic pancreatitis.46,47

The nonoxidative pathway of alcohol metabolism 
involves the esterification of alcohol with fatty acids to form 
fatty acid ethyl esters (FAEEs). This reaction is catalyzed 
by FAEE synthases that remain to be fully characterized, 
but two enzymes implicated to date include carboxylester 
lipase and triglyceride lipase. Notably, FAEE synthase 
activity in the pancreas was calculated to be  several fold 
higher than that observed in the liver.48 Indeed, a number 
of studies have reported FAEE accumulation in the human 
and rat pancreas after alcohol intake.42,49-51 It is also impor-
tant to note that FAEE concentrations found in the pan-
creas of alcohol-fed rats are sufficient to induce damage 
to the subcellular organelles of pancreatic acinar cells.49,52 
The mechanisms by which FAEEs exert their toxic effects 
include : (i) direct interaction of the compounds with cel-
lular membranes,53 (ii) stimulation of cholesteryl ester 
synthesis by transesterification,54 and (iii) release of free 
fatty acids by hydrolysis of FAEEs, a process thought to 
 contribute to FAEE-induced mitochondrial damage.54

Experimental studies have demonstrated that the oxida-
tive pathway is the predominant route for alcohol metabo-
lism in the pancreas.42,43 However, this does not diminish 
the potential importance of the nonoxidative pathway, since 
as noted above, products from this pathway are generated 

in amounts sufficient to cause subcellular injury. Whether 
there is a direct link between the two pathways is not yet 
clear. In isolated pancreatic acini, FAEE synthesis was 
reportedly increased in the presence of inhibitors of the 
oxidative pathway, while in vivo infusion of alcohol with 
ADH inhibitors resulted in increased FAEE accumulation 
in the pancreas.55 Although these studies did not clearly 
demonstrate actual inhibition of alcohol oxidation in the 
pancreas, the findings suggest that the pancreas may be able 
to modulate alcohol metabolism based on the substrate and 
enzyme availabilities for the two different pathways.

The other cell type in the pancreas with a capacity for 
alcohol metabolism is the PSC (now established as the key 
cell responsible for producing fibrosis in the pancreas.56,57 
PSCs exhibit 4-methylpyrazole-sensitive ADH activity, 
with kinetics of alcohol oxidation consistent with ADH I.57 
In support of these findings, is a recent study demonstrating 
the presence of an ADH I isozyme (ADH1C) in quiescent 
human PSCs, and it was inhibited by pyrazole.44 Notably, 
the researchers also showed that ADH1C expression was 
increased in activated human PSCs in chronic pancreatitis. 
Whether PSCs have a capacity for nonoxidative ethanol 
metabolism is not known.

Effects of alcohol on acinar cells
Chronic alcohol administration to rats has been shown to 
increase synthesis of the digestive enzymes trypsinogen, 
chymotrypsinogen, and lipase and the lysosomal enzyme 
cathepsin B within acinar cells58,59 and reduce enzyme 
secretion by acinar cells, possibly secondary to acetal-
dehyde-induced microtubular dysfunction.60 Alcohol-
induced reorganization of the apical cytoskeleton, as 
reported by Siegmund et al. using isolated acinar cells,61 
may also play a role in impairing enzyme secretion. These 
effects perturb exocytosis and cause intracellular enzyme 
accumulation. At the same time, alcohol decreases the 
stability of the membranes of zymogen granules and lys-
osomes, which contain digestive and lysosomal enzymes, 
respectively.62,63 Lysosomal membrane instability may be 
mediated by cholesteryl esters64 and FAEEs,52 substances 
known to accumulate in the pancreas after chronic alco-
hol consumption,50,65 while zymogen granules instabil-
ity is postulated to be the result of loss of a glycoprotein 
GP2, which is important for granule shape and stability.37 

The alcohol-induced increase in digestive and lysosomal 
enzyme contents accompanied by decreased stability of the 
organelles that contain these enzymes increases the poten-
tial for contact between digestive and lysosomal enzymes. 
In the presence of an appropriate trigger factor, premature 
intracellular activation of digestive enzymes can occur, 
leading to autodigestive injury of the gland.

Effects of alcohol on two major homeostatic mecha-
nisms that maintain cellular integrity, namely, the unfolded 
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protein response (UPR)/endoplasmic reticulum (ER) stress 
and autophagy, have attracted some attention in recent 
years. In vivo and in vitro studies demonstrated that expo-
sure to alcohol causes an adaptive increase in the UPR (as 
evidenced by increased spliced XBP1 expression) in acinar 
cells, possibly to deal with the alcohol-induced increased 
production of enzymes within the cells.66 This may be a pro-
tective response, since exposure to alcohol alone does not 
cause overt acinar damage. However, in the presence of an 
additional injurious agent (e.g., high-dose cerulein and pos-
sibly endotoxins or smoking), this adaptive response may be 
overwhelmed, leading to frank ER stress and cellular dam-
age.67,68 With regard to autophagy, in vivo studies using alco-
hol-fed rodents have demonstrated a significant decrease in 
LAMP2, a protein essential for autolysosome formation.69 
The resultant impairment of autophagic flux could lead to 
accumulation of misfolded proteins and damaged organelles 
within the acinar cell, eventually causing acinar death. 

In recent years, downstream signaling pathways 
involved in the effects of alcohol and its metabolites on aci-
nar cells have also been examined. Alcohol, acetaldehyde, 
and FAEEs induce the expression of nuclear factor (NF)-κB 
and AP-1, transcription factors that regulate cytokine 
expression.42 FAEEs have also been shown to cause per-
turbations of intracellular Ca2+. Criddle et al. reported that 
exposure of pancreatic acinar cells in vitro to the FAEE pal-
mitoleic acid ethyl ester (PAEE) caused a sustained rise in 
cytosolic Ca2+ as a consequence of increased Ca2+ release 
from intracellular sources such as the ER (via stimulation 
of inositol triphosphate receptors) and decreased clearance 
of Ca2+ due to dysfunction of the Ca2+ ATPase pumps in 
the ER and plasma membrane.70 The ATPase pump dys-
function is dependent on the hydrolysis of PAEE to its 
free fatty acid palmitoleic acid, which leads to uncoupled 
mitochondrial oxidative phosphorylation and deficient  
ATP production. 

An additional source for increased intracellular Ca2+ in 
alcohol-exposed acinar cells is via increased influx of extra-
cellular Ca2+, as has been reported in mouse acinar cells 
incubated with physiological concentrations of cholecys-
tokinin (CCK) and intoxicating concentrations of alcohol 
(50mM).70 Inhibition of alcohol oxidation by 4-methyl-
pyrazole or preincubation with the antioxidant cinnamtan-
nin-B prevented the alcohol-induced Ca2+ influx.71 These 
findings indicate that alcohol oxidation and subsequent 
ROS generation may play an important role in this process. 
It is thought that the sustained rise in intracellular Ca2+ 
leads to mitochondrial Ca2+ overload and mitochondrial 
 depolarization, eventually causing acinar cell death.

Effects of alcohol on PSCs
A characteristic histologic feature of alcoholic chronic pan-
creatitis is abundant pancreatic fibrosis. Activated PSCs are 

now known to play a central role in pancreatic fibrogen-
esis.56 With regard to alcoholic pancreatitis, both human 
and rat PSCs are directly activated by alcohol at clinically 
relevant concentrations ranging from 10 mM (encountered 
during social drinking) to 50 mM (seen with heavy alco-
hol consumption).57,72 Inhibitor studies have determined 
that this alcohol-induced PSC activation is mediated by 
oxidation of alcohol to acetaldehyde and the subsequent 
generation of oxidant stress.57,72 Alcohol and acetalde-
hyde increase the secretion of MMP2 by PSCs. MMP2 
digests basement membrane collagen (collagen IV) and 
facilitates deposition of fibrillary collagen (collagen I).73 
Interestingly, alcohol has also been reported to stimulate 
the synthesis of endogenous cytokines such as interleu-
kin (IL)-8 and connective tissue growth factor by PSCs.72 
These endogenous cytokines could act on PSC membranes 
via autocrine pathways to further perpetuate PSC activa-
tion. In addition, alcohol has been shown to inhibit PSC 
apoptosis, thereby prolonging survival of activated cells in 
the pancreas.74

Of relevance to alcoholic pancreatitis is another poten-
tial activating factor for PSCs, namely, bacterial endotox-
ins. Increased gut permeability is a known consequence 
of alcohol consumption that can facilitate translocation 
of gut bacteria into the circulation and result in increased 
circulating endotoxin levels.75,76 In vivo studies have dem-
onstrated a key role for lipopolysaccharide (LPS), an endo-
toxin found in the cell wall of Gram-negative bacteria such 
as Escherichia coli, in the initiation and progression of 
alcoholic pancreatitis.26,77 Similar to alcohol, LPS has been 
shown to activate PSCs (as assessed by αSMA expression) 
and inhibit PSC apoptosis.26,74 Importantly, alcohol and 
LPS together exert synergistic effects on PSC activation 
and apoptosis.26,74

Signaling pathways implicated in the effects of alcohol 
and its metabolites on PSCs include the three major compo-
nents– ERK1/2, p38 kinase (p38K) and c-jun amino termi-
nal kinase (JNK) – of the mitogen-activated protein kinase 
(MAPK) pathway.42,78 Alcohol and acetaldehyde also 
activate protein kinase C (PKC) and PI3K, two pathways 
upstream of the MAPK cascade.78 The synergistic effects 
of alcohol and endotoxin noted earlier are likely mediated 
via LPS-induced upregulation of the LPS receptor Toll-like 
receptor 4 (TLR4) on PSCs26 and downstream activation of 
NFκB.79 These findings are relevant to the observed LPS-
induced decrease in apoptosis of PSCs because NFκB can 
induce anti-apoptotic proteins such as IAPs (inhibitors of 
apoptosis proteins)80 and may explain the LPS-induced 
inhibition of PSC apoptosis. For a majority of the path-
ways noted above that are stimulated by the binding of rel-
evant ligands to their receptors, the common downstream 
event is most likely intracellular Ca2+  modulation. A recent 
study showed that activation of the bradykinin 2 receptor 
on PSCs by bradykinin (formed in the extracellular matrix 
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due to cleavage of its precursor kininogen by kallikreinin 
released from FAEE-injured acinar cells), leads to a sus-
tained increase in Ca2+ within PSCs, resulting in their pro-
liferation and activation, which would further perpetuate 
fibrosis.81

Effects of alcohol on ductal cells
Although Sarles and colleagues38 drew attention to CFTR 
abnormalities and pancreatic duct changes several decades 
ago, there was little research into the effects of alcohol on 
ductal cells until recent work by Maleth et al.41 The authors 
report increased sweat chloride levels (suggesting impaired 
CFTR function) in patients who acutely abused alcohol and 
long-term alcohol dependent patients, while healthy volun-
teers had normal sweat chloride levels. Pancreatic CFTR 
expression (at both mRNA and protein levels) was reduced 
in patients with alcoholic AP. In alcoholic chronic pancrea-
titis, decreased membrane expression of CFTR was associ-
ated with increased CFTR mRNA and protein expression 
in the cytoplasm, suggesting translocation of CFTR from 
the membrane to the cytosol and/or misfolding of pro-
teins in the ER leading to their cytoplasmic accumulation. 
In human pancreatic ductal epithelial cells exposed to alco-
hol and fatty acids, fluid and bicarbonate secretion and 
CFTR activity were significantly reduced.41 These changes 
were associated with increased cellular Ca2+ concentra-
tions, decreased ATP levels, and mitochondrial depolari-
zation. Using mouse and guinea pig pancreatic ducts and 
human pancreatic duct cell lines, the authors also showed 
that incubation with high-dose alcohol plus the FAEE 
metabolite palmitoleic acid, decreased CFTR mRNA levels 
and CFTR stability. Notably, CFTR knockout mice admin-
istered ethanol and fatty acids developed a more severe 
form of pancreatitis than wild-type mice. Thus, this study 
implicates CFTR dysfunction in ductal cells as a major 
factor in alcohol-induced pancreatic injury and postulates 
that the effects of alcohol on pancreatic ducts are mediated 
by the nonoxidative metabolites of alcohol.41

Individual susceptibility to alcoholic pancreatitis

Based on the studies described above, direct toxic effects of 
alcohol and its metabolites on pancreatic cells likely occur 
in all heavy drinkers, at least at subclinical levels. However, 
clinically overt pancreatitis only occurs in a minority of 
alcoholics, indicating that an additional hit/insult or a fac-
tor that confers specific susceptibility is essential to trigger 
clinical disease. Concerted efforts are underway to iden-
tify this trigger factor/susceptibility factor (summarized in 
Table 1), but no particular factor has been unequivocally 
demonstrated to play this role. 

The key comparison when assessing susceptibil-
ity  factors should be between alcoholics with alcoholic 

pancreatitis and alcoholics without pancreatitis so that the 
index and the control groups differ in only one variable: the 
presence or absence of pancreatitis. This comparison has 
not always been made, with many studies limited to the use 
of a healthy population as a control group. Nonetheless, 
numerous potential factors have been examined in the 
past three decades, each of which usually falls into one of 
two groups: hereditary factors and lifestyle/environmental 
factors.

Hereditary factors
The hereditary factors assessed to date can be grouped into 
genes relevant to the alcohol metabolizing pathway, diges-
tive enzymes and their inhibitors, CFTR, growth factors 
and cytokines, blood group antigens, and genes relevant to 
tight junction proteins that regulate mucosal permeability.

Alcohol metabolizing enzymes
As noted earlier, the deleterious effects of alcohol on the 
pancreas are most likely related to the direct toxic effects 
of its metabolites (acetaldehyde, FAEEs, and ROS) on the 
gland. Altered activities of alcohol metabolizing enzymes, 
particularly ADH, ALDH, CYP2E1, and FAEE synthases, 
may lead to harmful metabolite accumulation and tissue 
injury.

Oxidative pathway of alcohol metabolism
The major enzymes involved in alcohol oxidation are 
ADH and acetaldehyde dehydrogenase (ALDH).82 These 
enzymes have several isoforms and are encoded by dif-
ferent genes that can have several allelic variants that 
influence the ethanol metabolism rate.83 Differences in 
distributions of the allelic variants can also occur between 
different  tissues in the body or different ethnic groups. 
Human ADH enzymes are classified into five classes based 
on amino acid sequence and structural similarities. The 
Class I ADH enzymes (ADH1A, ADH1B, and ADH1C) 
are the major enzymes involved in ethanol clearance in 
the liver. ALDH enzymes are classified into two groups: 
cytosolic ALDH 1 and mitochondrial ALDH2. Oxidation 
of acetaldehyde to acetate is mainly carried out by ALDH2. 

The best-studied ADH gene with regard to alcoholic 
pancreatitis susceptibility is the ADH1B gene. Studies in 
Asian populations have reported that the ADH1B*2 allele 
is predominant. This encodes for the highly active B2-ADH 
subunit which oxidizes alcohol to acetaldehyde at a faster 
rate than the subunit encoded by the ADH1*B1 allele.84,85 

Three studies from Japan have shown that ADH1B*2 
allele frequency is increased in patients with alcoholic pan-
creatitis compared to alcoholics without pancreatitis.85-87 
A decreased frequency of the ADH1*B1 allele has also 
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Table 1. Individual Susceptibility Factors

Factor Association Reference

Inherited factors
Human leukocyte antigen
α1-antitrypsin deficiency
Cystic fibrosis genotype
Cytochrome P4502E1 polymorphism
ADH genotype

Anionic trypsinogen gene mutation

PSTI/SPINK1 mutations

TNFα, TGFα, IL10, IFNg		polymorphisms

Detoxifying enzymes
          - Glutathione S-transferase 
          - UDP-glucuronosyl transferase 

Carboxylester lipase (CEL) polymorphism

Hybrid allele of CEL (CEL-HYB)

No
No
No
No
Yes
Yes
No
Yes
Yes
Yes

Yes
Yes
Yes

Yes

No

No 
Yes

Yes 
No

Yes      

Wilson et al., 1984113

Haber et al., 1991114

Norton et al., 1998115

Frenzer et al., 2002116

Matsumoto et al., 199687

Maruyama et al., 199986

Frenzer et al., 2002116

Shimosegawa et al., 200885

Maruyama et al., 200888

*Zhong et al., 201589

*Witt et al., 200696

*Whitcomb et al., 201294

*Derikx et al., 201595

Witt et al., 200197

*Schneider et al., 2004117

Frenzer et al., 2002116

*Ockenga et al., 2003118

Miyasaka et al., 200591

*Ragvin et al., 2013119

*Fjeld et al., 201592

Lifestyle factors
Drinking pattern

Beverage type

Diet

Smoking

Obesity

No

No 
Yes

No

Yes
No

Yes

Wilson et al., 198518

Wilson et al., 198518

*Nakamura et al., 2003120

Wilson et al., 198518

Lowenfels et al., 1987121

Haber et al., 1993122

*Ammann et al., 2010109

* These studies did not include alcoholics without pancreatitis as controls.

been reported in the Japanese population and is thought to 
reduce vulnerability to alcoholic pancreatitis.87,88 Zhong 
et al. recently published a meta-analysis of eight case-con-
trol studies examining the association of ADH1B, ADH1C, 
and ALDH2 variants in alcoholic pancreatitis.89 In Asian 
patients, a higher risk of alcoholic pancreatitis was found 
for carriers of the ADH1B*2 allele, but there was a lower 
risk for those with the ALDH2*2 allele that encodes a met-
abolically inactive protein. In the non-Asian population, 

the ADH1C*2 allele was associated with a decreased risk 
of alcoholic pancreatitis.

The gene for CYP2E1 (which also plays a role in alco-
hol oxidation as noted earlier) has been shown to have 
polymorphisms in both the promoter region as well as in 
intron 6.90 Some of these polymorphisms are associated 
with altered CYP2E1 function, but none have been found 
to be associated with increased risk of alcoholic pancreati-
tis when compared to alcoholics without pancreatitis.
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Nonoxidative pathway of alcohol metabolism
This pathway is catalyzed by FAEE synthases. A Japanese 
study compared alcoholics with and without pancrea-
titis and reported a positive association between the risk 
of developing alcoholic pancreatitis and a gene polymor-
phism for the FAEE synthase enzyme, carboxyl ester lipase 
(CEL).91 However, the functional significance of this poly-
morphism has not been elucidated, and the study findings 
were not corroborated in a study of European subjects. 

More recently, Fjeld and colleagues reported an associ-
ation between a hybrid allele of the CEL gene (CEL-HYB) 
and alcoholic chronic pancreatitis.92 However, the controls 
were healthy volunteers and not alcoholics without pancrea-
titis. The authors also assessed the functional consequences 
of the CEL-HYB gene in vitro using HEK293 cells. They 
found that the resulting CEL-HYB protein might impair 
autophagy within the cells, leading to their death. 

Digestive enzyme gene mutations
Several studies have examined the possible association 
between mutations of genes related to digestive enzymes, 
their inhibitors, and alcoholic pancreatitis. The genes 
assessed include cationic trypsinogen (PRSS1), anionic 
trypsinogen (PRSS2), chymotrypsinogen, secretory trypsin 
inhibitor (PSTI) also known as serine protease inhibitor 
Kazal type 1 (SPINK-1), mesotrypsin, and chymotrypsin 
C (CTRC)(see review93). 

Two recent genome-wide association studies (GWASs) 
from North America94,95 and from Europe95 (95) have 
reported that a single nucleotide polymorphism rs10273639 
located in the 5’-promoter region of the cationic trypsino-
gen gene PRSS1 was associated with a decrease in alcoholic 
pancreatitis risk. This polymorphism was not associated 
with nonalcoholic chronic pancreatitis or with alcoholic 
liver disease; however, the studies did not include alcohol-
ics without pancreatitis or liver disease as controls. The 
authors postulated that rs10273639 may affect expres-
sion of trypsinogen, but the functional significance of the 
polymorphism remains to be clarified. With regard to the 
anionic trypsinogen gene PRSS2, it has been reported 
that a protective variant (G191R) that produces a form of 
trypsin that is easily degraded is significantly less common 
in patients with alcoholic chronic pancreatitis compared to 
healthy controls.96 Again, the prevalence of this variant in 
alcoholics without pancreatitis was not tested. 

An association between mutated SPINK1 and alcoholic 
pancreatitis has also been described. The N34S mutation, 
a c.101A>G transition leading to substitution of asparagine 
by serine at codon 34, was found in 5.8% patients with 
alcoholic pancreatitis compared to 1.0% alcoholic con-
trols without pancreatitis.97 A study of Romanian patients 
reported that 5% of patients with ACP had the N34S 
mutation compared to 1% of healthy controls.98 A recent 

meta-analysis found a significant association of the N34S 
mutation with alcoholic pancreatitis with an odds ratio of 
4.98 (95% confidence interval: 3.16-7.85), but the asso-
ciation was weakest among categories analyzed including 
tropical pancreatitis, idiopathic chronic pancreatitis, and 
hereditary pancreatitis.99 Despite the reported association 
with alcoholic pancreatitis, since the N34S mutated human 
SPINK1 does not show any altered trypsin inhibitor capac-
ity,100 the functional consequences of this mutation are 
unclear. 

Two variants of chymotrypsin C (CTRC, a minor iso-
form of chymotrypsin) have been reported more often in 
German patients with alcoholic pancreatitis (2.9%) than in 
patients with alcoholic liver disease (0.7%).101 In a Chinese 
population, more CTRC variants were detected in chronic 
pancreatitis patients, but the overall frequency of mutations 
was 2.3% and thus lower than in the German study.102

Claudin 2 mutations
Claudin-2 is a tight junction protein encoded by the gene 
CLDN2. In tissue sections of chronic pancreatitis, clau-
din-2 was expressed in acinar and ductal cells.94 The two 
GWASs noted earlier identified two single nucleotide pol-
ymorphisms of the CLDN2 gene involving the CLDN2-
RIPPLY1-MORC4 locus (Xp23.3, SNPs rs7057398 and 
rs12688220). A decreased risk of alcoholic pancreatitis was 
found in association with rs12688220; however, the func-
tional significance of this SNP is not clear. Interestingly, 
aberrant expression of the claudin-2 protein along baso-
lateral membranes of acinar cells was found in pancreatic 
sections from chronic pancreatitis patients with the high-
risk SNP rs7057398. Again, the functional significance of 
this aberrant expression is unclear, but it is possible that the 
SNP alters the function of claudin-2 in the intestine, thereby 
influencing intestinal mucosal permeability and facilitating 
the translocation of gut bacteria with consequent endotox-
inemia. As discussed later, endotoxinemia (a well reported 
feature in alcoholics) may be a susceptibility factor for 
alcoholic pancreatitis. Interestingly, upregulation of clau-
din-2 has been implicated in increased  intestinal perme-
ability in Crohn’s disease.103

CFTR mutations
As noted earlier, both animal and human studies have 
revealed that CFTR function and expression are impaired 
by alcohol. However, there is little evidence to implicate 
CFTR mutations in the pathogenesis of alcoholic pancrea-
titis. A small study from Brazil showed that patients with 
alcoholic pancreatitis had a higher frequency of the T5/T7 
genotype in the noncoding region of thymidines in intron 
8, suggesting reduced transcription of the CFTR gene.104 
However, additional, larger studies are needed to fully elu-
cidate the role of CFTR mutations in alcoholic pancreatitis.
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Other hereditary factors
Numerous other hereditary factors have been examined 
in alcoholic pancreatitis including blood group antigens, 
human leukocyte antigen (HLA) serotypes, α-1-antitrypsin 
phenotypes, the cytokines transforming growth factor β 
(TGFβ), tumor necrosis factor α (TNFα), IL-10, interferon 
gamma, and detoxifying enzymes such as UDP glucurono-
syltransferase (UGT1A7) and glutathione S-transferase 
(see review93). Most of these studies have failed to show 
any associations of these genes with alcoholic pancreatitis, 
although a recent report described a positive association 
between the risk of developing alcoholic pancreatitis and 
fucosyl transferase (FUT2) nonsecretor status, as well as 
with ABO blood group B status.105

Lifestyle/environmental factors
Dietary intake, amount and type of alcohol consumed, 
drinking pattern, lipid intolerance, and smoking (see 
reviews93,106) have all been examined for their possible role 
in alcoholic pancreatitis. Appropriately controlled stud-
ies have ruled out any role for dietary factors, particularly 
macronutrients, in alcoholic pancreatitis. However, similar 
studies of dietary antioxidants and other micronutrients 
remain to be performed. Alcoholic beverage type and 
drinking pattern have also not been clearly shown to influ-
ence the risk of alcoholic pancreatitis. 

The role of smoking as a trigger factor for alcoholic 
pancreatitis has been a particularly fraught subject (see 
reviews93,106). Since a large proportion of heavy drinkers 
are also smokers, it is difficult to unequivocally demon-
strate an independent role of smoking in the initiation of 
pancreatitis. Law et al. performed a retrospective study 
adjusting for alcohol and other risk factors and concluded 
that smoking is independently associated with chronic 
pancreatitis.107 However, the authors acknowledged that 
factors such as recall bias impeded their ability to accu-
rately stratify the extent of smoking and alcohol use. In a 
recent review on the subject, Yadav and Lowenfels noted 
that “although smoking increases the risk of chronic pan-
creatitis independently, the effects of smoking are stronger 
for alcohol-related chronic pancreatitis.”108 In this regard, 
there is some evidence to suggest that smoking accelerates 
the progression of alcoholic chronic pancreatitis by pro-
moting the development of pancreatic calcifications and 
endocrine dysfunction.21

Obesity is another possible risk factor for alcoholic pan-
creatitis. Ammann et al. prospectively recruited 227 patients 
with alcoholic chronic pancreatitis and age- and sex-matched 
healthy subjects as controls.109 In patients with alcoholic 
chronic pancreatitis, obesity (body mass index >30) prior to 
disease onset was 5-fold more frequent than in healthy con-
trols. However, obesity did not influence disease progres-
sion. Notably, an earlier study reported that obesity was 

highly prevalent in asymptomatic alcoholics compared to 
the general population.110 In view of this observation and 
the fact that the study by Ammann and colleagues did not 
include alcoholics without pancreatitis as controls, it is 
difficult to clearly attribute a role to obesity as a suscep-
tibility factor for alcoholic pancreatitis.109 Thus, in terms 
of “environmental” factors, a clear susceptibility factor for 
alcoholic pancreatitis remains to be identified.

A potential cofactor that should be explored for its role 
in clinical alcoholic pancreatitis is endotoxinemia. Serum 
endotoxin levels are known to be increased in  alcoholics, 
even after a single binge.111 This is likely due to the 
 alcohol-induced increase in gut permeability permitting 
translocation of gram-negative bacteria (such as E. coli) 
across the mucosal barrier, and impaired clearance of endo-
toxin by Kupffer cells in the liver.75,76 In this regard, alco-
hol has been shown to increase the permeability of Caco-2 
intestinal epithelial cell monolayers via CYP2E1-induced 
oxidant stress, which in turn induces the circadian clock 
proteins CLOCK and PER2.112 Experimental evidence sup-
porting a role for endotoxins as a susceptibility factor in 
alcoholic pancreatitis, comes from a study by Vonlaufen 
et al.26 The authors convincingly demonstrated that endo-
toxin (LPS) challenge in alcohol-fed rats initiated overt 
pancreatic injury and stimulated progression to chronic 
disease manifesting as acinar atrophy and fibrosis.

Taken together, existing clinical studies have not une-
quivocally identified a hereditary or environmental suscep-
tibility factor for alcoholic pancreatitis. However, studies 
with experimental models suggest that bacterial endotoxins 
are a promising candidate worthy of further study. Future 
work could include assessments of genetic polymorphisms 
of factors related to endotoxin-related molecules such as 
the LPS receptor TLR4 and its adapter proteins CD14 and 
MD2. Other susceptibility factors that remain to be fully 
examined include proteins relevant to cellular antioxidant 
defenses and minor CFTR mutations. 

Conclusion

The association of alcohol abuse and pancreatitis has been 
recognized for over two centuries. In the past four decades, 
considerable advances have been made in our understand-
ing of the pathogenesis of this disease, with elucidation of 
the detrimental effects of alcohol on the functions of three 
major pancreas cell types: acinar, ductal, and PSCs. The 
baseline damage caused by alcohol on the pancreas is now 
better understood; however, the major challenge in the field 
remains, that is, to unravel the reasons why only certain 
heavy drinkers develop the disease. Despite concerted 
research efforts specific susceptibility/trigger factors that 
could cause overt pancreatitis in alcoholics remain to be 
determined. Alcoholic pancreatitis is likely a multifactorial 
and polygenic condition, and further work is needed to fully 
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characterize the putative pathogenic pathways responsible 
for the clinical disease.
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Importance of the pancreatic ductal HCO3
- secretion

The exocrine pancreas secretes ~1.5 L of alkaline, iso-
tonic fluid that washes digestive enzymes from the lumens 
of the pancreatic ducts and neutralizes the acidic gastric 
content entering the duodenum.1,2 This alkaline pancre-
atic secretion plays an important role in gland physiology 
and pathophysiology, protecting the pancreatic tissue from  
damage. Findings from the last two decades support this 
hypothesis and demonstrate that pancreatic acinar cells 
will suffer severe damage if pancreatic ductal secretion is 
impaired. Freedman et al. observed that pancreatic ductal 
secretion is impaired in cystic fibrosis transmembrane 
conductance regulator (cftr) knockout mice, resulting in a 
more acidic (pH 6.6 ± 0.04) pancreatic juice compared to 
wild-type animals (pH 8.12 ± 0.06).3 In addition, the lack of 
CFTR chloride (Cl-) channel activity caused a defect in the 
apical membrane transport of the acinar cells. The findings 
of Reber et al. showed that in cat pancreas, the basal paren-
chymal pH was ~7.35, which decreased to ~7.25 after the 
induction of chronic pancreatitis (CP).4 Moreover, ethanol 
administration decreased the extracellular pH of the pan-
creatic tissue to ~7.1 and reduced pancreatic blood flow to 
40%. In a rat model, acute pancreatitis (AP) development 
was affected by contrast solution pH during endoscopic 
retrograde cholangiopancreatography.5 Contrast solution at 
pH 6.0-6.9 injected into the main pancreatic ducts induced 
pancreatic edema, increased serum amylase activity, neutro-
phil infiltration, and histological damage. Pancreatic injury 
correlated with the lower pH. Conversely, pH 7.3 solution 
caused only mild pancreatic injury. Bhoomagoud et al. 
showed that the decrease of extracellular pH from 7.6 to 6.8 
augmented secretagogue-induced zymogen activation and 
acinar cell injury in vitro and enhanced cerulein-induced 

trypsinogen activation and pancreatic edema in vivo.6 Our 
group further proved the importance of the pancreatic 
ductal secretion; we demonstrated that the autoactivation 
of trypsinogen is a pH-dependent process, with accelerated 
autoactivation on acidic pH meaning that HCO3

- secretion 
protects the pancreas from untimely trypsinogen autoacti-
vation.7 Evidence suggests that decreased pancreatic ductal 
bicarbonate secretion can affect AP severity. 

Mechanism of bicarbonate secretion  
in pancreatic ductal cells

The major site of fluid and bicarbonate (HCO3) secretion are 
the pancreatic ductal epithelial cells (PDECs) of the small 
intercalated and intralobular ducts.8 The maximal HCO3

- 
concentration in the ductal lumen can vary among species; 
importantly, human PDECs can produce 140 mM maximal 
intraluminal HCO3

- concentration, as can guinea pigs.2
The complex process of pancreatic ductal HCO3

- secre-
tion can be divided to two steps: HCO3

- accumulation 
across the basolateral membrane followed by the secre-
tion via the apical membrane into the lumen. Basolateral 
accumulation is mediated by the sodium (Na+)/HCO3

- 
cotransporter (NBCe1-B), which operates with 1 Na+: 
2 HCO3

- stoichiometry.9 The passive diffusion of CO2 
through the basolateral membrane may also contribute to 
the HCO3

- accumulation, which is followed by the car-
bonic anhydrase-mediated conversion of CO2 to HCO3

-.10 
On the luminal PDEC membrane, the molecules central to 
HCO3

- secretion are the electrogenic Cl-/HCO3
- exchangers 

(SLC26A6 and possibly A3, which operates with a 1 Cl-: 
2 HCO3

- stoichiometry).11 Another important protein is the 
CFTR Cl- channel, which plays an important role in the 
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ductal HCO3
- secretion in humans and animals to produce 

a high intraluminal HCO3
- concentration.12 This electro-

genic apical Cl-/HCO3
- exchange allows PDECs to trans-

port HCO3
- into the ductal lumen and establish 140 mM 

intraluminal HCO3
- concentration during stimulated 

 secretion.1,2 The details and molecular background of the 
pancreatic ductal HCO3

- secretion were recently reviewed 
elsewhere.1,13,14

Effects of ethanol and ethanol metabolites on the 
pancreatic ductal bicarbonate secretion

One of the most common causes of AP is heavy alcohol 
abuse. The inhibitory effect of alcohol on pancreatic secre-
tion was first suggested decades ago.15 Yamamoto et al. 
found that in the guinea pig, 0.3-30 mM and 100 mM etha-
nol augmented and inhibited secretin-stimulated pancreatic 
ductal fluid secretion, respectively.16 The authors focused 
on the effects of ethanol in that study; but others have high-
lighted the harmful effects of various ethanol metabolites 
in different organs. In vivo ethanol metabolism is carried 
out by two independent pathways.17,18 The oxidative path-
way occurs dominantly in the liver and generates acetalde-
hyde, whereas, the nonoxidative pathway combines ethanol 
and fatty acids (FAs) and produces fatty acid ethyl esters 
(FAEEs) in the pancreas, brain, and heart, tissues typically 
damaged by excessive ethanol consumption.17 Compared 
with the liver, FAEE synthase activity in the pancreas is 
more likely to cause local accumulation of nonoxida-
tive ethanol metabolites.19 FAEE can also be hydrolyzed, 
leading to the intracellular accumulation of FAs that can 
strongly bind to mitochondrial membrane proteins and thus 
uncouple oxidative phosphorylation.20 Clinical studies21 
and experimental animal models suggest that in vivo eth-
anol administration does not induce pancreatitis by itself 
but sensitizes the pancreas to other triggers.22 Ethanol was 
shown to destabilize lysosomes and zymogen granules,23 
sensitize pancreatic mitochondria to activate mitochondrial 
permeability transition pore (MPTP) leading to mitochon-
drial failure,24 modulate the immune response via sensitiz-
ing nuclear factor-κB activation in pancreatic acinar cells25 
and cause oxidative ER stress, which activates an unfolded 
protein response and increases XBP1 levels and activity.26 
Criddle et al. found that FAEEs and FAs but not ethanol 
cause pancreatic acinar cell damage via sustained intra-
cellular calcium (Ca2+) elevation, mitochondrial dysfunc-
tion, ATP depletion and intra-acinar trypsinogen activation 
leading to cell necrosis.27-30 Ethanol metabolites were 
also shown to perturb exocytosis processes in cultured rat 
pancreatic acini causing apical blockade and basolateral 
exocytosis.31 Moreover, Werner et al. showed that FAEE 
infusion induced pancreatic edema, pancreatic trypsino-
gen activation, and vacuolization of acinar cells.32 The role 

of stellate cell activation was also recently highlighted in 
the ethanol-induced pancreatic injury;33 however, there is 
no direct evidence concerning the involvement of ductal 
epithelial cells in the pathogenesis of alcohol-induced  
pancreatitis. 

Importantly, Sarles et al. described that the initial pan-
creatic damage during alcohol-induced chronic calcifying 
pancreatitis is the formation of mucoprotein plugs  in the 
small pancreatic ducts.34 In addition, the sweat Cl- and Na+ 
concentrations of these patients were also significantly 
elevated compared to the control group.34 These changes 
are very similar to the alterations of the exocrine pancreas 
in cystic fibrosis, the most common genetic mutation in the 
Caucasian population, which is associated with exocrine 
pancreatic insufficiency35 and an increased risk of pancrea-
titis.36 Although the observations of Sarles are more than 
50 years old, the connection between ethanol-induced pan-
creatic damage and ductal secretory dysfunction has not yet 
been investigated in detail. 

Recently, we employed several overlapping in vivo and 
in vitro experimental models to demonstrate that ethanol 
and FA dose-dependently reduce CFTR expression and 
activity in PDECs and inhibit fluid and HCO3

- secretion in 
the pancreas.37,38 We observed that the sweat Cl- concen-
tration (Cl-

sw) was significantly elevated after heavy alco-
hol intake by human subjects; however, Cl-

sw normalized 
when the patients were sober.38 In human tissue samples 
from patients suffering from alcohol-induced AP or CP, we 
detected a significant decrease in the CFTR expression at 
the apical membranes of the pancreatic ducts. Interestingly, 
in experimental models we found that a low concentration 
(10 mM) of ethanol stimulated both the apical Cl-/HCO3

- 
exchange and CFTR channel activity. However, at a high 
concentration (100 mM), a strong inhibitory effect was 
detected for HCO3

- secretion, CFTR activity, and pancre-
atic fluid secretion in vivo and in vitro. This biphasic effect 
of ethanol is very similar to the dose-dependent effects of 
nonconjugated bile acids on pancreatic ductal functions.39 
Similarly to 100 mM ethanol, FAs augmented pancreatic 
fluid and HCO3

- secretion. The oxidative ethanol metabolite 
acetaldehyde and FAEEs have no such effects. Inhibition 
of CFTR by ethanol and FAs was associated with a sus-
tained increase in concentrations of intracellular Ca2+ and 
decreased 3',5'-cyclic adenosine monophosphate (cAMP) 
levels, mitochondrial membrane depolarization, and a con-
sequent drop of intracellular ATP. Intracellular ATP supple-
mentation via a patch pipette almost completely prevented 
inhibition of CFTR activity by ethanol and FA.37 We also 
showed that the decrease in CFTR expression and plasma 
membrane density in response to administration of ethanol, 
palmitoleic acid, or palmitoleic acid ethyl ester was caused 
by the combination of accelerated plasma membrane turno-
ver at the apical membrane and impaired protein folding in 
the endoplasmic reticulum.38
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Alcohol-induced CFTR dysfunction in the 
pathogenesis of pancreatic damage

As demonstrated above, ethanol and its metabolites have 
a strong inhibitory effect on pancreatic HCO3

- and fluid 
secretion by reducing CFTR function and expression 
(Figure 1). In addition to these experimental observations, 
other data suggest that CFTR function can affect AP patho-
genesis and severity. 

DiMagno et al. showed that CFTR deletion results in 
continuous overexpression of proinflammatory cytokine 
genes; moreover, these mice develop more severe AP 
upon cerulein hyperstimulation compared to wild-type ani-
mals.40 The authors observed increased pancreatic edema, 
neutrophil infiltration, and mRNA expression of multiple 
inflammatory mediators. While acinar cell injury was not 
different, acinar cell apoptosis was decreased in CFTR 
knockout mice, which also had mild exocrine pancreatic 
insufficiency as indicated by impaired in vivo pancreatic 
secretion in response to cholecystokinin and reduced pan-
creatic digestive enzyme mRNA and protein levels. These 
results were reproduced in ΔF508 mutant mice.41 These 
observations are important, although the authors focused on 
the alterations of acinar cells, whereas CFTR is expressed 
on the apical membrane of pancreatic ductal cells. The 
lack of pancreatic CFTR expression impairs ductal fluid 

and bicarbonate secretion, and any alterations of the aci-
nar cells might be presumably indirect. Our group recently 
demonstrated that CFTR knockout mice display more 
severe AP induced by intraperitoneal injection of ethanol 
and palmitic acid.38 All laboratory and histological param-
eters were significantly elevated in CFTR knockout mice 
compared to wild-type controls, including the extension of 
necrosis. These data have potential clinical relevance since 
we detected markedly decreased CFTR mRNA and protein 
expression in small pancreatic ducts using pancreatic tis-
sue samples from patients diagnosed with alcohol-induced 
AP.38 A study by Pallagi et al. confirmed the potential role 
of CFTR and pancreatic ductal secretion in the pathogen-
esis of AP.42 Their study used Na+/H+ exchanger regulatory 
factor-1 (NHERF-1) knockout mice that lack a cytosolic 
scaffolding protein involved in the apical targeting and 
retention of membrane proteins. They observed lower 
CFTR expression in the apical membrane of pancreatic 
ducts and decreased pancreatic bicarbonate and fluid secre-
tion. Cerulein hyperstimulation and sodium taurocholate 
infusion into the pancreas induced more severe pancreati-
tis, further confirming the importance of CFTR-mediated 
pancreatic secretion.

Alcohol-induced CFTR dysfunction and therefore 
impaired HCO3

- secretion also seem to be involved in the 

Figure 1. The effects of ethanol and ethanol metabolites on pancreatic ductal function. Under physiological conditions,the CFTR 
Cl- channel (red) is expressed on the luminal membrane of small inter/intralobular pancreatic ducts and significantly contributes to 
pancreatic HCO3

- secretion to maintain the alkaline intraluminal pH. During alcohol-induced AP or CP, CFTR function and expression 
are markedly reduced by ethanol and its metabolites, which leads to impaired HCO3

- and fluid secretion and consequently decreased 
intraluminal pH. Under these conditions, the wash out of the luminal content is insufficient to prevent the formation of intraluminal 
protein plugs. The intraductal obstruction will lead to intrapancreatic enzyme activation in AP and to pancreatic atrophy and exocrine 
pancreatic insufficiency in CP.
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pathogeneses of AP and CP. In CP, pancreas destruction can 
be observed due to chronic inflammation, exocrine pancre-
atic insufficiency, decreased pancreatic fluid and bicar-
bonate secretion, fibrosis, and tissue calcification. As an 
underlying mechanism for this decreased secretion, CFTR 
dysfunction due to mislocalized protein expression in pan-
creatic ductal cells has been observed in different forms 
of CP. Using human pancreatic tissue samples, Ko et al. 
found that CFTR is mislocalized in alcoholic, obstructive, 
and idiopathic CP.43 The decreased expression of CFTR 
observed in different forms of CP could explain impaired 
PDEC function.43 Impaired fluid and HCO3

- secretion lead 
to lower intraluminal pH, decreased wash out of the diges-
tive enzymes, and more viscous, protein-rich ductal fluid 
(Figure 1).44 These changes promote the formation of 
intraluminal protein gel or plugs that are among the earli-
est histological features of CP.34 Intraductal obstruction can 
lead to pancreatic atrophy, ductal mucinous hyperplasia,45 
goblet cell metaplasia, and protein plugs might also under-
lie pancreatic stone formation.44
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Introduction

Multiple clinical studies have shown that smoking tobacco, 
particularly cigarettes, elevates the risk for developing 
pancreatic diseases such as pancreatitis and cancer.1,2 
Furthermore, risk increases as a function of the amount of 
tobacco consumed. Smoking tobacco has often been linked 
as a cofactor with alcohol abuse in predisposition to pan-
creatic disorders. However, the inclusion of smokers that do 
not drink alcohol in some of these studies has highlighted 
that cigarette smoking can be considered an independent 
risk factor. Despite significant clinical advancements in this 
field, scientific data exploring how tobacco toxins affect 
the pancreas at the cellular level are scarce.2 In this review, 
we summarize clinical and scientific knowledge regarding 
the effects of tobacco on the pancreas and how they may 
contribute to disease development and progression.

Role of Tobacco in Development of Pancreatic  
Disease: Pancreatitis

Clinical evidence
An exact role for tobacco intake as a risk factor in pan-
creatitis has been difficult to determine as chronic tobacco 
consumption is frequently associated with chronic alcohol 
abuse. More than 80% of patients with alcoholic chronic 
pancreatitis (ACP) are smokers, and tobacco has largely 
been considered to potentiate alcohol toxicity.3-5 A retro-
spective cohort study of ACP showed that cigarette smok-
ing altered the average age at diagnosis; it was an average 
of 5 years earlier in smokers, who were also at an increased 
risk of pancreatic calcification.4 These findings were val-
idated in a recent study that also found a concentration-
dependent relationship between ACP course and tobacco 
consumption.5 Tobacco intake was measured in “pack 
years,” defined as the number of cigarettes per day mul-
tiplied by the number of years of smoking divided by 20 

(20 cigarettes/pack). At a 10-pack year threshold, no differ-
ences in ACP outcome were observed.

At a 20-pack year threshold, the diagnosis of ACP was 
made earlier, and patients had more frequent calcifications. 
Similar results were observed for a 30-pack year threshold, 
along with increased pancreatic exocrine insufficiency. 

Although these studies imply that tobacco use potenti-
ates alcohol’s effects in pancreatitis, convincing data has 
emerged from several case-control and cohort studies that 
strongly support an independent association between smok-
ing and pancreatitis.4,6-14 The major findings from these 
studies are detailed in Table 1. All of these investigations 
conclude that smoking tobacco increases the risk for devel-
oping chronic pancreatitis (CP) independently of alcohol.  
For example, one U.S. study showed that compared with 
never-smokers, the odds ratio (OR) for developing CP in 
smokers with <12 pack years was 1.34 (95% confidence 
interval [CI] 0.90-2.01), with 12-35 pack years it increased 
to 2.15 (95% CI 1.46-3.17), and with >35 pack years, the OR 
was 4.59 (95% CI 2.91-7.25). Furthermore, a stratified anal-
ysis revealed a direct correlation between the level of smok-
ing and CP for both sexes of Caucasians and “ever drinkers” 
(lifetime consumption of >20 alcoholic drinks) but not in 
the Black/African American population. While there was a 
trend toward increased risk in the African American com-
munity, the CIs also increased, perhaps owing to the small 
number of subjects.15 Data from the Iowa Women’s Health 
Study also support a link between smoking levels and an 
increased OR for CP; heavy smoking (40+ vs. 0 pack years)  
was associated with a twofold increase in OR for CP, 
regardless of alcohol use.16 The fact that the study targeted 
females ≥65 years old also suggests that smoking may be a 
specific factor for developing CP in older women.

In Japan, a nationwide survey was conducted to 
clarify the epidemiological features of patients with CP.7 
As it was a cross-sectional nationwide survey without 
healthy controls, the researchers did not estimate whether  
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smoking alone constituted a risk for CP onset. However, 
the results clearly showed that smoking tobacco increased 
the occurrence of clinical features associated with the 
disease. In this study, the incidence of comorbidity with 
diabetes mellitus and pancreatic calcifications increased 
significantly in the “never drinking but ever smoking” CP 
patients compared to the “neither drinking nor smoking” 
CP patients. These findings imply that smoking poses a 
risk for developing CP complications independently of 
alcohol consumption.

Collectively, evidence from clinical studies supports 
a dose-dependent association between smoking and CP; 
however, a similar association with acute pancreatitis (AP) 
has also been revealed.12,14,21 In a Danish study with a 
mean follow-up of 20.2 years, a link between smoking and 
increased risk of AP was observed independent of alco-
hol consumption. Another novel finding from this study 
was the risk for developing acute pancreatitis in former-
smokers was elevated (1.7, 95% CI 1.0-2.7), compared to 
“never smokers”.12 However, this study did not account 
for the level of smoking by former-smokers (e.g., mild, 
moderate,or heavy) or the extent of smoking abstinence, 
both of which could alter risk. A subsequent investigation 
centered on these factors and demonstrated that duration of 
smoking, rather than smoking intensity, was the reason for 
higher risk in this patient group. Two decades after smok-
ing cessation, the relative risk (RR) was reduced to a level 
consistent with that seen in never-smokers (RR 1.20, 95% 
CI 0.66-2.15).10 Although smoking cessation varied the 
risk for acute pancreatitis, another study found no signifi-
cant risk associated with former smoking in terms of CP 
(OR 0.40, 95% CI 0.14-1.18).8 In addition to the Danish 
and American studies, a population-based, cross-sectional 
analysis of an elderly Chinese population linked tobacco 
consumption with the risk of AP, particularly in those 
who had smoked at least 15 pack years.13 Furthermore, 
a systematic review and meta-analyses, which included 
many of the studies detailed here, concluded that cur-
rent and former smoking are firmly connected with an 
elevated AP risk.14,20 A single-center, prospective, cohort 
study of the natural history of AP found that smoking was 
a dose-dependent risk factor for recurrent acute pancrea-
titis (RAP).21 Furthermore they validated the association 
between cigarette smoking and CP. Therefore, it seems 
likely that increased levels and/or duration of tobacco con-
sumption could lead to repeat bouts of AP that ultimately 
evolve into CP.

It should be noted that one Taiwanese population-based 
cohort study did not find any evidence linking cigarette 
smoking and the incidence of pancreatitis, although they 
documented a dose-dependent association between alcohol 
abuse and pancreatitis.9 These findings are in sharp con-
trast to the overwhelming data supporting an independent 
effect of smoking on pancreatitis development.4,6-14 The 

authors reasoned that potential racial differences in nico-
tine metabolism and susceptibilities to smoking between 
the Taiwanese populations they examined versus ethnically 
different populations from the other investigations may 
explain the discrepancy. However, their study may not have 
been sufficiently powered to detect a modest association 
between smoking and pancreatitis given that a small number 
of subjects developed pancreatitis, follow-up was relatively 
short, and alcohol and tobacco consumption in Taiwan are 
much lower compared with Western populations.

In addition to the effects of tobacco smoking on develop-
ment of AP and CP, the influence of smoking on the course 
of autoimmune pancreatitis (AIP) and post-endoscopic 
retrograde cholangiopancreatography (ERCP) pancreatitis 
(PEP) has been considered.18-21 The AIP study reported that 
high smokers (>10 pack years) presented more frequently 
diabetes (50% vs. 27%) and pancreatic damage on imaging 
(59% vs. 34%) than low smokers.19 In addition, there was 
a trend to observe more pancreatic exocrine insufficiency 
(41% vs. 29%). These data suggest that smoking could 
influence the natural course of AIP, similar to that seen with 
alcoholic CP, although the association between smoking 
and AIP relapse was not significant. Type 2 AIP is associ-
ated with inflammatory bowel disease, especially ulcera-
tive colitis (UC), and although smoking has been shown 
to have a protective effect in UC, the exact mechanisms 
are not understood.22,23 In one study, 22 patients had UC 
in association with AIP, but a protective effect of smoking 
on AIP course was not observed. This lack of effect could 
have been due to an irrelevant statistical analysis owing to 
small patient numbers. In the study evaluating tobacco’s 
effects on the course of PEP, current smoking was inde-
pendently protective against PEP.18 That current smoking 
is protective against PEP apparently contradicts the clinical 
observation outlined earlier in this review: that smoking is 
an independent, dose-dependent risk factor for AP and CP. 
However, the protective effect observed in PEP may occur 
through nicotine, a major toxic component of tobacco 
(see section on Nicotine) that activates the nicotinic anti-
inflammatory pathway and can reduce pancreatic inflam-
mation.24-27 Nicotine can also relax the sphincter of Oddi 
in experimental models and might reduce sphincter spasm 
and obstruction that can cause PEP.28

Although numerous clinical studies now substanti-
ate an independent role for smoking in pancreatitis, it is 
often not acknowledged by physicians as a risk factor for 
the disease. In a study of 535 patients diagnosed with CP, 
382 (71.4%) reported smoking, yet physicians recorded 
smoking as a risk factor for only 173 (45.3%). There was 
a greater tendency to do so if the patient was a current 
smoker, reported elevated levels of smoking, and/or had a 
concurrent alcohol problem.15,29 The importance of smok-
ing as an independent risk factor, particularly for CP, is 
becoming vital for interventional purposes in light of new 
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clinical information. One recent study used a questionnaire 
to i) investigate patient awareness regarding an association 
of smoking and pancreatic disease; ii) assess doctor-patient 
communication regarding smoking in general, and pancre-
atic disease specifically; and iii) examine the patient’s stage 
of change for quitting smoking.30 Eighteen patients (mean 
age 52 years, 85% male) were included in the analysis. The 
data breakdown revealed that 56% of patients were aware 
of a connection between smoking and CP, and 72% were 
conscious of alcohol and its role in pancreatitis. Patients 
conveyed that physicians were a critical reference source 
for their knowledge concerning causes of CP, although 
only 39% stated that their physician had directly referred 
to the effects that tobacco has on the pancreas. This study 
highlights that efforts should be directed toward enhancing 
physicians’ knowledge on smoking and pancreatic disease, 
as well as patient education.

In addition to continuing clinical studies and relating 
newly relevant information to patients, greater understand-
ing is needed in defining which toxins in tobacco may initi-
ate pancreatic disease at the cellular level. The fundamental 
biological mechanisms of tobacco-related pancreatitis 
remain largely uncharted, and further research is necessary 
to identify potential therapeutic targets. An overview of 
current scientific findings related to tobacco and pancrea-
titis follow.

Scientific evidence
In the following section, the effects of tobacco smoke on 
the pancreas will be explored, and tobacco-specific toxins 
and their potential for inducing pancreatitis through certain 
cellular pathways will be considered.

Cigarette smoke
Of the 4,000 chemicals in cigarette smoke, more than 
60 have been recognized as prospective carcinogens. 
Tobacco smoke components, particularly nicotine, 
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), 
and nitrosamines specific to tobacco, have been stud-
ied in cells and in vivo.24,31-37 NNK is one of the most 
potent, as determined by studies in laboratory animals.37 
N’-nitrosonornicotine (NNN) and diethylnitrosamine 
(DEN) are two more nitrosamines derived from nicotine38 
that are potentially formed via nitrosation during tobacco 
processing.39 Approximately 46% of NNN and 26%-37% 
of NNK in tobacco is preformed, and the remainder is 
pyrosynthesized from nicotine during smoking.40 Other 
harmful constituents of tobacco smoke include polycyclic 
aromatic hydrocarbons (PAHs), although their role in pan-
creatic disease remains unclear.40,41 In the following sec-
tions we will report the general effects of tobacco on the 
pancreas and subsequently focus on nicotine and NNK, 

since they are the most studied with respect to pancreatic 
disease.

Effects on human pancreas
In light of the medical evidence linking tobacco smoking 
and pancreatitis, closer attention has been paid to smoking-
induced changes in pancreatic tissue from patients enrolled 
in such studies.42-48 Some of those changes are highlighted 
below.

Pancreatic fibrosis: One study assessed pancreatic 
fibrosis (PF) in smokers versus non-smokers and found 
that both total and intralobular PF were significantly more 
common in smokers (total: 42.9% vs. 26.5%, P = 0.027 
and intralobular: 39.3% vs. 15.6%, P = 0.013).48 Since pan-
creatic stellate cells (PSCs) are key players in PF,42,49 it is 
highly likely that oxidative stress induced by tobacco com-
ponents and cigarette smoke could lead to their activation, 
eventually resulting in PF. 

Oxidative stress: Expression of the pro-inflammatory 
cytokine interleukin-6 (IL-6) and antioxidants in pan-
creatic fluids and tissues in patients (both smoking and 
non-smoking) with CP have been measured.45 Compared 
to non-smoking patients and healthy subjects, statisti-
cally higher levels of IL-6 and metallothionein, as well 
as increased activities of antioxidants (glutathione per-
oxidase, copper-zinc superoxide dismutase) are observed 
in smoking patients with CP. These observations further 
underscore the role oxidative stress may play in tobacco-
related pancreatitis. 

Secretion: Several studies have assessed the effects 
of tobacco smoking on factors that affect both endocrine 
and exocrine pancreatic secretion in smokers versus non- 
smokers.43,46 Numerous publications report decreased 
insulin secretion in both smoking patients and smokers 
with CP, and higher blood glucose levels were detected 
in the latter.50-52 These changes paralleled adaptations in 
pancreatic structure and altered endocrine function of the 
organ resulting from smoking.51 Another study examined 
the immunohistochemical localization of somatostatin and 
pancreatic polypeptide (two hormones that regulate secre-
tion) in the pancreatic tissue of smoking and non-smoking 
patients with CP and healthy controls.46 Significantly higher 
immunostaining of the hormones was detected in samples 
from smoking patients, suggesting that tobacco smoking 
may contribute to endocrine disturbances during CP devel-
opment. Another retrospective study compared pancreatic 
duct cell function in smokers (current and past) with never-
smokers by measuring the secretin-stimulated peak bicarbo-
nate concentration ([HCO3–]) in endoscopically collected 
pancreatic fluid.43 Smoking (OR 3.8, 95% CI 1.6-9.1,  
P = 0.003) and definite CP imaging (OR 5.7, 95% CI 
2.2-14.8, P < 0.001) were determined to be independent 
predictors of low peak pancreatic fluid [HCO3–] after 
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controlling for age, sex, and alcohol intake. Furthermore, 
no interaction between smoking status and alcohol intake 
was observed in predicting duct cell dysfunction (P = 
0.571). Thus, measurement of pancreatic fluid bicarbo-
nate in smokers reveals that cigarette smoking (past and 
current) is an independent risk factor for pancreatic duct 
cell secretory dysfunction (low pancreatic fluid [HCO3–]). 
Furthermore, the risk of duct cell dysfunction in subjects 
who smoked was approximately doubled (RR 2.2) in never 
smokers.

Endothelin-1: Endothelin-1 (ET-1) plays a role in blood 
vessel constriction, and recent evidence indicates that it 
may be another marker of tobacco-linked pancreatitis.53,54 
Plasma ET-1 levels are nearly two-fold higher in smokers 
compared to healthy controls. Histopathologic analyses 
of pancreatic tissue also showed increased ET-1 levels in 
smokers and smokers suffering from CP. These findings 
may account for changes in blood flow to the pancreas seen 
during pancreatitis.

Pancreatic dysfunction/protein catabolism: One study 
examined levels of creatinine, uric acid, and urea in non-
smoking and smoking patients with CP.47 Their results 
showed elevated creatinine and uric acid levels 1.5 times 
higher in the smoking group compared to healthy controls. 
These findings suggest that cigarette smoking may be an 
important factor in potential changes in uric acid levels in 
patients with CP. In addition, the decreased protein catab-
olism observed in this study is likely due to progressing 
exocrine pancreatic dysfunction in both smoking and non-
smoking patients with CP.

Genetic mutations: Chymotrypsinogen C (CTRC) is 
known to protect the pancreas by degrading the prema-
turely activated zymogen, trypsinogen. Rare mutations in 
CRTC prevent it from degrading trypsinogen and are asso-
ciated with RAP and CP.55 The occurrence of such muta-
tions in patients was evaluated from the North American 
Pancreatitis Study cohort II, and it was found that a genetic 
variant, CTRC Variant G60G (c.180T), acted as a disease 
modifier and promoted progression of RAP to CP, particu-
larly in the smoking population.44 The mechanism of how 
tobacco smoke or toxins interact with variants of CRTC to 
produce this disease phenotype is not yet clear.

It seems the effects of tobacco exposure on the human 
pancreas are numerous, and the physical and functional 
changes it produces are becoming more evident. However, 
the precise cellular mechanisms and pathways that mediate 
these events are unclear. Identification of potential disease 
markers, some of which have been detected by assessing 
pancreatic tissue from clinical studies, could prove useful 
in determining which cellular pathways to research and in 
designing appropriate experimental models for smoking-
related pancreatitis. A crucial assumption is that by under-
standing the disease mechanism, opportunities will arise to 
develop novel therapeutic strategies.

Effects on pancreas in animal models of  
cigarette smoke exposure
Cigarette smoke consists of a complex mixture of com-
pounds, making the development of dependable animal 
models of smoking and pancreatitis challenging. Specific 
compounds and mixtures that are most likely responsi-
ble for human disease have to be considered along with 
the administration route (i.e., inhalational vs. systemic) 
and dosing to parallel the human experience. So far, only 
a small number of reasonable animal models of tobacco-
related pancreatitis have been established.1,24,32,35,56-66

In one of the earliest animal models, rats were given 
intravenous ethanol under anesthesia and were exposed to 
cigarette smoke at 15 and 45 minutes (40 puffs, 2-minute 
session each time by mechanical ventilation) from the start 
of ethanol infusion. The investigators determined that this 
regimen would yield nicotine plasma levels comparable 
to those found in human smokers (nicotine concentrations 
4-72 ng/mL, mean 33 ng/mL). They found that cigarette 
smoke exacerbated pancreatic ischemia initiated by etha-
nol. In addition, cigarette smoke by itself elevated leuko-
cyte-endothelium interactions and, in combination with 
ethanol, augmented pancreatic sequestration.24 

In another model of rat pancreatitis, tobacco smoke 
was administered through inhalation for 12 weeks. Animals 
that received high-dose exposure (160 mg/m3) developed 
pancreatic damage consistent with that seen in CP and 
had increased levels of the pancreatic zymogens trypsino-
gen and chymotrypsinogen. These rats also developed 
focal pancreatic lesions with areas of increased extracel-
lular matrix, although the pancreatic damage was reduced 
compared to that observed in human CP. These differ-
ences between the model and human CP might be due to 
the relatively short experimental time period.34 Another 
report concluded that environmental tobacco smoke altered 
gene expression in the exocrine pancreas by modifying the 
ratio of trypsinogen to its endogenous inhibitor (pancreas-
specific trypsin inhibitor, PSTI). While trypsinogen was 
elevated in smoke-exposed animals, PSTI expression was 
not. These modifications rendered smoke-exposed animals 
prone to pancreatitis.35 

That these models mimic the features of human pan-
creatitis is promising, but there is limited information as 
to which toxins are initiating pancreatitis and what their 
cellular targets may be. Other approaches have focused on 
specific toxins in tobacco, which may be likely candidates 
for initiating pancreatic disease. As mentioned earlier, 
these include nicotine and the tobacco-specific nitrosamine 
NNK. Their role in pancreatic and other cancers has been 
explored and will be discussed later. In the sections that 
follow, we will describe findings from animal models that 
explore effects of nicotine and NNK in development of 
pancreatitis.
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Nicotine: Nicotine is a significant toxin in tobacco and 
cigarettes and may influence the development of pancrea-
titis and pancreatic cancer. Nicotine is rapidly absorbed in 
the lungs and is removed from the body within 120-180 
minutes.67 Nicotine metabolism occurs primarily through 
the cytochrome P450 (CYP) 2A6 pathway along with 
additional enzymes including aldehyde oxidase 1, UDP-
glucuronosyltranferases, flavin-containing monooxyge-
nase 3, and other CYPs (e.g., 2A13 and 2B6). CYP2A6 
polymorphisms have been associated with racial and 
genetic differences in nicotine metabolism, but it is unclear 
if these impact smoking-related pancreatic disease.68 
Compared to healthy controls, patients with CP and pan-
creatic cancer have elevated levels of P450 enzyme.63 
Studies in which rats inhaled 3H-nicotine revealed that it 
accumulates in the pancreas and intestine.57,63 In addition, 
elevated levels of nicotine metabolites have been measured 
in human pancreatic juice from smokers. Cotinine, a pri-
mary metabolite, was present at levels around 130 ng/mL, 
whereas NNK ranged from 1.37 to 600 ng/mL (0.7 µM and 
6.6 nM to 3 µM, respectively).69 

Several studies have established the pathological and 
functional effects of nicotine on the pancreas. In a rodent 
model, rats were exposed to graded doses of nicotine 
either by aerosol, intragastric, or ad libitum feeding over 
a period of 3 to 16 weeks. Exocrine pancreatic cells from 
these animals exhibited cytoplasmic swelling, vacuoliza-
tion, pyknotic nuclei, and karyorrhexis. Furthermore, iso-
lated acinar cells either treated with nicotine or harvested 
from nicotine-exposed animals showed similar cellular 
damage. These changes reflect those observed in acute  
or experimental pancreatitis (Figure 1).31,59,62,67 Nicotine 
also altered pancreatic secretion: it decreased pancreatic 
amylase secretion in rats, which was accompanied by the 
retention of pancreatic zymogens.31,56,59,62,64,66,70 A subse-
quent study showed that nicotine-induced secretory events 
in isolated rat acini are abrogated following treatment 
with the nicotinic receptor antagonist mecamylamine and 
some calcium channel antagonists.65 This pharmacologic 
evidence insinuates that nicotine modulates its responses 
through a nicotinic acetylcholine receptor (nAChR) and 
that calcium acts as a downstream effector. Nicotine has 
also been shown to change circulating levels of the gas-
trointestinal hormones gastrin and cholecystokinin (CCK) 
in rats.60 Fluctuating basal levels of these hormones and 
serum enzymes such as amylase and lipase have been 
related to morphological variations in pancreatitis.56,62 
Nicotine can also regulate lipid peroxidation and oxidative 
stress, although it is undetermined if these processes are 
involved in pancreatitis pathophysiology.56

Nicotine exposure may lead to increased expression 
of proteins that contribute to pancreatitis and other pan-
creatic diseases. One study used mass spectrometry-based 
proteomics to investigate the effects of nicotine on the 

proteomes of two pancreatic duct cell lines: an immor-
talized normal cell line (HPNE) and a cancer cell line 
(PanC1).71 With more than 5,000 proteins identified per 
cell line, over 900 were differentially expressed following 
nicotine treatment, and 57 of these proteins were found in 
both cell lines. In a prior study, nicotine treatment had been 
shown to increase expression of amyloid precursor protein 
(APP) in PSCs,72 and in this later study, APP upregulation 
was also observed in both ductal cell lines. Thus nicotine-
mediated expression of APP might be linked with inflam-
matory or fibrotic responses in pancreatitis.

NNK: NNK is a tobacco-specific nitrosamine derived 
from nicotine and one of the most toxic components in cig-
arette smoke. The role of NNK as an initiator of and sensi-
tizer to AP was revealed in studies using isolated rat acinar 
cells and in vivo models of pancreatitis.73 Firstly, NNK was 
found to induce a key event in the initiation of pancreatitis: 
premature activation of digestive zymogens (trypsinogen 
and chymotrypsinogen). 

Secondly, the effects of NNK in conjunction with the 
commonly used “cerulein” model of pancreatitis were 
determined to see if NNK pretreatment could augment 
pancreatitis responses. Cerulein is an orthologue of the 
hormone CCK, and when given at supraphysiologic con-
centrations (10-100× that required to induce physiological 
responses), it causes typical pancreatitis responses (zymo-
gen activation, histologic/morphologic changes) in iso-
lated acinar cells or live animals. NNK pretreatment in the 
cerulein model elevated zymogen activation above that 
seen with NNK or cerulein treatment alone. 73 Furthermore, 
NNK triggers cellular injury in the pancreas similar to that 
typically seen during AP (vacuolization, pyknotic nuclei, 
and edema). These findings raise the question: how does 
NNK mediate these pancreatitis responses? 

NNK is a high-affinity agonist of β-adrenergic recep-
tors and nAChRs, particularly the α7 isoform, and could 
influence the development and progression of pancreatic 
diseases through these receptor-mediated pathways. NNK 
is structurally similar to classic β-adrenergic agonists and 
binds with high affinity to human β-1 and β-2 receptors 
(half maximal effective concentration [EC50] for β1 = 
5.8 nM, EC50 for β2 = 128 nM).74 In mammalian cells, 
β-adrenergic receptor activation triggers adenylate cyclase 
to generate the second messenger cAMP, although in some 
cells it can cause arachidonic acid release. Elevations 
in cAMP may participate in pancreatitis responses.75 
Although one study detected β-adrenergic receptors in rat 
acinar cells, NNK-mediated zymogen activation was not 
abrogated when β-adrenergic receptors were inhibited with 
propranolol.1 It is possible that NNK mediates arachidonic 
acid release through phospholipase A2 (PLA2), an impor-
tant factor in inflammation. Various isoforms, namely 
phospholipase A2-II and A2-IV, are elevated during human 
AP and may affect both local disease severity and systemic 
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complications.76 Whether NNK mediates other pancreatitis 
responses through these receptors is undetermined.

More recently, attention has focused on the possibility 
of NNK initiating pancreatitis responses through a non-
neuronal form of the α7 isoform of nAChR. These recep-
tors were initially described within the nervous system but 
have subsequently been identified in non-neuronal cells.38 
Various cancer cell lines, human keratinocytes, and epi-
thelial cells all express α7 nAChR and respond to NNK 
exposure (EC50 for NNK = 0.03 µM). NNK is present in 
tobacco smoke at concentrations 5,000-10,000 times less 
than nicotine, yet it exhibits 1,000-fold higher affinity for 
α7 nAChR. In addition, upregulation of α7 nAchRs are 
observed in the organs of smokers and in the pancreas and 
lungs of rodents following chronic experimental exposure 
to nicotine or NNK.36,38 

To determine whether NNK mediates pancreatitis 
through a non-neuronal α7 nAChR, it was first established 
that the receptor was present in rat pancreatic acini through 
polymerase chain reaction analysis.73 Next, a functional 
role was revealed when isolated acini were pretreated with 
the nAChR antagonist mecamylamine, which abrogated 
NNK-induced zymogen activation. These findings were 
further validated by transgenic mice studies. NNK treat-
ment in acini isolated from α7 nAChR-/- mice failed to elicit 
zymogen activation compared with wild type animals.77

NNK may mediate pancreatitis responses through a 
direct interaction with α7 nAChR on the acinar cell sur-
face, but it might also influence inflammatory cells during 
pancreatitis (Figure 2). Macrophages express α7 nAChRs, 
and both NNK and nicotine could potentially modulate 
immune responses. Nicotine hinders pro-inflammatory 

Figure 1. Cellular mechanisms mediated by nicotine and NNK in pancreatic acinar cells. Exposure to nicotine and NNK is known 
to cause morphological changes comparable to those seen in pancreatitis including 1. vacuolization and 2. pyknotic nuclei. 3. Secretion: 
nicotine stimulates secretion by itself and augments cholecystokinin-mediated (CCK) secretion at low concentrations (100 μM); at 
higher concentrations (>1 mM) it inhibits secretion. Pretreatment of pancreatic acinar cells with the nAChR blocker mecamylamine 
reduces nicotine-mediated effects. The calcium channel antagonist 2-APB also prevents nicotine-stimulated events; this implies that 
nicotine-sensitive pathways involve the α7 nAChR and intracellular calcium signals. 4. Zymogen activation: NNK induces zymogen 
activation in acini and augments cerulein (CER)-induced zymogen activation; this effect is abrogated by mecamylamine and in α-7-/- 
mice. 5. Elevations in cAMP and arachidonic acid through β-adrenergic receptor signaling: NNK binds to β-adrenergic receptors with 
high affinity. Pre-incubation of acini with the β-blocker propranolol does not block NNK-mediated zymogen activation; therefore, this 
pathway does not mediate this process. Whether NNK elevates levels of the second messengers cAMP and arachidonic acid to cause 
other pancreatitis responses is undetermined. 6. Bioactivation: NNK can be taken up by cells and converted to bioactive forms by 
cytochrome P450 enzymes; this occurs in the pancreas, but it has not been determined if these bioactive forms participate in pancreatitis. 
Bioactivated NNK can affect cell function at the transcriptional level. 7. Thiamine deficiency and mitochondrial dysfunction: NNK has 
been shown to inhibit uptake of the vitamin thiamin by reducing levels of thiamin transporters. Whether this is via a bioactivated form 
of NNK is unclear. Thiamin is crucial for pancreatic function due to its role in metabolism and as a cofactor for multiple enzymes in 
mitochondrial ATP production. Thiamin deficiency may decrease cellular ATP levels, leaving the pancreas vulnerable to a secondary 
insult and thus development of pancreatitis.
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cytokine generation from macrophages by inhibiting the 
nuclear factor-κB (NFκB) pathway, which mediates mac-
rophage activation.61,78 Furthermore, treating mice with 
mecamylamine (the general nAChR blocker) decreases 
neutrophil and macrophage migration to pancreatic tissue 
and leads to more severe experimental pancreatitis.25 In 
addition, prophylactic and delayed therapeutic application 
of nicotine significantly attenuates the severity of acute 
experimental pancreatitis in rats through stimulation of 
the cholinergic anti-inflammatory pathway.79 Nicotine 
pretreatment is protective in a model of severe acute 
pancreatitis (SAP) in which mice are given a retrograde 
injection of 2% Na-taurocholate into the pancreatic duct.80 
Nicotine (50-300 µg/kg) reduces tissue injury, enzyme 
production, and pro-inflammatory cytokine generation. 
Nicotine also upregulates CD4+ CD25+ regulatory T cells 
(Treg) through increasing the expression of immunoreg-
ulatory molecules and secretion of transforming growth 
factor β1 (TGF-β1).

The notion of nicotine and NNK inducing an anti-
inflammatory response and reducing pancreatitis sever-
ity may seem contrary to other studies demonstrating 
that tobacco toxins promoting the disease.73 However, it 
has also been shown that prolonged exposure to cigarette 
smoke results in chronic inflammation in the pancreas. 
Other studies have indicated that NNK may actually ini-
tiate pro-inflammatory effects in macrophages and other 
cells through its uptake and metabolism. In U937 human 

macrophages, NNK gets absorbed and metabolized, under-
going a process known as bioactivation.32 This occurs via 
the cytochrome P450 (CYP450) enzyme family through 
three primary pathways: i) carbonyl reduction, ii) pyridine 
N-oxidation, and iii) alpha-hydroxylation. Following bio-
activation, NNK metabolites subsequently activate NFκB, 
inducing TNF-α release while inhibiting IL-10 synthesis. 
Decreased levels of other cytokines and modulators namely 
IL-2, IL-6, granulocyte/macrophage-colony-stimulating 
factor (GM-CSF), and macrophage chemotactic protein 
1 (MCP-1) are also seen.32 

Thus it seems that the effects of NNK and nicotine in 
pancreatitis are multi-faceted and might appear ambiguous. 
Early pancreatitis events may consist of a combination of 
direct interaction of NNK/nicotine with α7 nAChR on acini 
and a possible anti-inflammatory phase through α7 nAChR 
localized on macrophages.25,73,78,79 

The anti-inflammatory phase could be an initial 
response that ultimately yields to a chronic inflamma-
tory phase with continued exposure to cigarette toxins.81 
Chronic inflammatory responses happen much later, per-
haps through macrophage uptake and metabolism (bioacti-
vation) of NNK/nicotine (Figure 2). 

It is unclear whether NNK bioactivation occurs in 
pancreatic acinar cells and contributes to tobacco-related 
pancreatitis. Although P450 enzymes, which are crucial for 
NNK bioactivation, have been identified in rodents (iso-
forms 2B6, 3A5, and 2A3), there have been inconsistent 

Figure 2.  Inflammatory events in smoking-related pancreatitis. Early events in smoking-related pancreatitis include 1. zymogen activation 
through a direct interaction of NNK with α7 nAChRs on pancreatic acini and 2. stimulation of the cholinergic anti-inflammatory pathway by  
NNK/nicotine binding to α7 nAChRs localized on macrophages. The anti-inflammatory phase could be an initial response that ultimately 
yields to a chronic inflammatory phase with continued exposure to cigarette toxins. 3. Bioactivation: NNK is taken up and metabolized by 
macrophages. 4. Pro-inflammatory response: the “bioactivated” derivatives of NNK can affect gene transcription and lead to activation of 
pro-inflammatory pathways. Activated macrophages invade damaged pancreatic tissue, giving rise to pancreatic inflammation.
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results in the human pancreas.82 One study using cytochem-
ical detection techniques found no evidence of the P450 
enzymes in human pancreatic samples from smokers and 
non-smokers.41 However, another study detected CYP450 
enzymes in human pancreatic tissue using immunohisto-
chemical methods.83 Furthermore, the levels of enzymes 
were elevated in the samples from patients with CP and 
pancreatic cancer.83 Thus metabolism of NNK within pan-
creatic cells may actually be a factor in the development of 
smoking-related pancreatitis and other pancreatic diseases.

More recent findings have shown that NNK may 
induce changes within pancreatic acinar cells at the genetic 
level.84 Whether this is through a “bioactivated” form of 
NNK or some other pathway remains unclear. The vitamin 
thiamin is critical for both exocrine and endocrine func-
tions of the pancreas, and pancreatic cells are known to 
maintain high levels via uptake from their surroundings. 
Uptake is achieved through thiamin transporters-1 and -2 
(THTR-1 and THTR-2). Protein and mRNA levels of these 
transporters are significantly reduced when pancreatic aci-
nar 266-6 cells are treated with NNK. These changes are 
further coupled with decreased thiamin uptake and lower 
levels of the thiamin transporter promoters SLC19A2 and 
SLC19A3. Long-term NNK treatment in mice yields simi-
lar results.84 This study highlights that cigarette toxins can 
cause alterations in pancreatic cells at a genetic level result-
ing, in this particular case, thiamin deficiency. Thiamin 
deficiency, followed by a drop in cellular ATP levels, might 
sensitize the pancreas to a secondary insult, predisposing to  
pancreatitis. 

It is apparent, from all of the scientific studies described 
here, that tobacco smoke, in particular toxins such as nico-
tine and NNK, are capable of inducing diverse pancreati-
tis responses via multiple cellular mechanisms. It is likely, 
that through similar mechanisms, progression of chronic 
disease to cancer may occur. In the following sections, we 
will explore the clinical evidence for a link between smok-
ing and development of pancreatic cancers and describe 
potential cellular mechanisms. 

Role of Tobacco in Development of Pancreatic Disease: 
Pancreatic Adenocarcinoma 

Although there is much debate about the effect of alco-
hol abuse in causing and/or promoting pancreatic cancer, 
tobacco smoking is a major established risk factor for the 
disease.85,86 Strong evidence indicates that cigarette smok-
ing increases the risk of pancreatic cancer and accelerates 
its development. Smoking increases the risk of pancreatic 
cancer up to 6-fold depending on the duration and inten-
sity,87-89 and nearly one-quarter of all pancreatic cancer 
deaths are linked to tobacco use.89 At least two different 
recent studies recently showed that smokers are diagnosed 

with pancreatic cancer at ages 6 to 15 years younger than 
non-smokers.90,91 Therefore, understanding the mecha-
nisms through which smoking predisposes to pancreatic 
cancer is important. Such knowledge will help identify 
patients at high risk for the disease who would benefit 
from preventive strategies and permit the development of 
treatment approaches directed at cell signaling pathways 
involved in smoking-induced pancreatic cancer.

The next sections of this manuscript provide a short 
review of the clinical evidence for the association between 
smoking and pancreatic cancer, as well as a more detailed 
review of the pathways mediating the pro-cancer effects of 
cigarette smoke compounds in the pancreas.

Clinical evidence
Research on the association between smoking and pan-

creatic cancer goes back to the mid 1960s. One of the first 
studies to examine the association was published in 1970 
and compared the age-adjusted death rates in the years 1964 
and 1965 from cancers of different sites and the annual con-
sumption of cigarettes in data collected from 20 countries. 
The author found no significant correlation between ciga-
rette smoking and death from pancreatic cancer; although 
the risk of death from pancreatic cancer in smokers was 
nonsignificantly increased by an RR of 1.21 in males and 
1.15 in females.92 One possible reason for this result is 
that the comparison was performed between heavy smok-
ers (smoking a number of cigarettes above the average of 
cigarettes smoked by the whole population analyzed, which 
is 3.5 cigarettes per day) and light smokers (smoking a 
number of cigarettes below the average). Results from the 
same study showed a nonsignificant increase in deaths from 
lung cancers in heavy smokers compared to light smokers, 
confirming that the significance is lost because the thresh-
old between light and heavy smokers was very low at 3.5 
cigarettes per day. The first study to show an association 
between cigarette smoking and pancreatic cancer in humans 
was published by Wynder et al. in 1973.93 Two years later, 
the same author showed an increased risk for pancreatic 
cancer associated with the number of cigarettes smoked per 
day. He found that smoking 1 to 10 cigarettes per day sig-
nificantly increases the RR of pancreatic cancer by 2-fold, 
while 21-40 cigarettes per day increases it by 3.5-fold, and 
smoking more than 41 cigarettes per day increases the risk 
by 5-fold.94 Another group analyzing 38 case- control stud-
ies concluded that the RR for pancreatic cancer among 
smokers is 2 to 4, making it the third highest smoking-
related cancer after lung and upper aero-digestive tract can-
cers.95 Depending on the duration and intensity of cigarette 
smoking, it could increase the risk of pancreatic cancer up 
to 6-fold.86,88,96 In addition to these findings, several other 
studies have assessed the association between smoking and  
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pancreatic cancer and have emphasized cigarette smoking 
as a major risk factor for the disease.85,96

Nearly one-quarter of all pancreatic cancer deaths are 
linked to tobacco use.6 Furthermore, two recently pub-
lished studies highlighted that pancreatic cancer diagnosis 
occurs 6 to 15 years earlier in smokers compared with non-
smokers.90,91 Compared to non-smokers, smoking less than 
one and more than two packs a day decreased the age of 
diagnosis by 3 and 6 years, respectively.90

However, the deleterious effect of tobacco smoking 
is not perpetual. Indeed, a 1986 study showed a strong 
association between smoking and increased risk for pan-
creatic cancer, but the effect disappeared after a decade of 
not smoking.89 The deleterious effect of smoking did not 
change in smokers who stopped smoking within <10 years, 
as the median age of diagnosis was similar to smokers. 
Conversely, it did completely resolve in patients who had 
stopped smoking more than 10 years prior, as the age of 
diagnosis was similar to non-smokers.90 The same study 
showed that the proportional hazard ratio among smok-
ers was similar to those who stopped smoking less than 10 
years ago (RRs of 1.65 and 1.27, respectively) compared to 
a relative risk of 0.95 for those who stopped smoking more 
than 10 years ago.90 

It is worth noting that animal studies revealed that 
exposing wild-type mice to cigarette smoke compounds 
may cause pancreatic lesions, but these rarely reach the 
pancreatic adenocarcinoma stage, suggesting that smok-
ing cooperates with other environmental and/or genetic 
factors such as Kras mutation to induce pancreatic cancer. 
In fact, most rats that consumed NNK and NNAL (0.5, 1, 
and 5 ppm) in their drinking water for their entire lives 
did not develop pancreatic ductal adenocarcinoma, except 
13% of rats treated with the high dose of 5 ppm NNAL.37

Scientific evidence
Smoking and genetic mutations
An analysis of known pancreatic cancer mutations in the 
pancreatic tissue of patients revealed a significant increase 
in the number of mutations per tumor in smokers (53.1 
mutations per tumor) compared to 38.5 mutations per 
tumor in never smokers.97

Kras mutation is strongly associated with pancreatic 
cancer and is present in more than 90% of pancreatic can-
cer patients.98 A strong association exists between Kras 
mutation and smoking in lung cancer patients; however, 
such a link is hard to establish in pancreatic cancer. The 
meta-analysis performed by Porta et al. showed no sig-
nificant association between Kras mutations and smok-
ing status in pancreatic and colorectal cancers, whereas 
a significant association was found in lung cancer.99 The 
sequencing of the pancreatic cancer genome revealed that 

the difference in the total number of mutations between 
smokers and non-smokers was not driven by mutations 
of the known driver genes in pancreatic cancer, such as 
Kras, p53, p16/CDKN2A, and SMAD4, instead changes 
were predominantly observed in genes mutated at lower 
frequencies.97 In addition, no differences were observed 
in mutations in carcinomas from the head versus tail of 
the gland. The same study by Porta et al. revealed a very 
important observation related to the spectrum of muta-
tions of Glycine 12 in the Kras protein in the three can-
cers. In pancreatic and colon tumors, 85% and 74% of the 
mutations are Val or Asp in pancreatic and colon cancers, 
respectively, whereas in lung cancer only 37% are Val 
or Asp against 49% Cys compared to 3% and 8% Cys in  
pancreatic and colon cancers, respectively.99 These data 
suggest a possible association between the spectrum of 
mutations and the effect of smoking.

The difference between the spectra of Kras mutations 
in pancreatic and lung cancers might help differentiate 
between metastatic pancreatic tumors found in the lung and 
primary lung tumors. This is extremely important knowing 
that the treatment approaches and survival rates of these 
patient groups are significantly different. Kras mutation 
analysis revealed that the presence of the KRAS G12C 
mutation had 96% specificity and positive predictive value 
for lung adenocarcinoma, whereas G12R was 99% specific 
for pancreatic cancer with a positive predictive value of 
86%.100 However, it is worth nothing that although Kras 
mutations in the pancreas are not significantly induced by 
smoking, recent data indicate that nicotine further stimu-
lates mutated Kras activation, leading to more aggressive 
pancreatic tumors in animal models of the disease.101 The 
cell signaling mechanism mediating this effect will be dis-
cussed in a subsequent section of this review. Other less 
common mutations associated with pancreatic cancer 
include p53, BRAF, Mek, and Cox2, as well as deletion of 
SMAD4 and p16INK4A.102

Analysis of DNA adducts induced in rat lung and 
pancreas after treatment with different doses of NNK or 
NNAL showed that both compounds had similar effects 
in both organs. However, the level of DNA adducts was 
significantly lower in the pancreas compared to the lung, 
partially explaining why a higher level of DNA mutations 
is observed in the lungs of humans and animals exposed to 
cigarette smoke compared to the pancreas.103

Smoking compounds and cell signaling in precancer 
and cancer cells
As mentioned before, cigarette smoke contains over 4,000 
chemicals with at least 60 carcinogens. Of these constit-
uents, nicotine and NNK, in addition to cigarette smoke 
extracts, are the most studied in the context of cancer and 
will be reviewed in the following subsections.
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Cell signaling pathways affected by nicotine
As mentioned earlier, mass spectrometry-based proteomics 
analysis of pancreatic ductal and cancer cell lines exposed 
to nicotine showed that over 900 proteins were significantly 
abundant following nicotine treatment, and 57 were found 
in both cell lines. However, most of the proteins regulated 
by nicotine differed between the two cell types, suggesting 
that nicotine may play different roles in pancreatic cancer 
initiation and progression.72

Nicotine was shown to stimulate cancer promotion in 
several animal models of pancreatic cancer. Administration 
of nicotine accelerates pancreatic cell transformation and 
tumor formation in both the elastase-Kras (Ela-Kras) 
and KrasLSL-G12D/+; Trp53LSL-R172H/+; Pdxcre/+ (KPC) mice. 
Nicotine induces dedifferentiation of acinar cells by acti-
vating Akt-Erk-Myc signaling; this leads to inhibition of 
Gata6 promoter activity, decreased GATA6 protein levels, 
and subsequent loss of acinar differentiation and hyperacti-
vation of oncogenic Kras.101 

Sustained exposure to nicotine induces activation of Akt 
and Erk kinases, both important pro-cancer pathways.104 
Adding nicotine to drinking water for 4 weeks significantly 
reduces the therapeutic response of mouse xenografts to 
gemcitabine. This is associated with decreased gemcitabine-
induced caspase-3 cleavage and inhibition of phosphorylated/
activated forms of Akt, Erk, and Src in xenograft tissues.104

Nicotine promotes the aggressiveness of established 
tumors as well as the epithelial–mesenchymal transition 
(EMT), increasing numbers of circulating cancer cells and 
their dissemination to the liver compared with mice not 
exposed to nicotine. Nicotine induces pancreatic cells to 
acquire the gene expression patterns and functional char-
acteristics of cancer stem cells. These effects are markedly 
attenuated in KPC mice given metformin, which prevented 
nicotine-induced pancreatic carcinogenesis and tumor 
growth by upregulating GATA6 and promoting differen-
tiation toward an acinar cell program.101 Gata6 ablation 
renders acinar cells more sensitive to the Kras mutation 
in a mouse model of pancreatic cancer, thereby accelerat-
ing tumor development. Furthermore, Gata6 expression is 
spontaneously lost in a Kras mouse model of pancreatic 
cancer in association with altered cell differentiation.105 
Gata6 is a transcription factor that plays a tumor-suppres-
sor role through promoting cell differentiation, suppressing 
inflammatory pathways, and directly repressing cancer-
related pathways. The epidermal growth factor receptor 
(EGFR) pathway is an example of a pro- cancer pathway 
inhibited by GATA6 as its activity is upregulated in the nor-
mal and pre-neoplastic Gata6-null pancreas.105 

Trevino et al. showed that stimulation of pancreatic 
cancer cells with nicotine concentrations within the range 
of human exposure activates Src kinase and induces the 
inhibitor of the differentiation-1 (Id1) transcription factor. 

Depletion of α7-nAChR or Id1 prevents nicotine-mediated 
induction of pancreatic cancer cell proliferation and invasion 
in vitro.106,107 In addition, nicotine confers resistance to gem-
citabine in pancreatic cancer cells, but Src or Id1 depletion 
prevents the nicotine-induced resistance. These data show 
that nicotine promotes pancreatic cancer cell growth and 
metastasis and confers resistance to gemcitabine in vivo in an 
orthotopic model of pancreatic cancer.107 Of note, Src kinase 
plays a major role in promoting pancreatic cancer; it regu-
lates cancer cell proliferation, invasion, and metastasis.108,109 
Clinical analyses of resected pancreatic cancer specimens 
revealed a statistically significant correlation between phos-
pho-Src, tumor grade/differentiation, and worsening overall 
patient survival.107 Another pathway involved in the pro-
cancer effect of nicotine is the STAT3/MUC4 pathway.110 
This will be discussed in more detail in the next section.

Figure 3 depicts the important pathways involved in 
mediating the pro-cancer effects of nicotine in the pancreas.

Cell signaling pathways affected by NNK and cigarette 
smoke extract
Similar to the effect of nicotine on the Akt pathway, upreg-
ulation of Akt kinase phosphorylation/activation is induced 
by NNK and cigarette smoke extracts (CSE) in pancreatic 
ductal cells. This effect inhibits apoptosis and is mediated 
by NADPH oxidase.111 Chronic exposure to NNK and CSE 
also inhibit autophagy.111 NNK also stimulates pancreatic 
ductal cell proliferation through a mechanism that involves 
EGFR activation.112 Both studies demonstrate involvement 
of the EGFR/Akt pathway in regulating pancreatic ductal 
cell proliferation and resistance to apoptosis. 

Cigarette smoke extract and its major component nico-
tine significantly upregulate MUC4 in pancreatic cancer 
cells. MUC-4 plays several roles in cancer progression, 
especially through its signaling and anti-adhesive prop-
erties that contribute to tumor development and metas-
tasis. Smoking-induced MUC4 overexpression was via 
α7-nAChR stimulation and subsequent activation of the 
downstream JAK2/STAT3 signaling cascade in coopera-
tion with the MEK/ERK1/2 pathway.110 MUC4 upregula-
tion promotes pancreatic cancer cell migration, and Src 
kinase is involved in mediating this pro-metastasis effect. 
In vivo, cigarette smoke exposure significantly stimulates 
tumor metastasis to various distant organs in an orthotopic 
model of pancreatic cancer.110

The effect of cigarette smoke on promoting pancre-
atic cancer is observed in the early pre-cancer stages of 
the disease. Indeed, exposure of the Pdx1-Cre;LSL-Kras 
(KC) mice to cigarette smoke for 20 weeks significantly 
accelerates the development of pancreatic intraepithelial 
neoplasia (PanIN) lesions, the precursors of pancreatic ade-
nocarcinoma. This effect is associated with stimulation of 
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inflammation markers such as IFN-γ and CXCL2, as well 
as enhanced activation of PSCs.113

Data from Edderkaoui et al. show similar up-regulation 
of PanIN lesion formation, inflammation, fibrosis and stel-
late cell (SC) activation in the same animal model, but with 
a shorter exposure to cigarette smoke (6 weeks).114 Their 
data further demonstrated significant stimulation of EMT 
in the PanIN cells of mice exposed to cigarette smoke, sug-
gesting that smoking may cause early metastasis of precan-
cer PanIN cells. Notably, precancer cell EMT was observed 
in the KPC mouse model of pancreatic cancer. EMT was 
associated with the expression of cancer stem cell proper-
ties, and it was associated with dissemination of these cells 
to the liver; a phenomenon that preceded pancreatic tumor 
formation.115 Very importantly, cancer cell EMT was also 
associated with an abundant inflammatory response, and 
treatment with immunosuppressive agents prevented pre-
cancer cell dissemination.115

Figure 3 depicts important pathways demonstrated to 
mediate the pro-cancer effects of NNK and cigarette smoke 
in the pancreas.

Smoking and inflammation
Pancreatic cancer is characterized by strong desmoplasia. 
Pro-inflammatory mediators have been associated with 
pancreatic diseases including pancreatitis and pancreatic 
cancer.

Inflammatory cells, cytokines, chemokines, and their 
receptors have different biological functions including 
inflammatory response, angiogenesis, and metastasis. 
Strong evidence indicates that all of these components are 

expressed in pancreatic cells and infiltrating immune cells 
within inflamed pancreatic tissues.116

One major mechanism through which smoking induces 
pancreas inflammation, which may lead to cancer, is 
through inducing pancreatitis. Mechanisms of smoking-
induced pancreatitis were discussed earlier in this review. 
The next section will discuss the smoking-induced inflam-
matory pathways independently of pancreatitis.

It is well established that exposure to cigarette smoke 
stimulates inflammatory cell infiltration. In KC mice, ciga-
rette smoke induces concurrent increase in macrophages 
and dendritic cells (DCs).113 NNK treatment significantly 
increases macrophage infiltration and expression of pro-
inflammatory mediators such as macrophage inflamma-
tory protein 1 alpha (MIP-1α, interleukin 1β (IL-1β), and 
TGF-β in mice neoplastic lesions.34 Higher infiltration of 
inflammatory cells including macrophages and mast cells 
is associated with strong expression of vascular endothelial 
growth factor (VEGF) and basic fibroblast growth factor 
(b-FGF) in human pancreatic cancer tissues compared to 
normal pancreatic tissues.117 

Cytokines and other pro-inflammatory mediators 
have been implicated in inflammatory pancreatic diseases 
including pancreatitis and cancer. Analysis of cytokine gene 
polymorphisms as risk factors for pancreatic cancer sug-
gests the possibility of interactions between current active 
smoking and the CCR5-delta32 deletion allele. The age-
adjusted interaction ratio (95% CI) for CCR5-delta32 and 
smoking was 1.4.118 Of note, macrophages highly express 
the chemokine (C-C motif) receptor (5CCR5), which is 
the receptor of the chemokine C-C motif ligand 5 (CCL5). 
CCL5 is an anti-tumor chemokine that induces immune 

Figure 3. Pancreatic cell pathways regulated by smoking compounds. Nicotine stimulates Akt kinases, leading to activation of the 
NADPH oxidase and GATA6 pathways, which stimulate proliferation and inhibit apoptosis. NNK and cigarette smoke stimulate the 
same Akt pathways, the Src/Jak2/Stat3 pathway that leads to proliferation and metastasis, and a pro-inflammation pathway.
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cell recruitment.116,119 The data suggest that intact CCR5 
may protect from smoking-induced pancreatic cancer.118

Exposure of elastase-IL-1β transgenic mice (a model 
of CP) to aqueous CSE for up to 15 months induced a sig-
nificant flattening of pancreatic ductal epithelial cells and 
severe glandular atrophy compared with untreated trans-
genic mice. Ductal epithelial cells displayed a high prolif-
erative index, minimal apoptosis, and COX-2 induction, 
all markers associated with pancreatic cancer.120 Notably, 
Cox2 can induce activation of oncogenic Kras, leading 
to pancreatic inflammation, fibrosis, and development of 
pancreatic intraepithelial neoplasia lesions and pancreatic 
ductal adenocarcinoma.121

Another important pathway through which smok-
ing promotes pancreatic cancer is by stimulating oxida-
tive stress. Indeed, nicotine induces oxidative stress in rat 
pancreas, and this is associated with inflammation and 
increased IL-6 secretion in the pancreas.122 Of note, induc-
ible nitric oxide synthase (iNOS) expression is increased 
during pancreatic cancer development and progression, as 
well as in inflamed tissues.123,124 

Lastly, a study by Lazar et al. showed that cigarette 
smoking and nicotine may contribute to pancreatic cancer 
inflammation by inducing MCP-1 expression. The authors 
provided novel insight into a unique role for osteopontin 
(OPN) in mediating these effects.125

Smoking and fibrosis
Published studies show that exposing mice to cigarette 
smoke activates PSCs as indicated by the level of the 
marker alpha-smooth muscle actin (α-SMA), and induces 
extracellular matrix protein expression.113,114

In vitro, nicotine at levels found in smokers’ blood 
induces proliferation and upregulates the expression of 
collagen1-α2 and TGF-β1 in hepatic SCs. This profi-
brogenic effect of nicotine is exerted through actions on 
nAChRs expressed on hepatic SCs. Nicotinic receptor 
antagonists reverse the nicotine-induced profibrogenic 
effects.126 Very little data is published on the effect of 
smoking compounds on pancreatic SCs in vitro. A unique 
2014 study showed that smoking compounds significantly 
increase PSC proliferation and migration. It also demon-
strated that PSCs express the nAChR isoforms alpha 3, 5, 
7 and epsilon.127

It is hypothesized that smoking compounds stimulate 
PSC activation and proliferation and promote extracellular 
matrix protein deposition. This would result in a micro-
environment favorable for proliferation of cancer cells and 
resistance to apoptosis.

Mouse, rat, and human PSCs have slightly different native 
morphologies. Following nicotine treatment, PSCs acquire a 
slightly different morphology and are characterized by a more 
elongated shape caused by narrow cytoplasmic projections.

Mass spectrometry analysis of nicotine-exposed PSCs 
showed that of the total proteins identified, 25%-30% were 
exclusive to either nicotine-treated or untreated cells. Such 
nicotine-induced proteins include collagen alpha1(III) 
chain and alpha1(V) chain.72

Conclusions

For over four decades, studies have demonstrated that ciga-
rette smoking is a major risk factor for pancreatic cancer. 
More recently, smoking was found to potentiate alcohol-
induced pancreatitis. However, in the last decade, strong 
evidence suggests an independent effect of smoking in pro-
moting acute and CP. However, despite the vast amount of 
data indicating an association between smoking and pan-
creatic diseases, data exploring the cellular mechanisms 
involved are less accepted. Various well-known pro-pancre-
atitis pathways (e.g., NFκB) and pro-cancer pathways (e.g., 
Akt kinase) are shown to be upregulated in pancreatic cells. 
More comprehensive studies are needed to determine the 
detailed mechanism of interaction between these pathways 
and the receptors stimulated by cigarette smoke compounds. 
Furthermore, the effect of smoking on cells recruited and 
activated in the pancreatic tumor microenvironment and 
during acute and CP requires further investigation. 
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Introduction and Background

While severity in conventional animal models of acute 
pancreatitis (AP) is related to etiology, this is rarely the 
case in human disease. Most obese individuals do not 
experience an episode of AP during their lifetime, but those 
who do are more prone to severe AP (SAP) and associated 
morbidity and mortality.1 In this entry, we will discuss the 
relevance of obesity and lipids as potential modifiers of 
the course and outcome of AP in the light of limitations 
posed by conventional models of AP and suggest relevant 
improvisations with examples in various in vitro and in 
vivo systems.

From the perspective of pancreatitis and its experi-
mental models, visceral fat depots can be divided into 
intra- and peripancreatic fat. Both can contribute to 
SAP in humans. The human facts relevant to the nature 
and amounts of lipid used in the sections on experi-
mental models are: 1) adipose tissue may account for 
>30% of body weight in obese individuals; 2) obesity 
is associated with SAP2-5 and is defined as a body mass 
index (BMI) >30 or >25 kg/m2 in Western and Eastern 
countries, respectively; 3) clinical studies from the 
west6-11 and Asia12-15 report increased SAP above the 
corresponding BMIs; 4) there is greater consumption of 
polyunsaturated fatty acids (PUFAs) in Asia compared 
to the west16-20; 5) dietary PUFAs accumulate in visceral 
adipocytes16; 6) 80%-90% of adipocyte mass may com-
prise triglyceride; 7) intrapancreatic fat increases with 
BMI21 and account for about 20% of pancreatic area in 
obese individuals; and 8) peripancreatic fat commonly 
ranges from 2-9 kg in obese individuals. Intra- and 
peripancreatic fat may by hydrolyzed in pancreatitis, 
contributing to SAP. Further details on obesity related 
human data are provided in the chapter “Relationship 
between  obesity and pancreatitis”,22 but this section 
focuses on the impact of obesity in animal models of 
pancreatitis.

Limitations of current animal models in the  
context of human AP
Current animal models of AP are classified for severity 
on the basis of an inducer/etiology causing pancreatic 
necrosis.23 This is a significant limitation since human 
AP severity is unrelated to pancreatic necrosis or etiol-
ogy, with the exception of hypertriglyceridemic pancrea-
titis.24-26 Rat cerulein pancreatitis is considered milder 
due to the lesser pancreatic necrosis,23,27 while mouse 
cerulein pancreatitis is considered a SAP model due 
to the higher amount of acinar necrosis ranging from 
5%-30%.4,23,28 In both models, the pancreas returns to 
baseline within a few days of inducing AP. Similarly, 
lung injury is mild and transient with no evidence of 
impaired gas exchange. 

In contrast, development of necrosis during human AP 
may not result in worse outcomes. While severe pancreatic 
necrosis is defined as >30% pancreatic parenchymal necro-
sis during human disease,29 a prospective human study 
from the United Kingdom showed no/minimal relationship 
between the extent of necrosis and outcome.30 SAP and 
early mortality in human AP can occur with minimal pan-
creatic necrosis2,31,32 due to systemic complications or sus-
tained organ failure.29 A number of studies have reported 
that only about half of patients with necrotizing pancreatitis 
develop organ failure.5,33,34

Taurocholate-induced pancreatitis in rats is con-
sidered severe due to the extensive pancreatic hemor-
rhagic necrosis that occurs.23,27,35 To induce AP, 3% to 
5% solutions of bile salts such as sodium taurocholate 
are injected locally into the biliopancreatic duct to simu-
late severe biliary AP.35 This results in a local concentra-
tion of 60 to 100 mM, which is 5- to 100- fold above 
the critical micellar concentration (CMC) that can cause 
a detergent-like effect on cell membranes in the pancre-
atic acinar cells.36 Similarly the monohydroxy bile acid 
lithocholic acid is commonly injected at 3 mM, which 
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is 3-6 times above its CMC. While no published study 
has verified the relevance of these concentrations of bile 
salts to human disease, our unpublished data show that 
bile acid concentrations are in the micromolar range 
in pancreatic collections from patients with biliary AP.  
A recent review by Lerch and Gorelick also questioned 
the injection of bile acids/salts as a model for biliary AP.23

Clinically, it is often difficult to establish the causal 
agents responsible for AP severity in human patients since 
markers and mediators of disease are indistinguishable. 
Animal models allow initiation and inhibition of steps 
relevant to disease pathophysiology and are thus impor-
tant in establishing causality. Several potential targets like 
trypsin37-45 and reactive oxygen species46 have been con-
sidered to have therapeutic relevance since their levels may 
be increased in AP. However, clinical trials of AP targeting 
reactive oxygen species,46 trypsin,37-45 and inflammatory 
mediators3 have shown limited benefits, although these 
targets seem scientifically sound in animal models. The 
discord between modifying outcomes and interpreting ani-
mal models can be seen in the lack of evidence of clinical 
improvement despite more than 70 trials of serine protease 
and trypsin inhibition over the past 60 years.37-45 Thus, 
based on the 1) lack of relevance of etiology to outcomes, 
2) lack of accurate parameters used to define systemic 
injury, 3) limited clinical benefits of attractive therapeutic 
targets in animal models, and 4) overemphasis of pancre-
atic necrosis in defining AP severity, we need to interpret 
the relevance of conventional AP models with caution.

Role of Obesity and Lipids in Acute Pancreatitis 

Obesity is known to be associated with worse AP out-
comes,7,9,13,47-51 and several clinical and epidemio-
logical studies have shown that patients with increased 
intra-abdominal fat or higher BMI are at an increased risk 
for developing SAP.14,47,52,53 The two other clinical clues 
to lipids worsening AP outcomes are 1) hypertriglyceri-
demic pancreatitis generally being severe24-26,54,55 and 2) 
AP patients receiving intravenous (IV) total parenteral 
nutrition including IV lipids having worse outcomes.56-58 
Recent reports from North America show the usage of par-
enteral nutrition to be as high as 40% to 60% in patients 
with AP.59,60 The prevalence of organ failure is reported to 
be >50% in patients receiving parenteral nutrition contain-
ing IV lipid emulsions.56-58 IV lipids may result in high sys-
temic fatty acid concentrations 6- to 8-fold above normal,61 
consistent with levels found in the serum of patients with 
SAP.62,63 These associations of obesity/lipids with worse 
outcomes suggest that fat is a common modifier of AP out-
comes. The following subsections discuss the mechanistic, 
translational, and potential therapeutic relevance of obesity 
in the context of in vitro and in vivo AP models.

In vitro models of fat-mediated severe acute pancreatitis
The purpose of an in vitro model is to replicate the pathophysi-
ology occurring in vivo in a reductionist manner. Therefore, 
a fat-induced pancreatic damage model should simulate 
the in vivo environment. Several studies show evidence of 
pancreatic parenchymal necrosis around fat necrosis.64-67 
Physiologically, adipocytes and the neighboring pancreatic 
acinar cells do not allow their contents to communicate 
with each other. Acinar cells physiologically secrete diges-
tive enzymes present in zymogen granules from their apical 
region into the duct lumen; however, an insult that causes 
pancreatitis can result in basolateral leakage of lipases into 
the surrounding adipocytes64,68-72 and consequent lipolysis 
of adipocyte triglyceride, producing free fatty acids (FFAs). 
This is seen histologically as positive Von Kossa staining66,67 
and high FFA levels in pancreatic necrosis collections.67,73,74

This pathologic in vivo lipolytic flux between adipo-
cytes and acinar cells can be simulated in vitro using a 
transwell system that allows macromolecular diffusion 
between the acinar and adipocyte compartments while pre-
venting cellular contamination (Figure 1).66,67 

Figure 1. Schematic showing the setup to study in vitro lipolytic 
fluxes. Harvested primary acinar cells are added to the upper 
compartment of the transwell (with a 3-µm sieve at bottom of insert, 
yellow), and primary adipocytes are placed in the lower compartment 
of the well (red). Medium from the individual compartments is 
analyzed for lipolytic and exocrine products, and the acinar cells are 
harvested to measure necrotic cell death parameters.
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The pancreatic lipases released from the acinar com-
partment diffuse through the transwell into the adipocyte 
compartment, causing an increase in FFAs that diffuse 
into the acinar cell compartment resulting in acinar cell 
necrosis.66 This is observed as increased propidium iodide 
uptake, decreased ATP levels, cytochrome C leakage, and 
increased NEFA levels (Figure 2).67 The lipase inhibitor 
orlistat prevents all these changes in the coculture system.

In 1992, Mossner et al. showed the direct deleterious 
effect of long chain unsaturated fatty acids (UFAs) on 
pancreatic acini.75 Recently, Navina et al. showed that lin-
oleic, oleic, and linolenic acids were particularly toxic to 
acinar cells, while the saturated fatty acids palmitic acid 
and stearic acid were not.67 Incubation of acinar cells with 
very low-density lipoprotein also results in an increase in 
FFAs, resulting in necrotic injury.76 When acinar cells are 
stimulated with individual fatty acids, cytosolic calcium 

concentrations, released from an intracellular pool, are 
increased only with UFAs (Figure 3).67 

Unsaturated fatty acids also cause leakage of lactate 
dehydrogenase, leakage of cytochrome C into the cytoplas-
mic fraction and inhibition of mitochondrial complexes I 
and V, causing a drop in ATP levels to induce necrotic cell 
death (Figure 3).67,74 UFAs at sublethal concentrations also 
upregulate mRNA levels of inflammatory mediators and 
thus are proinflammatory.67

Exposure of peripheral blood mononuclear cells to 
UFAs at concentrations lower than those in the serum dur-
ing SAP results in their necroapoptotic cell death.74

In vivo models of obesity-associated severe 
acute pancreatitis
Role of intrapancreatic fat in pancreatic necrosis
Several studies have histologically shown that pancreatic 
acinar necrosis borders fat necrosis.64,67,77-79 Those stud-
ies analyzed intrapancreatic fat in human autopsy sam-
ples,21,64,66,67,78,80 surgically resected samples,81 and on 
radiology images21,82 and found that it increased with BMI. 
Intrapancreatic fat amounts in obese individuals are typi-
cally twice those found in nonobese individuals.21 Analysis 
of pancreatic adipocyte triglyceride composition in humans 
showed increasing amounts of unsaturated triglycerides 
with higher amounts of fat.83 Pancreatic necrosis fluid col-
lected from obese patients with necrotizing pancreatitis had 
higher nonesterfied fatty acid concentrations compared to 
patients with pseudocysts and cystic neoplasms who had a 
lower BMI.63,67,73,74

Several in vivo models have contributed to our under-
standing of the role of intrapancreatic fat in SAP out-
comes.67,73 Obese mice have increased intrapancreatic fat 
(about 30% of total pancreatic area), resulting in lethal 
SAP in response to interleukins (IL)-12 and -18 that are 
associated with increased acinar necrosis.67 In these mice, a 
significant amount of pancreatic acinar necrosis (60%-70% 
area) occurs in areas surrounding the fat necrosis, which is 
termed perifat acinar necrosis (PFAN). This contributes to 
about half the total acinar necrosis in these obese mice.67 In 
contrast, lean mice have less intrapancreatic fat and PFAN 
and have nonlethal SAP.67 Grossly obese mice have chalky 
white deposits of saponification, consistent with histologic 
evidence of fat necrosis.67 Evaluation of the triglyceride 
composition of adipose tissue in these obese mice show 
significantly increased UFAs in obese mice compared to 
lean mice, with a corresponding relative decrease in satu-
rated fatty acids.67,77 Normally, visceral fat pads of obese 
mice have about 70%-80% UFAs, which is significantly 
more than in lean mice that have about 50%-60% UFA 
content.67,77 

The role of acute lipolytic generation of fatty acids 
on local pancreatic severity was recently studied by 

Figure 2. In vitro co-culture of acini and adipocytes results in 
acinar necrosis. A-C show propidium iodide uptake in control 
acini (A) and acini cocultured with adipocytes (B) or with 
adipocytes and 50 µM orlistat (C). (D) The percentage of acinar 
cells positive for PI uptake in coculture with adipocytes (Ac+Ad) 
was higher compared to acini cultured alone (Ac), with 50 µM 
orlistat (Ac+Orli), or 50 µM orlistat (Ac+Ad+Orli) in coculture. 
(E) ATP levels in acinar cells treated as in (D) showed lower ATP 
levels in coculture. (F) Assessment of cytochrome C (upper panel) 
in mitochondrial (M) and cytoplasmic (C) fractions of Ac, Ac+Ad, 
and Ac+Ad+Orli, show its migration from the mitochondrial to 
cytosolic compartment only in the Ac+Ad group. Levels of the 
mitochondrial marker COX IV (lower panel) were similar in all 
groups. (G) Total NEFA concentrations in the medium of acini 
cells treated as in (D) show increased NEFA in Ac+Ad only. 
Republished with permission.67
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Durgampudi et al. by injecting unsaturated triglyceride 
into the pancreatobiliary duct to increase intrapancreatic 
fat.73 Intraductal triglyceride injection followed by duct 
ligation allows for triglyceride to be mixed with pancre-
atic lipases as would occur with basolateral leakage during 
AP, causing subsequent lipolysis of glyceryl trilinoleate 
(GTL) mimicking intrapancreatic fat necrosis seen in 
obese patients with SAP.66,67 Common biliopancreatic duct 
ligation results in elevated amylase, lipase, bilirubin and 
alanine aminotransferase (ALT), fulfilling all the criteria 
of mild biliary AP. Intraductal injection of the triglyceride 
GTL in amounts equivalent to about 10% of intrapancre-
atic fat, along with duct ligation, results in severe hem-
orrhagic pancreatic necrosis with about 70% necrosis of 
the pancreatic acinar tissue, multisystem organ failure, and 
mortality.73 This acinar parenchymal damage is prevented 

by inhibition of GTL lipolysis to linoleic acid by orlistat.73 
This inhibition does not affect the increase in serum amyl-
ase, bilirubin, or ALT that mark biliary AP. Thus, in an ani-
mal model simulating biliary AP (classically regarded as 
a severe AP model), it was shown that outcomes are unre-
lated to AP etiology and that intrapancreatic fat is a modi-
fier of outcomes, converting mild AP to SAP.73 Hence, in 
obesity-associated SAP, unregulated extracellular basolat-
eral release of pancreatic lipase consequent to an initial 
insult may cause intrapancreatic fat lipolysis, resulting in 
an increase in FFAs that directly damage the acinar cells, 
causing necrosis. 

A surge in systemic UFAs also results in significant 
mortality in these experimental models,67,73,77 similar to 
the trend of a rise in FFAs, particularly UFAs in the sera 
of patients with SAP.84 Prevention of lipolysis results in 

Figure 3. UFAs induce acinar necrosis and inflammatory mediator generation. (A) Intra-acinar calcium concentrations (expressed 
as a 340/380-nm emission ratio) in response to addition (arrow) of 600 µM fatty acids (LLA, linolenic acid; LA, linoleic acid; OA, oleic 
acid; SA, stearic acid; PA, palmitic acid), showing release of intracellular calcium only with UFAs (LLA, LA, and OA). (B) Effect of 
depletion of endoplasmic reticulum calcium with thapsigargin (1 µM) (blue line) and depletion of extracellular calcium by chelation 
with EGTA (1 mM added 10 min before adding linoleic acid, pink) on 600 µM linoleic acid-induced intracellular calcium increase.  
(C) Leakage of lactate dehydrogenase (LDH) from acinar cells 5 hours after treatment with fatty acids as in (A). Unsaturated but not 
saturated fatty acids cause LDH release. (D and E) Effect of linoleic and palmitic acids on the activities of mitochondrial complexes (Cx.) 
I and V in acini. Linoleic but not palmitic acid paralyzes Cx. I and V. (F-H) Effect of linoleic and palmitic acids on TNF-α (F), CXCL1 
(G), and CXCL2 (H) mRNA levels in acini. Linoleic but not palmitic acid increases all three. Republished with permission.67
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reductions in FFAs and systemic inflammatory mark-
ers.67,73,77 As noted in the spectrum of human SAP, obese 
animals or those with higher UFAs generated by the lipo-
lytic surge are more prone to multisystem organ failure 
in the form of renal failure and lung injury. Renal injury 
manifests as fat containing tubular vacuoles, tubular apop-
tosis and necrosis, mitochondrial swelling, and expression 
of kidney injury molecule-1 (KIM-1) with associated func-
tional renal injury in the form of high blood urea nitrogen 
(BUN) levels.67,73,77 Lung injury is manifested as increased 
apoptotic cells and lung myeloperoxidase levels.67,77 
Several isolated studies have previously shown intravenous 
oleic acid to cause acute respiratory distress syndrome with 
lung myeloperoxidase increase and apoptosis.85-88 UFAs 
are also known to elevate serum creatinine and cause renal 
tubular toxicity.88 This is also associated with release of 
proinflammatory cytokines, which have been reported to be 
increased in human SAP.89-96 Recent studies from Closa et 
al. in rats showed unsaturated FFAs generated in peritoneal 
adipose tissue during pancreatitis to accumulate in ascitic 
fluid, and cause the release of inflammatory mediators that 
contribute to the progression of the systemic inflammatory 
response seen in SAP.97 

In contrast to the intrapancreatic fat of obesity, pancre-
atic fat in patients with chronic pancreatitis patients is rarely 
associated with disease severity.98-104 A common feature of 
patients with chronic pancreatitis is fatty replacement of 
the pancreas after recurrent AP attacks.105 Secondary fat 
replacement in chronic pancreatitis is independent of BMI 
and is associated with fibrosis, which causes a protective 
walling off effect from the adipocyte-acinar lipolytic flux 
generated during AP.66,67 This is supported by observations 
that chronic pancreatitis patients rarely die from AP or its 
related complications.99,102,106 Acharya et al. showed that 
unlike obesity-associated intrapancreatic fat that worsens 
AP outcomes, intrapancreatic fat accumulation in chronic 
pancreatitis is less prone to fat necrosis or surrounding 
parenchymal damage.66 In reference to fatty acid ethyl 
esters (FAEEs), it is noteworthy that the landmark study 
documenting high FAEE levels in the pancreas of humans 
at autopsy clearly states that they had no evidence of pan-
creatitis. The study was done on alcoholics who had died 
from unrelated causes such as motor vehicle accidents.107 
Criddle and colleagues also demonstrated that it is the con-
version of FAEEs to FFAs that results in cell injury.108 This 
is supported by our studies in which we note the parent 
fatty acids to be much more toxic than FAEEs.109 Thus, 
while the role and relevance of FAEEs to AP outcomes 
are unproven, the human and experimental data described 
above strongly support the lipolytic generation of UFAs to 
convert AP to SAP in obesity.

Role of peripancreatic fat in severe acute pancreatitis
Visceral adipose tissue such as that surrounding the pan-
creas contributes to 10% to 30% of the intra-abdominal 
area.110 This adipocyte mass can provide a potentially 
hydrolyzable pool of triglycerides during AP. Adipocytes 
normally consist of > 80% fat stored in triglyceride form.111 
Unregulated release of pancreatic lipases during an acute 
attack of pancreatitis can result in the breakdown of these 
triglycerides and the release of very high amounts of FFAs, 
resulting in adverse outcomes.

Obesity is considered a proinflammatory state. A 
recently published study by Patel et al. showed that a tra-
ditionally mild model of cerulein AP produces severe out-
comes in obese but not lean mice.77 Mortality in obese mice 
is associated with fat necrosis and peritoneal saponification, 
hypocalcemia, an intense cytokine response, lung injury, 
and renal failure, which are all commonly used markers in 
AP severity scoring/predicting systems.77,112 Visceral fat 
pads of obese mice with AP showed the presence of active 
pancreatic lipases.77 The amount of pancreatic necrosis was 
not significantly different in the lean, obese, and orlistat-
treated groups. However, both the lean and orlistat-treated 
groups had reduced fat necrosis, lack of sustained organ fail-
ure, a transient cytokine response, and improved survival. 
Histologically, the areas of fat necrosis were surrounded by 
intense accumulation of polymorphonuclear neutrophils 
and macrophages,77,97 suggesting that these necrotic areas 
of adipose tissue generate and release inflammatory media-
tors that contribute to the progression of the inflammation 
during SAP.77 

A recent study by Noel et al. helped distinguish 
between the acute UFA-mediated lipotoxicity during SAP 
from the chronic inflammatory state of obesity.74 For this, 
the amount of peripancreatic triglyceride was acutely 
changed in lean rats with cerulein pancreatitis by admin-
istering them triolein (the triglyceride of oleic acid, which 
is the most abundant UFA in visceral fat). This resulted in 
acute lung and renal injury with minimal pancreatic necro-
sis and an intense cytokine response, all of which were 
prevented by inhibiting lipolysis. Conversely, while coad-
ministration of the cytokines IL-8 and IL-1β, which are 
also increased in pancreatic necrosis collections, did cause 
pyrexia, they did not lead to any adverse outcomes. Thus, 
peripancreatic fat necrosis may worsen inflammation and 
AP outcomes independent of the baseline proinflamma-
tory state of obesity.74 

In summary, obesity worsens the outcomes of AP due 
to the acute lipolytic generation of UFAs. This is unre-
lated to the baseline proinflammatory state of obesity and 
unrelated to AP etiology. While the hydrolysis of intrapan-
creatic fat by pancreatic lipases contributes to pancreatic 
necrosis in obesity, fibrosis in chronic pancreatitis reduces 
this lipolytic flux and the resulting severity of recurrent AP 
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attacks. Necrosis of large amounts of peripancreatic fat can 
worsen AP outcomes independent of pancreatic necrosis. 
These observations mimic human disease, support obesity 
as an outcome modifier, and also suggest a different way 
to design and interpret models of AP that are not directly 
linked to the etiology.
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Gallstone-related pathogenesis of acute pancreatitis

Markus M. Lerch* and Ali Aghdassi

Department of Medicine A, University Medicine Greifswald, Germany.

Etiology and pathogenesis of pancreatitis

Acute pancreatitis (AP) is an inflammatory disorder of 
the exocrine pancreas caused in most cases by immoder-
ate alcohol consumption or gallstone passage. Population-
based studies indicate that the incidence of AP rose from 
14.8 in 100,000 (1990-1994) to 31.2 in 100,000 (2010-2013) 
among British males.1 AP is the most frequent reason for 
hospital admission among all nonmalignant gastrointesti-
nal diseases.2 It is a lethal disease with an overall mortality 
of 4.3% within 90 days and a 1-year mortality of 7.9%.1 
Both heavy alcohol consumption and gallstone disease are 
becoming more common. Population-based studies indi-
cate that the prevalence of gallstones in some western coun-
tries surpasses 20% of the adult population.3 While genetic 
predispositions clearly play an important role in gallstone 
formation,4,5 they cannot explain the continuous rise in 
gallstone prevalence, which is more likely due to nutri-
tional and lifestyle factors. Once a patient has developed 
pancreatitis due to gallstones, the disease is likely to recur 
if the source of migrating bile duct stones is not removed 
or their impaction at the duodenal papilla is not prevented. 
In a study involving some 5,000 patients admitted for a 
first episode of acute gallstone-associated pancreatitis, 
endoscopic sphincterotomy reduced the recurrence rate 
from approximately 30% during the first weeks to 6.7%, an 
elective interval cholecystectomy reduced it to 4.4%, and 
performing endoscopic sphincterotomy during the same 
hospital admission combined with elective cholecystec-
tomy reduced it further to 1.2%.6 Another way to address 
the problem is the transient insertion of a small plastic stent 
into the pancreatic duct. Following manipulation of the 
papilla, (e.g., to remove a gallstone or to perform a spinc-
terotomy), consequent swelling can obstruct the pancreatic 
duct, an event that triggers pancreatitis in some patients. The 
inserted plastic stent prevents the prolonged impairment of 
pancreatic secretion and has been shown to significantly 

reduce the incidence of ERCP-induced pancreatitis.7 Taken 
together these clinical and population-based observations 
indicate that 1) carrying gallstones increases the risk of 
developing AP; 2) only gallstones that are small enough 
to pass through the biliary tract (rather than the ones that 
remain asymptomatically in the gallbladder), confer a pan-
creatitis risk; 3) strategies intended to remove the source 
of migrating gallstone or prevent their impaction near the 
duodenal papilla reduce the risk of developing pancreati-
tis in the first place and the risk of pancreatitis recurrence; 
and 4) preserving the flow from the pancreatic duct is an 
effective way of preventing ERCP-induced pancreatitis,  
a clinical entity considered to be caused by pancreatic duct 
obstruction. The next paragraph will review the century-
old discussion regarding the underlying mechanism how 
a wandering gallstone initiates pancreatitis.

Possible mechanisms of gallstone-induced pancreatitis

A connection between gallbladder stones and  pancreatitis 
has been suspected since at least the 17th century,8 but how 
gallstones confer that risk has been the matter of much 
debate. Claude Bernard discovered in 1856 that bile is an 
agent that can cause pancreatitis when injected into the 
pancreatic duct of laboratory animals.9 Since that time, 
many studies have been performed to elucidate the under-
lying mechanisms. It is firmly established today that the 
initiation of pancreatitis requires the passage of a gallstone 
from the gallbladder through the biliary tract,10 and gall-
stones that remain in the gallbladder will not cause pan-
creatitis. However, the various hypotheses proposed to 
explain this association have sometimes been contradic-
tory. In 1901, Eugene Opie postulated that pancreatic out-
flow impairment due to pancreatic duct obstruction causes 
pancreatitis.11 This initial “duct obstruction hypothesis” 
was somewhat forgotten when Opie published his second 
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Figure 1. The two “Opie hypotheses” for gallstone-induced 
pancreatitis pathogenesis, both reported in 1901. A:  
A gallstone passing through the biliary tract obstructs the pancreatic 
duct. The impaired flow from the exocrine pancreas triggers 
acinar or duct cell damage. Whether or not the common bile 
duct is also obstructed is immaterial to the triggering mechanism 
of pancreatitis in this scenario. B: A gallstone impacted at the 
duodenal papilla creates a communication between the pancreatic 
and common bile ducts. Behind it, bile can flow through this 
“common channel” into the pancreatic duct and trigger AP onset. 
Modified from 37.

A

B

Opie‘s duct obstruction 
– impaired secretion hypothesis

Opie‘s common channel 
- bile re	ux hypothesis

“common channel” hypothesis in the same year.12 He pre-
dicted that an impacted gallstone at the papilla of Vater 
creates a communication between the pancreatic and bile 
ducts (the so called “common channel”) through which bile 
flows into the pancreatic duct and thus causes pancreatitis 
(Figure 1). 

Although Opie’s “common channel” hypothesis seems 
rational from a mechanistic point of view and has become 
one of the most popular theories in the field, considerable 
experimental and clinical evidence is incompatible with 
its assumptions.13,14 Anatomical studies have shown that 
the communication between the pancreatic duct and com-
mon bile duct is much too short (<6 mm) to permit biliary 
reflux into the pancreatic duct,15 and an impacted gallstone 
would most likely obstruct both the common bile and pan-
creatic ducts.16 Even in the event of an existing anatomi-
cal communication, pancreatic secretory pressure would 
still exceed biliary pressure, and pancreatic juice would 
flow into the bile duct rather than bile into the pancreatic 
duct.17,18 Late in the course of pancreatitis when necrosis 
is firmly established, a biliopancreatic reflux due to a loss 
of barrier function in the damaged pancreatic duct may 
explain the observation of a bile-stained necrotic pancreas 
at the time of surgery. However, this should not be regarded 

as evidence for the assumption that bile reflux into the pan-
creas is a triggering event for disease onset. Experiments 
performed on the American opossum, an animal model that 
is anatomically suited to test the common channel hypoth-
esis, have revealed that neither a common channel nor  
a biliopancreatic reflux is required for the development 
of acute necrotizing pancreatitis, but obstruction of the 
 pancreatic duct is required.14 

In order to overcome the inconsistencies of the “common 
channel” hypothesis, it was proposed that gallstone passage 
could damage the duodenal sphincter in a manner that causes 
sphincter insufficiency. This, in turn, could permit duodenal 
content including bile and activated pancreatic juice to flow 
through the incompetent sphincter and into the pancreati-
tis duct,19 thus inducing pancreatitis. While this hypothesis 
would avoid most of the inconsistencies of Opie’s “common 
channel” hypothesis, it is not applicable to the human situ-
ation where sphincter stenosis rather than sphincter insuf-
ficiency results from gallstone passage through the papilla 
and pancreatic juice flow into the bile duct, rather than flow 
of duodenal content into the pancreas.20

A final argument against the “common channel” 
hypothesis is that bile perfusion through the pancreatic 
duct has been shown to be completely harmless21 and only 
a potential influx of infected bile, which might occur after 
prolonged obstruction at the papilla when the pressure 
gradient between the pancreatic duct (higher) and the bile 
duct (lower) is reversed,22,23 may represent an aggravating 
factor as opposed to an initiating event for the course of 
pancreatitis. Taken together, these data suggest that the ini-
tial pathophysiologic events during the course of gallstone-
induced pancreatitis affect acinar cells24 and are triggered, 
in accordance with Opie’s initial hypothesis, by obstruc-
tion or impairment of flow from the pancreatic duct.25 Bile 
reflux into the pancreatic duct—either through a common 
channel created by an impacted gallstone or through an 
incompetent sphincter caused by the passage of a gall-
stone—is neither required nor likely to occur during the 
initial course of AP.26

Cellular events during pancreatic duct obstruction

To investigate the cellular events involved in gallstone-
induced pancreatitis, an animal model based on pancreatic 
duct obstruction in rodents has been employed.27 In addi-
tion to a morphological and biochemical characterization 
of this experimental disease variety, intracellular calcium 
(Ca2+) release in response to hormonal stimuli was inves-
tigated. Under physiological resting conditions, most cell 
types including the acinar cells of the exocrine pancreas 
maintain a Ca2+ gradient across the plasma membrane with 
low intracellular (nanomolar range) facing high extracel-
lular (millimolar range) Ca2+ concentrations. Rapid Ca2+ 
release from intracellular stores in response to external and 
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internal stimuli is used by many of these cells as a signaling 
mechanism that regulates such diverse biological events 
as growth, proliferation, locomotion, contraction, and the 
regulated secretion of exportable proteins. An impaired 
cellular capacity to maintain the Ca2+ gradient across the 
plasma membrane was previously identified as a common 
pathophysiologic characteristic of vascular hypertension, 
malignant tumor growth, and cell damage in response to 
toxins. It was also observed in a secretagogue-induced 
model of AP,28,29 where a rapid and sustained rise of intra-
cellular Ca2+ caused by release from apical stores and rapid 
entry of extracellular Ca2+ was shown to be involved in the 
pathogenesis of experimental pancreatitis. Up to 6 hours of 
pancreatic duct ligation in rats and mice (a condition that 
mimics the situation in human gallstone-induced pancrea-
titis) induced leukocytosis, hyperamylasemia, pancreatic 
edema, and granulocyte immigration into the lungs, none 
of which were observed in bile duct-ligated controls.27 
It also led to significant intracellular activation of pancre-
atic proteases such as trypsin, an event discussed in more 
detail in the next paragraph. While the resting intracellular 
Ca2+ concentration ([Ca2+]i) in isolated acini rose by 45% 
to 205 ± 7 nM, acetylcholine- and cholecystokinin-stimu-
lated Ca2+ peaks and amylase secretion declined. However, 
pancreatic duct ligation did not impair [Ca2+]i signaling, 
amylase output in response to the Ca2+-ATPase inhibitor 
thapsigargin, or secretin-stimulated amylase release. On 
the single cell level, pancreatic duct ligation reduced the 
percentage of cells in which physiological secretagogue 
stimulation was followed by a physiological response  
(i.e., Ca2+-oscillations) and increased the percentage of cells 
with a pathologic response (i.e., peak-plateau or absent Ca2+ 
signal). Moreover, it reduced the frequency and amplitude 
of Ca2+ oscillation and capacitative Ca2+ influx in response 
to secretagogue stimulation. 

To test whether these prominent changes in intra-acinar 
cell Ca2+ signaling parallel pancreatic duct obstruction and 
are directly involved in pancreatitis initiation, animals were 
systemically treated with the intracellular Ca2+ chelator 
BAPTA-AM. As a consequence, both pancreatitis param-
eters and intrapancreatic trypsinogen activation induced 
by duct ligation were significantly reduced. These results 
suggest that pancreatic duct obstruction, the critical event 
involved in gallstone-induced pancreatitis, rapidly changes 
the physiological response of the exocrine pancreas to a 
pathologic Ca2+ signaling pattern. This is associated with 
premature digestive enzyme activation and the onset of pan-
creatitis—both of which can be prevented by administering 
an intracellular Ca2+ chelator. A number of preclinical and 
ongoing clinical trials have employed the dependence of 
pancreatitis on intracellular Ca2+ signaling and have identi-
fied magnesium (Mg2+) as a suitable Ca2+ antagonist in this 
context28,29 in which a Ca2+ chelator would be too toxic and 
have proceeded to test its efficiency in patients.30

Whether or not premature intra-acinar cell protease 
activation provides a sufficient explanation for triggering 
pancreatitis has recently come under discussion and is cov-
ered elsewhere in this volume and in a recent review.31 

Cellular signaling and sorting mechanisms

Subsequent investigations have focused on the cellular 
signaling and sorting mechanisms involved in disease onset. 
Essential events that have been identified are colocalization 
and transactivation of lysosomal cathepsins with zymogens 
and the above-mentioned pathologic Ca2+-release from 
intracellular stores. Both processes were found to be criti-
cally important in both supramaximal stimulation-induced 
models of pancreatitis32,33 and in clinically more relevant 
duct obstruction-induced pancreatitis.34,35

Two inconsistencies of the duct-ligation models of 
pancreatitis have renewed interest in the role of bile in the 
disease onset. The first was that duct-ligation alone, with 
the notable exception of the opossum, induces mostly mild 
pancreatitis rather than fully developed necrosis, particu-
larly in the rat.27 The second inconsistency was that some 
studies employing the opossum model, while still refuting 
the common-channel-hypothesis, reported that bile duct 
ligation, when added to pancreatic duct ligation, increased 
disease severity.36 This suggests that elevated bile acids in 
systemic circulation could aggravate the disease process, 
and the subsequent line of arguments has previously been 
summarized.37

The first confirmation for this assumption came from 
studies reporting that bile acids have a direct effect on pan-
creatic acinar cells and elicit an oscillatory release of Ca2+ 
from intracellular stores.38 This bile acid effect on [Ca2+]i  
is either mediated via bile acid inhibition of the sarco/
endoplasmic reticulum Ca2+-ATPase (SERCA) pump with 
consecutive depletion of ER Ca2+-stores and activation of 
significant capacitative Ca2+-entry into the cytosol,39,40 or 
alternatively by potentiation of Ca2+-release from the ER 
and apical (vesicular) Ca2+-stores.38,41,42 Most studies agree 
that monohydroxy-bile-acids such as taurolithocholic-
acid-3–sulfate (TLC-S) have a more potent effect on acinar 
cells than dihydroxy-bile-acids (i.e., TCDC) or trihydroxy-
bile-acids and can cause damage independently of their 
properties as detergents or ionophores. Most importantly, 
TLC-S can induce pathologic Ca2+ signals and lead to 
trypsinogen activation at concentrations that correspond to 
those found in the serum of patients with gallstone-induced 
biliary obstruction.41,43 The disease-aggravating effect 
of common bile duct obstruction in pancreatitis would 
therefore not require bile reflux into the pancreatic duct 
but could be readily elicited by bile acids in the serum or 
 interstitial space of jaundiced patients.

The question that remains is to how bile acids enter the 
acinar cell and whether it is via the basolateral or luminal 
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Figure 2: Different cellular mechanisms that can mediate bile 
acid uptake into duct or acinar cells from either the luminal 
side of the cell or the interstitial/vascular surface. Modified 
from37. 

surface. An elegant study by Kim and colleagues identified 
two potential mechanisms (Figure 2).39 The first involves 
a Na+-dependent-co-transporter (Na+-taurocholate cotrans-
porting-polypeptide, NTCP), that accounts for approxi-
mately 25% of bile acid uptake predominantly at the 
luminal membrane. Bile acid uptake via this transporter 
would thus require bile reflux to reach the pancreatic acinar 
cell via the duct. The other uptake mechanism involves an 
HCO3

--dependent exchanger (organic-anion-transporting 
polypeptide, OATP1) that operates from the basolateral 
acinar cell surface and could thus be supplied with serum 
or interstitial bile acids.

Perides and coworkers recently identified an additional 
mechanism for the effects of bile acid on pancreatic acinar 
cells that 1) seems to require action only at the luminal cell 
surface; 2) is independent of bile acid uptake mechanisms 
into the cell; and 3) involves G-protein-receptor-coupled 
signaling events elicited by TLC-S, which suggests that bil-
iary pancreatitis is a surface-receptor-mediated disease.44 

Interestingly, only TLC-S injection resulted in pan-
creatitis in this setting, while Na+-taurocholate did not.  
Gpbar1-/- mice were fully protected against TLC-S-induced 

pancreatitis. These studies have led to renewed interest in 
events that take place inside the pancreatic duct during the 
initiating phase of gallstone-induced pancreatitis. Some 
appear to involve impairment of pancreatic fluid secre-
tion,47 others require intraductal action of prematurely acti-
vated trypsin,48 intraductal lysosomal enzymes,35,49 signal 
transduction events within ductal cells,44 or intraductal pH 
changes.50 While Eugene Opie challenged preconceived 
theories about the mechanisms that trigger gallstone-
induced pancreatitis and set us on the path toward action-
able results (e.g., restoring the flow of pancreatic juice or 
preventing its blockage), clinically relevant information 
is still accumulating at a rapid pace from laboratories the 
world over and will hopefully result in better treatment and 
prevention strategies for this still deadly disease.
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Introduction

Excessive alcohol consumption is a major contributor 
to diverse pathologies with an estimated 4 in 100 deaths 
worldwide caused by alcohol according to the World 
Health Organization.1 The close association between alco-
hol consumption and acute pancreatitis (AP) has been 
recognized for a long time, with Friedrich first describ-
ing the Drunkard’s Pancreas in 1878, although elevated 
intake of alcohol had been linked to pancreatic disease a 
century earlier.2 More recently, a Danish population-based 
cohort study reported an increased risk of AP in individuals 
who consumed in excess of 14 drinks per week, irrespec-
tive of beverage type or intake frequency.3 A subsequent 
meta-analysis found an elevated risk of AP in those imbib-
ing more than four drinks per day.4 Despite the recognized 
risk of AP increasing with alcohol intake, its basis remains 
incompletely understood, and no specific therapy exists.5 
Intriguingly, some individuals appear more susceptible to 
developing AP linked to excess alcohol consumption than 
others, with <10% of heavy drinkers developing clinical 
disease. However, this phenomenon has no clear expla-
nation and is clearly an important area for investigation. 
Progress in elucidating the pathophysiology of alcoholic 
AP has been complicated by the fact that alcohol alone 
does not reliably induce AP in experimental animal models, 
with additional factors required to model alcohol-induced 
pancreatic inflammation and damage, including cerulein, 
lipopolysaccharide, and ductal obstruction that may not 
accurately reflect the clinical situation.6 Direct sensitizing 
actions of ethanol are thought to contribute to damaging 
effects including activation of nuclear factor-κB in pan-
creatic acinar cells via the ε isoform of protein kinase C 
and activation of cholinergic pathways.7-9 Recent work has 

focused on the way in which alcohol metabolism may be 
involved in mediating pancreatic toxicity.

Ethanol Metabolism

Ethanol is metabolized in the pancreas by both oxidative 
and nonoxidative routes.10,11 Current evidence indicates 
that both pathways are likely to contribute to the detrimen-
tal effects of alcohol on the exocrine pancreas via distinct 
mechanisms that ultimately compromise mitochondrial 
function.12-15 Oxidative metabolism proceeds through sev-
eral nicotinamide adenine dinucleotide (NAD+)-consuming 
steps performed by alcohol and aldehyde dehydrogenases 
(ADH and ALDH) that generate acetaldehyde and acetate, 
respectively. Recent findings have suggested that ethanol 
induces mitochondrial dysfunction by reducing the ratio 
of oxidized to reduced nicotinamide adenine dinucleotide, 
a mechanism distinct from the effects of cholecystokinin 
hyperstimulation that are mediated by increasing cytosolic 
calcium ([Ca2+]c).

13,16

In contrast to oxidative metabolism of ethanol (OME), 
nonoxidative metabolism of ethanol (NOME) promotes 
esterification of fatty acids to yield highly lipophilic fatty 
acid ethyl esters (FAEEs) via FAEE synthases including car-
boxylester lipase (CEL). FAEE synthase activity occurs in 
the human pancreas at rates of up to 54 nmol/min/g tissue, 
generating high localized levels of FAEEs.17 An autopsy 
study showed that individuals who died of acute alcohol 
intoxication had preferentially elevated FAEEs in the pan-
creas in contrast to other organs commonly damaged by 
alcohol such as the heart and lungs,18 suggesting the impor-
tance of NOME in pancreatic damage. In vivo studies in 
rats subsequently confirmed that saturated FAEEs induced 
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pancreatic damage indicative of AP.19 Furthermore, admin-
istration of ethanol under conditions of OME inhibition 
generated plasma and tissue FAEEs and AP development.20 
Early (<15 min) redistribution of CEL into the cytosol 
from a predominantly apical, granular localization within 
the pancreatic acinar cell occurs following in vivo admin-
istration of fat and alcohol to a mouse model of alcoholic 
AP (FAEE-AP).21 Furthermore, CEL inhibition blocked 
FAEE generation and ameliorated the detrimental effects 
of fat and alcohol.21 In AP patients, elevated CEL is detect-
able in necrotic pancreatic lobules and areas of fat necro-
sis,22 consistent with localized generation of toxic FAEEs 
in damaged areas. In pancreatic acinar cells, FAEEs release 
Ca2+ from the endoplasmic reticulum (ER) via stimulation 
of inositol trisphosphate (IP3) receptors, depleting internal 
Ca2+ stores that led to store-operated Ca2+ entry (SOCE), 
promoting toxic, sustained elevations of [Ca2+]C and eventu-
ally necrotic cell death.12,14,23 Furthermore, FAEEs under-
went hydrolysis to fatty acids in the mitochondria causing 
a localized elevation that compromised mitochondrial func-
tion.12,24,25 Pharmacologic inhibition of hydrolase enzymes 
significantly reduced necrosis induced by a fat and alco-
hol combination, highlighting the importance of fatty acid 
release in the mitochondria to cellular damage.23 Diverse 
actions of FAEEs have been reported in the pancreas, includ-
ing increased lysosome fragility and inhibition of serine 
proteases that may predispose to fibrogenesis and impaired 
pancreas recovery after organ damage in chronic injury.26-28

Recent progress in understanding the basis of alcohol-
induced damage has highlighted the importance of organel-
lar dysfunction within the pancreatic acinar cell as central 
for AP initiation. In particular, the involvement of mito-
chondria and the ER, two organelles that are intimately 
linked spatially and functionally together modulate cellular 
Ca2+ homeostasis, energy production, and lipid and protein 
synthesis (Figure 1).29-31 

Mitochondrial Dysfunction in Alcoholic  
Acute Pancreatitis

Mitochondria perform a variety of tasks in the pancreatic 
acinar cell, the most important being provision of energy 
for cellular processes including the secretion of inactive 
digestive enzyme precursors. To do this effectively, mito-
chondria respond to oscillatory rises of [Ca2+]C induced 
by hormonal (cholecystokinin) and neuronal (acetylcho-
line) stimulation,32-34 by generating NADH via stimula-
tion of Ca2+-dependent dehydrogenases of the Krebs cycle, 
that feeds into the electron transport chain to promote 
ATP production. Additionally, mitochondria are thought 
to constitute a protective perigranular buffer barrier that 
impedes movement of excessive Ca2+ released from the 
apical pole to the basolateral region where the nucleus 
resides.35 However, when sustained rises of [Ca2+]C occur 

in pancreatic acinar cells in response to aberrant Ca2+ sig-
nals induced by diverse AP precipitants including CCK 
hyperstimulation, bile salts, and ethanol metabolites, mito-
chondrial dysfunction ensues that leads to rundown of ATP 
production and induction of cellular necrosis.23,36-38

Recent evidence has shown that the trigger for 
 mitochondrial dysfunction in AP is the opening of the mito-
chondrial permeability transition pore (MPTP),13,15 which 
permeabilizes the inner mitochondrial membrane allow-
ing free movement of substances up to 1.5 kDa in and out 
of the organelle. MPTP formation thus leads to collapse of 

Figure 1. A schematic diagram displaying proposed mechanisms  
of ethanol-mediated AP. In the pancreatic acinar cell, ethanol can 
compromise mitochondrial function via two pathways. Oxidative 
metabolism of ethanol to acetaldehyde, via alcohol dehydrogenase 
(ADH), and to acetate, via aldehyde dehydrogenase (ALDH) in 
the mitochondria, decreases cellular NAD+/NADH balance. Fatty 
acid ethyl esters (FAEEs) are esterification products of fatty 
acids and ethanol via FAEE synthases including carboxylester 
lipase (CEL). FAEE accumulation elicits Ca2+ depletion from 
the endoplasmic reticulum (ER) and other cellular stores leading 
to sustained elevations of [Ca2+]c and mitochondrial Ca2+ 
overload. Furthermore, FAEE accumulation in mitochondria 
leads to the release of fatty acids via the action of hydrolases, 
which compromises organellar function. Both altered NAD+/
NADH ratios and [Ca2+]c overload have been proposed to 
elicit opening of the mitochondrial permeability transition pore 
(MPTP), which results in mitochondrial depolarization, ATP  
depletion, and cellular necrosis. Besides ethanol effects on 
mitochondria, ethanol-induced oxidative stress alters ER redox 
status (not shown) and elicits chronic ER stress, an effect that 
can be exacerbated by FAEE-induced ER-Ca2+ depletion and 
compromised ATP production. ER stress is manifested by 
activation of adaptive IRE1/XBP1 signaling that aids to preserve 
ER function and protein processing through the secretory pathway. 
However, severe ethanol-induced cellular damage or additional 
toxic pancreatitis signaling can compromise cellular adaptation, 
leading to termination of protective XBP1 signaling and 
upregulation of cell death pathways downstream of mitochondria 
and PERK/CHOP signaling, and ultimately to pancreatitis.
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membrane potential, dissipating the proton gradient neces-
sary for ATP production. Although the exact composition 
of the pore remains controversial, recent evidence has indi-
cated that it may be a dimer of the F0/F1-ATP synthase.39,40 
In response to AP precipitants in both human and murine 
pancreatic acinar cells, Ca2+-dependent MPTP formation 
is a consequence of IP3- and ryanodine receptor-mediated 
intracellular Ca2+ release and subsequent SOCE; diminished 
ATP production leads to impaired Ca2+ clearance, defective 
autophagy, zymogen activation, cytokine production, phos-
phoglycerate mutase 5 activation, and necrosis.15 The crucial 
role played by compromised intracellular ATP levels as a 
result of mitochondrial dysfunction has been shown in stud-
ies in which the detrimental effects of AP toxins including 
nonoxidative ethanol metabolites were prevented by intracel-
lular ATP supplementation in isolated pancreatic acinar cells, 
allowing energy-dependent Ca2+ extrusion pumps to reduce 
[Ca2+]C and maintain homeostasis.12,15,41 The mitochondrial 
matrix protein peptidyl-prolyl cis-trans isomerase cyclophilin 
D (CypD) plays a pivotal role in modulating the MPTP; all 
biochemical, immunological and histopathologic responses 
of AP in four experimental models, including alcoholic 
(FAEE-AP), were reduced or abolished by genetic deletion 
or pharmacological modulation of this protein,15 suggesting 
the potential of CypD inhibitors for translational therapy.

Endoplasmic Reticulum Responses with Alcohol
The ER of the pancreatic acinar cell plays a predominant 
role in cellular function as protein synthesis and transport are 
highly developed in this cell. It is not surprising then that the 
ER responds to alcohol. A previous study showed that expo-
sure of pancreatic acinar cells to ethanol induced a slow, grad-
ual release of Ca2+ from the ER.23 The ER translates mRNA 
into newly synthesized proteins in its lumen and performs 
several posttranslational modifications including disulfide 
bond formation facilitated by chaperone-mediated protein 
folding and glycosylation. Correctly folded and otherwise 
modified proteins are directed to specific cellular organelles. 
As an example, digestive enzyme proteins are segregated 
into the secretory pathway and end up in zymogen granules 
that undergo exocytosis and secretion with neurohormonal 
stimulation. As another example, acid hydrolases are glyco-
sylated with mannose-6-phosphate, which is necessary for 
their transport to the lysosome.

In general, protein folding is accomplished in the ER 
by molecular chaperones and folding enzymes that include 
disulfide isomerases and oxidoreductases. There is also a 
quality control mechanism that disposes of improperly pro-
cessed proteins by proteasomal degradation. This process 
is called ER-associated degradation (ERAD). Autophagy 
also participates in the degrading of dysfunctional ER and 
damaged or misfolded proteins to prevent cellular toxicity 
that these proteins may cause.42,43

To adjust to changing demands encountered by the 
ER, protein synthesis, and processing machinery includ-
ing ethanol and its metabolism, eukaryotic cells have 
developed a complex signaling system referred to as the 
unfolded protein response (UPR). Activation of the UPR 
occurs when unfolded or misfolded proteins accumulate in 
the ER lumen, a phenomenon termed “ER stress”.44 This 
event has several sources including a physiologic increase 
in the demand for protein folding, decreased chaperone 
function, accumulation of permanently misfolded proteins 
due to mutation, decreases in cellular ATP levels or a fall 
in Ca2+ in the ER ([Ca2+]ER), and perturbed ER redox sta-
tus that occurs with alcohol metabolism.45,46 Interestingly, 
the nonoxidative ethanol metabolites palmitoleic acid ethyl 
ester and palmitoleic acid, which are released by hydrol-
ysis of its parent FAEE,21 cause complete depletion of 
[Ca2+]ER and concomitant falls of NADH and cellular ATP 
(Figure 1).12,23 Also, the folding process itself generates 
reactive oxygen species that themselves can cause aberrant 
disulfide bond formation (i.e., misfolding). Thus, in the 
case of a continuous misfolding stress as occurs with muta-
tion or possibly ethanol metabolism, there will be greater 
ER stress than would occur during a transient increase in 
unfolded proteins as a consequence of the need to replenish 
zymogen stores.

The UPR has three major response systems to ER 
stress: a global reduction in mRNA translation that attenu-
ates the demand for protein processing, increased expres-
sion of chaperones and foldases and greater phospholipid 
synthesis to expand the functional ER network, and activa-
tion of the ERAD and autophagic systems to eliminate mis-
folded and aberrant proteins.43,44,47-49 These responses are 
accomplished by identified sensing and signaling systems 
including Inositol-requiring protein-1α (IRE1α), activating 
transcription factor-6 (ATF6), and RNA-activated protein 
kinase (PKR)-like ER kinase (PERK).43,44,47-49

Regarding alcohol-induced ER stress, we found a key 
role for IRE1α in preventing damage to the exocrine pan-
creas.46,50 Upon its activation, endonuclease activity within 
IRE1α splices X-box binding protein-1 (XBP1) mRNA 
to yield a shorter mRNA (spliced XBP1, sXBP1 mRNA) 
that encodes the active transcription factor sXBP1. sXBP1 
regulates a broad spectrum of genes involved in protein 
folding, including chaperones, disulfide isomerases, and 
oxidoreductases, as well as genes for protein degrada-
tion (ERAD), lipid biosynthesis for ER/Golgi biogenesis, 
vesicular trafficking, and redox metabolism.49,51 In the exo-
crine pancreas, sXBP1 is especially necessary for acinar 
cell homeostasis and function.51 The critical importance of 
sXBP1 for pancreatic acinar cell function is supported by 
studies of Xbp1+/- mice46,52 and acinar cell-specific Xbp1 
null mice.51,53 XBP1 deficiency results in defective stim-
ulated secretory response, extensive acinar cell loss, and 
inflammation, as well as severe pathology in the remaining 
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acinar cells as evidenced by reduced levels of ER chaper-
ones, a poorly developed ER network and secretory sys-
tem, marked reductions in zymogen granules and digestive 
enzymes, and accumulation of autophagic vacuoles.52,53

Ethanol feeding in rodents induces structural changes in 
the acinar cell consistent with ER stress, such as ER dilation, 
mitochondrial swelling, and some disorganization of cellular 
organelles.46,54,55 However, like humans, chronic ethanol-fed 
animals do not develop pancreatitis unless challenged with 
other toxic factors.56-58 We found that pancreatic mRNA 
and protein levels of sXBP1 were significantly increased in 
mouse and rats fed ethanol-containing diets.46 To determine 
whether sXBP1 upregulation by alcohol feeding is necessary 
to maintain homeostasis and prevent pancreatitis, we used 
Xbp1 heterozygous mice (Xbp+/-). Compared to ethanol-fed 
wild-type mice (Xbp1+/+), histological analysis of pancreatic 
tissue in ethanol-fed Xbp1+/- mice revealed morphologic fea-
tures of severe ER stress such as disorganized and dilated 
ER, accumulation of dense material within the ER, and a 
reduced number of mature zymogen granules. These features 
were accompanied by accumulation of autophagic vacuoles 
and activation of apoptotic signals including upregulation 
of CHOP (see below) within patchy areas of inflamma-
tory pancreatitis.46,52 Moreover, recent studies indicate that 
cerulein-induced AP is more severe in XBP1-deficient mice 
than controls (unpublished observations). Collectively, the 
evidence indicates that alcohol feeding activates an adaptive 
and protective UPR through increased expression of sXBP1 
involving activation of the endonuclease activity of IRE1α. 
Furthermore, these actions of the UPR are necessary to pre-
vent ethanol-induced cellular toxicity.

Whereas IRE1α/XBP1 signaling primarily mediates adap-
tive responses to protect ER function, it can be prematurely 
attenuated during severe or prolonged ER stress, resulting in 
upregulation of proapoptotic cell death mediated through the 
transcription factor C/EBP homologous protein (CHOP).59 
Also, genetic inhibition of Xbp1 is unequivocally associated 
with potent upregulation of CHOP and cell death.46,51 On 
the other hand, forced and sustained IRE1α/XBP1 activity 
enhances cell survival in conditions of severe stress,59 further 
supporting a protective role for sXBP1 signaling. 

The PERK UPR branch has a dual role. Upon activa-
tion it rapidly adjusts the cell to ER stress by mediating 
a general attenuation of protein synthesis.44,60-62 On the 
other hand, sustained activation leads to upregulation of 
the transcription factor activating transcription factor 4 
(ATF4) that targets genes involved in antioxidant activities 
including glutathione synthesis63 and CHOP, which pro-
motes ER stress-related cell death responses.64 CHOP also 
promotes inflammation by regulating cytokine production 
and promoting inflammatory cell survival.65,66 In summary, 
although PERK activation can play a transient protective 
role, unresolved ER stresses upregulate CHOP and pro-
mote inflammation and pancreatitis. 

Conclusions

This chapter reviews two bodies of work related to alco-
hol’s effects on the exocrine pancreas. One addresses mito-
chondrial functional changes and the other ER responses, 
phenomena that may be interrelated in AP (Figure 1). 
Alcohol-induced disorders of both organelles make the 
pancreas susceptible to alcohol-induced injury, and recent 
advances suggest the potential for translational therapy. 
Interestingly, there are some protective responses from the 
ER UPR that may be one reason why only a minority of 
drinkers develops pancreatitis. 
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Introduction

It is increasingly apparent that acute pancreatitis (AP), 
recurrent acute pancreatitis (RAP), and chronic pancreatitis 
(CP) represent overlapping phenotypes of a single disease 
entity, and the latter may begin in the guise of the former. 
Accordingly, genetic risk factors that have been identified 
for CP have also been found to be of some relevance in 
AP and RAP. Other inherited factors influence AP severity. 
The most prominent in this category are genes that regulate 
cytokines and inflammatory response proteins. This chap-
ter reviews the genetic features that confer disease suscep-
tibility and affect severity in patients with AP.

Definition and diagnosis

AP is a syndrome of a sudden pancreatic inflammation 
with unpredictable severity, duration, complications and 
outcome.

The diagnosis of AP requires two of the following three 
features: 1) abdominal pain consistent with AP (acute onset 
of a persistent, severe, epigastric pain often radiating to 
the back), 2) serum lipase activity (or amylase activity) 
at least three times greater than the upper limit of normal, 
and 3) characteristic findings of AP on contrast-enhanced 
computed tomography (CECT) and less commonly 
magnetic resonance imaging (MRI) or transabdominal 
ultrasonography.1

The main etiologic causes of AP are gallstones and alco-
hol abuse, but other rare causes include trauma, endoscopic 
interventions, infections, drugs, and toxins. Conditions 
such as hypercalcemia or hypertriglyceridemia have also 
been suggested to increase AP risk. The onset of a “first” 
AP episode is caused by an acute injury of pancreatic tis-
sue that rapidly disrupts its normal physiologic function 
and initiates an acute inflammatory response. Histologic 
damage occurs as a consequence of intra-acinar activation 

of digestive enzymes and a subsequent infiltration of pan-
creatic tissue with inflammatory cells. This proinflam-
matory cascade is normally self-limited and followed by 
anti-inflammatory responses that may include pancreatic 
stellate cell activation and the start of fibrosis. Clinical 
recovery from AP usually occurs within 3-5 days. AP etiol-
ogy can be established in approximately 75% of patients, 
leaving one in four patients with so-called idiopathic AP. 
In contrast to AP as a consequence of environmental fac-
tors, inherited forms present with an earlier onset of AP or 
RAP that eventually progresses to chronic disease. Here we 
discuss genetic mutations that are associated with AP or 
influence disease phenotype. 

AP, RAP, and CP

CP is a progressive inflammatory disease that may 
develop from acute to recurrent and chronic disease states. 
Historically, CP has been associated with alcoholism, and 
many CP patients are suspected of alcohol abuse, often 
unjustly.2 Growing evidence suggests that genetic risk fac-
tors also substantially contribute to the pancreatitis risk in 
CP patients.3,4 In contrast to sporadic attacks of gallstone 
or alcohol-induced pancreatitis, hereditary forms of pan-
creatitis (HP) typically present in childhood with repeated 
attacks of AP. Over time, HP patients with recurrent epi-
sodes of pancreatitis in the absence of precipitating factors 
may develop the same common complications as alcoholic 
CP patients, including pancreatic fibrosis, pseudocyst for-
mation, pancreatic exocrine insufficiency (PEI), and dia-
betes mellitus. Large cohort studies on pancreatitis have 
established complex interactions between multiple genetic 
and environmental factors in the progression from RAP to 
CP. Clinical implications of genetic risk factors have not 
been established due to prognostic or therapeutic limita-
tions of current genetic testing modalities. 
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AP in children

There have been several studies in the last years reporting 
increasing incidences of AP among pediatric patients.5-8 
Current estimates range from 3.6-13.2 cases per 100,000 
children, which is close to the incidence of AP in adults.6 
Underlying causes may involve increased testing of amyl-
ase and lipase serum levels, more frequent emergency 
department visits and improved clinical awareness. The 
rising incidence of obesity in children may also contribute 
as an independent risk factor for acute biliary pancreati-
tis, which was previously uncommon among children.9 
A recent national survey of 55,000 hospitalized children 
(1-20 years old) with AP in the United States revealed that 
AP occurs more frequently in children older than 5 (62.8% 
were older than 15 years) and slightly more frequently in 
girls (63%).10 Hepatobiliary disease was the comorbid con-
dition with the greatest association with AP in this study, 
whereas other reports claim that the change in AP incidence 
is primarily due to an increase of cases with systemic dis-
eases and those with an unidentified (idiopathic) etiology.8 

Considerable differences exist in AP etiology between 
adults and children. Whereas 70% of cases in adults can be 
attributed to gallstones or alcohol abuse, the causes of AP 
in children are more diverse. In a recent study by Bai et al., 
the top five etiologies of AP in children were biliary, medi-
cations, idiopathic, systemic disease, and trauma, followed 
by infectious, metabolic, and hereditary causes.11 Not sur-
prisingly, alcohol was not reported as a common cause of 
pancreatitis in children, and genetic mutations were iden-
tified in about 5%-8% of patients. Mutations were most 
commonly found in the cationic trypsinogen gene (PRSS1), 
the pancreatic secretory trypsin inhibitor gene (SPINK1), 
and the cystic fibrosis transmembrane conductance regula-
tor gene (CFTR). A hereditary etiology is nearly indistin-
guishable from other causes of AP both clinically and by 
imaging. Early onset and recurrent events during the first 
decade of life in combination with a family history may be 
the best indication for a genetic background of AP.

In a retrospective genetic analysis of 69 children with 
RAP or CP, Vue et al. identified 48% as a carrier of at least 
1 mutation in PRSS1, CFTR, or SPINK1.12 Patients with 
mutations were more likely to have a family history but 
otherwise could not be identified by any mutation-specific 
phenotypic differences. Similar results were obtained 
by Palermo et al. in a genetic analysis of 45 pediatric AP 
patients, of which 60% carried a least 1 mutation in PRSS1, 
SPINK1, CTRC, or CFTR.13 Even though the study cohort 
was not completely genotyped, the authors claim that they 
identified a higher frequency of CFTR mutations in CP 
patients compared to RAP patients. A multinational cross-
sectional study of 301 children with RAP and CP was per-
formed by the INSPPIRE consortium.14 Eighty-four percent 
of children with CP reported prior recurrent episodes of AP. 

Sequencing analysis identified at least one mutation in pan-
creatitis-related genes in 48% of patients with RAP versus 
73% of patients with CP. Children with PRSS1 or SPINK1 
mutations were more likely to develop CP, but ethnic dif-
ferences also seem to affect disease phenotype and progres-
sion. A higher disease burden in CP patients might justify 
early genetic testing in pediatric AP patients, which may 
also help to optimize therapeutic strategies to stop disease 
progression in these patients.

Risk genes

Two decades of worldwide screening efforts have con-
firmed a complex network of gene-environment inter-
actions that control or influence the development and 
progression of pancreatic diseases including AP, RAP, 
and CP. While AP in most cases can be attributed to envi-
ronmental factors such as gallstones or alcohol abuse, the 
etiology remains unclear in 20%-25%. In these idiopathic 
AP patients, genetic risk factors play a major role in dis-
ease onset. Most CP patients report prior episodes of AP or 
RAP, and also hereditary CP starts in most mutation carri-
ers with a first attack of AP. The known genetic risk factors 
of CP therefore also play a role in the onset of AP and RAP 
episodes and are identified in genetic association studies 
of AP patients, albeit at a lower incidence rate compared 
to patients diagnosed with idiopathic CP. Most identi-
fied genetic risk factors to date are involved in regulating 
protease activity, starting with the initial identification of 
an autosomal dominant mutation in the cationic trypsino-
gen (PRSS1) in 1996 by Whitcomb and colleagues.15 
Candidate-gene approaches and validation studies in mul-
tiple cohorts have increased the number of pancreatitis-
related risk genes, which include CFTR, SPINK1, and 
CTRC.16-20 Significant associations with pancreatitis have 
also been demonstrated for sequence variants in CPA1, 
CASR, and CEL.20-22 Preliminary reports that await fur-
ther validation include CLDN2,23 CTSB,24 MYO9B,25 and 
UBR126 or the association of an increased pancreatitis risk 
with ABO blood group and the so-called “secretor status,” 
which is determined by a mutation of the fucosyl-trans-
ferase gene FUT2.27 With the exception of the dominant 
PRSS1 mutations, most variant alleles of these risk genes 
are not single-factor causes; rather, they predispose to 
pancreatitis and may lower the threshold for pancreatitis 
attacks. They also predispose to recurrent episodes and 
progression to chronic disease. Additional environmental 
or metabolic factors are operative and relevant in the com-
plex gene-environmental interactions that determine the 
disease phenotype in each individual patient.

Metabolic causes of pancreatitis are less com-
mon, but also constitute an important component of the 
etiologic factors of AP. They include hypercalcemia, 
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hypertriglyceridemia, diabetes mellitus, and rarely 
Wilson’s disease.28 Familial hypocalciuric hypercalce-
mia (FHH) was first described in the 1970s,29 which led  
to the subsequent cloning of the calcium-sensing recep-
tor (CASR) and the discovery of its pivotal role in dis-
orders of calcium homeostasis like FFH.30 The CaSR  
regulates parathyroid hormone (PTH) secretion and cal-
cium reabsorption in the renal tubular system. In 1996, 
Pearce et al. reported three FHH kindreds with recurrent 
pancreatitis, and in all patients the disease was associated 
with missense mutations in the extracellular domain of 
the CaSR.31 Low calcium concentrations are prevalent in 
the cytosol of acinar cells, which constitutes one fail-safe 
mechanism in preventing intra-acinar trypsinogen activa-
tion. Hypercalcemia-related pancreatitis can also be sec-
ondary to primary hyper parathyroidism (PHPT) and was 
first reported by Cope et al. in 1957.32 PHPT represents a 
non  physiological overproduction of parathyroid hormone, 
caused by adenoma of the parathyroid gland or multiple 
endocrine neoplasia (MEN) types 1 and 2A. Genetic stud-
ies provide evidence that inherited mutations in pancrea-
titis-related genes SPINK1 and CFTR but not CASR were 
identified in 36% of hyperparathyroidism patients who 
developed AP.33-35 A recent review of the literature by Bai 
et al. confirmed an association of PHPT with pancreatitis 
and implicates hypercalcemia,36 but the functional role of 
CaSR mutations in the context of pancreatitis remains to be 
elucidated. Apparently PHTP requires multiple genetic and 
environmental influences to induce pancreatitis.

Another minor but significant etiologic factor of AP are 
familial disorders including lipoprotein lipase deficiency, 
apolipoprotein C-II deficiency, and common hypertriglyc-
eridemia that lead to plasma accumulations of chylomicrons 
or triglycerides. Lipoprotein lipase catalyzes the hydrolysis 
of triglyceride from chylomicrons and very low-density 
lipoprotein (VLDL) and therefore plays a central role in 
regulating energy metabolism. Familial lipoprotein lipase 
deficiency prevents the enzyme from effectively breaking 
down triglycerides in the bloodstream and leads to chy-
lomicronemia and consequently very severe hypertriglyc-
eridemia. As a result, triglycerides attached to lipoproteins 
accumulate in plasma and tissues, leading to inflammation 
of the pancreas (pancreatitis), enlarged liver and spleen 
(hepatosplenomegaly), and fatty deposits in the skin (erup-
tive xanthomas). Triglyceride levels over 2,000 mg/dL 
should be considered a significant risk factor of developing 
pancreatitis.37 

The most common familial disorders associated with 
chylomicronemia are the type I and type V hyperlipopro-
teinemias.38 Hyperlipoproteinemia type I is caused by loss-
of-function mutations in the LPL gene or in the gene of its 
co-factor ApoC239 and is inherited in an autosomal reces-
sive pattern. The frequency of LPL deficiency in the gen-
eral population is estimated to be about 1 to 2 per million.40 

More than 100 LPL sequence variants have been described, 
most of them associated with a loss of catalytic activity.41,42 
LPL-deficient patients are homozygous or compound het-
erozygous for these mutations, and work on a systematic 
classification of LPL gene variants is ongoing.43 Also, rare 
mutations in other genes like the apoA5, glycosylphos-
phatidylinositol-anchored high-density lipoprotein-binding 
protein 1 (GPIHBP1) or lipase maturation factor 1 (LMF1) 
have been reported to affect LPL activity and were found to 
associate with chylomicronemia.44,45

Plasma triglyceride levels are also elevated as a result 
of hepatic overproduction of VLDL or heterozygous LPL 
deficiency in familial hypertriglyceridemia type IV. This 
monogenic familial hypertriglyceridemia is associated 
with only mild hypertriglyceridemia. Additional increases 
of plasma lipid levels in these predisposed patients may 
arise from unrelated risk factors like plasmocytoma, sys-
temic lupus erythematosus, and lymphomatous disease and 
further enhance the risk of developing pancreatitis. 

Another very rare autosomal recessive metabolic dis-
order with associated AP is the congenital lipodystrophy, 
or Berardinelli-Seip congenital lipodystrophy (BSCL) 
[OMIM 269700], which has an estimated prevalence of 1 
in 10 million. Affected patients have a generalized mus-
cular appearance due to the nearly complete absence of 
fat tissue46 and present with tryglyceridemia, hepatomeg-
aly, mental retardation, insulin-resistant diabetes mellitus 
and hypertrophic cardiomyopathy.47 Hypertriglyceridemia 
seems to be the predisposing factor for the development of 
AP; however, the pathophysiology and genetic background 
of the disease have not been completely resolved. Linkage 
analysis identified mutations in the 1-acylglycerol-3-phos-
phateO-acetyltransferase 2 (AGPAT2), a gene encoding a 
key enzyme in the biosynthesis of triacyglycerol and glyc-
erophospholipids48 and in a second locus, BSCL2/seipin 
at 11q13,49 with sequence homology to a murine gua-
nine nucleotide-binding protein g3-linked gene (Gng3lg).  
BSCL patients are homozygous or compound heterozygous 
carriers of loss-of-function mutations.

Disease severity and prognostic markers

AP has an annual incidence of 10-30 per 100,000 popula-
tion.50,51 Eighty percent of AP episodes have a mild course 
without significant morbidity or mortality; however, in 
20% of cases the disease is severe with a mortality rate 
of 25% to 30%.52,53 In AP patients, increased serum lev-
els of tumor necrosis factor (TNF)-α, interleukin (IL)-1, 
IL-6, IL-8, and their (soluble) receptors indicate an impor-
tant role of these major early in mediating the systemic 
inflammatory response.54,55 IL secretion is regulated at the 
transcriptional level, which makes single-nucleotide poly-
morphisms (SNPs) in the promoter region of these inflam-
matory mediators likely risk factor candidates for systemic 
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inflammatory response syndrome (SIRS) and organ failure. 
TNF-α variants -238G>A, and -308G>A have been identi-
fied as transcriptional enhancers, leading to higher TNF-α 
levels.56,57 In a recent meta-analysis on more than 1,500 
patients and 1,330 controls from 12 published case-control 
studies, Yang et al. demonstrated that the common TNF-α 
polymorphisms (-238, -308) do not alter the risk of pan-
creatitis or affect disease severity (shown only for the -308 
SNP).58

Some polymorphisms in the promoter regions of 
IL-1β (-511C>T, -31C>T, +3954C>T), IL-6 (-634C>G, 
-174G>C), IL-8 (-251T>A), and IL-10 (-1082A>G, 
-819C>T, -592C>A) were identified to affect transcrip-
tional activities and therefore were considered as potential 
risk factors for disease severity.59-62 The second intron of the 
IL1Ra gene (IL1RN) contains a variable number of tandem 
repeats (VNTR) of 86 nucleotides, and carriers of allele 2 
(containing 2 repeats), have increased IL1Ra protein lev-
els. Some genetic association studies have suggested that 
different IL1RN alleles are associated with specific disease 
risks for sepsis63 and ulcerative colitis64 or increase the sus-
ceptibility to gastric cancer.65 A number of limited genetic 
association studies have investigated these polymorphisms 
in different population cohorts of AP patients, but showed 
inconclusive results.66-68 The IL-1 gene cluster had been 
implicated in AP by Smithies et al. in 2000, but they found 
no association of the IL-1β+3954C>T polymorphism in a 
cohort of British AP patients.69 Also, the IL-10 -1082A>G, 
-819C>T and -592C>A polymorphisms did not associate 
with AP among British AP patients.70 In contrast, Hofner 
et al. reported a significant association of the IL-8-251T>A 
polymorphism with AP risk.71 In a 2013 meta-analysis, Yin 
and colleagues evaluated 10 studies on IL gene polymor-
phisms and AP susceptibility.72 Their results suggest that 
the IL-8-251T>A polymorphism is indeed associated with 
an increased risk of AP. However, no risk association could 
be confirmed for any of the polymorphisms in IL-1β, IL-6, 
or IL-10.

IL-1 actually constitutes a group of cytokines produced 
by a wide range of cells including macrophages, monocytes, 
fibroblasts, and dendritic cells and elicits the acute phase 
response of the body against infection. IL-1α and IL-1β are 
the most analyzed members that have a natural antagonist 
(IL1Ra), and they all bind to the same type I IL-1 recep-
tor (IL-1RI). Polymorphisms in IL-1 genes are associated 
with some cancers and Grave’s disease.73 In a recent meta-
analysis of 37 studies, Ying and colleagues reported that 
the IL-1β-31C>T polymorphism might confer susceptibil-
ity to gastric cancer in the presence of Helicobacter pylori 
infection, indicating gene-environment interaction in gas-
tric carcinogenesis.74 Another analysis of 11 case-control 
studies by Chen et al. confirmed significant protection of 
the IL-1β-511C>T polymorphism from Grave’s disease in 
Asians but not Caucasians.75 These results may indicate 

that the pancreatitis risk evaluation of IL polymorphisms 
is more complex than previously thought, and future stud-
ies should be carefully designed to consider genetic back-
ground differences, as well as additional gene-environment 
interactions.

The IL-1 family is also closely linked to the innate 
immune response, and the cytoplasmic region of the IL-1RI 
is highly homologous to the cytoplasmic domains of the 
Toll-like receptors (TLRs).

TLRs play a critical role in the development of pan-
creatic diseases as they mediate interactions between 
environmental stimuli and the innate immune response. 
They belong to a larger family of so-called pattern-recog-
nition receptors (PRRs) that are activated by either path-
ogen-associated or damage-associated molecular patterns 
(PAMPs or DAMPs)76 released by activated or necrotic 
cells in response to stress or cell damage. TLR signaling 
involves myeloid differentiation primary response protein 
(MyD88)-dependent pathways and upregulates the tran-
scription of proinflammatory genes through activation 
of nuclear factor-κB (NFκB).77 TLR3 and TLR4 can fur-
ther activate the TIR-domain-containing adapter-inducing 
interferon-β (TRIF) pathway, leading to interferon-α/β 
synthesis.78 

Sequence variations in TLR genes are capable of influ-
encing susceptibility to infectious diseases,79,80 and the 
common TLR4 polymorphisms p.D299G and p.T399I 
were the first identified risk factors for the development 
of sepsis in patients.81 Variant TLR4 receptors show less 
interaction with lipopolysaccharide, which may result in 
higher infection with Gram-negative bacteria. A first lim-
ited genetic association study by Hofner and colleagues71 
did not reveal an association of these TLR4 polymorphisms 
with AP incidence or severity, but several subsequent stud-
ies in Caucasian and Asian patient cohorts yielded incon-
sistent results.82-85 A meta-analysis by Zhou on 1255 cases 
and 998 controls did not confirm a risk factor role of TLR4 
D299G and T399I polymorphisms for AP susceptibil-
ity.86 A number of additional genetic analyses have been 
performed and reported significant association of TLR2 
intronic mutation with susceptibility and severity of AP in 
Japan,83 and a risk factor role of mannose-binding lectin 
(MBL) promoter variants with disease severity in Chinese 
patients.84 These results await confirmation. 

The role of PRRs in the pathophysiology of mucosal 
barrier failure in AP remains to be resolved. Mucosal bar-
rier disruption plays an essential role in severe AP develop-
ment as it allows bacterial translocation from the gut into 
the blood stream, which may trigger infectious complica-
tions. Nijmejier et al. performed a candidate gene approach 
in more than 500 AP patients from the Netherlands and 
Germany and reported that sequence variants in myosin 
IXB (MYO9B), a protein that seems to play a role in tight 
junction assembly, associate with inflammatory bowel 
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disease, celiac disease, and AP.25 Myosin IXB variants may 
confer a higher risk of intestinal barrier dysfunction in AP.

Identification of additional risk factors

After the publication of the first pancreatitis-associated 
risk gene in 1996 by Whitcomb et al., the identification of 
genetic risk factors in pancreatitis followed mainly candi-
date gene approaches for two decades. These efforts were 
successful and significantly contributed to our current 
understanding of the molecular details of pancreatic patho-
physiology. Powerful new screening technologies include 
genome-wide association (GWA) analyses and next-
generation sequencing (NGS) studies. These techniques 
are rather expensive and require large cohorts of clini-
cally well-defined individuals, but they are ideally suited 
to identify new risk factors outside the already known or 
suspected signaling pathways or regulatory mechanisms 
involved in pancreas physiology. To date, few GWA stud-
ies have been performed, mainly in CP and RAP patients, 
and the study by Whitcomb et al. was able to identify a 
new susceptibility locus in the claudin-2 gene (CLDN2).23 
A second SNP found in the PRSS1-PRSS2 locus seems 
to further confirm the importance of this established risk 
locus for the development of pancreatitis. Derikx and col-
leagues were able to confirm these findings in a replication 
GWA study on European patients with alcoholic and non-
alcoholic CP.87 A third GWA was done by Weiss et al. on 
high serum lipase values in a population-based cohort of 
healthy individuals.27 The study reported an association of 
blood group B and the nonsecretor allele of FUT2 with ele-
vated lipase activities in asymptomatic individuals. Both 
loci were also identified to associate with CP. These results 
await confirmation in larger replication cohorts involving 
different ethnic populations. 

These new findings and upcoming reports from cur-
rent candidate-free genetic screening approaches may open 
the route for studies on pathologic mechanisms outside the 
known protease-antiprotease homeostasis network. More 
GWA studies and NGS data will significantly expand our 
current understanding of pancreatic pathophysiology and 
pancreatic disease and hopefully will help identify new 
therapeutic strategies.
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Acute pancreatitis (AP) has several etiologies and diverse 
outcomes. The outcomes range from spontaneous reso-
lution of an acute attack that may never recur again to a 
disease that may progress to severe acute pancreatitis 
(SAP) over a few days, resulting in prolonged hospitali-
zation for local or systemic complications and sometimes 
death. Several studies have reported that obese patients 
with increased visceral fat depots including pancreatic fat 
are at risk of SAP.1-11 Repeated AP attacks may result in a 
clinical picture of recurrent AP that can progress to chronic 
pancreatitis (CP) with an associated increased in pancreatic 
fat.12-14 However, while being potentially debilitating due 
to pain, exocrine insufficiency, diabetes, or quality of life 
issues, recurrent acute and CP rarely result in SAP.13,15,16

SAP typically occurs during the first or second AP 
attack.13,17 The disease spectrum of SAP includes local 
complications, primarily pancreatic necrosis (PN) and peri-
pancreatic necrosis (PPN) that sometimes get infected, and 
systemic complications including organ failure involving 
the respiratory and renal systems and a shock-like state. 
Local complications from extensive PN or PPN or systemic 
complications lasting >48 hours (sustained organ failure) 
or more than one organ system (multisystem organ failure, 
MSOF) can result in prolonged hospitalization or mortality. 
While obese patients are prone to both local and systemic 
compilations in AP, no consistent relationship has been 
reported between an etiology of AP and SAP18-21 with the 
exception of hypertriglyceridemic pancreatitis.22-24 This 
association and reports that obese patients may have worse 
outcomes in AP suggest that there is a common lipid-related 
modifier that can deteriorate the course of AP. Over the last 
150 years, investigators have repeatedly broached the role 
of fat and the cells that contain it (i.e., adipocytes) in pan-
creatitis. The reports have ranged from gross descriptions 
of the appearance of the peritoneal cavity in patients dying 
from severe pancreatitis to the molecular mechanisms by 
which fatty acids may mediate these outcomes. Within this 

spectrum are studies of the influence of adipocytes on the 
histologic appearance of pancreatitis, animal models of 
obesity and pancreatitis, and cell culture models of lipotox-
icity. In this chapter, we will systematically explore the role 
that fat may play in the outcomes of pancreatitis, especially 
in the context of obesity.

Historical Perspective

The relevance of obesity to AP was first documented in the 
19th century. In 1882, Balser first described the presence 
of fat necrosis in AP.25 In 1889, while writing on AP in the 
Medical Monographs, Dr. Reginald Fitz quoted Zenker 
as stating, “An excessive growth of the fat cells near the 
pancreas occurs in many men. It may become so exces-
sive, in very fat people, that a large part of the abdomi-
nal fat dies, and thus proves fatal, either on account of the 
quantity destroyed or the associated hemorrhage”.26 Simon 
Flexner was the first to suggest a role of lipases in pan-
creatitis-associated fat damage in 1896.27 Fitz mentioned 
that Hans Chiari also noted the association between fat and 
pancreatitis,26 but Chiari, widely known for the hypothe-
sis of the pancreas autodigesting itself during pancreatitis 
(thus pioneering the proteolytic hypothesis of pancreatitis), 
published only later on this topic,28 as did others.29 More 
details of the early observations of fat in pancreatitis are 
mentioned in the work by Dr. Fitz26 and are well summa-
rized in more recent reviews.27 

Chemical analysis of pancreatic fat necrosis was ini-
tially performed in the early part of the 20th century and 
revealed that it involved predominantly free fatty acids with 
some saponification and calcium soaps.30 In the 1970s, sev-
eral independent investigators systematically explored the 
association between fat and pancreatitis. There were several 
elegant studies on the lipolytic pathogenesis, morphology, 
hypocalcemic complications, and therapeutic interventions 
in animal models of fat necrosis.31-33 Quantification of fat 
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cells in the pancreata of humans at autopsy showed that 
adipocyte amount increased with body weight.34,35 Studies 
in the 1980s by Schmitz-Moormann on pancreatic tissue 
from patients with AP showed pancreatic parenchymal 
and vascular damage to be in close proximity to fat cell 
necrosis.36 Kloppel made similar observations in the peri-
pancreatic fat of patients with AP, and both investigators 
hypothesized that fat necrosis was the initiating factor in 
human pancreatitis.37 This topic was debated and con-
trasted to the ubiquitous nature of active proteases in all 
models of pancreatitis. The earlier use of pharmacologic 
protease inhibitors like trasylol and gabexate focused atten-
tion on proteases preceding the attention paid to lipases.38-40 
However, we have learned that targeting proteases provides 
no clinically relevant improvement in outcomes.41-43 The 
discovery of the lipase inhibitor tetra-hydrolipistatin (THL) 
in the 1980s (from which orlistat is derived) renewed inter-
est in understanding the role of lipolysis in pancreatitis. 
In vitro studies by Mossner et al. in the 1990s showed a 
protective effect of lipase inhibition on pancreatic acinar 
cells in vitro,44 but not when pancreatitis was induced by 
infusing bile salts such as sodium taurocholate into the rat 
pancreatic duct.45 Immediately after this work, there were 
few systematic studies on the role of fat in pancreatitis, but 
the steady stream of clinical reports repeatedly mentioning 
intra-abdominal fat/visceral fat/obesity as being risk fac-
tors for SAP has revived interest in this topic, as we will 
discuss below.

Epidemiology of Obesity and Pancreatitis

Several studies have associated obesity or increased intra-
abdominal fat with SAP.1-11 Body mass index (BMI) is 
commonly used as a measure of body fat amount. Apart 
from BMI, visceral adipose tissue as measured by waist-
to-hip ratio and waist circumference above ideal cut-off 
value have been proposed as risk factors for worse out-
comes in AP.46,47 Waist circumference has been shown to 
correlate with intra-abdominal fat volume48 and is a risk 
factor for SAP.9

Obesity is defined as a BMI >30 kg/m2 in the western 
hemisphere or >25 kg/m2 in the East including countries 
such as Japan, Korea, China, and India. Studies explor-
ing the association of BMI with SAP from these regions 
commonly correlate AP severity with these BMI cutoffs. 
BMIs >30 kg/m2 are mentioned as being associated with 
SAP in reports from North America and Europe,3,6,49-52 
while reports from Asia mention BMIs >23-25 kg/m2 to 
be associated with SAP.4,10,53,54 The reason for this rela-
tionship is unclear. Previous studies have shown that fat 
composition in humans is related to the fat in their diets. 
This observation may link eastern diets and the visceral 
adipose tissue of the populations that consume them to be 

richer in unsaturated fatty acids, particularly polyunsatu-
rated fatty acids (PUFAs)55-58 compared to the west.55,56,59 
An example is that the high PUFA diet of Korean monks 
was associated with higher PUFA levels in visceral fat 
compared to American soldiers consuming a diet lower in 
PUFA.55 The relevance of this to AP outcomes is supported 
by the correlation between dietary fatty acid composition 
and adipose tissue fatty acid composition55,60 and the find-
ings that unsaturated fatty acids,61,62 especially PUFAs,63,64 
are relatively more toxic than saturated fatty acids during 
pancreatitis.

Characteristics of visceral fat in obesity-associated SAP
Total body fat may comprise >30% of body weight in 
obese individuals.65 Fat accumulation can occur in the sub-
cutaneous and visceral compartments, and while there are 
case reports of fat necrosis distant from the pancreas dur-
ing pancreatitis, including osseous66,67 and subcutaneous 
fat68-70 associated with detectable pancreatic lipases,70,71 
the principal fat depots commonly affected in pancreatitis 
are the intra-abdominal or visceral ones near the pancreas. 
The sites of visceral fat deposition include the mesen-
tery, omentum, liver,72,73 and pancreas and peripancreatic 
space.34,35,74-76 Visceral fat averages >3% body weight in 
obese humans77,78 and thus contributes a large, potentially 
hydrolyzable pool for fat necrosis in SAP.

Supporting the human pathologic findings from the 
1980s,36,37 recent studies have noted that both extrapan-
creatic79 and intrapancreatic fat necrosis17,63 are associ-
ated with an increase in pancreatitis severity. The evidence 
comes from both radiologic investigations79,80 and histo-
logic assessments of postmortem pancreata17,63 to system-
atically compare pancreatic parenchymal and fat necrosis 
with pancreatitis severity. Extrapancreatic fat necrosis is 
a part of necrotizing pancreatitis,81,82 the revised Atlanta 
criteria,82 and radiographic scoring systems for SAP (e.g., 
Schroeder and Balthazar)76,83 and correlates with worse 
outcomes during AP.80,84,85

Fat within the pancreas (intrapancreatic fat, IPF) has 
been shown to increase with BMI in studies analyzing 
autopsy samples,34,35,75 surgically resected samples,74 and 
radiologic appearance of the pancreas.75,86 The distribution 
of fat is fairly uniform in the dorsal pancreas and is reduced 
in the ventral pancreas.35 Uneven fatty replacement in the 
pancreas is infrequent (3.2%), and the pattern of fat distri-
bution is not influenced by obesity.86

White adipocytes are the major cell type comprising 
visceral fat in obesity and are predominantly composed of 
triglyceride, which in a pure form has an extremely high 
concentration of about 1 M and forms 80%-90% of adi-
pocyte mass.87-89 As we shall note in the section on patho-
physiology, the generation of unsaturated fatty acids from 
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the lipolysis of this triglyceride has been mechanistically 
associated with adverse outcomes in SAP. Recent studies 
systematically quantifying the amount of IPF in control 
pancreata and tissue from patients with pancreatitis noted 
the percentage area occupied by adipocytes correlated with 
and significantly increased with BMI.17,63 Patients with a 
BMI >30 had significantly higher IPF (18.3 ± 2.3%) com-
pared to those with a BMI <30 (10.2 ± 1.9%). These values 
were similar to AP patients in the respective BMI catego-
ries, suggesting that the amount of IPF does not influence 
the risk of developing AP. Patients who had SAP associated 
with pancreatic necrosis, however, had higher IPF (23.4 ± 
4.3%) and BMI (40.0 ± 2.8 kg/m2) compared to those with 
mild disease (7.8 ± 1.9% and 30.3 ± 2.5 kg/m2, respec-
tively). As we shall see later, the higher amount of IPF may 
contribute to poorer AP outcomes.

Interestingly, in contrast to obesity-associated IPF, 
the IPF increase noted in CP,90-93 is rarely associated with 
SAP.13,15,16 Fatty replacement is commonly known to occur 
in chronic pancreatic diseases over the course of several 
years, which in some cases may start in utero.94,95 These 
diseases include Shwachman-Diamond syndrome,96 cystic 
fibrosis95 and Johannson-Blizzard syndrome.95 While AP 
may result in mortality over days,79,97,98 mortality in CP 
is rarely attributed to AP over the several years’ disease 
duration.13,15,16 A recent detailed morphometric analysis 
comparing AP to CP noted that unlike the IPF associated 
with obesity which worsens AP, IPF accumulation in CP 
is independent of BMI.17,99 Moreover, a large proportion 
of CP-associated fat is walled off by fibrosis from the rest 
of the pancreatic parenchyma, resulting in reduced “lipol-
ytic flux” between adipocytes and acinar cells (discussed in 
more detail in the pathophysiology section), which during 
AP causes perifat acinar necrosis and contributes to about 
half of the parenchymal necrosis in obese patients.17,63 

Chemical analysis of pancreatic fat in normal pan-
creata revealed an enrichment of unsaturated fatty acids 
in pancreatic triglyceride from individuals with higher 
amounts of pancreatic fat compared to those with lower 
levels.100 Pancreatic necrosis debridement fluid also has 
a higher concentration of unsaturated fatty acids.62-64,101 
These observations along with the predisposition of obese 
patients to have a severe AP attack,1-11 the higher serum 
levels of UFAs in patients with SAP,102 and SAP being 
reported at lower BMIs from countries with higher UFAs or 
PUFA in their diets and visceral fat support an association 
between lipolysis of visceral triglyceride enriched in UFAs 
with SAP.4,10,53,54 The mechanisms of this phenomenon are 
discussed in the next section.

Pathophysiologic Role of Obesity Related Fat in SAP

Adverse outcomes early in the course of the SAP are 
typically related to distant organ complications such 

as sustained respiratory or renal failure or shock.103-105 
Those later in the disease course are typically associated 
with complications of severe pancreatic necrosis, includ-
ing infection and associated organ failure.106-109 Here we 
will systematically explore each of these in the context of  
obesity.

Role of pancreatic fat in exacerbating pancreatic necrosis
As detailed in the section above, both histologic and 
radiologic quantification show intrapancreatic adipocyte 
mass to increase with BMI in the human pancreas.17,63,75 
Unsaturated triglyceride is higher in human pancreata with 
more adipocytes,100 and pancreatic necrosis collections 
from obese patients have higher UFA concentrations than 
pancreatic fluid from pseudocysts and pancreatic cystic 
neoplasms,62 which are typically from patients with lower 
BMIs compared to patients with necrotic collections. These 
observations and the epidemiologic data mentioned above 
associating obesity with SAP support the need for further 
mechanistic exploration of this area.

The first question these observations raise is how do 
pancreatic fat and the exocrine pancreas interact in health 
and disease? Most obese persons will never experience an 
episode of pancreatitis. While adipocytes that accumulate 
in obesity are adjacent to cells of the exocrine pancreas 
(Figure 1A), it is the basal surface of the exocrine cells 
that abuts the adipocytes (red dashed arcs in Figure 1B), 
and the apical lumen into which the exocrine cells secrete 
(red ovals) is not in contact with the adipocytes. Thus, the 
two compartments do not normally communicate. Paraffin-
embedded sections show that adipocytes in the pancreas 
have clear cytoplasm, consistent with the wash out of tri-
glycerides from these cells during processing (Figure 2A). 
In contrast, during AP some adipocytes take on an amor-
phous blue appearance following hematoxylin and eosin 
staining, consistent with fat necrosis (Figure 2C), and 
there is loss of cellular detail of the surrounding exocrine 
parenchyma with a morphological appearance of parenchy-
mal necrosis termed perifat acinar necrosis (PFAN).17,63 
Consistent with early 20th century observations of fatty 
acids generated in fat necrosis being saponified,30 staining 
of serial sections of these areas for calcium (e.g., using the 
Von Kossa method) shows intense brown coloring indicat-
ing fat necrosis. 

Interestingly, this brown staining is not restricted to 
fat necrosis; it is also positive in the necrotic parenchyma 
in close proximity to necrosed fat. It becomes less intense 
with increasing distance from the fat necrosis, suggestive of 
spillage of the products of fat necrosis (i.e., free fatty acids, 
FFAs) into this PFAN.17,63 The pathophysiologic relevance 
of this observation is supported by the intense inflammatory 
reaction and accumulation of CD68-positive macrophages 
in and around the PFAN, compared to what is normally seen 
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in pancreatic fat (Figure 3). This inflammatory response 
also supports the antemortem nature of pancreatic fat 
necrosis in humans. Previous immunohistochemical stud-
ies revealed pancreatic lipases in fat necrosis,110 indicating 
their mechanistic role in fat necrosis. Basolateral leakage 
of pancreatic enzymes has been mechanistically studied in 
detail, and while polarized acinar cells normally pour their 

exocrine secretions into the lumen, polarity is lost during 
pancreatitis, resulting in basolateral release of digestive 
enzymes.111,112 This phenomenon potentially explains the 
basolateral leakage of lipases into fat during pancreatitis 
resulting in the ensuing lipolysis of fat, consequent fat 
necrosis, and generation of a high concentration of FFAs 
locally, eventually culminating in PFAN. 

Figure 2. Serial sections of human pancreas stained with hematoxylin and eosin (H&E) and for calcium (von Kossa). Adipocytes 
normally stain as clear empty round areas, and the exocrine parenchyma adjacent to the adipocytes retains its morphological detail 
(A) and is von Kossa negative (B). In pancreatitis, fat necrosis of the adipocytes appears as amorphous blue (C), with the adjacent 
parenchyma losing its morphological detail and appearing diffusely pink consistent with necrosis. This is termed perifat acinar necrosis 
(PFAN). Von Kossa staining (D) is intensely positive in necrotic fat and adjacent PFAN, with the staining progressively becoming weaker 
with increasing distance from the fat necrosis. Modified from Acharya et al.17

Figure 1.Perilipin1 immunohistochemistry showing brown-staining adipocytes in the human pancreas. A: The apical lumen of the 
exocrine pancreatic cells (red ovals) into which pancreatic enzymes are secreted face away from the adipocytes. Thebasal surfaces of the 
exocrine acinar cells (red dashes) abut the adjacent adipocytes.
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Proof of this “lipolytic flux” between acinar cells and 
adipocytes being relevant to pancreatic injury during AP 
is provided by studies using a coculture system of these 
two cell types. In this system, suspension cultures of aci-
nar cells and adipocytes are physically separated into two 
different compartments by a 3-µm grid, which allows 
macromolecular diffusion without contamination of one 
compartment by the other cell type.17,63 This system simu-
lating basolateral release allows for pancreatic lipases to 
increase in the adipocyte compartment and lipolytic prod-
ucts including FFAs and glycerol generated by hydrolysis 
of adipocyte triglyceride to thereby increase in the adipo-
cyte compartment and diffuse into the acinar compartment. 
The increase in FAAs in the acinar compartment causes 
necrosis of these cells as evidenced by prevention of FFA 
increase and necrosis by the lipase inhibitor orlistat. The 
pathophysiologic relevance of this in vitro system is sup-
ported by the Von-Kossa-positive areas in PFAN noted in 
histologic sections of human AP (Figure 2C, D)17,63 and 
is further proven by induction of acinar necrosis follow-
ing direct exposure to UFAs at concentrations present in 
human pancreatic necrosis collections.17,62-64 Further proof 
is provided by in vivo models in which intraductal injec-
tion of the unsaturated triglyceride glyceryl trilinoleate 
(GTL) results in severe pancreatic necrosis, which is pre-
vented by orlistat-mediated inhibition of its lipolysis to 
linoleic acid.64 The mechanism of UFA-induced acinar 
cell necrosis is the inhibition of mitochondrial complexes I 
and V, resulting in decreased ATP levels.63 While the inter-
mediary signaling involved in this lipolytic flux and fatty 
acid-induced acinar injury remains to be determined, the 
existing level of evidence regarding the detrimental role 
of obesity-associated fat necrosis in worsening pancreatic 

necrosis is extremely strong. Thus, the increase in pancre-
atic fat during obesity worsens pancreatic necrosis via fat 
necrosis in those who develop AP.

Role of peripancreatic fat in exacerbating systemic 
complications during SAP
Early mortality in SAP (i.e., within the first week) may 
occur from multisystem organ failure (MSOF) with mini-
mal or no evidence of pancreatic necrosis.103-105 Recent 
clinical reports and the revised Atlanta criteria mention 
peripancreatic necrosis as a risk factor for SAP.79,82-85 Early 
severe peripancreatic fat stranding is associated with SAP 
including organ failure, mortality, and longer duration of 
hospital stay.80,113,114 While AP associated mortality is cur-
rently quoted at 1%-3%,115-117 recent studies show isolated 
extrapancreatic necrosis with no radiologic evidence of 
pancreatic necrosis to have mortality rates of 9%-13%.79,80 

Extrapancreatic or peripancreatic necrosis is predomi-
nantly fat necrosis around the pancreas.37,118,119 Gross and 
microscopic pathologic studies of human pancreata sur-
gically resected early in the course of pancreatitis were 
systematically done in the 1980s by different groups 
including Nordback et al.,118 Kloppel et al.,37,119 and sepa-
rately by Schmitz-Moormann.36 Conclusions from these 
studies supported fat necrosis, specifically peripancreatic 
fat necrosis, as the earliest lesion in AP. Nordback et al. 
categorically stated, “The most vulnerable areas seemed 
to be the peripancreatic adipose tissue, from where the 
necrosis spread through the septa towards the pancreatic 
parenchyma”.118 In their series of 78 patients with acute 
necrotizing pancreatitis, they noted that while all patients 
had peripancreatic necrosis, 10% had peripancreatic 

Figure 3. Human pancreas staining for the macrophage marker CD68. While there are a few CD68-positive cells (red arrows) around 
the adipocytes in a normal pancreas (A), sections from pancreatitis patients (B) show areas of fat necrosis (red polygon) and surrounding 
PFAN to have a large increase in CD68-positive cells, supporting the proinflammatory and antemortem nature of fat necrosis. 
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necrosis without acinar necrosis. Peripancreatic necro-
sis involved >50% of the peripancreatic fat in 23 of the 
30 patients operated on within 4 days of presentation, 
while only 8 of these had >50% of parenchymal necrosis. 
Supporting the role of systemic injury in SAP-associated 
early mortality,103-105 autopsy studies showed patients 
dying within the first week of AP to have lung injury with 
a moderate amount of fat necrosis around the pancreas.120 
Overall, this information suggests that peripancreatic fat 
necrosis is a distinct player in the pathogenesis of MSOF 
during the first few days of AP.

Various groups have quantified visceral fat, which is 
the major hydrolyzable pool of triglyceride surrounding the 
pancreas. It is estimated that this may average >3 kg in sub-
jects with a mean body weight of 84 kg.77,78 Calculations 
from imaging studies estimate visceral fat to occupy 10%-
30% of the intra-abdominal abdominal area,48 with intra-
abdominal volumes of obese individuals estimated to be 
23-30 L,121 The volume occupied by visceral fat can range 
from 2-9 L. Since triglyceride comprises 80%-90% of adi-
pocyte volume and each triglyceride molecule can generate 
three FFA molecules after lipolysis, unregulated leakage 
of lipases from the pancreas during pancreatitis can poten-
tially generate large amounts of lipotoxic FFAs from these 
peripancreatic visceral fat depots in a short time and result 
in adverse outcomes.87-89 

Recent mechanistic studies have explored the role of 
peripancreatic fat necrosis in MSOF. Patel et al. noted that 
a classically self-limited model of pancreatitis in mice 
(i.e., cerulein pancreatitis) was lethal in obese mice but not 
lean mice.61 Interestingly they noted that pancreatic aci-
nar necrosis was no different between the surviving and 
decreased groups. In contrast, fat necrosis was absent in 
lean mice and significantly more in obese mice that died, 
and this was reduced by administering the lipase inhibi-
tor orlistat. The most impressive changes at necropsy were 
noted in the abdominal fat surrounding the pancreas, with 
fat necrosis and saponification noted in the mice that died; 
this resembles human disease. Notably, it was associated 
with hypocalcemia (an SAP marker/predictor included 
in Ranson’s criteria,122 the Glasgow criteria,123 and the 
Japanese severity score124), lung injury, and renal failure 
(evidenced by elevated BUNs), all of which are commonly 
used markers or predictors for SAP.122,123,125,126

Further proof of the role of peripancreatic fat necrosis in 
worsening AP outcomes independent of pancreatic necrosis 
comes from a recent study in which triolein (the triglyceride 
form of the most abundant UFA in humans, oleic acid) when 
co-administered during the induction of cerulein pancreati-
tis in lean rats resulted in MSOF with 97% mortality.62 This 
was evidenced by hypoxemic respiratory failure (oxygen 
saturation <89%) associated with acute lung injury, renal 
tubular injury along, and elevated serum BUNs, all in the 
absence of significant pancreatic necrosis. Serum cytokines 

including interleukin (IL)-1β and IL-8 in the rats with organ 
failure were more than 10× higher than those with cerulein 
pancreatitis alone. All of the parameters described above are 
SAP markers or included in prediction systems.122-134 To 
explore this further, the authors exposed peripheral blood 
mononuclear cells to UFAs or IL-1β + IL-8 and noted that 
while UFAs at concentrations below those noted in serum 
resulted in necroapoptotic cell death, cytokines at concentra-
tions above those in the serum did not.61,62 This is consistent 
with findings that while UFAs can increase mRNA levels of 
cytokines and induce cell death,17,63 cytokines do not induce 
cell injury and in some cases are hypothesized to have a pro-
tective role in AP, possibly by reducing systemic injury.135-141

It is worth noting that in the studies mentioned above, 
triolein was administered to lean rats, and its hydrolysis 
resulted in high serum levels of its lipolytic product oleic 
acid (350 ± 294 µM), similar to SAP patients with compli-
cations (614 ± 146 µM).102 These patients also had serum 
FFA >1,400 µM,102 which was in the same range as rats 
dying with MSOF (1,421 ± 851 µM). Thus, it is the acute 
lipotoxicity from UFAs and not the chronic inflammatory 
state associated with obesity that leads to adverse AP out-
comes. Further proof of the role of UFAs in SAP comes 
from studies in which pure UFAs were administered to 
rodents. UFAs caused acute lung injury,142-145 renal tubular 
toxicity,146,147 renal failure,144,148 and hypocalcemia.148 This 
spectrum of endpoints is highly relevant to MSOF associ-
ated with SAP, the parameters of which are used in grad-
ing AP severity.122,126,149 Thus, the acute release of large 
amounts of UFA following lipolysis of large pools of peri-
pancreatic visceral fat can worsen the disease course, even 
in cases where there is minimal pancreatic necrosis, such as 
early in the disease course.

Summary

In summary, we studied the mechanisms resulting in exces-
sive pancreatic or visceral fat necrosis during AP in obese 
patients and how this may exacerbate disease. This occurs 
due to the lipolysis of the visceral triglyceride by the leaked 
pancreatic lipases, resulting in large and acute release of 
UFAs locally or systemically. UFAs inhibit mitochondrial 
complexes I and V and locally worsen pancreatic necrosis, 
while systemic UFA release can cause lung and renal injury 
culminating in MSOF. Thus, unregulated lipolysis of vis-
ceral fat in obesity can convert AP to SAP.

Acknowledgement

This work was supported by the National Institutes of Health 
(NIH) grants RO1DK92460 (V.P.S.) and R01DK100358 (V.P.S.) 
and the Clinical Translational Science Institute (CTSI) sup-
ported by the NIH through Grant Numbers UL1RR024153 and 
UL1TR000005 (V.P.S. and S.N.).



Acute Pancreatitis 211

References
1. Abu Hilal M, Armstrong T. The impact of obesity on the 

course and outcome of acute pancreatitis. Obes Surg. 2008; 
18(3): 326-328. PMID: 18202895.

2. Papachristou GI, Papachristou DJ, Avula H, Slivka A, 
Whitcomb DC. Obesity increases the severity of acute pan-
creatitis: performance of APACHE-O score and correlation 
with the inflammatory response. Pancreatology. 2006; 6(4): 
279-285. PMID: 16636600.

3. Porter KA, Banks PA. Obesity as a predictor of severity in 
acute pancreatitis. Int J Pancreatol. 1991; 10(3-4): 247-252. 
PMID: 1787336.

4. Shin KY, Lee WS, Chung DW, Heo J, Jung MK, Tak WY, et 
al. Influence of obesity on the severity and clinical outcome 
of acute pancreatitis. Gut Liver. 2011; 5(3): 335-339. PMID: 
21927663.

5. O’Leary DP, O’Neill D, McLaughlin P, O’Neill S, Myers 
E, Maher MM, et al. Effects of abdominal fat distribution 
parameters on severity of acute pancreatitis. World J Surg. 
2012; 36(7): 1679-1685. PMID: 22491816.

6. Sempere L, Martinez J, de Madaria E, Lozano B, Sanchez-
Paya J, Jover R, et al. Obesity and fat distribution imply a 
greater systemic inflammatory response and a worse progno-
sis in acute pancreatitis. Pancreatology. 2008; 8(3): 257-264. 
PMID: 18497538.

7. Evans AC, Papachristou GI, Whitcomb DC. Obesity and 
the risk of severe acute pancreatitis. Minerva Gastroenterol 
Dietol. 2010; 56(2): 169-179. PMID: 20485254.

8. Chen SM, Xiong GS, Wu SM. Is obesity an indicator of com-
plications and mortality in acute pancreatitis? An updated meta-
analysis. J Dig Dis 2012; 13(5): 244-251. PMID: 22500786.

9. Sadr-Azodi O, Orsini N, Andren-Sandberg A, Wolk A. 
Abdominal and total adiposity and the risk of acute pan-
creatitis: a population-based prospective cohort study. Am J 
Gastroenterol. 2013; 108(1): 133-139. PMID: 23147519.

10. Yashima Y, Isayama H, Tsujino T, Nagano R, Yamamoto K, 
Mizuno S, et al. A large volume of visceral adipose tissue 
leads to severe acute pancreatitis. Am J Gastroenterol. 2011; 
46(10): 1213-1218. PMID: 21805069. 

11. Funnell IC, Bornman PC, Weakley SP, Terblanche J, Marks 
IN. Obesity: an important prognostic factor in acute pancrea-
titis. Br J Surg. 1993; 80(4): 484-486. PMID: 8495317.

12. Yadav D, O’Connell M, Papachristou GI. Natural his-
tory following the first attack of acute pancreatitis. Am J 
Gastroenterol. 2012; 107(7): 1096-1103. PMID: 22613906.

13. Lankisch PG, Breuer N, Bruns A, Weber-Dany B, Lowenfels 
AB, Maisonneuve P. Natural history of acute pancreatitis: 
a long-term population-based study. Am J Gastroenterol. 
2009; 104(11): 2797-2805; quiz 2806. PMID: 19603011.

14. Nojgaard C, Becker U, Matzen P, Andersen JR, Holst C, 
Bendtsen F. Progression from acute to chronic pancreatitis: 
prognostic factors, mortality, and natural course. Pancreas. 
2011; 40(8): 1195-1200. PMID: 21926938.

15. Otsuki M. Chronic pancreatitis in Japan: epidemiol-
ogy, prognosis, diagnostic criteria, and future problems. 
J Gastroenterol. 2003; 38(4): 315-326. PMID: 12743770.

16. Nøjgaard C, Matzen P, Bendtsen F, Andersen JR, Christensen 
E, Becker U. Factors associated with long-term mortality 

in acute pancreatitis. Scand J Gastroenterol. 2011; 46(4): 
495-502. PMID: 21091094.

17. Acharya C, Cline RA, Jaligama D, Noel P, Delany JP, 
Bae K, et al. Fibrosis reduces severity of acute-on-chronic 
pancreatitis in humans. Gastroenterology. 2013; 145(2): 
466-475. PMID: 23684709.

18. Chen CH, Dai CY, Hou NJ, Chen SC, Chuang WL, Yu 
ML. Etiology, severity and recurrence of acute pancreatitis 
in southern taiwan. J Formosan Med Assoc. 2006; 105(7): 
550-555. PMID: 16877234.

19. Sekimoto M, Takada T, Kawarada Y, Hirata K, Mayumi T, 
Yoshida M, et al. JPN Guidelines for the management of acute 
pancreatitis: epidemiology, etiology, natural history, and out-
come predictors in acute pancreatitis. J Hepatobiliary Pancreat 
Surg. 2006; 13(1): 10-24. PMID: 16463207.

20. Xin MJ, Chen H, Luo B, Sun JB. Severe acute pancreatitis 
in the elderly: etiology and clinical characteristics. World J 
Gastroenterol. 2008; 14(16): 2517-2521. PMID: 18442198.

21. Vidarsdottir H, Moller PH, Thorarinsdottir H, Bjornsson ES. 
Acute pancreatitis: a prospective study on incidence, etiol-
ogy, and outcome. Eur J Gastroenterol Hepatol. 2013; 25(9): 
1068-1075. PMID: 23839162.

22. Dominguez-Muñoz JE, Malfertheiner P, Ditschuneit HH, 
Blanco-Chavez J, Uhl W, Büchler M, et al. Hyperlipidemia 
in acute pancreatitis. Relationship with etiology, onset, and 
severity of the disease. Int J Pancreatol. 1991; 10(3-4): 
261-267. PMID: 1787337.

23. Deng LH, Xue P, Xia Q, Yang XN, Wan MH. Effect of 
admission hypertriglyceridemia on the episodes of severe 
acute pancreatitis. World J Gastroenterol. 2008; 14(28): 
4558-4561. PMID: 18680239.

24. Lloret Linares C, Pelletier AL, Czernichow S, Vergnaud AC, 
Bonnefont-Rousselot D, Levy P, et al. Acute pancreatitis in 
a cohort of 129 patients referred for severe hypertriglyceri-
demia. Pancreas. 2008; 37(1): 13-12. PMID: 18580438.

25. Balser W. Ueber Fettnekrose cine zuwcilen todliche 
Krankheit des Menschen. Arch Pathol Anat Physiol. 1882; 
90: 520-535. 

26. Fitz RH. Acute pancreatitis: a consideration of pancreatic 
hemorrhage, hemorrhagic, suppurative, and gangrenous 
pancreatitis, and of disseminated fat-necrosis. Boston, MA: 
Cupples and Hurd; 1889.

27. Pannala R, Kidd M, Modlin IM. Acute pancreatitis: a his-
torical perspective. Pancreas. 2009; 38(4): 355-366. PMID: 
19390402.

28. Chiari H. Uber die Beziehungen zwischen dem Pankreas und 
der Fettgewebsnekrose. Zbl Pathol. 1906; 17: 798-799. 

29. Hotchkiss LW. VIII. Acute Pancreatitis with Very Extensive 
Fat Necrosis. Annals Surg. 1912; 56(1): 111-117. PMID:  
17862860.

30. Herbert F. Pancreatic Fat Necrosis: A Chemical Study.  
Br J Exp Pathol. 1928; 9(2): 57-63. 

31. Theve NO, Hallberg D, Carlström A. Studies in fat necrosis. 
I. Lipolysis and calcium content in adipose tissue from rats 
with experimentally induced fat necrosis. Acta Chir Scand. 
1973; 139(2): 131-133. PMID: 4718164.

32. Storck G. Experimental fat necrosis in the rat. I. Studies with 
the vital microscope. Acta Chir Scand. 1972; 138(1): 69-77. 
PMID: 5036400.

http://www.ncbi.nlm.nih.gov/pubmed/18202895
http://www.ncbi.nlm.nih.gov/pubmed/16636600
http://www.ncbi.nlm.nih.gov/pubmed/1787336
http://www.ncbi.nlm.nih.gov/pubmed/21927663
http://www.ncbi.nlm.nih.gov/pubmed/21927663
http://www.ncbi.nlm.nih.gov/pubmed/22491816
http://www.ncbi.nlm.nih.gov/pubmed/18497538
http://www.ncbi.nlm.nih.gov/pubmed/20485254
http://www.ncbi.nlm.nih.gov/pubmed/22500786
http://www.ncbi.nlm.nih.gov/pubmed/23147519
http://www.ncbi.nlm.nih.gov/pubmed/21926938
http://www.ncbi.nlm.nih.gov/pubmed/12743770
http://www.ncbi.nlm.nih.gov/pubmed/23684709
http://www.ncbi.nlm.nih.gov/pubmed/16877234
http://www.ncbi.nlm.nih.gov/pubmed/16463207
http://www.ncbi.nlm.nih.gov/pubmed/18442198
http://www.ncbi.nlm.nih.gov/pubmed/23839162
http://www.ncbi.nlm.nih.gov/pubmed/1787337
http://www.ncbi.nlm.nih.gov/pubmed/18680239
http://www.ncbi.nlm.nih.gov/pubmed/18580438
http://www.ncbi.nlm.nih.gov/pubmed/19390402
http://www.ncbi.nlm.nih.gov/pubmed/19390402
http://www.ncbi.nlm.nih.gov/pubmed/17862860
http://www.ncbi.nlm.nih.gov/pubmed/17862860
http://www.ncbi.nlm.nih.gov/pubmed/4718164
http://www.ncbi.nlm.nih.gov/pubmed/5036400


212 S. Navina and V. P. Singh

33. Theve NO. Studies in fat necrosis. V. Effect of glucose 
and insulin on fat necrosis in rats with experimental pan-
creatitis. Acta Chir Scand. 1973; 139(6): 507-509. PMID:  
4753098.

34. Olsen TS. Lipomatosis of the pancreas in autopsy material 
and its relation to age and overweight. Acta Pathol Microbiol 
Scand A. 1978; 86A(5): 367-373. PMID: 716899.

35. Schmitz-Moormann P, Pittner PM, Heinze W. Lipomatosis 
of the pancreas. A morphometrical investigation. Pathol Res 
Pract. 1981; 173(1-2): 45-53. PMID: 7335549.

36. Schmitz-Moormann P. Comparative radiological and mor-
phological study of the human pancreas. IV. Acute necrotiz-
ing pancreatitis in man. Pathol Res Pract. 1981; 171(3-4): 
325-335. PMID: 7279784.

37. Kloppel G, Dreyer T, Willemer S, Kern HF, Adler G. 
Human acute pancreatitis: its pathogenesis in the light of 
immunocytochemical and ultrastructural findings in aci-
nar cells. Virchows Arch A Pathol Anat Histopathol. 1986; 
409(6): 791-803. PMID: 3094241.

38. Trapnell JE, Rigby CC, Talbot CH, Duncan EH. Proceedings: 
Aprotinin in the treatment of acute pancreatitis. Gut. 1973; 
14(10): 828. PMID: 4586085.

39. Trapnell JE, Rigby CC, Talbot CH, Duncan EH. A controlled 
trial of Trasylol in the treatment of acute pancreatitis. Br J 
Surg. 1974; 61(3): 177-182. PMID: 4595174.

40. Trapnell JE, Talbot CH, Capper WM. Trasylol in acute 
pancreatitis. Am J Dig Dis. 1967; 12(4): 409-412. PMID: 
5336018.

41. Buchler M, Malfertheiner P, Uhl W, Scholmerich J, Stockmann 
F, Adler G, et al. Gabexate mesilate in human acute pancrea-
titis. German Pancreatitis Study Group. Gastroenterology. 
1993; 104(4): 1165-1170. PMID: 8462805.

42. Andriulli A, Caruso N, Quitadamo M, Forlano R, Leandro 
G, Spirito F, et al. Antisecretory vs. antiproteasic drugs in the 
prevention of post-ERCP pancreatitis: the evidence-based 
medicine derived from a meta-analysis study. JOP. 2003; 
4(1): 41-48. PMID: 12555015.

43. Seta T, Noguchi Y, Shimada T, Shikata S, Fukui T. Treatment 
of acute pancreatitis with protease inhibitors: a meta-analy-
sis. Eur J Gastroenterol Hepatol. 2004; 16(12): 1287-1293. 
PMID: 15618834.

44. Mossner J, Bodeker H, Kimura W, Meyer F, Bohm S, 
Fischbach W. Isolated rat pancreatic acini as a model to 
study the potential role of lipase in the pathogenesis of aci-
nar cell destruction. Int J Pancreatol. 1992; 12(3): 285-296. 
PMID: 1289421.

45. Kimura W, Meyer F, Hess D, Kirchner T, Fischbach W, 
Mossner J. Comparison of different treatment modalities in 
experimental pancreatitis in rats. Gastroenterology. 1992; 
103(6): 1916-1924. PMID: 1451985.

46. Mery CM, Rubio V, Duarte-Rojo A, Suazo-Barahona J, 
Pelaez-Luna M, Milke P, et al. Android fat distribution as 
predictor of severity in acute pancreatitis. Pancreatology. 
2002; 2(6): 543-549. PMID: 12435867.

47. Martínez J, Sánchez-Payá J, Palazón JM, Aparicio JR, Picó 
A, Pérez-Mateo M. Obesity: a prognostic factor of severity 
in acute pancreatitis. Pancreas. 1999; 19(1): 15-20. PMID: 
10416686.

48. Camhi SM, Bray GA, Bouchard C, Greenway FL, Johnson 
WD, Newton RL, et al. The relationship of waist circum-
ference and BMI to visceral, subcutaneous, and total body 
fat: sex and race differences. Obesity. 2011; 19(2): 402-408. 
PMID: 20948514.

49. Hegazi R, Raina A, Graham T, Rolniak S, Centa P, Kandil H, 
et al. Early jejunal feeding initiation and clinical outcomes 
in patients with severe acute pancreatitis. JPEN J Parenter 
Enteral Nutr. 2011; 35(1): 91-96. PMID: 21224435.

50. Brown A, James-Stevenson T, Dyson T, Grunkenmeier 
D. The panc 3 score: a rapid and accurate test for predict-
ing severity on presentation in acute pancreatitis. J Clin 
Gastroenterol. 2007; 41(9): 855-858. PMID: 17881932.

51. Johnson CD, Toh SK, Campbell MJ. Combination of 
APACHE-II score and an obesity score (APACHE-O) for the 
prediction of severe acute pancreatitis. Pancreatology. 2004; 
4(1): 1-6. PMID: 14988652.

52. Katuchova J, Bober J, Harbulak P, Hudak A, Gajdzik T, 
Kalanin R, et al. Obesity as a risk factor for severe acute 
pancreatitis patients. Wien Klin Wochenschr. 2014; 126(7-8): 
223-227. PMID: 24522641.

53. Yang F, Wu H, Li Y, Li Z, Wang C, Yang J, et al. Prevention 
of severe acute pancreatitis with octreotide in obese patients: 
a prospective multi-center randomized controlled trial. 
Pancreas. 2012; 41(8): 1206-1212. PMID: 23086244.

54. Thandassery RB, Appasani S, Yadav TD, Dutta U, Indrajit A, 
Singh K, et al. Implementation of the Asia-Pacific guidelines 
of obesity classification on the APACHE-O scoring system 
and its role in the prediction of outcomes of acute pancreati-
tis: a study from India. Dig Dis Sci. 2014; 59(6): 1316-1321. 
PMID: 24374646.

55. Scott RF, Lee KT, Kim DN, Morrison ES, Goodale F. Fatty 
acids of serum and adipose tissue in six groups eating natural 
diets containing 7 to 40 per cent fat. Am J Clin Nutr. 1964; 
14: 280-290. PMID: 14157830.

56. Insull W Jr, Lang PD, Hsi BP, Yoshimura S. Studies of arte-
riosclerosis in Japanese and American men. I. Comparison of 
fatty acid composition of adipose tissue. J Clin Invest. 1969; 
48(7): 1313-1327. PMID: 5794253.

57. Ueshima H, Stamler J, Elliott P, Chan Q, Brown IJ, 
Carnethon MR, et al. Food omega-3 fatty acid intake of 
individuals (total, linolenic acid, long-chain) and their blood 
pressure: INTERMAP study. Hypertension. 2007; 50(2): 
313-319. PMID: 17548718.

58. Ruixing Y, Qiming F, Dezhai Y, Shuquan L, Weixiong L, 
Shangling P, et al. Comparison of demography, diet, life-
style, and serum lipid levels between the Guangxi Bai 
Ku Yao and Han populations. J Lipid Res. 2007; 48(12): 
2673-2681. PMID: 17890682.

59. Insull W Jr, Bartsch GE. Fatty acid composition of human 
adipose tissue related to age, sex, and race. Am J Clin Nutr. 
1967; 20(1): 13-23. PMID: 6017005.

60. Hirsch J, Farquhar JW, Ahrens EH Jr., Peterson ML, Stoffel 
W. Studies of adipose tissue in man. A microtechnic for sam-
pling and analysis. Am J Clin Nutr. 1960; 8: 499-511. PMID: 
13714574.

61. Patel K, Trivedi RN, Durgampudi C, Noel P, Cline 
RA, DeLany JP, et al. Lipolysis of visceral adipocyte 

http://www.ncbi.nlm.nih.gov/pubmed/4753098
http://www.ncbi.nlm.nih.gov/pubmed/4753098
http://www.ncbi.nlm.nih.gov/pubmed/716899
http://www.ncbi.nlm.nih.gov/pubmed/7335549
http://www.ncbi.nlm.nih.gov/pubmed/7279784
http://www.ncbi.nlm.nih.gov/pubmed/3094241
http://www.ncbi.nlm.nih.gov/pubmed/4586085
http://www.ncbi.nlm.nih.gov/pubmed/4595174
http://www.ncbi.nlm.nih.gov/pubmed/5336018
http://www.ncbi.nlm.nih.gov/pubmed/5336018
http://www.ncbi.nlm.nih.gov/pubmed/8462805
http://www.ncbi.nlm.nih.gov/pubmed/12555015
http://www.ncbi.nlm.nih.gov/pubmed/15618834
http://www.ncbi.nlm.nih.gov/pubmed/1289421
http://www.ncbi.nlm.nih.gov/pubmed/1451985
http://www.ncbi.nlm.nih.gov/pubmed/12435867
http://www.ncbi.nlm.nih.gov/pubmed/10416686
http://www.ncbi.nlm.nih.gov/pubmed/10416686
http://www.ncbi.nlm.nih.gov/pubmed/20948514
http://www.ncbi.nlm.nih.gov/pubmed/20948514
http://www.ncbi.nlm.nih.gov/pubmed/21224435
http://www.ncbi.nlm.nih.gov/pubmed/17881932
http://www.ncbi.nlm.nih.gov/pubmed/14988652
http://www.ncbi.nlm.nih.gov/pubmed/24522641
http://www.ncbi.nlm.nih.gov/pubmed/23086244
http://www.ncbi.nlm.nih.gov/pubmed/24374646
http://www.ncbi.nlm.nih.gov/pubmed/14157830
http://www.ncbi.nlm.nih.gov/pubmed/5794253
http://www.ncbi.nlm.nih.gov/pubmed/17548718
http://www.ncbi.nlm.nih.gov/pubmed/17890682
http://www.ncbi.nlm.nih.gov/pubmed/6017005
http://www.ncbi.nlm.nih.gov/pubmed/13714574
http://www.ncbi.nlm.nih.gov/pubmed/13714574


Acute Pancreatitis 213

triglyceride by pancreatic lipases converts mild acute pan-
creatitis to severe pancreatitis independent of necrosis and 
inflammation. Am J Pathol. 2015; 185(3): 808-819. PMID: 
25579844.

62. Noel P, Patel K, Durgampudi C, Trivedi RN, de Oliveira C, 
Crowell MD, et al. Peripancreatic fat necrosis worsens acute 
pancreatitis independent of pancreatic necrosis via unsatu-
rated fatty acids increased in human pancreatic necrosis col-
lections. Gut. 2016; 65(1): 100-111. PMID: 25500204.

63. Navina S, Acharya C, DeLany JP, Orlichenko LS, Baty CJ, 
Shiva SS, et al. Lipotoxicity causes multisystem organ fail-
ure and exacerbates acute pancreatitis in obesity. Sci Transl 
Med. 2011; 3(107): 107ra110. PMID: 22049070.

64. Durgampudi C, Noel P, Patel K, Cline R, Trivedi RN, 
DeLany JP, et al. Acute lipotoxicity regulates severity of bil-
iary acute pancreatitis without affecting its initiation. Am J 
Pathol. 2014; 184(6): 1773-1784. PMID: 24854864.

65. Ehret GB, Munroe PB, Rice KM, Bochud M, Johnson AD, 
Chasman DI, et al. Genetic variants in novel pathways influ-
ence blood pressure and cardiovascular disease risk. Nature. 
2011; 478(7367): 103-109. PMID: 21909115.

66. Neuer FS, Roberts FF, McCarthy V. Osteolytic lesions fol-
lowing traumatic pancreatitis. Am J Dis Child. 1977; 131(7): 
738-740. PMID: 879110.

67. Goluboff N, Cram R, Ramgotra B, Singh A, Wilkinson 
GW. Polyarthritis and bone lesions complicating traumatic 
pancreatitis in two children. Canadian Med Assoc J. 1978; 
118(8): 924-928. PMID: 647564.

68. Schrier RW, Melmon KL, Fenster LF. Subcutaneous nodular 
fat necrosis in pancreatitis. Arch Intern Med. 1965; 116(6): 
832-836. PMID: 5848214.

69. Blauvelt H. A case of acute pancreatitis with subcutaneous fat 
necrosis. Br J Surg. 1946; 34(134): 207. PMID: 20278132.

70. Cannon JR, Pitha JV, Everett MA. Subcutaneous fat necrosis 
in pancreatitis. J Cutan Pathol. 1979; 6(6): 501-506. PMID: 
521541.

71. Wilson HA, Askari AD, Neiderhiser DH, Johnson AM, 
Andrews BS, Hoskins LC. Pancreatitis with arthropathy and 
subcutaneous fat necrosis. Evidence for the pathogenicity of 
lipolytic enzymes. Arthritis Rheum. 1983; 26(2): 121-126. 
PMID: 6337595.

72. Ibrahim MM. Subcutaneous and visceral adipose tissue: 
structural and functional differences. Obes Rev. 2009; 11(1): 
11-18. PMID: 19656312.

73. Park BJ, Kim YJ, Kim DH, Kim W, Jung YJ, Yoon JH, et 
al. Visceral adipose tissue area is an independent risk factor 
for hepatic steatosis. J Gastroenterol Hepatol. 2008; 23(6): 
900-907. PMID: 17995942.

74. Rosso E, Casnedi S, Pessaux P, Oussoultzoglou E, Panaro 
F, Mahfud M, et al. The role of “fatty pancreas” and of BMI 
in the occurrence of pancreatic fistula after pancreaticoduo-
denectomy. J Gastrointest Surg. 2009; 13(10): 1845-1851. 
PMID: 19639369.

75. Saisho Y, Butler AE, Meier JJ, Monchamp T, Allen-Auerbach 
M, Rizza RA, et al. Pancreas volumes in humans from birth 
to age one hundred taking into account sex, obesity, and 
presence of type-2 diabetes. Clin Anat. 2007; 20(8): 933-
942. PMID: 17879305.

76. Balthazar EJ, Robinson DL, Megibow AJ, Ranson JH. 
Acute pancreatitis: value of CT in establishing prognosis. 
Radiology. 1990; 174(2): 331-336. PMID: 2296641.

77. Choh AC, Demerath EW, Lee M, Williams KD, Towne 
B, Siervogel RM, et al. Genetic analysis of self-reported 
physical activity and adiposity: the Southwest Ohio Family 
Study. Public Health Nutr. 2009; 12(8): 1052-1060. PMID: 
18778532.

78. Demerath EW, Reed D, Choh AC, Soloway L, Lee M, 
Czerwinski SA, et al. Rapid postnatal weight gain and vis-
ceral adiposity in adulthood: the Fels Longitudinal Study. 
Obesity. 2009; 17(11): 2060-2066. PMID: 19373221.

79. Bakker OJ, van Santvoort H, Besselink MG, Boermeester 
MA, van Eijck C, Dejong K, et al. Extrapancreatic necrosis 
without pancreatic parenchymal necrosis: a separate entity 
in necrotising pancreatitis? Gut. 2013; 62(10): 1475-1480. 
PMID: 22773550.

80. Meyrignac O, Lagarde S, Bournet B, Mokrane FZ, Buscail 
L, Rousseau H, et al. Acute Pancreatitis: Extrapancreatic 
Necrosis Volume as Early Predictor of Severity. Radiology. 
2015; 276(1): 119-128. PMID: 25642743.

81. Freeman ML, Werner J, van Santvoort HC, Baron TH, 
Besselink MG, Windsor JA, et al. Interventions for necrotiz-
ing pancreatitis: summary of a multidisciplinary consen-
sus conference. Pancreas. 2012; 41(8): 1176-1194. PMID:  
23086243.

82. Banks PA, Bollen TL, Dervenis C, Gooszen HG, Johnson 
CD, Sarr MG, et al. Classification of acute pancreati-
tis--2012: revision of the Atlanta classification and defini-
tions by international consensus. Gut. 2013; 62(1): 102-111. 
PMID: 23100216.

83. Schaffler A, Hamer O, Dickopf J, Goetz A, Landfried K, 
Voelk M, et al. Admission resistin levels predict peripancre-
atic necrosis and clinical severity in acute pancreatitis. Am J 
Gastroenterol. 2010; 105(11): 2474-2484. PMID: 20648005.

84. Bollen TL, Singh VK, Maurer R, Repas K, van Es HW, 
Banks PA, et al. A comparative evaluation of radiologic and 
clinical scoring systems in the early prediction of severity 
in acute pancreatitis. Am J Gastroenterol. 2012; 107(4): 
612-619. PMID: 22186977.

85. Singh VK, Bollen TL, Wu BU, Repas K, Maurer R, Yu S, et 
al. An assessment of the severity of interstitial pancreatitis. 
Clin Gastroenterol Hepatol. 2011; 9(12): 1098-1103. PMID: 
21893128.

86. Matsumoto S, Mori H, Miyake H, Takaki H, Maeda T, 
Yamada Y, et al. Uneven fatty replacement of the pancreas: 
evaluation with CT. Radiology. 1995; 194(2): 453-458. 
PMID: 7824726.

87. Ren J, Dimitrov I, Sherry AD, Malloy CR. Composition 
of adipose tissue and marrow fat in humans by 1H NMR 
at 7 Tesla. J Lipid Res. 2008; 49(9): 2055-2062. PMID:  
18509197.

88. Thomas LW. The chemical composition of adipose tissue of 
man and mice. Q J Exp Physiol Cogn Med Sci. 1962; 47: 
179-188. PMID: 13920823.

89. Garaulet M, Hernandez-Morante JJ, Lujan J, Tebar FJ, 
Zamora S. Relationship between fat cell size and number and 
fatty acid composition in adipose tissue from different fat 

http://www.ncbi.nlm.nih.gov/pubmed/25579844
http://www.ncbi.nlm.nih.gov/pubmed/25579844
http://www.ncbi.nlm.nih.gov/pubmed/25500204
http://www.ncbi.nlm.nih.gov/pubmed/22049070
http://www.ncbi.nlm.nih.gov/pubmed/24854864
http://www.ncbi.nlm.nih.gov/pubmed/21909115
http://www.ncbi.nlm.nih.gov/pubmed/879110
http://www.ncbi.nlm.nih.gov/pubmed/647564
http://www.ncbi.nlm.nih.gov/pubmed/5848214
http://www.ncbi.nlm.nih.gov/pubmed/20278132
http://www.ncbi.nlm.nih.gov/pubmed/521541
http://www.ncbi.nlm.nih.gov/pubmed/521541
http://www.ncbi.nlm.nih.gov/pubmed/6337595
http://www.ncbi.nlm.nih.gov/pubmed/19656312
http://www.ncbi.nlm.nih.gov/pubmed/17995942
http://www.ncbi.nlm.nih.gov/pubmed/19639369
http://www.ncbi.nlm.nih.gov/pubmed/17879305
http://www.ncbi.nlm.nih.gov/pubmed/2296641
http://www.ncbi.nlm.nih.gov/pubmed/18778532
http://www.ncbi.nlm.nih.gov/pubmed/18778532
http://www.ncbi.nlm.nih.gov/pubmed/19373221
http://www.ncbi.nlm.nih.gov/pubmed/22773550
http://www.ncbi.nlm.nih.gov/pubmed/25642743
http://www.ncbi.nlm.nih.gov/pubmed/23086243
http://www.ncbi.nlm.nih.gov/pubmed/23086243
http://www.ncbi.nlm.nih.gov/pubmed/23100216
http://www.ncbi.nlm.nih.gov/pubmed/20648005
http://www.ncbi.nlm.nih.gov/pubmed/22186977
http://www.ncbi.nlm.nih.gov/pubmed/21893128
http://www.ncbi.nlm.nih.gov/pubmed/21893128
http://www.ncbi.nlm.nih.gov/pubmed/7824726
http://www.ncbi.nlm.nih.gov/pubmed/18509197
http://www.ncbi.nlm.nih.gov/pubmed/18509197
http://www.ncbi.nlm.nih.gov/pubmed/13920823


214 S. Navina and V. P. Singh

depots in overweight/obese humans. Int J Obes. 2006; 30(6): 
899-905. PMID: 16446749.

90. Vaughn DD, Jabra AA, Fishman EK. Pancreatic dis-
ease in children and young adults: evaluation with CT. 
Radiographics. 1998; 18(5): 1171-1187. PMID: 9747614.

91. Chaudry G, Navarro OM, Levine DS, Oudjhane K. 
Abdominal manifestations of cystic fibrosis in children. 
Pediatr Radiol. 2006; 36(3): 233-240. PMID: 16391928.

92. Soyer P, Spelle L, Pelage JP, Dufresne AC, Rondeau Y, Gouhiri 
M, et al. Cystic fibrosis in adolescents and adults: fatty replace-
ment of the pancreas--CT evaluation and functional correla-
tion. Radiology. 1999; 210(3): 611-615. PMID: 10207457.

93. LaRusch J, Whitcomb DC. Genetics of pancreatitis. Curr 
Opin Gastroenterol. 2011; 27(5): 467-474. PMID: 21844754.

94. Jackson WD. Pancreatitis: etiology, diagnosis, and man-
agement. Curr Opin Pediatr. 2001; 13(5): 447-451. PMID: 
11801891.

95. Robertson MB, Choe KA, Joseph PM. Review of the abdom-
inal manifestations of cystic fibrosis in the adult patient. 
Radiographics. 2006; 26(3): 679-690. PMID: 16702447.

96. Toiviainen-Salo S, Raade M, Durie PR, Ip W, Marttinen E, 
Savilahti E, et al. Magnetic resonance imaging findings of 
the pancreas in patients with Shwachman-Diamond syn-
drome and mutations in the SBDS gene. J Pediatr. 2008; 
152(3): 434-436. PMID: 18280855.

97. Vege SS, Gardner TB, Chari ST, Munukuti P, Pearson RK, 
Clain JE, et al. Low mortality and high morbidity in severe 
acute pancreatitis without organ failure: a case for revis-
ing the Atlanta classification to include “moderately severe 
acute pancreatitis”. Am J Gastroenterol. 2009; 104(3): 
710-715. PMID: 19262525.

98. Omdal T, Dale J, Lie SA, Iversen KB, Flaatten H, Ovrebo K. 
Time trends in incidence, etiology, and case fatality rate of 
the first attack of acute pancreatitis. Scand J Gastroenterol. 
2011; 46(11): 1389-1398. PMID: 21830851.

99. Acharya C, Navina S, Singh VP. Role of pancreatic fat in 
the outcomes of pancreatitis. Pancreatology. 2014; 14(5): 
403-408. PMID: 25278311.

100. Pinnick KE, Collins SC, Londos C, Gauguier D, Clark A, 
Fielding BA. Pancreatic ectopic fat is characterized by adi-
pocyte infiltration and altered lipid composition. Obesity 
(Silver Spring). 2008; 16(3): 522-530. PMID: 18239594.

101. Panek J, Sztefko K, Drozdz W. Composition of free fatty 
acid and triglyceride fractions in human necrotic pancre-
atic tissue. Med Sci Monit. 2001; 7(5): 894-898. PMID:  
11535930.

102. Sztefko K, Panek J. Serum free fatty acid concentration in 
patients with acute pancreatitis. Pancreatology. 2001; 1(3): 
230-236. PMID: 12120200.

103. Mofidi R, Duff MD, Wigmore SJ, Madhavan KK, Garden 
OJ, Parks RW. Association between early systemic inflam-
matory response, severity of multiorgan dysfunction and 
death in acute pancreatitis. Br J Surg. 2006; 93(6): 738-744. 
PMID: 16671062.

104. McKay CJ, Evans S, Sinclair M, Carter CR, Imrie CW. High 
early mortality rate from acute pancreatitis in Scotland, 
1984-1995. Br J Surg. 1999; 86(10): 1302-1305. PMID: 
10540138.

105. Johnson CD, Abu-Hilal M. Persistent organ failure during 
the first week as a marker of fatal outcome in acute pancrea-
titis. Gut. 2004; 53(9): 1340-1344. PMID: 15306596.

106. Carnovale A, Rabitti PG, Manes G, Esposito P, Pacelli L, 
Uomo G. Mortality in acute pancreatitis: is it an early or a 
late event? JOP. 2005; 6(5): 438-444. PMID: 16186665.

107. Fu CY, Yeh CN, Hsu JT, Jan YY, Hwang TL. Timing of 
mortality in severe acute pancreatitis: experience from 643 
patients. World J Gastroenterol. 2007; 13(13): 1966-1969. 
PMID: 17461498.

108. Mutinga M, Rosenbluth A, Tenner SM, Odze RR, Sica 
GT, Banks PA. Does mortality occur early or late in acute 
pancreatitis? Int J Pancreatol. 2000; 28(2): 91-95. PMID:  
11128978.

109. Gloor B, Muller CA, Worni M, Martignoni ME, Uhl W, 
Buchler MW. Late mortality in patients with severe acute 
pancreatitis. Br J Surg. 2001; 88(7): 975-979. PMID: 
11442530.

110. Fallon MB, Gorelick FS, Anderson JM, Mennone A, Saluja 
A, Steer ML. Effect of cerulein hyperstimulation on the para-
cellular barrier of rat exocrine pancreas. Gastroenterology. 
1995; 108(6): 1863-1872. PMID: 7539388.

111. Cosen-Binker LI, Binker MG, Wang CC, Hong W, Gaisano 
HY. VAMP8 is the v-SNARE that mediates basolateral exo-
cytosis in a mouse model of alcoholic pancreatitis. J Clin 
Invest. 2008; 118(7): 2535-2551. PMID: 18535671.

112. Cosen-Binker LI, Lam PP, Binker MG, Reeve J, Pandol S, 
Gaisano HY, Alcohol/cholecystokinin-evoked pancreatic 
acinar basolateral exocytosis is mediated by protein kinase 
C alpha phosphorylation of Munc18c. J Biol Chem. 2007; 
282(17): 13047-13058. PMID: 17324928.

113. King NK, Powell JJ, Redhead D, Siriwardena AK. A sim-
plified method for computed tomographic estimation of 
prognosis in acute pancreatitis. Scand J Gastroenterol. 2003; 
38(4): 433-436. PMID: 12739717.

114. Eatock FC, Brombacher GD, Steven A, Imrie CW, McKay 
CJ, Carter R. Nasogastric feeding in severe acute pancreati-
tis may be practical and safe. Int J Pancreatol. 2000; 28(1): 
23-29. PMID: 11185707.

115. Yadav D, Lowenfels AB. The epidemiology of pancreati-
tis and pancreatic cancer. Gastroenterology. 2013; 144(6): 
1252-1261. PMID: 23622135.

116. Peery AF, Dellon ES, Lund J, Crockett SD, McGowan CE, 
Bulsiewicz WJ, et al. Burden of gastrointestinal disease in 
the United States: 2012 update. Gastroenterology. 2012; 
143(5): 1179-1187 e1171-e1173. PMID: 22885331.

117. Wormer BA, Swan RZ, Williams KB, Bradley JF 3rd, 
Walters AL, Augenstein VA, et al. Outcomes of pancreatic 
debridement in acute pancreatitis: analysis of the nation-
wide inpatient sample from 1998 to 2010. Am J Surg. 2014; 
208(3): 350-362. PMID: 24933665.

118. Nordback I, Lauslahti K. Clinical pathology of acute necrotising 
pancreatitis. J Clin Path. 1986; 39(1): 68-74. PMID: 3950033.

119. Klöppel G, von Gerkan R, Dreyer T. Pathomorphology of 
acute pancreatitis. Analysis of 367 autopsy cases and 3 sur-
gical specimens. In: Gyr KE, Singer MV, Sarles H, editors. 
Pancreatitis - concepts and classification. New York, NY: 
Elsevier; 1984.

http://www.ncbi.nlm.nih.gov/pubmed/16446749
http://www.ncbi.nlm.nih.gov/pubmed/9747614
http://www.ncbi.nlm.nih.gov/pubmed/16391928
http://www.ncbi.nlm.nih.gov/pubmed/10207457
http://www.ncbi.nlm.nih.gov/pubmed/21844754
http://www.ncbi.nlm.nih.gov/pubmed/11801891
http://www.ncbi.nlm.nih.gov/pubmed/11801891
http://www.ncbi.nlm.nih.gov/pubmed/16702447
http://www.ncbi.nlm.nih.gov/pubmed/18280855
http://www.ncbi.nlm.nih.gov/pubmed/19262525
http://www.ncbi.nlm.nih.gov/pubmed/21830851
http://www.ncbi.nlm.nih.gov/pubmed/25278311
http://www.ncbi.nlm.nih.gov/pubmed/18239594
http://www.ncbi.nlm.nih.gov/pubmed/11535930
http://www.ncbi.nlm.nih.gov/pubmed/11535930
http://www.ncbi.nlm.nih.gov/pubmed/12120200
http://www.ncbi.nlm.nih.gov/pubmed/16671062
http://www.ncbi.nlm.nih.gov/pubmed/10540138
http://www.ncbi.nlm.nih.gov/pubmed/10540138
http://www.ncbi.nlm.nih.gov/pubmed/15306596
http://www.ncbi.nlm.nih.gov/pubmed/16186665
http://www.ncbi.nlm.nih.gov/pubmed/17461498
http://www.ncbi.nlm.nih.gov/pubmed/1128978
http://www.ncbi.nlm.nih.gov/pubmed/1128978
http://www.ncbi.nlm.nih.gov/pubmed/11442530
http://www.ncbi.nlm.nih.gov/pubmed/11442530
http://www.ncbi.nlm.nih.gov/pubmed/7539388
http://www.ncbi.nlm.nih.gov/pubmed/18535671
http://www.ncbi.nlm.nih.gov/pubmed/17324928
http://www.ncbi.nlm.nih.gov/pubmed/12739717
http://www.ncbi.nlm.nih.gov/pubmed/11185707
http://www.ncbi.nlm.nih.gov/pubmed/23622135
http://www.ncbi.nlm.nih.gov/pubmed/22885331
http://www.ncbi.nlm.nih.gov/pubmed/24933665
http://www.ncbi.nlm.nih.gov/pubmed/3950033


Acute Pancreatitis 215

120. Renner IG, Savage WT 3rd, Pantoja JL, Renner VJ. Death 
due to acute pancreatitis. A retrospective analysis of 405 
autopsy cases. Dig Dis Sci. 1985; 30(10): 1005-1018. PMID: 
3896700.

121. Guerrero-Romero F, Rodríguez-Morán M. Abdominal vol-
ume index. An anthropometry-based index for estimation 
of obesity is strongly related to impaired glucose tolerance 
and type 2 diabetes mellitus. Arch Med Res. 2003; 34(5): 
428-432. PMID: 14602511.

122. Ranson JH, Rifkind KM, Roses DF, Fink SD, Eng K, Spencer 
FC. Prognostic signs and the role of operative management 
in acute pancreatitis. Surg Gynecol Obstet. 1974; 139(1): 
69-81. PMID: 4834279.

123. Blamey SL, Imrie CW, O’Neill J, Gilmour WH, Carter DC. 
Prognostic factors in acute pancreatitis. Gut. 1984; 25(12): 
1340-1346. PMID: 6510766.

124. Ueda T, Takeyama Y, Yasuda T, Kamei K, Satoi S, Sawa H, et 
al. Utility of the new Japanese severity score and indications 
for special therapies in acute pancreatitis. J Gastroenterol. 
2009; 44(5): 453-459. PMID: 19308309.

125. Wu BU, Johannes RS, Sun X, Tabak Y, Conwell DL, Banks 
PA. The early prediction of mortality in acute pancreatitis: a 
large population-based study. Gut. 2008; 57(12): 1698-1703. 
PMID: 18519429.

126. Harrison DA, D’Amico G, Singer M. The Pancreatitis 
Outcome Prediction (POP) Score: a new prognostic index 
for patients with severe acute pancreatitis. Crit Care Med. 
2007; 35(7): 1703-1708. PMID: 17522578.

127. Hirota M, Nozawa F, Okabe A, Shibata M, Beppu T, Shimada 
S, et al. Relationship between plasma cytokine concentration 
and multiple organ failure in patients with acute pancreatitis. 
Pancreas 21(2): 141-146, 2000. PMID: 10975707.

128. Messmann H, Vogt W, Falk W, Vogl D, Zirngibl H, Leser 
HG, et al. Interleukins and their antagonists but not TNF 
and its receptors are released in post-ERP pancreatitis. Eur 
J Gastroenterol Hepatol. 1998; 10(7): 611-617. PMID: 
9855088.

129. Brivet FG, Emilie D, Galanaud P. Pro- and anti-inflamma-
tory cytokines during acute severe pancreatitis: an early and 
sustained response, although unpredictable of death. Parisian 
Study Group on Acute Pancreatitis. Crit Care Med. 1999; 
27(4): 749-755. PMID: 10321665.

130. Dambrauskas Z, Giese N, Gulbinas A, Giese T, Berberat 
PO, Pundzius J, et al. Different profiles of cytokine expres-
sion during mild and severe acute pancreatitis. World J 
Gastroenterol. 2010; 16(15): 1845-1853. PMID: 20397261.

131. Aoun E, Chen J, Reighard D, Gleeson FC, Whitcomb DC, 
Papachristou GI. Diagnostic accuracy of interleukin-6 
and interleukin-8 in predicting severe acute pancreatitis: a 
meta-analysis. Pancreatology. 2009; 9(6): 777-785. PMID: 
20110745.

132. Daniel P, Lesniowski B, Mokrowiecka A, Jasinska A, 
Pietruczuk M, Malecka-Panas E. Circulating levels of vis-
fatin, resistin and pro-inflammatory cytokine interleukin-8 
in acute pancreatitis. Pancreatology. 2010; 10(4): 477-482. 
PMID: 20720449.

133. Ueda T, Takeyama Y, Yasuda T, Matsumura N, Sawa 
H, Nakajima T, et al. Significant elevation of serum 

interleukin-18 levels in patients with acute pancreatitis. 
J Gastroenterol. 2006; 41(2): 158-165. PMID: 16568375.

134. Regnér S, Appelros S, Hjalmarsson C, Manjer J, Sadic 
J, Borgstrom A. Monocyte chemoattractant protein 1, 
active carboxypeptidase B and CAPAP at hospital admis-
sion are predictive markers for severe acute pancreatitis. 
Pancreatology. 2008; 8(1): 42-49. PMID: 18235216.

135. Guice KS, Oldham KT, Remick DG, Kunkel SL, Ward PA. 
Anti-tumor necrosis factor antibody augments edema for-
mation in caerulein-induced acute pancreatitis. J Surg Res. 
1991; 51(6): 495-499. PMID: 1943086.

136. Cuzzocrea S, Mazzon E, Dugo L, Centorrino T, Ciccolo A, 
McDonald MC, et al. Absence of endogenous interleukin-6 
enhances the inflammatory response during acute pancrea-
titis induced by cerulein in mice. Cytokine. 2002; 18(5): 
274-285. PMID: 12161103.

137. Borjesson A, Norlin A, Wang X, Andersson R, Folkesson 
HG. TNF-alpha stimulates alveolar liquid clearance during 
intestinal ischemia-reperfusion in rats. Am J Physiol Lung 
Cell Mol Physiol. 2000; 278(1): L3-L12. PMID: 10645884.

138. Rezaiguia S, Garat C, Delclaux C, Meignan M, Fleury J, 
Legrand P, et al. Acute bacterial pneumonia in rats increases 
alveolar epithelial fluid clearance by a tumor necrosis fac-
tor-alpha-dependent mechanism. J Clin Invest. 1997; 99(2): 
325-335. PMID: 9006001.

139. Kida H, Yoshida M, Hoshino S, Inoue K, Yano Y, Yanagita 
M, et al. Protective effect of IL-6 on alveolar epithelial 
cell death induced by hydrogen peroxide. Am J Physiol 
Lung Cell Mol Physiol. 2005; 288(2): L342-349. PMID:  
15475383.

140. Yan C, Naltner A, Martin M, Naltner M, Fangman JM, Gurel 
O. Transcriptional stimulation of the surfactant protein B 
gene by STAT3 in respiratory epithelial cells. J Biol Chem. 
2002; 277(13): 10967-10972. PMID: 11788590.

141. Xing Z, Gauldie J, Cox G, Baumann H, Jordana M, Lei 
XF, et al. IL-6 is an antiinflammatory cytokine required for 
controlling local or systemic acute inflammatory responses. 
J Clin Invest. 1998; 101(2): 311-320. PMID: 9435302.

142. Hussain N, Wu F, Zhu L, Thrall RS, Kresch MJ. Neutrophil 
apoptosis during the development and resolution of oleic 
acid-induced acute lung injury in the rat. Am J Respir Cell 
Mol Biol. 1998; 19(6): 867-874. PMID: 9843920.

143. Inoue H, Nakagawa Y, Ikemura M, Usugi E, Nata M. 
Molecular-biological analysis of acute lung injury (ALI) 
induced by heat exposure and/or intravenous administra-
tion of oleic acid. Legal Med. 2012; 14(6): 304-308. PMID:  
22819303.

144. Wu RP, Liang XB, Guo H, Zhou XS, Zhao L, Wang C, et al. 
Protective effect of low potassium dextran solution on acute 
kidney injury following acute lung injury induced by oleic 
acid in piglets. Chin Med Sci J. 2012; 125(17): 3093-3097. 
PMID: 22932187.

145. Lai JP, Bao S, Davis IC, Knoell DL. Inhibition of the phos-
phatase PTEN protects mice against oleic acid-induced acute 
lung injury. Br J Pharmacol. 2009; 156(1): 189-200. PMID: 
19134000.

146. Moran JH, Nowak G, Grant DF. Analysis of the toxic 
effects of linoleic acid, 12,13-cis-epoxyoctadecenoic acid, 

http://www.ncbi.nlm.nih.gov/pubmed/3896700
http://www.ncbi.nlm.nih.gov/pubmed/3896700
http://www.ncbi.nlm.nih.gov/pubmed/14602511
http://www.ncbi.nlm.nih.gov/pubmed/4834279
http://www.ncbi.nlm.nih.gov/pubmed/6510766
http://www.ncbi.nlm.nih.gov/pubmed/19308309
http://www.ncbi.nlm.nih.gov/pubmed/18519429
http://www.ncbi.nlm.nih.gov/pubmed/17522578
http://www.ncbi.nlm.nih.gov/pubmed/10975707
http://www.ncbi.nlm.nih.gov/pubmed/9855088
http://www.ncbi.nlm.nih.gov/pubmed/9855088
http://www.ncbi.nlm.nih.gov/pubmed/10321665
http://www.ncbi.nlm.nih.gov/pubmed/20397261
http://www.ncbi.nlm.nih.gov/pubmed/20110745
http://www.ncbi.nlm.nih.gov/pubmed/20110745
http://www.ncbi.nlm.nih.gov/pubmed/20720449
http://www.ncbi.nlm.nih.gov/pubmed/16568375
http://www.ncbi.nlm.nih.gov/pubmed/18235216
http://www.ncbi.nlm.nih.gov/pubmed/1943086
http://www.ncbi.nlm.nih.gov/pubmed/12161103
http://www.ncbi.nlm.nih.gov/pubmed/10645884
http://www.ncbi.nlm.nih.gov/pubmed/9006001
http://www.ncbi.nlm.nih.gov/pubmed/15475383
http://www.ncbi.nlm.nih.gov/pubmed/15475383
http://www.ncbi.nlm.nih.gov/pubmed/11788590
http://www.ncbi.nlm.nih.gov/pubmed/9435302
http://www.ncbi.nlm.nih.gov/pubmed/9843920
http://www.ncbi.nlm.nih.gov/pubmed/22819303
http://www.ncbi.nlm.nih.gov/pubmed/22819303
http://www.ncbi.nlm.nih.gov/pubmed/22932187
http://www.ncbi.nlm.nih.gov/pubmed/19134000
http://www.ncbi.nlm.nih.gov/pubmed/19134000


216 S. Navina and V. P. Singh

and 12,13-dihydroxyoctadecenoic acid in rabbit renal cor-
tical mitochondria. Toxicol Appl Pharmacol. 2001; 172(2): 
150-161. PMID: 11298501.

147. Ishola DA, Jr., Post JA, van Timmeren MM, Bakker SJ, 
Goldschmeding R, Koomans HA, et al. Albumin-bound 
fatty acids induce mitochondrial oxidant stress and impair 
antioxidant responses in proximal tubular cells. Kidney Int. 
2006; 70(4): 724-731. PMID: 16837928.

148. Dettelbach MA, Deftos LJ, Stewart AF. Intraperitoneal free 
fatty acids induce severe hypocalcemia in rats: a model for 
the hypocalcemia of pancreatitis. J Bone Miner Res. 1990; 
5(12): 1249-1255. PMID: 2075838.

149. Wu BU, Johannes RS, Sun X, Conwell DL, Banks PA. 
Early changes in blood urea nitrogen predict mortality in 
acute pancreatitis. Gastroenterology. 2009; 137(1): 129-135. 
PMID: 19344722. 

http://www.ncbi.nlm.nih.gov/pubmed/11298501
http://www.ncbi.nlm.nih.gov/pubmed/16837928
http://www.ncbi.nlm.nih.gov/pubmed/2075838
http://www.ncbi.nlm.nih.gov/pubmed/19344722


Chapter 21

Drug-induced acute pancreatitis

Maria Cristina Conti Bellocchi, Pietro Campagnola, and Luca Frulloni*

Department of Medicine, Pancreas Center, University of Verona, Verona, Italy.

Introduction

Acute pancreatitis (AP) is a heterogeneous disease ranging 
from a clinically mild form to a more severe forms 
associated with high morbidity and mortality.1 A correct 
diagnosis of AP should be made within 48 hours of admis-
sion. Understanding the etiology and severity assessment 
are essential as they may affect the acute management of 
the disease.2 

The most common etiologies for AP are gallstones 
and alcohol abuse. Other causes include iatrogenic injury 
(e.g., following endoscopic retrograde cholangiopancrea-
tography), metabolic and autoimmune disorders, inherited 
disorders, neoplasia (e.g., intraductal papillary mucinous 
neoplasia, IPMN), anatomic abnormalities, infections, 
ischemia, trauma, and drugs.3 Additional investigations 
after recovery from the acute episode are recommended in 
patients with an episode of AP classified as idiopathic.4

Drugs may be considered a potential cause of disease 
in patients who take medications that have been associated 
with AP. Drug-induced pancreatitis (DIP) is assumed to be 
a relatively rare entity, and its reported incidence ranges 
from 0.1% to 2% of AP cases.5 However, the true inci-
dence of DIP is still unknown since little evidence has been 
obtained from clinical trials, and most incidences have 
been documented as case reports and are generally limited 
by the absence or inadequacy of diagnostic criteria for AP, 
failure to rule out common etiologies of AP, and lack of a 
rechallenge test.5

The main problem in DIP identification is the absence 
of a clear and largely accepted definition of the disease. 
The diagnosis is difficult to establish since it is rarely 
accompanied by clinical or laboratory evidence of a drug 
reaction, and many patients admitted for AP are already 
taking a medication. Therefore, criteria to diagnose DIP 
should include evidence for drug intake shortly preceding 
AP, an increased risk for AP in patients taking the drug, 
a direct correlation between increased risk and dose, the 
presence of a plausible biological mechanism, evidence in 

clinical trials using the specific drug, and a rechallenge test. 
However, we lack a definition for each of these potential 
diagnostic criteria for DIP (i.e., elapsed time between drug 
intake and AP). 

The World Health Organization database includes 525 
different drugs suspected to cause AP.6 The majority of the 
data was derived from case reports, case series, or summa-
ries of them. Furthermore, the causality for many of these 
drugs remains elusive, and a definitely causality has only 
been established for about 30 of them.6 Another methodo-
logical problem is the evaluation of other potential causes 
of AP. Some definitions exclude the presence of other eti-
ologies of AP, primarily biliary lithiasis and alcohol abuse. 
The presence of other causes of AP does not exclude DIP, 
but it certainly decreases the probability.

The rechallenge test under the same conditions as in 
the first episode of suspected DIP is probably the best diag-
nostic criterion, but its use in clinical practice is limited 
particularly in patients with a severe attack of pancreatitis. 
The consequence is a dramatic decrease in the number of 
drugs shown to induce pancreatitis using the rechallenge 
test. However, this test cannot be considered as a definitive 
criterion for the diagnosis since stopping and restarting a 
drug with a recurrence of pancreatitis may be a coincidence 
and not a demonstration of a cause and effect. This is prob-
ably the reason why Tenner raised the question about the 
real existence of DIP in a recent review.7

A consequence of all these problems for the definition 
of DIP is its classification. Many have been proposed. 
More recent critical reviews used classification systems 
of the published case reports based on the level of evi-
dence.5,8 A larger number of case reports and/or a consist-
ent latency among the reports for a particular drug were 
evaluated. Badalov et al. created a new DIP classification 
based on the features of case reports and the presence or 
absence of a rechallenge test.9 However, a classification in 
definite, probable, and possible association between drugs 
and pancreatitis is the most preferred (Table 1)6,10 based 
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on evaluation of the re-/dechallenge test and temporal 
sequence and exclusion of other causes of pancreatitis. The 
Naranjo score could be useful to establish the association 
of a drug with pancreatitis (Table 2).11

A list of drugs classified in definitive and probable is 
listed on Table 3.6 

Drugs More Commonly Associated with AP

Azathioprine and 6-mercaptopurine
Azathioprine (AZA) and its metabolite 6-mercaptopurine 
(6-MP) were first reported to induce pancreatitis in 1980.12 
The incidence is reported between 1 and 6% of exposed 
individuals. A Danish study demonstrated a 7- to 8-fold 
increase in the risk of developing AP comparing ever- with 
never-takers.13 Despite the large size of the sample of study, 

the uniformly organized health care system, and the use 
of appropriate population controls, the study was limited 
by the incomplete registration of confounders (e.g., risk 
factors like alcohol or gallstones) and included potential 
association between inflammatory bowel disease (IBD) 
and autoimmune pancreatitis.14 Indeed, previous case 
reports have suggested that IBD is associated with a liabil-
ity to develop pancreatitis, especially for Crohn’s disease, 
because of common pathogenic mechanisms, diminished 
enterohepatic circulation of bile acids in patients with ileal 
involvement or who underwent surgical ileal resection,14 
mechanic factors in duodenal localizations of disease 
(papilla of Oddi dysfunction), and concomitant therapy 
with other drugs involved in DIP like mesalamine, gluco-
corticoids, or metronidazole.15

The mechanism of how azathioprine causes pancreatitis 
is not well elucidated, and the development of pancreatitis 

Table 1. Classification of evidence according to Karch and Lasagna.10 

DEFINITIVE Drug reaction that follows a reasonable temporal sequence from administration of the drug, follows a 
known response pattern that is confirmed by stopping the drug (dechallenge), and is confirmed by symptom 
reappearance upon repeated exposure to the drug (rechallenge).

PROBABLE Drug reaction that follows a reasonable temporal sequence from administration of the drug, follows a known 
response pattern, is confirmed by de-challenge, and cannot not be explained by the known characteristics of the 
patient’s clinical state.

POSSIBLE Drug reaction that follows a reasonable temporal sequence from administration of the drug and follows a known 
response pattern but that could have been produced by the patient’s clinical state or other modes of therapy.

Table 2. Score of probability of association between drugs and adverse effect, modified from Naranjo et al.11

QUESTION Yes No Don’t know SCORE

1. Are there previous conclusive reports on this reaction? + 1 0 0

2. Did the adverse event appear after the suspected drug was administered? + 2 - 1 0

3. Did the adverse reaction improve when the drug was discontinued or a specific 
antagonist was administered?

+ 1 0 0

4. Did the adverse reaction reappear when the drug was readministered? + 2 - 1 0

5. Are there alternative causes (other than the drug) that could on their own have caused 
the reaction?

- 1 + 2 0

6. Did the reaction reappear when a placebo was given? - 1 +1 0

7. Was the drug detected in the blood (or other fluids) in concentrations known to be toxic? + 1 0 0

8. Was the reaction more severe when the dose was increased, or less severe when the 
dose was decreased?

+ 1 0 0

9. Did the patient have a similar reaction to the same or similar drug in any previous 
exposure?

+ 1 0 0

10. Was the adverse event confirmed by any objective evidence? + 1 0 0

Total score*      

*Total score is the sum of all subcategory scores. The relationship is categorized as definite if the score is > 8, probable if the score is 5 to 8, possible if 
the score is 1 to 4, and doubtful if the score is 0.
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Table 3. Drugs with definite or probable association to pancreatitis as reported in the summary of Nitsche et al.6 and other case reports 
until 2014.

CAUSALITY MEDICATION n RECHALLANGE

Definite Acetaminophen
Asparaginase
Azathioprine
Bortezomib
Capecitabine
Carbamazepine
Cisplatin
Cytarabine
Didanosine
Enalapril
Erythromycin
Estrogens
Furosemide
Hydrochlorothiazide
Ifosphamid
Interferon α2b
Isoniazide
Itroconazol
Lamivudine
Mercaptopurine
Mesalamine/olsalazine
Metronidazole
Octreotide
Olanzepine
Opiates
Pentamidine
Pentavalent antimonials
Phenformin
Steroids
Sulfasalazine
Sulfmethaxazole/Tmp
Sulindac
Tamoxifen
Tetracycline
Valproic acid
Vemurafenib

13
177
87
2
1

15
11
26

883
12
11
42
22
12
2

12
8
4

19
69
60
15
16

1
42
79
80
13
25
23
24
21
1

36
82

1

1
2

16
2
1
1
1
4
9
2
1

11
3
1
1
2
4
2
1

10
12
3
4
1
5
2

14
1
1
5
1
8
1
2

11
1

Probable Atorvastatine
Bezafibrate
Carboplatin/docetaxel
Ceftriaxon
Cyclopenthiazide
Liraglutide/DPP4 inhibitors 
Orlistat
Rifampin
Simvastatin
Tyrosine kinase inhibitor

2
1
1
1

11
5
9
6

25
1

0
1
0
0
0
1
0
0
0
0

Abbreviations: DPP-4 = dipeptidyl peptidase-4; Tmp = trimethoprim.
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does not appear to be dose related.16 Therefore, it may be 
better classified as allergic or idiosyncratic. Although some 
authors have suggested the utility of thiopurine methyl-
transferase (TPMT) heterozygosity and enzyme activity as 
predictive tests for the development of azathioprine-related 
adverse effects (AEs), the role in predicting AP has not 
been studied.17 Even if some authors have communicated 
that MP could safely be used after an AZA-induced episode 
of AP,18 most authors agree that a cross reaction after re- 
exposure of the related drug is probable.

Angiotensin-converting enzyme inhibitors 
Angiotensin-converting enzyme (ACE) inhibitors are 
one of the most commonly prescribed classes of medi-
cations; they are used in hypertension, heart failure, and 
proteinuria.19 The first reported case of ACE inhibitor-
induced pancreatitis was with enalapril.20-22 Case reports 
about pancreatitis induced by lisinopril,23-26 captopril,27 
ramipril,28 and perindopril29 have also been published.

In one case-control study, the use of ACE inhibitor was 
associated with an increased risk of AP, with an odds ratio 
of 1.5. The risk increased with higher daily doses and was 
highest during the first 6 months of therapy.30

Pancreatitis associated with ACE inhibitors is thought 
to reflect localized angioedema of the gland, prob-
ably linked to an increase of bradykinin secondary to its 
decreased degradation. Angiotensin II receptors regulate 
pancreatic secretion and microcirculation, and these effects 
may contribute to the pathogenesis of ACE inhibitor-
induced pancreatitis.31 However, ACE inhibitors, in par-
ticular captopril, showed an important role in attenuating 
vascular permeability in experimental severe AP in rats, 
reducing matrix metalloproteinase 9 expression. No human 
studies are available to confirm this experimental evidence 
and develop a target therapy. In summary, there are con-
troversies on the role of ACE inhibitors in DIP since they 
may induce mild pancreatitis in humans but may reduce 
experimental AP severity in animals.

Antidiabetic drugs
Metformin, a biguanide commonly used in type 2 diabetes, 
is considered to be a safe drug with minimal side effects; 
only a few case reports suggest metformin as associated 
with DIP. Among these publications, the postulated 
mechanisms are drug overdose, drug accumulation, and 
acute renal failure triggered by vomiting.32-34 Therefore, 
metformin has been classified as possible DIP.

Incretin-based therapies such as glucagon-like peptide-1 
agonists (GLP-1) and dipeptidyl peptidase-4 (DPP-4) inhib-
itors have become important therapeutic options for type 2 
diabetes. Proposed mechanisms of action include enhanced 

glucose-dependent insulin secretion from pancreatic cells, 
restoration of the first-phase insulin response, suppression 
of glucagon secretion, and delay of gastric emptying. AP 
has been reported with both GLP-1 agonists35-39 and DPP-4 
inhibitors.40,41 Over the last several years, postmarketing 
reporting of this AE to the FDA resulted in manufacturers 
emphasizing the risk of AP and, later, in contraindications 
for incretin-based therapies in patients with a history of 
pancreatitis.42 

Recently, several meta-analyses and cohort studies 
demonstrated that the incidence of pancreatitis in patients 
taking incretins is low and that these drugs do not increase 
the risk of pancreatitis.43-50 Li et al. found no association 
between the use of GLP-1-based therapies and pancreatitis 
in a self-controlled case series analysis in a large obser-
vational database from dispensing data on 1.2 million 
patients.49 Even animal research demonstrated no evidence 
of AP in GLP-1 agonist/DPP-4 inhibitors.51-55 A recent 
meta-analysis of randomized and nonrandomized studies 
confirmed that the risk of AP under incretin-based therapy 
is not increased.56

Statins
While statins are generally well tolerated, they have been 
known to be associated with pancreatitis.

DIP is a rare AE of statin therapy and has mainly been 
documented in case reports involving atorvastatin,57,58 flu-
vastatin,59 rosuvastatin,60,61 simvastatin,62-64 and pravas-
tatin,65,66 leading to the conclusion that statin-induced 
pancreatitis may be a class effect.67 An immune-mediated 
inflammatory response, direct cellular toxicity, and meta-
bolic effects have all been postulated, even though the 
mechanism of action remains ill-defined. Statin-induced 
pancreatitis can occur at any time but seems to be very 
uncommon early in treatment and is more likely after 
months of therapy. Singh and Loke postulated that dif-
ferences exist in the safety profiles of the various statins 
that may correlate with the degree to which they inhibit 
cytochrome P450 CYPA4, as well as the degree of their 
lipophilicity.68

Recently, larger studies have challenged the correla-
tions made by earlier case reports, and demonstrate instead 
a mild protective effect in statin users, as previously shown 
in animal models of AP,69 where statins appear to reduce 
inflammatory cytokines and pulmonary neutrophilic 
activation in a severe AP model.70 

5-ASA and derivatives
Mesalamine-induced pancreatitis has been described since 
1989.71 Several oral and enema mesalamine prepara-
tions have been implicated in causing pancreatitis, as has 



Acute Pancreatitis 221

sulfasalazine. A hypersensitivity mechanism seems to be 
involved, and pancreatitis occurs usually after few days or 
weeks (short latency). 

A higher frequency of pancreatitis has been proposed 
for new mesalamine formulations including multi-matrix 
release (MMX). However, a recent pharmacoepidemiologic 
study showed a similar incidence compared to delayed or 
controlled release, warranting a formal postmarketing 
safety assessment. It has been well established that newer 
drugs are monitored more closely for AEs and that those 
AEs are more likely to be reported than for medications 
that have been in long-term use.72

Antibiotics
Metronidazole has been reported to have a probable 
association with AP,73-78 although the mechanism of DIP is 
still unknown. Possible pathways include free radical 
production, immune-mediated inflammatory response, 
and metabolic effects.78 The association is based on case 
reports, 3 of them with positive rechallenge tests (latency 
time 1-7 days).73,74,77 In a population-based case-control 
study, Nørgaard et al. showed that metronidazole was asso-
ciated to a threefold increased risk of AP.76 Furthermore, 
the use of metronidazole in combination with other drugs 
used for Helicobacter pylori (proton pump inhibitors, anti-
biotics) within 30 days before admission was associated 
with an eightfold increased risk of AP. 
Tetracyclines have been implicated as causative agents 
for AP. Early reports of AP after tetracycline administra-
tion were associated with liver dysfunction attributed to the 
drug’s ability to induce fatty degeneration of this organ.79 
In the following years, case reports about tetracycline 
induced pancreatitis even in patients without evidence of 
liver abnormalities have been described. A large Swedish 
pharmacoepidemiologic study reported a 1.6 odds ratio 
among current users of tetracycline after adjustment for 
potential confounders.80

With regard to the new drug tygecycline, an analogue of 
the semisynthetic tetracycline minocycline, McGovern et al. 
defined the pancreatitis as uncommon in treated patients, 
with an occurrence of <1% in Phase 3 and 4 clinical stud-
ies. Caution should be exercised with close monitoring in 
patients with past acute or chronic pancreatitis, although 
there is documented safety even in these patients.81

Valproic acid
Since the 1979 introduction of valproic acid (VPA), a drug 
commonly prescribed for generalized and focal epilepsy, 
migraine, neuropathic pain, and bipolar disorder, cases 
of coincident pancreatitis have been reported,82-86 often 
involving children. AP is rarely seen in children, and, in 
contrast to adult cases, it is more commonly associated 

with drugs. The common side effects associated with VPA 
are typically benign, but more serious adverse effects may 
occur. These include hepatotoxicity, hyperammonemic 
encephalopathy, coagulation disorders, and pancreatitis. 
The possible association between VPA and pancreatitis led 
the U.S. Food and Drug Association to issue a box warning 
for all VPA products in 2000. In a recent systematic review, 
Pellock et al. reported that there were several confounding 
elements and possible alternative etiologies in many of the 
trials and case reports, leading to the conclusion that VPA-
coincident AP is an uncommon but definite and idiosyn-
cratic event.87 It is most common during the first year of 
therapy and during dosage increases.

Conclusions
DIP is a rare, difficult-to-diagnose entity. Only a minority of 
cases associated with AP are linked to drugs, and the clinical 
presentation and mechanisms of injury to the pancreas are 
not well understood or controversial. The diagnosis of DIP 
remains possible or probable in many patients. Several of 
these drugs are used for diseases associated with pancreatitis 
(i.e., inflammatory bowel diseases, dyslipidemia). The reso-
lution of pancreatitis after drug discontinuation (dechallenge 
test) could improve the diagnosis of DIP. However, it is dif-
ficult to establish the direct correlation between symptom 
resolution and drug withdrawal. Rechallenge tests may be 
performed in some cases, but it is strictly dependent on the 
severity of the index pancreatitis.

Clinically, it is important to exclude any alternative 
possible etiology to avoid unnecessary drug withdrawal. 
However, drugs suspected to induce pancreatitis should be 
discontinued or exchanged with an alternative drug when 
possible. Drugs even probably associated with pancreatitis 
should be avoided in patients with previous episode(s) of 
pancreatitis. The knowledge of drugs commonly linked to 
AP (Table 3) may lead to earlier suspicion of the diagnosis 
of DIP and faster discontinuation of drug administration in 
patients for whom a cause of AP cannot be found. 
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Imaging assessment of etiology and severity of acute pancreatitis

Thomas L. Bollen*

Department of Radiology, St Antonius Hospital, Nieuwegein, the Netherlands.

Introduction

The incidence of acute pancreatitis (AP) continues to 
increase worldwide, in parallel with an increasing demand 
on imaging resources to evaluate the severity of disease. 
Imaging modalities available for assessment of AP include 
conventional radiography, abdominal ultrasound (US), 
multidetector computed tomography (CT), and magnetic 
resonance imaging (MRI). Of these, CT has become the 
standard of choice and worldwide the most commonly used 
imaging modality for the initial evaluation of AP and its 
sequelae.1-5 This chapter reviews the role of imaging in the 
evaluation of patients with AP. Emphasis will be on the use 
of imaging to assess the etiology and stage the severity of 
AP. This review applies only to cases of AP, not to chronic 
pancreatitis, flair-ups of chronic pancreatitis (i.e., acute-
on-chronic pancreatitis), groove pancreatitis, auto-immune 
pancreatitis and other forms of pancreatitis (e.g., tubercu-
lous, hereditary pancreatitis), which all differ considerably 
in clinical presentation, imaging findings, prognosis, ther-
apy, and clinical outcome.

Imaging modalities

The need for imaging in patients suspected of having AP 
largely depends on the severity of disease and clinical 
presentation. In patients with mild AP, imaging is rarely 
necessary for patient management, except for identifying 
the cause of AP. Conversely, those with severe AP often 
demand imaging for reasons stated in Table 1. Of all imag-
ing modalities available, contrast-enhanced CT (CECT) 
is the standard technique for overall assessment of AP 
and its sequelae.6-11 Other adjunctive imaging modalities 
include US, MRI, and angiography.11,12 Angiography is 
primarily used to help diagnose the vascular complications 
of AP. This section will review the imaging techniques 
of US, CT, and MRI along with their advantages and  
disadvantages.

Role of US in AP
In the initial phase of AP, abdominal US is the primary 
imaging technique for assessment of biliary stones as the 
cause of AP and to examine the biliary tract.6,13 Abdominal 
US is about 95% sensitive for the detection of cholecysto-
lithiasis compared to just 50% for the detection of chole-
docholithiasis.14 At this stage, US enables the allocation 
of patients that may benefit from a cholecystectomy (to 
prevent future attacks) and those requiring an endoscopic 
retrograde cholangiopancreatography (ERCP). US may 
also be used to detect and monitor pancreatic collections. 
Furthermore, US is useful for characterizing pancreatic 
collections by demonstrating necrotic debris within pan-
creatic collections, thus differentiating fluid from nonliquid 
material.11 With Doppler techniques, vascular structures 
can be evaluated, particularly the presence of arterial pseu-
doaneurysms. US can serve as an imaging guide during 
diagnostic or therapeutic interventions. Finally, US is the 
imaging technique of choice in children. US has various 
advantages: it is inexpensive, widely available, quick and 
easy to perform at the bedside or in an intensive care envi-
ronment, and able to examine the pancreas in a variety of 
anatomical planes. US does not expose the patient to ion-
izing radiation and requires no potential hazardous intrave-
nous contrast agents. Despite these advantages, there are 
several significant disadvantages that preclude US from 
being the primary imaging modality. The major disadvan-
tage of US remains the limited visibility of the pancreas 
and peripancreatic region in a large proportion of patients 
with severe AP because of the presence of overlying bowel 
gas, particularly in the case of the ileus. The body habitus 
may also limit acoustic wave penetration in obese patients. 
Additionally, abdominal US is less accurate in delineating 
extrapancreatic inflammatory spread within retroperitoneal 
spaces and detecting intrapancreatic necrosis. Finally, US 
is operator dependent and displayed on a limited number 
of images which are not easy to comprehend and convey to 
practicing clinicians.
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Role of CT in AP
CT is at present the best imaging technique for the initial 
assessment and follow-up of patients with AP (Table 1).1-5 
Advantageous features of currently available multislice CT 
scanners are the high speed of acquisition with narrow col-
limation, high image resolution, possibility of multiplanar 
imaging and reformats using volume data. Even in severely 
ill patients, CT will yield data of diagnostic quality that can 
be acquired during quiet respiration. Furthermore, CT is 
widely available, easily accessible in most institutions, less 
costly than MRI, highly sensitive for detecting gas bub-
bles and calcification, highly accurate, reproducible, and 
relatively easy to read by both radiologists and clinicians 
(Figures 1, 2). Indications to perform a CT varies consider-
ably among institutions in different geographic areas and is 
largely dictated by local preferences and cost factors. Some 
advocate performing CT on admission for staging pur-
poses and triaging patients to different levels of care.15,16 
Others defer CT for the first week for several legitimate 
reasons.5,6,8,9 First, early CT may underestimate the final 

morphologic severity of disease, as parenchymal necrosis 
may not be visible on CECT within 24-48 h after symptom 
onset (Figure 3).17-19 On the other hand, a small number 
of patients will have a false-positive diagnosis for paren-
chymal necrosis due to interstitial edema and vasoconstric-
tion of the vascular arcades. Repeat CT within a few days 
may show normal pancreatic enhancement. Second, CT 
at this stage will not have an impact on patient decision-
making, unless the diagnosis is unclear. Third, only one out 
of four to five patients with AP will develop parenchymal 
necrosis (i.e., the majority will have morphologically mild 
findings).7,8 Finally, the presence and extent of parenchy-
mal necrosis shows no linear correlation with the develop-
ment of systemic complications, such as organ failure.20-23 
However, urgent CT is indicated if an early complication 
of pancreatitis is suspected, primarily bowel ischemia or 
perforation. Conversely, at a later stage (after 3-7 days 
of hospitalization) patients who present with severe AP 
or who present initially with mild to moderate AP but 
fail to response to supportive treatment should undergo 
abdominal CT.24 Serial CT enables following the evolu-
tion of pancreatic collections and will delineate the extent 
of extrapancreatic inflammatory changes that will serve as 
a roadmap for interventional procedures like endoscopic, 
transabdominal, or minimally invasive surgical approaches. 
Imaging protocols vary in practice worldwide, but the 
common opinion is to obtain thin section images during 
the pancreatic (delay of 40-50 seconds) or portal venous 
phase (delay 60-70 seconds).2-4,11,12 The use of intravenous 
contrast material is essential for detecting parenchymal 
necrosis and vascular complications. Yet, noncontrast CT 
still allows for ascertaining the diagnosis and depicting 
pancreatic collections. Typically, the entire abdomen and 
pelvis are scanned to fully evaluate the extent of pancreatic 

Table 1. Indications for cross-sectional imaging in AP

Early phase (<1 week)
• To establish the correct diagnosis or provide an alternative 

diagnosis
• To elucidate the etiology 
• To stage the morphologic severity
• To assess for complications for those who deteriorate 

clinically or fail to improve

Late phase (>1 week)
• To monitor established pancreatic collections
• To delineate the presence of symptomatic and asymptomatic 

complications
• To guide interventional procedures

Figure 1. Acute interstitial pancreatitis. Normal enhancing 
pancreas with swelling and little peripancreatic fat stranding 
(arrows).

Figure 2. Acute necrotizing pancreatitis. CT shows nonenhancing 
parts of the pancreatic head, neck, and body (arrows) with normal 
enhancing tail (asterisk). Note stones in the gallbladder.
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collections and extrapancreatic abnormalities. A monopha-
sic CT protocol after intravenous contrast administration 
is usually sufficient for the diagnosis, severity assessment, 
and monitoring the progression of AP. Dual-phase stud-
ies are recommended in case of hemorrhage, mesenteric 
ischemia, or suspicion of an arterial pseudoaneurysm or 
underlying pancreatic mass. CT has some important limita-
tions. CECT is contraindicated in patients who have intra-
venous contrast allergy or renal insufficiency. In addition, 
CECT is less sensitive than US in identifying gallstones or 
biliary duct stones, a common cause of AP. Therefore, US 
is required if gallstones are not depicted on CT. The radia-
tion dose may be significant in those requiring multiple CT 
examinations. Finally, although CT elegantly documents 
the extent of the pancreatic inflammatory process, it has 
limited capability of differentiating fluid from nonliquid 
material within peripancreatic collections.25 However, the 

aforementioned advantages of CECT clearly outweigh its 
limitations.

Role of MRI in AP
Over the years, MRI has gained a more prominent role 
in the assessment of AP. The presence and extent of pan-
creatic necrosis and peripancreatic collections can be 
evaluated with equal accuracy compared with CECT. In 
fact, MRI is better in detecting mild AP and elucidating 
the cause of AP with high sensitivity and specificity for 
choledocholithiasis and congenital pancreatic anomalies 
(Figure 4).26-30 Due to its inherent tissue contrast resolu-
tion capability, MRI is superior to CECT in internal char-
acterization of pancreatic collections (i.e., delineating the 
presence and extent of necrotic material).25 Indeed, MRI 
findings have been shown to accurately predict collection 
drainability (Figures 5, 6). In addition, MRI is capable of 
detecting pancreatic duct disruption by using MR cholan-
giopancreatography (MRCP).31 In approximately 30% of 
patients with severe AP, disruption of the pancreatic duct 
is observed, which heralds important prognostic and thera-
peutic information.32,33 Finally, MRI is an excellent alterna-
tive imaging modality in the setting of renal failure, young 
patients, and pregnant women. The major disadvantages of 
MRI include the longer scanning time (which can pose a 
problem for very ill patients), motion artefacts, the need for 
specialized MRI- compatible monitoring equipment in crit-
ically ill patients, lack of general availability (especially in 
urgent settings), and high costs if routinely used. Moreover, 
MRI is not as sensitive as CECT in detecting gas bubbles, 
whereas image-guided percutaneous intervention is easier 
to perform with CT. Finally, MRI is more difficult to read 

Figure 3. Pancreatic necrosis on day 1 (top) and day 5 
(bottom). CT performed on the day of admission (top) shows a 
normal enhancing pancreatic parenchyma (thick arrow) with 
little peripancreatic fluid (thin arrows). Follow-up CT on day 5 
(bottom) shows necrosis of the pancreatic head and neck (thick 
arrows) and an acute necrotic collection in the left retroperitoneal 
space (thin arrow).

Figure 4. MRI of interstitial pancreatitis. T2-weighted sequence 
depicts little peripancreatic edema (arrows) around the pancreatic 
body and tail. 
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and understand for non-radiologists (compared with CT) 
given the multitude of sequences generally required for full 
evaluation. Therefore, at present, MRI is mainly used as 
problem solving tool in AP.

Imaging & etiology

Determining the cause is essential in the assessment of all 
patients presenting with AP. First, elucidation of the cause 
may significantly affect patient management. An etiologic 
diagnosis may result in removal of the provocative factor 
and prevention of repeated insults (i.e., discontinuation of 

medication causing drug-induced pancreatitis). Second, 
some causes of AP have long-term consequences (i.e., acute 
alcoholic pancreatitis may result in recurrent and chronic 
pancreatitis with increased risk of pancreatic cancer, espe-
cially in those with a smoking history).34 Third, different 
etiologies have different natural courses with different 
complications (i.e., acute biliary pancreatitis requires a 
cholecystectomy or endoscopic intervention).35-37 

Figure 5. CT versus MRI in AP. CT (top) shows a heterogeneous 
collection in the transverse mesocolon with predominantly fluid 
density and fat density (arrowheads pointing at the borders). MRI 
(bottom) more accurately depicts the contents of T2-weighted 
hypointense necrotic material without any significant amount of 
fluid (arrowheads pointing at the borders). Figure 6. CT versus MRI of walled-off necrosis. CT (top) 

shows walled-off necrosis replacing a large part of the pancreatic 
parenchyma. Corresponding T2-weighted MRI (bottom) 
accurately depicts necrotic material (arrowheads) within the 
collection. 



Acute Pancreatitis 229

Despite a wide variety of etiologies of AP, gallstones 
and alcohol abuse account for about 75%-80% of all 
causes.7,8,38 The relative rate of gallstones versus alcohol-
ism as the cause of pancreatitis highly depends on patient’s 
age and the geographic area. Other causes include hyper-
calcemic states (of which the most commonly recognized 
condition is hyperparathyroidism), hypertriglyceridemia, 
hereditary pancreatitis, trauma including postprocedural 
trauma (i.e., ERCP) or surgery, drug induced pancreatitis 
(i.e., thiazide diuretics, steroids, and azathioprine), and rare 
causes like scorpion venom. With thorough evaluation the 
cause of AP can be identified in 85%-90% of cases, leaving 
about 10%-15% of cases as idiopathic applying to patients 
with confirmed pancreatitis in whom a causative agent can-
not be identified.38

While many causes of AP require a detailed assess-
ment of clinical history and biochemical evaluation, some 
causes are suggested or identified by imaging. In the fol-
lowing section, causes of AP depicted by imaging will be 
outlined.

Biliary
The diagnosis of biliary lithiasis is straightforward when 
gallstones are seen at abdominal US; gallstones appear 
as intraluminal, echogenic, mobile foci that are gravity-
dependent and create a clean acoustic shadow. US has a 
sensitivity and specificity of around 95% for depicting 
gallstones and is the preferred imaging modality as CT 
shows significant lower sensitivity (of around 75%).14 A 
repeat abdominal US is advised in those with “idiopathic” 
AP as gallstones may be missed on the initial evaluation.39 
Because of the superior sensitivity, an abdominal US 
should be performed in every patient presenting with AP 
early in the disease course to rule out gallstones as possible 
etiology. However, acute biliary pancreatitis may also be 
due to microlithiasis or biliary sludge (defined as stones 
smaller than 2 mm), which can be difficult to diagnose 
by abdominal US, but may be responsible for recurrent 
episodes of AP.14,40 Biliary sludge is a viscous suspen-
sion of bile fluid that includes small stones, cholesterol 
monohydrate crystals, or calcium bilirubinate particles. 
Most patients who have biliary sludge are asymptomatic. 
Yet, biliary sludge is detected with increasing frequency 
in patients who have acute, otherwise idiopathic, pancrea-
titis.41 Although controversial, many institutions perform 
cholecystectomy for repeated episodes of otherwise idi-
opathic pancreatitis associated with biliary sludge. On 
CT gallstones appear as single or multiple filling defects 
within the gallbladder. Gallstones may have varying densi-
ties on CT depending on the composition (Figures 7, 8). 
Stones may be densely calcified, rim calcified, laminated, 
or have a central nidus of calcification. Stones also may 
present as a soft-tissue density or a lucent filling defect 

within the bile. Some stones may contain gas. In about 
25% of cases, stones are isodense to fluid and therefore not 
identifiable on CT.14 MRI is an excellent, but costly alter-
native for US for depicting stones (larger than 4-5 mm) 
in the gallbladder or common bile duct (Figure 9). If a 
biliary etiology of AP is not diagnosed, the risk of pan-
creatitis recurrence is about 30% after 6 months follow-up 
with variable severity.42 Hence, current guidelines advo-
cate performing cholecystectomy during hospitalization in 
those with mild AP.13 

Figure 7. Biliary pancreatitis. Hyperdense stone is present in the 
gallbladder in a patient with interstitial pancreatitis.

Figure 8. CT of choledocholithiasis. Unenhanced CT depicts a 
calcified stone in the common bile duct (arrow) at the level of 
pancreatic head (asterisk) with little peripancreatic fat stranding 
(arrowheads) compatible with interstitial pancreatitis. 
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Cross-sectional imaging may show secondary findings 
suggesting a biliary cause of pancreatitis. The “choledochal 
ring” sign, defined as hyperenhancement of the common 
bile duct wall relative to the pancreatic parenchyma (differ-
ence of more than 15 HU), has been reported to be indica-
tive for a biliary cause of acute pancreatitis.43 However, the 
sensitivity of this finding was not significant in the study by 
Yie et al44 and needs to be validated in large-scale studies. In 
this study, some other CT features were significantly asso-
ciated with biliary pancreatitis, including pericholecystic 
fluid or fat stranding, pericholecystic increased attenuation 
of the liver, increased gallbladder wall enhancement, and 
gallbladder wall thickening.44,45 Further study is needed to 
validate these results.

Traumatic
Pancreatic injury is more commonly seen in children than 
in adults and occurs in less than 2% of all abdominal inju-
ries with associated mortality ranging from 9%-34%.46-50 
Early mortality is caused by massive hemorrhage (often 
due to concomitant organ injuries) and late mortality by 
multi-organ dysfunction and/or sepsis.46,47 The low rate of 
pancreatic injury after abdominal trauma is related to its 
retroperitoneal location. Isolated pancreatic injury is less 
commonly seen than concomitant duodenal and pancreatic 
injury. Coexisting injuries are often present owing to the 
central location of the pancreas and the close relationship 
with surrounding organs and vessels. Injury to the pancreas 

can cause AP (posttraumatic pancreatitis) that may present 
with equivocal clinical symptoms and laboratory findings, 
often masked by other organ injuries.46-48 Posttraumatic 
pancreatitis should be considered when patients present 
with abdominal pain, nausea, and vomiting associated 
with increased serum amylase levels after blunt abdomi-
nal trauma. Contrast-enhanced CT is the primary imaging 
modality in abdominal trauma as it may diagnose posttrau-
matic pancreatitis and readily depicts accompanying trau-
matic injuries to other parenchymal organs, vessels, and 
bony structures.49,50 Posttraumatic pancreatitis is likely in 
the right clinical setting combined with imaging features 
of pancreatitis. CT features of posttraumatic pancreatitis 
vary with the impact and severity of abdominal trauma 
and ranges from normal findings, mild pancreatic swelling, 
and exudate or soft tissue infiltration in the retroperitoneal 
spaces and mesenteries to hypo-enhancement of pancreatic 
parenchyma (representing contusion) or frank pancreatic 
transection with associated hemorrhage, fluid exudate, and 
duct disruption. Most CT findings in posttraumatic pan-
creatitis lack specificity and are often indistinguishable 
from pancreatitis of other etiologies, except for transection 
or laceration (depicted as a hypoattenuating linear density 
perpendicular oriented to the long axis of the pancreas) 
and fracture of the pancreas (clear separation of pancreatic 
fragments). Similar to findings of nontraumatic pancreati-
tis, CT findings of traumatic pancreatitis are time depend-
ent: CT may show near normal findings in 20%-40% of 
cases during the first 12 hours after trauma with progres-
sive changes on serial CT.49,50 These subtle findings may 
be overlooked initially especially when coexistent organ 
injuries are present. Therefore, repeated imaging (CT or 
MRI) is warranted in those with sustained abdominal pain 
despite normal findings at index CT.49,50 A diligent search 
for ductal injury should be undertaken in every patient 
with blunt abdominal trauma and posttraumatic pancrea-
titis as its integrity dictates clinical management: when 
intact, a conservative management is maintained, whereas 
a disrupted duct necessitates urgent surgical intervention. 
Delays in diagnosis and treatment of ductal injury results 
in subsequent increases in morbidity and mortality.46-50 The 
main pancreatic duct is most prone to injury from blunt 
trauma at the pancreatic neck or body as it traverses the ver-
tebral column. Minor or major pancreatic duct rupture can 
cause pancreatic ascites from leakage of pancreatic fluid 
into the lesser and greater peritoneal compartments. Ductal 
injury can be diagnosed non-invasively by CT or MRCP 
and semi-invasively by ERCP. On CT, ductal injury can be 
inferred when a pancreatic laceration of more than one-half 
the pancreatic diameter is observed or in case of a complete 
transection or pancreatic fracture along the expected course 
of the pancreatic duct. A characteristic telltale sign of ductal 
injury is the presence of a posttraumatic pancreatic collec-
tion or pseudocyst. Occasionally, MRCP may be a helpful 

Figure 9. MRCP of choledocholithiasis. Heavily T2-weighted 
3D sequence depicts two filling defects in the distal part of the 
common bile duct (arrow) representing stones.
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noninvasive adjunct to emergency abdominal CT to better 
assess pancreatic duct integrity. A long-term complication 
of posttraumatic pancreatitis is ductal scarring and stenosis, 
which may cause obstructive pancreatitis proximal to the 
stricture. 

Pancreatic neoplasms
Obstructive causes of AP due to pancreatic neoplasms 
involve periampullary tumors, cystic and solid pancreatic 
tumors, of which pancreatic adenocarcinoma is the most 
frequent and challenging diagnosis given the narrow thera-
peutic window for curative surgery. The incidence of soli-
tary or recurrent attacks of AP associated with pancreatic 
adenocarcinoma is estimated to be 3%-5%.51-55 Pancreatic 
cancer may cause pancreatitis because of pancreatic duct 
obstruction. Yet, the triggering mechanism of acute inflam-
mation is incompletely understood as a minority of patients 
with pancreatic adenocarcinoma develop pancreatitis. 
Fortunately, pancreatitis resulting from underlying malig-
nancy is usually mild (interstitial pancreatitis) such that 
curative resection is still possible (Figure 10). Necrotizing 
pancreatitis caused by pancreatic adenocarcinoma is rarely 
reported and notoriously difficult to diagnose and treat, 
as the extensive peripancreatic changes associated with 
necrotizing pancreatitis would likely render curative resec-
tion impossible in the majority of cases.56 Pancreatic ade-
nocarcinoma as the cause of pancreatitis is surrounded by 
pitfalls in clinical presentation and diagnostic imaging fea-
tures leading to delays in correct diagnosis and appropriate 
treatment.51-54 Often, the diagnosis of an occult pancreatic 
adenocarcinoma is masked by the clinical presentation of 
signs and symptoms of AP. Also, on imaging, features of 
the inflammatory process may hamper the visualization 
of a pancreatic mass. On CT, primary diagnostic signs 
for pancreatic adenocarcinoma are an infiltrating irregu-
lar hypovascular mass, signs of invasion of surrounding 
organs and vascular structures, necrotic regional lymph 
nodes, and metastases in liver or peritoneum.51 Suspicious 
secondary imaging findings are an abrupt stop of the pan-
creatic duct with upstream duct dilation (whether or not 
with associated atrophy of pancreatic parenchyma), as 
this is rarely, if at all, seen in AP of benign cause. In most 
published reports, pancreatic adenocarcinoma has not been 
suspected clinically with a delay of diagnosis up to 12-24 
months.51-54 In patients with worrisome clinical symptoms 
such as new-onset of diabetes, jaundice, high bilirubin lev-
els, recurrent attacks of “idiopathic” pancreatitis (unknown 
or uncertain etiologies), and weight loss, complimentary 
tests are warranted to rule out pancreatic cancer.53,54 Also, 
in patients with suspicious findings on regular CT, a short 
interval (2-3 weeks) follow-up study is needed to ascertain 
the right diagnosis. Complementary imaging by means of 
EUS and/or MRI (depending on availability and expertise) 

is excellent in defining the morphology of pancreatic duct, 
the nature of obstructive lesion, and depicting the presence 
of a pancreatic mass in case of equivocal CT findings. 

Congenital pancreatic anomalies
The following two etiologies (pancreas divisum and 
annular pancreas) occasionally cause AP. The association 
between these congenital pancreatic anomalies and AP 
remains, however, controversial. 

Pancreas divisum is the most common congenital 
pancreatic duct anomaly with a reported prevalence of 
2%-14% in the normal population.57-62 Pancreas divisum 
represents a fusion anomaly in which the dorsal (contain-
ing the Santorini duct) and ventral (containing the Wirsung 
duct) pancreatic anlagen fail to fuse. Accordingly, the 

Figure 10. Interstitial pancreatitis due to pancreatic 
adenocarcinoma. A slightly dilated pancreatic duct (top) is 
noted that ends abruptly due to a hypovascular mass in the 
body of the pancreas (bottom). Mild exudate is present in the 
left retroperitoneal space. The patient underwent surgery and 
pancreatic adenocarcinoma was confirmed at pathology.
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ventral (Wirsung) duct drains only the pancreatic head via 
the major papilla, whereas the majority of the pancreas 
drains via the minor papilla through the dorsal (Santorini) 
duct. It is assumed that drainage via the smaller caliber 
minor papilla into the duodenum may result in structural 
and functional outflow obstruction leading to pain and/or 
pancreatitis. Pancreas divisum is a definite cause of AP only 
when associated with ductal hypertension from increased 
resistance to flow through a proximally narrowed pancre-
atic duct and delayed clearance of injected contrast during 
ERCP.60,61 Pancreas divisum is usually asymptomatic and 
the clinical relevance has been the subject of considerable 
debate. However, it is undoubtedly more frequently diag-
nosed in patients with repeated episodes of AP and chronic 
pancreatitis than in the general population. Yet, the inci-
dence of pancreatitis in patients with pancreas divisum is 
low (about 5%) as ductal narrowing at the papillary origin 
is infrequently observed.60,61 Pancreatic divisum can be 
confidently diagnosed semi-invasively by ERCP and non-
invasively by MRCP. MRCP with secretin stimulation may 
depict inadequate outflow of pancreatic secretions through 
the minor papilla. In the normal population, multidetector 
CT (with its high spatial resolution and thin collimation) 
also allows for accurate assessment of pancreas divisum 
when the dorsal (Santorini) duct courses directly from the 
tail and body of the pancreas through the anterior part of 
the pancreatic head draining into the minor papilla without 
evident connection with the ventral duct. However, inflam-
matory changes of the pancreas (e.g., pancreatic edema, 
swelling, and necrosis) often preclude accurate CT assess-
ment of ductal anatomy in patients with AP.63 Recognition 
of cross-sectional findings suggestive for pancreatic divi-
sum can guide patient management by recommending 
ERCP evaluation and assessment of minor papilla function. 
Possible treatments include stent placement in the minor 
papilla or minor papillotomy.

Annular pancreas is an uncommon congenital migra-
tion anomaly (1/20,000) where a ring of pancreatic tis-
sue most commonly encircles the second part of the 
duodenum.64 Annular pancreas is usually diagnosed dur-
ing infancy (with severe duodenal obstruction requiring 
urgent surgery), but clinical manifestations may develop 
at any age. Pancreatitis due to annular pancreas is often 
focal, confined to the pancreatic head and likely relates to 
the obstruction of pancreatic secretions through the annu-
lar duct (Santorini duct). In infants, the diagnosis is usu-
ally made by upper gastrointestinal double-contrast studies 
(with the classic “double-bubble” sign, i.e., proximal dila-
tion of both duodenum and stomach) or gastroduodenos-
copy (with concentric narrowing and prestenotic duodenal 
dilatation). In adults presenting with pancreatitis, annular 
pancreas can be depicted on CT as a ring of inflammatory 
tissue (isodense with pancreatic parenchyma) surround-
ing the descending duodenum. Sometimes CT may show 

an annular duct (Santorini) also encircling the duodenum. 
EUS and MRI can be valuable for the diagnosis too.

Ischemic and postoperative
Ischemic and postoperative pancreatitis are rare etiolo-
gies of acute pancreatitis.38,61 Although their mechanisms 
in inducing acute pancreatitis are intimately intermingled, 
independently they may account for an acute episode of 
pancreatitis. The common denominator in the pathogenesis 
of both etiologies is the disturbance of pancreatic micro-
circulation (i.e., the decrease of capillary perfusion and 
hemoglobin desaturation) which relates to the durations 
of both ischemia and reperfusion. The pancreas is highly 
susceptible to ischemia/reperfusion injury as established by 
experimental studies and in clinical settings such as car-
diopulmonary bypass surgery and hemorrhagic shock.65-68 
Important components in the pathophysiology of ischemia-/
reperfusion-induced AP include release of oxygen free 
radicals, activation of polymorphonuclear leukocytes, cel-
lular acidosis, disturbance of intracellular homeostasis, and 
compromised pancreatic microvascular perfusion. These 
factors both induce and propagate premature intracellular 
activation of autodigestive pancreatic proteases and the 
resultant inflammatory response. Pancreatic ischemia may 
occur as a secondary event and, as such, may aggravate 
AP severity caused by other etiologies, but may also be the 
primary initiator of AP.65-68

Postoperative pancreatitis may occur after a variety of 
surgical procedures, including intra-abdominal procedures 
(e.g., common bile duct exploration, sphincteroplasty, dis-
tal gastrectomy, splenectomy, and organ transplantation) 
and operations distant from the gastrointestinal tract. It can 
occur after major surgery like cardiovascular surgery, spi-
nal, vascular, and esophageal surgery, but also after rela-
tively minor procedures that do not involve manipulations 
near the pancreas, such as thyroidectomy, parathyroidec-
tomy, and inguinal hernia repair.69-71

Possible factors linking these surgical procedures 
with AP include drugs (medication during cardiopulmo-
nary bypass surgery, immunosuppressive drugs in organ 
transplantation), intra- or postoperative periods of low 
flow or hypotension resulting in reduced splanchnic flow 
and impaired pancreatic vascularization, thromboembolic 
events, mechanical factors (direct pancreatic, duodenal or 
biliary manipulation), and metabolic factors.

The spectrum of symptoms associated with ischemia-
induced AP may vary from asymptomatic hyperamyla-
semia (e.g., after cardiopulmonary bypass) to clinically 
severe disease as in hemorrhagic shock. The definition and 
diagnosis of ischemia-induced AP are difficult to deter-
mine and often delayed.65-71 Clinical symptoms of AP 
may be masked after major surgery in patients who are 
mechanically ventilated, sedated, and/or receive narcotic 
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analgesics. Ischemic AP should be considered in patients 
who develop abdominal pain and signs of sepsis after an 
episode of prolonged hypotension and/or visceral hypoper-
fusion, especially in those after cardiac or major surgery or 
who unexpectedly deteriorate rapidly postoperatively.68-71 
Imaging studies are necessary when the diagnosis of AP 
is uncertain. CT is a valuable objective imaging modality 
for the evaluation of patients with suspected ischemic or 
postoperative pancreatitis. In postoperative patients, CT 
may show findings of AP (with or without parenchymal 
necrosis) with peripancreatic collections that show varying 
degrees of encapsulation due to the often delayed diagno-
sis. Also, it is important to bear in mind that in patients with 
ischemic AP, a possible coexistence of intestinal ischemia 
may occur, in particular of the right hemicolon, transverse 
colon, or gallbladder. Furthermore, special attention should 
be paid to the patency of the portomesenteric venous struc-
tures, as well as the celiac trunk and superior mesenteric 
artery (i.e., high-grade stenosis, occlusion, or emboli).68-71

In conclusion, the diagnosis of ischemic or postop-
erative pancreatitis requires a high index of suspicion. 
Increased perioperative clinical awareness appears to be 
the most effective strategy for early diagnosis and timely 
treatment of acute ischemic pancreatitis following cardiac 
or major vascular surgery. Liberal use of diagnostic imag-
ing modalities, primarily CT, to establish an early diag-
nosis and institution of appropriate therapy is therefore 
warranted.

Miscellaneous findings
Steatosis of the liver may be seen in patients with an alco-
holic etiology or metabolic disturbances such as hypertri-
glyceridemia, but may also be a pre-existing condition (in 
case of obesity or medication use) and, therefore, lacks 
specificity (Figure 11). The presence of liver abnormalities 
characteristic for cirrhosis (caudate lobe hypertrophy, lobu-
larity of liver contour, venous collaterals, splenomegaly) 
may however suggest an alcoholic etiology.

Diagnostic algorithm for assessing etiology

The standard work-up of the cause of AP may vary sig-
nificantly among different centers based on personal 
experience and acquired skills, available equipment, and 
institutional strengths and weaknesses. Timing and the 
individual contribution of available imaging tests (US, 
EUS, CT, MRI/MRCP, and ERCP) are subject to debate 
and mainly driven by individual preferences. However, 
based on current available evidence and recommendations 
according to established guidelines, an abdominal US is 
advised in all patients presenting with AP, both at first pres-
entation and in recurrent episodes of otherwise idiopathic 
pancreatitis.6,9,60,61 Depending on expertise, availability, 

and local practices, further testing by means of EUS or 
MRCP is indicated as a next step if US is negative but the 
clinical suspicion for a biliary etiology is high. Additional 
imaging (i.e., state-of-the-art multidetector CT, EUS, and/
or MRI/MRCP) is especially warranted in patients over 
40-50 years of age with “idiopathic” AP or repeated epi-
sodes of AP to exclude a pancreatic neoplasm as a possible 
cause of the pancreatitis.

Imaging & severity

AP is a serious disease with varying severity. The recently 
revised Atlanta Classification 2012 on AP (RAC) clas-
sified the severity of AP clinically (on the basis of pres-
ence or absence of organ failure) and morphologically 
(on the basis of presence or absence of tissue necrosis).1 
Morphologically (i.e., on imaging), two types of pancrea-
titis are discriminated: interstitial pancreatitis (no tissue 
necrosis) and necrotizing pancreatitis (tissue necrosis). 

Interstitial pancreatitis
Interstitial pancreatitis is usually a self-limiting disease 
with a short hospitalization stay and represents the most 
common form of AP.7,8 These patients typically recover 
uneventfully without complications. On imaging, intersti-
tial pancreatitis may reveal a minimal increase in size of 
the pancreas, focally or diffusely (Figure 12). The pancre-
atic contour becomes irregular with inflammatory changes; 

Figure 11. Hepatic steatosis in drug-induced pancreatitis. 
Markedly hypodense liver parenchyma is seen indicating severe 
hepatic steatosis in a patient with necrotizing pancreatitis and a 
thrombus in the portal vein (arrowhead).
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the peripancreatic fat planes become blurred with increased 
attenuation values. Peripancreatic extension of the inflam-
matory process is relatively common because the pancreas 
lacks a well-defined capsule. Thickening of the small bowel 
mesentery, renal fascia, and lateroconal fascia are common. 
More severe forms of interstitial pancreatitis can result in 
moderate amounts of peripancreatic fluid.2-4 Morbidity 
from interstitial disease ranges about 10% with mortality 
less than 3%, primarily due to comorbid disease.72 

Necrotizing pancreatitis
Necrotizing pancreatitis is associated with a protracted clin-
ical course, long hospital stay with a high morbidity (30%-
80%), and a mortality rate up to 20%-30%.73 The 2012 
revised Atlanta Classification distinguishes three subtypes 

of necrosis depending on involvement of pancreatic paren-
chyma alone (rare), peripancreatic tissues (extrapancreatic 
necrosis or EXPN, more common), or the combination 
of both (combined necrosis, most common).1 Pancreatic 
parenchymal necrosis tends to occur early in the course of 
the disease, within the first 48-72 h after symptom onset. CT 
criteria for the diagnosis of pancreatic parenchymal necro-
sis are dependent on the detection of areas lacking enhance-
ment, which may be focal or diffuse (Figure 13). Lack of 
pancreatic enhancement corresponds with decreased blood 
perfusion of the pancreatic gland and correlates well with 
necrosis. Accuracy for depicting areas of pancreatic paren-
chymal necrosis is excellent when the region measures at 
least 3 cm or larger in diameter or involves more than one-
third of the gland. Caution in defining pancreatic paren-
chymal necrosis is important as areas of intrapancreatic 
fluid or reversible ischemia can simulate areas of necro-
sis. Pancreatic parenchymal necrosis is ideally detected on 
scans performed >72 h after the onset of an attack of AP.2-5 
Scans done within this timeframe may be falsely negative 
or equivocal. EXPN is a relatively new subtype of necrotiz-
ing pancreatitis that has received increasing attention in the 
literature over the past years.74-76 Its diagnosis hinges on the 
detection of heterogeneous peripancreatic collections with 
preserved pancreatic parenchyma perfusion. On CT, EXPN 
is determined when a normally perfused pancreatic paren-
chyma is noted surrounded by collections composed of var-
ious densities (fat, fluid, and nonliquid Hounsfield units) 
(Figure 14). In general, EXPN heralds a better prognosis 
than combined necrosis when sterile, but there is a similar 
prognosis when infection of necrotic tissue develops.75,76

Scoring systems for predicting severity
The clinical course of AP is highly variable ranging from 
mild self-limiting symptoms to rapidly progressive organ 

Figure 12. Interstitial pancreatitis. CT (top) depicts a swollen and 
slightly heterogeneous enhancing pancreatic parenchyma with 
fluid in the peripancreatic and retroperitoneal spaces (asterisks). 
Follow-up CT (bottom) 9 days later shows resolution of fluid and 
normalization of the pancreatic parenchyma.

Figure 13. Acute necrotizing pancreatitis. CT shows extensive 
necrosis involving more than 90% of pancreatic parenchyma with 
associated acute necrotic collections.
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dysfunction potentially culminating in death if not treated 
appropriately. Proper initial management includes transfer 
of patients to specialized centers or admission to intensive 
care units for supportive treatment or for targeted therapy 
(i.e., institution of tailored fluid resuscitation, endoscopic 
intervention, enteral nutrition, or new therapies as they 
become available). Besides the need from a clinical man-
agement perspective, there are other potential benefits 
for early severity prediction of AP. Accurate stratification 
is essential for reliable comparison of clinical outcomes 
among institutions, for evaluation of novel therapeutic 
strategies, and for inclusion of patients in randomized con-
trolled clinical trials.1 Hence, considerable efforts have 
been targeted over the past decades to the early identifica-
tion of those who will develop persistent organ failure in 
the early stages and infected necrosis and sepsis in the later 
phase.

Prediction of disease severity can be done using thor-
ough clinical evaluation including detailed assessment of 
established risk factors (e.g., age, obesity, and comorbid 
disease). However, based on clinical evaluation alone, 
even experienced physicians fail to diagnose those with 
severe AP in 30%-50% of cases. Other means of determin-
ing severity include the use of single prognostic indicators 
(e.g., serum blood urea nitrogen, creatinine, hematocrit, 
levels of C-reactive protein, procalcitonin) and the utiliza-
tion of multiple clinical scoring systems that incorporate 
physiologic and laboratory parameters (among these are the 
Ranson score, Systemic Inflammatory Response Syndrome 
[SIRS], Bedside Index of Severity in AP [BISAP], and Acute 
Physiology and Chronic Health Evaluation [APACHE]-II 
score). In a large dual-center study, the accuracies of 
all available clinical scoring systems in predicting the 

development of persistent organ failure (signifying severe 
AP) on the day of admission were prospectively studied 
using comparative effectiveness analysis. This study found 
that all clinical scoring systems failed to perform with high 
performance characteristics and revealed only modest and 
comparable predictive accuracy.77 Finally, since the intro-
duction of CT for diagnosis and assessment of AP some 
four decades ago, several imaging-based scoring systems 
have been proposed to predict the severity of AP.

Imaging-based scoring systems related to CT are the 
most studied and widely used because CT is regarded 
the frontline imaging modality for the overall assessment 
of AP. Determinants of most CT-based scoring systems 
include pancreatic, peripancreatic and extrapancreatic fea-
tures. Pancreatic changes include the subjective or objec-
tive enlargement of the pancreatic gland and presence 
and extent of parenchymal necrosis. Peripancreatic fea-
tures include fat stranding or edema, (fluid) collection(s) 
(presence, number, and volume), perirenal edema, mes-
enteric inflammation, and retroperitoneal extension. 
Extrapancreatic features include the presence of ascites, 
pleural effusion, vascular, gastrointestinal, and/or extra-
pancreatic parenchymal organ complications. Over the 
past four decades, at least 10 different radiographic scor-
ing systems have been developed (Table 2) using incre-
mental numerical scores or grades with higher scores or 
grades correlating with increasing morbidity and mortal-
ity.17,78-86 Two of these evaluate the presence and extent of 
parenchymal necrosis (i.e., CT Severity Index [CTSI] and 
Modified CT Severity Index [MCTSI]) for which the use 
of intravenous contrast material is indispensable.17,82 The 
remainder of scoring systems can be assessed on unen-
hanced CT scans. Table 2 provides an overview of existing 
imaging-based scoring systems in order of year of devel-
opment with the parameters evaluated and their respective 
advantages and limitations.

Among all radiographic scoring systems available, the 
CTSI is the most commonly used and studied.17 The CTSI 
combines the Balthazar grade (0-4 points) with the extent 
of pancreatic necrosis (0-6 points) on a 10-point severity 
scale (Figure 15, Table 3). The calculated CTSI can then 
be subdivided in three categories (CTSI 0-3, 4-6, and 7-10; 
corresponding to predicted mild, moderate, and severe dis-
ease, respectively) that have subsequent increases in mor-
bidity and mortality.17 The main advantage of the CTSI 
is its intuitive design as it accurately depicts the order of 
increasing morphologic AP severity. Interstitial pancreatitis 
is reflected by CTSI of 0 (normal pancreas), 1 (swelling of 
the pancreatic gland), and 2 (peripancreatic fat stranding). 
Extrapancreatic necrosis is potentially reflected by CTSI of 
3 and 4 (1 or more pancreatic collections, respectively). In 
general, CTSI greater than 4 (5-10) denotes the presence 
of pancreatic collections and parenchymal necrosis with 
more points accredited with increasing extent of necrosis. 

Figure 14. Extrapancreatic necrosis. CT depicts a normal 
enhancing pancreatic parenchyma surrounded by acute necrotic 
collections. Note, calcified stone in the gallbladder.
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Table 2. Radiographic scoring systems in AP

Radiographic 
scoring system

Year of 
development CECT CT parameters Advantage(s) Disadvantage(s)

Extrapancreatic 
score (EP or 
Schroeder index, 
range 0-7)

1985 - Edema in part or entire pancreas, 
ascites, pleural effusion, perirenal fat 
edema, mesenteric fat edema, and 
bowel paralysis.

Relatively easy to 
assess; does not 
require intravenous 
contrast

Not validated for early 
use*; presence of 
ascites and perirenal 
edema can be a 
normal finding; not 
extensively studied¶

Balthazar Grade 
(A-E)

1985 - Pancreatic swelling, peripancreatic fat 
stranding, presence and number of 
associated pancreatic collections

Relatively easy to 
assess; does not 
require intravenous 
contrast

Variable interobserver 
agreement (i.e., 
counting the number 
of collections)

Pancreatic size 
index (PSI, cut-
off 10 cm2)

1989 - Multiplying the maximum 
anteroposterior measurement of the 
head and body of the pancreas

Measurement of 
single parameter; 
does not require 
intravenous 
contrast

Normal size may vary 
depending on age 
and previous attack; 
not extensively 
studied¶

CT Severity Index 
(CTSI, range 
0-10)

1990 + Balthazar grade + presence and extent 
of parenchymal necrosis

Most used and studied 
Depicts the order 

of morphologic 
severity in AP

Variable interobserver 
agreement for 
counting pancreatic 
collections and 
assessing % of 
necrosis

MOP score (range 
0-2)

2003 - Mesenteric edema and peritoneal fluid 
(ascites)

Measurement of just 
two parameters; 
simple and easy 
to assess; does not 
require intravenous 
contrast

Not validated for early 
use*; ascites can 
be physiologic in 
female and elderly; 
not extensively 
studied¶

Modified CTSI 
(MCTSI, range 
0-10)

2004 + Pancreatic swelling or fat stranding, 
pancreatic collection(s), presence 
and extent of parenchymal necrosis, 
extrapancreatic complications 
including vascular, parenchymal, 
gastrointestinal organs and pleural 
effusion and ascites

Inherent 
simplifications; 
easier to assess 
for unexperienced 
readers

Does not outperform 
the original CTSI

Retroperitoneal 
Extension Grade 
(I-V)

2006 - Extension of peripancreatic 
inflammation to retroperitoneal 
spaces

Does not require 
intravenous 
contrast

Advanced 
interpretative 
skills required; not 
extensively studied¶

EPIC score (range 
0-7)

2007 - Pleural effusion, ascites, retroperitoneal 
and mesenteric inflammation

Relatively easy to 
assess; does not 
require intravenous 
contrast 

Original study 
biased towards 
severe disease; not 
extensively studied¶

Renal Rim Grade 
(A-C)

2010 - Extension of peripancreatic 
inflammation to pararenal and/or 
perirenal space

Easy to assess;
does not require 

intravenous 
contrast

Not extensively 
studied¶

EXPN Volume (cut-
off 100 mL)

2014 - Volume of extrapancreatic exudate or 
fluid

Objective; does not 
require intravenous 
contrast

Not validated for early 
use*; additional 
software required 
for calculating 
volume; not 
extensively studied¶

*: within 24 hours of admission; ¶ : fewer than 5 studies in English literature.
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However, patients with less than 30% parenchymal necro-
sis without associated collections also have CTSI of 4, 
although this is a rare event.

Despite the profound heterogeneity in study design and 
the variable endpoints used among the different studies, all 
reports on the discriminatory power of radiographic scor-
ing systems show a modestly positive correlation between 
the scoring system studied and patient outcome. Two recent 
studies compared the accuracy of several radiographic scor-
ing systems, including the CTSI, and found comparable 
performance characteristics among the CT scoring systems 
studied in the prediction of disease severity and overall 
mortality.19,87 Also, these studies show that CT scoring sys-
tems did not perform better than commonly used clinical 
scoring systems, such as BISAP and APACHE II score.

Table 3. Balthazar Grade and CT Severity Index (CTSI)

Characteristics
Balthazar 

Grade CTSI

Pancreatic inflammation
Normal pancreas
Focal or diffuse enlargement of the pancreas
Peripancreatic inflammation/fat stranding
Single acute fluid collection
Two or more acute fluid collections 

A
B
C
D
E

0
1
2
3
4

Pancreatic parenchymal necrosis
None
Less than 30%
Between 30% and 50%
More than 50%

0
2
4
6

Figure 15. CT severity index. CTSI of 2 (top left): swollen but normal enhancing pancreas (asterisks) with little peripancreatic fat 
stranding (arrowheads). CTSI of 4 (top right): normal enhancing pancreatic parenchyma (asterisks) with more than 2 collections (arrows). 
CTSI of 6 (bottom left): less than 30% nonenhancing pancreatic parenchyma at the level of pancreatic body (arrowheads) with associated 
necrotic collections (arrows). CTSI of 10 (bottom right): extensive necrosis of more than 50% of pancreatic parenchyma with associated 
necrotic collections. Note, calcified stones in the gallbladder. 
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There are several explanations for the moderate perfor-
mance characteristics of imaging-based scoring systems. 
First, the degree of morphologic abnormalities is largely 
influenced by the time interval between symptom onset and 
performance of the imaging study with increasing changes 
seen with increasing time interval (with correspondent 
higher scores or, grades). Second, radiographic scoring sys-
tems do not account for well-known risk factors, such as 
obesity, age, and pre-existent comorbid disease. Third, in 
a small but definite percentage of patients with AP, there 
is a non-linear relationship between morphologic findings 
and clinical severity. Also, some 30%-40% of patients with 
parenchymal necrosis will have a relatively benign clinical 
course (without organ dysfunction or systemic complica-
tions).19-23 Fourth, radiographic scoring systems correlate 
better with local complications (infected necrosis and need 
for intervention) than with systemic complications (primar-
ily persistent organ failure, which signifies severe disease). 
Fifth, radiographic scoring systems are biased towards more 
severe disease as those with very mild symptoms often do 
not need or undergo cross-sectional imaging. Sixth, the use 
of most CT-based systems is confounded as reliable pre-
dictor by the subjective nature of its interpretation with 
variable interobserver agreement, which likely relates to 
readers’ expertise and familiarity of imaging findings of 
AP. Seventh, as opposed to clinical scoring systems, radio-
graphic scoring systems are not repeated routinely within a 
short time period such that an interval change in significant 
morphology may go unnoticed (e.g., interval detection of 
parenchymal necrosis on serial CT not visible on the index 
CT). Eighth, scoring systems (radiographic and clinical sys-
tems) do not correlate with the risk of specific extrapancre-
atic complications (e.g., abdominal compartment syndrome, 
bowel ischemia or perforation, or arterial pseudoaneu-
rysm). Therefore, they fail to provide detailed information 
that instantly affects patient management on an individual 
basis. Finally, the fallacy of linking one imaging feature or a 
constellation of imaging features to severe clinical outcome 
falls short simply because of the intrinsic morbidity and 
mortality, albeit low in numbers, in patients with interstitial 
pancreatitis.72 Typically, grave imaging features in intersti-
tial pancreatitis are absent to foretell a dismal outcome. It 
is therefore unlikely that radiographic scoring systems will 
ever serve as an accurate means of correctly identifying all 
those with severe pancreatitis early on in the disease pro-
cess. The limited efficacy of radiographic scoring systems 
for prognostication reflects the complexity, variability, 
and heterogeneity of AP with its myriad possible clinical  
expressions.

Clinicians need a powerful, simple, and easy-to-use 
predictive system early on in the disease process, prefer-
ably within several hours after admission, for directing 
patients to different levels of care or tailored therapy meas-
ures. Cross-sectional imaging studies performed within this 

timeframe will not likely surpass clinical scoring systems, 
as has been shown in the aforementioned reports compar-
ing the various radiographic scoring systems on the day 
of admission. In view of the abovementioned limitations 
of radiographic scoring systems, the added costs, efforts, 
and radiation burden associated with CT,88-91 and the ease 
of use of some of the clinical scoring systems, it is the 
author’s opinion that the initial severity assessment should 
be based on clinical scoring systems rather than relying 
on imaging parameters. The decision about if and when to 
perform CT therefore depends on the overall clinical pres-
entation. Undeniably, CT has its greatest merits in the later 
phase of the disease in those who have predicted severe AP 
by clinical assessment or those who do not improve clini-
cally despite appropriate therapy when local complications 
(most commonly infection of necrotic tissue) largely direct 
clinical decision-making.24,92

Prognostic cross-sectional imaging findings

Irrespective of the etiologic factor, the degree of morpho-
logic findings in AP depends on the severity of the attack 
and the time interval between onset of symptoms and imag-
ing. In general, morphologic findings are well-established 
5-7 days after symptom onset. Mild disease presents with 
only mild pancreatic and peripancreatic abnormalities that 
resolve spontaneously. Severe disease presents with exten-
sive peripancreatic abnormalities (including necrotic col-
lections) and parenchymal necrosis, which may become 
infected and give rise to various extrapancreatic parenchy-
mal, vascular, or visceral complications, potentially with 
significant impacts on patient management.

Pancreatic collections
In moderate to severe AP, pancreatic collections can accu-
mulate in and around the pancreas. These collections may 
be single or multiple, vary in size, and lack a well-defined 
capsule initially, only confined by the anatomic space in 
which they arise. Many collections resolve spontaneously, 
but a certain percentage goes on to develop a complete 
wall, which usually takes 4-5 weeks to develop. These col-
lections may become symptomatic due to persistent pain, 
secondary infection or hemorrhage or by exerting mass-
effect on surrounding structures (e.g., extrinsic biliary 
obstruction).5-12 Other complications include compres-
sion and occlusion of the splenic vein, which can result 
in extensive collateralization around the spleen and stom-
ach. This may in time become a source of gastrointestinal 
bleeding. The most common sites of pancreatic collec-
tions are the lesser sac and left anterior pararenal space.2-5 
Larger collections can extend retroperitoneally over the 
psoas muscles to enter the pelvis and groin. Pancreatic 
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collections may also involve the posterior pararenal space, 
perirenal space, transverse mesocolon, and small bowel 
mesentery. Notably, pancreatic collections should not be 
mistaken for areas where ascites reside, such as in the 
perihepatic and perisplenic areas, in the paracolic gutters, 
and pelvis. Management of pancreatic collections depend 
on the patient’s clinical condition and whether they cause 
symptoms (Figures 16, 17). 

Pancreatic necrosis 
Pancreatic parenchymal necrosis represents a severe form 
of AP. In addition to the presence of parenchymal necrosis, 
its extent (particularly when more than 30% is involved in 
the necrotic process) has also been correlated with worse 

clinical outcome in some19-22 but not all reports.93-95 The 
site of necrosis is deemed equally important, especially 
when the central part of the gland is involved with a viable 
pancreatic tail (Figure 18). Full thickness necrosis of the 
midgland (neck and/or body of the pancreas) may lead to 
pancreatic duct disruption with increased need for inter-
vention and definitive therapies to control the continuing 
secretion of pancreatic juice.96,97 Isolated parenchymal 
necrosis is a rare event. In the majority of cases, the necro-
sis is not confined to the pancreatic parenchyma alone, 
it often also involves the peripancreatic tissues. Necrotic 
tissue or necrotic collections are prone to bacterial colo-
nization from adjacent bowel structures with development 
of infected necrosis. Infected necrosis is regarded as one 
of the most feared local complications of AP, responsi-
ble for prolonged hospitalization, need for invasive inter-
vention with high demand of health care resources.7,73 
Infected pancreatic necrosis is recognized at CT as bub-
bles of gas within areas of the pancreas or as a collection 
of gas and tissue within the retroperitoneum (Figure 19). 
Infected necrosis carries a grave prognosis compared 
with sterile necrosis, with a two- to threefold increase of  
mortality.6,9,73 

Vascular complications
Vascular complications arising from AP include porto-
splenomesenteric venous thrombosis, arterial pseudoa-
neurysms, and hemorrhage due to vessel wall erosion by 
extravasated proteolytic pancreatic enzymes. Splenic vein 
thrombosis occurs most common and may often result in 

Figure 16. Walled-off necrosis (WON). (Top) CT shows a 
fully encapsulated heterogeneous collection replacing a large 
part of pancreatic parenchyma (arrows pointing at the borders). 
Collection consist of fluid and non-liquid (fat) densities (small 
arrowheads). (Bottom) Follow-up CT performed 1 week later 
because of fever now shows gas bubbles (small arrowheads) 
within the WON (arrows pointing at the borders), representing 
infected necrosis.

Figure 17. Gastric outlet obstruction due to large walled-off 
necrosis. CT shows a large fully encapsulated pancreatic collection 
(arrows pointing at the borders) which exerts mass effect on the 
stomach (S). Note, little preserved pancreatic parenchyma at the 
tail (asterisk).
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complications such as gastric or esophageal varices and 
splenomegaly (left-sided portal hypertension) (Figure 20). 
Multiphasic CT accurately depicts sites of vascular throm-
bosis and demonstrates collateral vascular pathways.98-100 
Erosion of arterial vessel wall initially results in a confined 
perivascular blood leak with subsequent arterial pseu-
doaneurysm formation. Injuries commonly involve the 
splenic artery, the pancreaticoduodenal or the gastroduo-
denal arteries, which are closely related to the pancreas. 
An arterial pseudoaneurysm is often the underlying eti-
ology in cases of massive haemorrhage.101-103 CT with 

arterial phase multidetector CT or 3D CT angiography 
can routinely detect the presence and specific site of such 
pseudoaneurysms. Bleeding may also occur into a pre-
existing pancreatic collection, often in areas of necrosis. 
Cross-sectional imaging is helpful in identifying the source 
of hemorrhage. Massive acute hemorrhage secondary to 

Figure 18. Central gland necrosis. CT 3 days after symptom 
onset (top) shows nonenhancement of the midgland with 
preserved pancreatic body and tail. Note, severe and longstanding 
ureteropelvic junction obstruction of the right kidney with loss of 
renal parenchyma. Follow-up CT 3 weeks later (bottom) shows a 
marked increase in the size of necrotic collections exerting a mass 
effect on the stomach and extending to the left retroperitoneal 
space.

Figure 19. Infected pancreatic necrosis. CT shows a necrotic 
area at the junction of pancreatic body and tail (asterisk) with 
associated necrotic collections (small arrowheads pointing at the 
borders) that contains impacted gas bubbles (small horizontal 
arrowheads) in the retroperitoneal compartment and a gas-fluid 
level (small vertical arrowheads) in the lesser sac, signifying 
infection of necrosis. S: stomach.

Figure 20. Portal vein thrombus in necrotizing pancreatitis. Small 
intraluminal filling defect is noted in the portal vein (arrowhead) 
in a patient with necrotizing pancreatitis.
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bleeding pancreatic collections or arterial pseudoaneurysm 
has an associated mortality rate of 10%-35%.101-103 An eas-
ily overlooked complication on abdominal CT in patients 
who are bedridden because of their illness (i.e., not unique 
to AP) is the occurrence of deep vein thrombosis in the ili-
acofemoral veins that may lead to pulmonary emboli. In 
contrast to portosplenomesenteric vein thrombosis, this 
finding urgently necessitates the initiation of anticoagulant 
treatment.

Involvement of extrapancreatic organs
Typically, AP is a disease process where the inflamma-
tory spread is not limited by adjacent organs, mesenteries, 
omentum, or peritoneal and retroperitoneal fascial planes. 
While pancreatitis most commonly involves the pararenal 
spaces and lesser sac, it can extend to and involve adjacent 
organs.

Renal involvement is typically due to inflamma-
tory extension into the anterior and sometimes posterior 
pararenal space. The left pararenal space is most com-
monly involved. Occasionally, a pancreatic collection 
can extend into the perirenal space and even beneath the 
renal capsule, potentially resulting in a Page kidney due 
to compressive forces on the renal parenchyma requir-
ing percutaneous drainage. Other unusual complications 
include renal vascular abnormalities such as narrowing 
of the renal vein, renal vein thrombosis, perirenal varices 
and obstructive hydroneprosis due to extrinsic ureteral 
compression.104-106

Splenic involvement by pancreatitis is not uncommon 
given the close relationship of the pancreatic tail and splenic 
hilum. In addition to vascular complications ranging from 
splenic artery pseudoaneurysm to splenic vein occlusion, 
pancreatic collection may extend deep into the spleen. This 
can result in complications including intrasplenic collec-
tions, splenic infarction, splenic abscess, and intrasplenic 
hemorrhage. Intrasplenic collections render the organ vul-
nerable to rupture with even minor trauma.107,108 Similar 
complications may occur in the liver.

Biliary complications during the course of AP include 
cholecystitis, biliary obstruction, or rarely gallbladder 
perforation.109-111

Gastrointestinal complications in severe necrotizing 
pancreatitis are not uncommon because the extravasated 
pancreatic enzymes may directly extend into the mes-
enteries of bowel structures. Besides the risk of bacte-
rial translocation, other catastrophic and life-threatening 
complications are bowel ischemia and perforation that 
demand emergent surgery.112-114 Another complication 
is abdominal compartment syndrome (ACS), which is 
increasingly recognized in necrotizing pancreatitis (see 
Chapter 32).115-117 ACS is an important cause of multi-
organ dysfunction associated with high mortality if left 

untreated. Although ACS is a clinical diagnosis, at times 
the diagnosis is suggested on CT in patients who exhibit 
the “round-belly sign,” defined as abdominal distension 
with an increased ratio of anteroposterior-to-transverse 
abdominal diameter (ratio >0.80).118,119 Particularly, the 
change in girth compared with prior CT scans may suggest 
ACS in the appropriate clinical setting. Finally, multiple 
pulmonary complications may be seen during the course 
of severe AP that includes the presence of pleural effu-
sions, pulmonary infiltrates, pulmonary emboli and associ-
ated infarction, and, more rarely, pulmonary empyema and 
pneumothorax.120,121

Conclusion

Imaging is an indispensable tool that is increasingly uti-
lized in the care of patients with AP by providing critical 
information for clinicians, especially those with severe dis-
ease. Multidetector CT is the imaging modality of choice 
that allows for a quick and accurate overall assessment of 
AP and its complications with (E)US and MRI reserved for 
elucidating the etiology of the pancreatitis or as problem-
solving tools. Imaging-based predictive systems are useful 
for identifying groups of patients at risk for local complica-
tions or comparing outcomes of different groups in clinical 
research. However, for the individual patient, providing a 
radiographic grading score will not directly affect clinical 
management as opposed to some specific cross-sectional 
imaging findings. Among these are the presence of extended 
necrosis (more than 30%), especially when the midgland is 
involved (associated with increased need for intervention), 
signs of infected necrosis (requiring empirical antibiotics 
or invasive intervention), massive hemorrhage or detection 
of an arterial pseudoaneurysm (indication for angiographic 
coiling or surgery), deep vein thrombosis or detection of 
pulmonary emboli (indication for anticoagulant therapy), 
acute cholecystitis (amenable for percutaneous drainage or 
cholecystectomy), bowel ischemia or perforation (indica-
tion for emergent surgery), and findings of ACS (requir-
ing percutaneous drainage of ascites or surgery). Most of 
these complications are not included in any radiographic 
scoring system but will help guide individual patient  
management.
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Introduction

Several attempts have been made over decades to establish 
a clinically relevant classification of acute pancreatitis (AP) 
severity, and the quest for such a system continues. A uni-
form severity classification is essential for efficient thera-
peutic decision making, communication with patients and 
relatives, and uniform research design and data reporting. 
One of the earliest proposals came in the late 19th century 
wherein the terms pancreatic hemorrhage, hemorrhagic, 
suppurative and gangrenous pancreatitis, and disseminated 
fat necrosis were suggested. The subsequent proposal of 
defining severity was the Marseilles classification in 1963,1 
which was subsequently revised in 1984.2 At the same time 
(1983), the Cambridge classification was also published,3 
which bore several similarities with the 1984 Marseilles 
classification. Both the Cambridge and Marseilles 1984 
classifications recognized the possibility of a variable sys-
temic response in AP and identified complications such as 
necrosis, hemorrhage and pseudocysts. 

In addition, the Marseilles 1984 classification defined 
mild and severe AP based on morphologic features, 
namely peripancreatic fat necrosis and interstitial edema 
that characterized mild disease, and extensive peri- and 
intrapancreatic fat necrosis, parenchymal necrosis, and 
hemorrhage that marked severe disease. There were fur-
ther modifications of the Marseilles 1984 classification in 
the form of the Marseilles-Rome classification published 
in 1988.4

These classifications were followed by the Atlanta clas-
sification in 1992,5 which was a great improvement and 
became clinically useful for many years. However, several 
limitations of the Atlanta classification were recognized in 
the following years with increasing use of imaging and the 
introduction of new nomenclature.6,7 These finally led to a 
revision that was made through a web-based multiply itera-
tive process that resulted in the revised Atlanta classification 

of 2013.8 Another system called the determinant-based 
classification was also proposed in parallel, which was 
based on actual factors that determines mortality.9 Figure 1 
depicts the timeline for the development of severity clas-
sification systems from the Atlanta Classification onwards.

In this chapter, we elaborate on these classification sys-
tems and discuss their relevance, utility, and limitations. 
Table 1 summarizes the recent classifications of severity 
of AP.

Severity Classification Systems 

Atlanta classification
Genesis
The 1992 Atlanta classification was the result of an inter-
national symposium that included 40 internationally rec-
ognized experts on AP across 6 medical disciplines and 
15 countries. The primary intent of the symposium was to 
develop a clinically useful classification of AP that would 
provide a consensus on AP terminologies and facilitate 
comparison of interinstitutional data. The development of 
this classification was a major step at the time and a clear 
improvement over the previously described Marseilles 
classification, which was primarily dependent on imaging-
based morphologic changes. 

The Atlanta classification permitted a working defi-
nition of AP severity based on clinical, biochemical, and 
imaging data obtained within the first 1-2 days of hospi-
talization and can further be redefined based on new data 
available during the hospitalization period.

Components
The Atlanta classification defined severity based on the 
presence of organ failure and/or local complications and/
or ≥3 Ranson’s criteria, or ≥8 APACHE II criteria. Organ 
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Figure 1. Timeline depicting the development of the recent classification systems for AP severity.

Table 1. Definition of severity of acute pancreatitis according to different classification systems.

Atlanda Classification Revised Atlanda Classification Determinant based classification

Mild AP Mild AP Mild AP
- Minimal organ dysfunction and 

uneventful recovery
- No organ failure - No organ failure

- Absence of organ failure and/or 
local complications

- No local or systemic complications - No (peri)pancreatic necrosis

Severe AP Moderately severe AP Moderate AP
- Organ failure and/or local 

complications
- Transient organ failure AND/OR 

local or systemic complication OR 
exacerbation of pre-existing co-
morbidities.

- Sterile (peri)pancreatic necrosis AND/
OR transient organ failure

Severe AP Severe AP
- Persistent organ failure (single or 

multiple)
- Infected (peri)pancreatic necrosis OR 

persistent organ failure
Critical AP

- Infected (peri)pancreatic necrosis 
AND persistent organ failure

failure was defined as shock (systolic blood pressure <90 
mmHg), pulmonary insufficiency (partial pressure of 
oxygen [PaO2] <60 mmHg), renal failure (serum creati-
nine level >2 mg/dL after rehydration), or gastrointestinal 
bleeding (>500 mL/24 h). Local complications included 
necrosis, abscess, or (acute) pseudocyst. The presence of 
peripancreatic fat necrosis was considered in the defini-
tion of necrosis. An acute pseudocyst was defined as fluid 
collection with a definite wall in association with AP that 
emanates from acute fluid collections that persists for ≥ 4 
weeks. Even though pancreatic abscess had been defined 
as a local complication of AP, it was also appreciated 
that the mortality risk of infected pancreatic necrosis was 

higher than for pancreatic abscess and that the treatment 
modalities for the two entities differ. Terms such as phleg-
mon and infected pseudocyst were discarded, and the use 
of terms such as hemorrhagic pancreatitis was suggested 
to be restricted to descriptions of operative or postmortem 
appearances of the gland. 

Revised Atlanta classification
Genesis
The revised Atlanta classification was initiated as an inter-
national, web-based process that began in a clinical sympo-
sium in 2007 at the Digestive Diseases Week.10 The process 
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was initiated with a meeting of 40 selected pancreatolo-
gists and pancreatic surgeons to decide on the process and 
revision areas. Following this, a working group with two 
pancreatic surgeons, two pancreatologists, and one pancre-
atic radiologist prepared an initial draft. This document was 
circulated among the 40 participants. After suggested revi-
sions, the first working draft was e-mailed to all members 
of 11 national and international organizations interested 
in AP. A second working draft was prepared based on the 
modifications suggested in the first draft and resent to the 
members. The process was repeated, and a third draft with 
minor modifications was generated. After this, the final 
revision was made wherein the three-tier severity classifi-
cation was incorporated.11,12

Revision of the Atlanta classification was made with an 
intent to address areas of confusion in the original Atlanta 
classification, incorporate modern concepts of the disease, 
improve clinical assessment of severity, enable standard-
ized data reporting, assist objective evaluation of new 
treatments, and facilitate communication among treating 
physicians and different institutions.

Components
The revised Atlanta classification dealt primarily with two 
broad areas: 1) discrete definitions of organ failure and 
local complications (including necrosis) and 2) classifica-
tion of disease severity.

The revised classification categorizes AP into intersti-
tial edematous pancreatitis (IEP) and necrotizing pancrea-
titis based on contrast-enhanced computed tomography 
(CECT) imaging. IEP constitutes 80%-90% of AP, in which 
the pancreas appears relatively homogenously enhanced 
on CECT with or without mild peripancreatic stranding or 
peripancreatic fluid collection. On the other hand, necrotiz-
ing pancreatitis is characterized by lack of enhancement of 
the pancreas and/or (peri)pancreatic tissues on CECT. Both 
the pancreatic parenchyma and peripancreatic tissues are 
involved more frequently than either alone. Recognition 
of the degree of necrosis (pancreatic alone, peripancre-
atic alone, or both) is important since the prognosis var-
ies. For instance, peripancreatic necrosis alone results in a 
less severe disease course compared to pancreatic paren-
chymal and peripancreatic necrosis, but higher morbidity 
compared to IEP. Pure pancreatic necrosis is a rare event. 
Pancreatic and peripancreatic necrosis usually evolves 
over the first week of the disease and might not be mature 
enough for early imaging (<72 h). Necrotizing AP is detect-
able on CECT after 72 h and more definitely by 7 days, 
when the low attenuation of necrosis on CECT becomes 
more apparent. (Peri)pancreatic necrosis is prone to infec-
tion, which is usually seen after the first week. Infected 
necrosis should be strongly suspected in the presence of 
signs of sepsis in a patient with necrotizing pancreatitis. 

Even though gram stain and culture of fine-needle aspira-
tion (FNA) were recommended in earlier guidelines, they 
may be falsely negative. Therefore, FNA is not routinely 
recommended in the diagnosis of infected (peri)pancreatic 
necrosis but may become necessary in patients who are not 
responding to antibiotics to guide therapy based on sus-
ceptibility information. Presence of extraluminal gas bub-
bles on CECT strongly suggests the presence of infected  
necrosis.

According to the revised Atlanta classification, compli-
cations of AP can be organ failure and local and systemic 
complications. Organ failure, which needs to be evalu-
ated by the Modified Marshall Scoring System,13 is con-
sidered to be present if the Marshall Score is ≥2. Organ 
failure may be transient (resolves within 48 h of onset) or 
persistent (persists for >48 h). Local complications include 
fluid collections, gastric outlet dysfunction, splenic and 
portal vein thrombosis, and colonic necrosis. Four discrete 
types of collections have been described: acute peripancre-
atic fluid collection (APFC), pancreatic pseudocyst (PP), 
acute necrotic collection (ANC), and walled-off necrosis 
(WON). Table 2 presents the definitions and characteristics 
of the different types of fluid collections.

Severity has been categorized into mild, moderately 
severe, and severe AP. This is based on the presence or 
absence of local complications and organ failure. Mild 
AP is defined as AP without organ failure and local/sys-
temic complications. This usually resolves within the first 
week after onset and has minimal morbidity and rare mor-
tality. Patients will usually be discharged within a week. 
Moderately severe AP is defined as AP with transient organ 
failure and/or local complications and/or systemic compli-
cations. Systemic complication is defined as exacerbation 
of a pre-existing condition like coronary artery disease, 
congestive cardiac failure, chronic obstructive pulmonary 
disease, diabetes, or chronic liver disease as a result of AP. 
Patients with moderately severe AP may run a protracted 
course and develop further complications such as infected 
necrosis and bleeding from pseudoaneurysms. The man-
agement of moderately severe AP is guided by the type of 
local complications, presence of symptoms, and develop-
ment of issues related to the defining local complications. 
Mortality is significantly less compared to that of severe 
AP. Severe AP is defined by the presence of persistent 
organ failure irrespective of the time of development in 
relation to disease onset. 

Determinant-based classification
Genesis
The primary highlight of the determinant-based clas-
sification was the introduction of the group called criti-
cal AP. This category and thereby the determinant-based 



classification stemmed from the results of a meta-analy-
sis of 14 studies involving 1,478 patients that evaluated 
the pooled effect of organ failure and infected pancreatic 
necrosis on mortality.14 The results demonstrated that the 
mortality rate among patients who had both organ failure 
and infected pancreatic necrosis was 43%. This was sig-
nificantly higher than that of patients with organ failure 
alone (22%) or infected pancreatic necrosis alone (11%). 
The mortality rates between patients with either condi-
tion alone were not statistically different. However, the 
authors did acknowledge a few limitations in their study. 
Most notably, the individual studies in the meta-analysis 
were observational, definitions used for organ failure var-
ied across different studies, and most did not address the 
dynamic nature of organ failure. Nevertheless, based on 
these results, patients with both organ failure and infected 
necrosis were categorized into the new group of critical AP 
and the four-tier severity classification was proposed. Once 
the proposal was published,15 525 pancreatologists from 55 
countries were invited by e-mail for a web-based survey, 
of which 240 pancreatologists from 49 countries agreed to 
participate. The result of the web-based global consultation 
led to publication of the determinant-based classification 
in English, which was eventually published in German, 
Italian, Spanish, and Chinese.16-19 Issues regarding the clas-
sification and its development and the conduct of the web-
based survey were noted by several authors and highlighted 
in letters to editors.20,21

Components
The determinant-based classification primarily cent-

ers on causally associated factors (or determinants) for 
 mortality. The determinants could be local (i.e., (peri)
pancreatic necrosis) or systemic (i.e., organ failure). (Peri)
pancreatic necrosis is defined as nonviable tissue located in 
the pancreas alone, in the pancreas and peripancreatic tis-
sues, or in the peripancreatic tissues alone. (Peri)pancreatic 
necrosis could be sterile or infected. Infected (peri)pancre-
atic necrosis is defined by the presence of either gas bubbles 
within necrotic areas on CT, a positive culture of (peri)pan-
creatic necrosis obtained by image-guided FNA, or posi-
tive culture of (peri)pancreatic necrosis obtained during the 
first drainage and/or necrosectomy. Organ failure is defined 
as a score ≥2 according to the Sequential Organ Failure 
Assessment (SOFA) system22 or if there is a need for ino-
tropic support, and/or serum creatinine of >2 mg/dL, and/
or PaO2/fraction of inspired oxygen (FiO2) <300 mm Hg. 
Organ failure less than or greater than 48 h is defined as 
transient or persistent, respectively. This is similar to the 
definitions proposed in the revised Atlanta classification.

The four categories in the determinant-based classi-
fication include mild, moderate, severe, and critical AP. 
Mild AP is defined as the absence of both (peri)pancreatic 
necrosis and organ failure, moderate AP is defined as ster-
ile (peri)pancreatic necrosis and/or transient organ fail-
ure, severe AP is defined as the presence of either infected 
(peri)pancreatic necrosis or persistent organ failure, and 

Table 2. Definition and characteristics of local collections in acute pancreatitis according to the Revised Atlanta Classification.

Terminology Definitions and characteristics

APFC (acute peripancreatic fluid collection) • Associated with interstitial edematous pancreatitis
• Appear as peripancreatic fluid seen within the first 4 weeks after disease onset.
• Does not have a definable wall.
• Confined to normal peripancreatic fascial planes.
• Does not have intrapancreatic extensions.

Pancreatic pseudocyst • An encapsulated collection of fluid with a well-defined wall.
• Usually located outside the pancreas.
• Usually requires more than 4 weeks after onset to mature.
• Does not contain non-liquid component.

ANC (acute necrotic collection) • Contains variable amount of both fluid and necrosis.
• Associated with necrotizing pancreatitis.
• Appear as heterogeneous and non-liquid density of varying degrees in different 

locations.
• Does not have a definable wall.
• Necrosis can involve the pancreatic parenchyma and/or the peripancreatic tissues

WON (walled-off necrosis) • Heterogeneous with liquid and non-liquid density with varying degrees of 
loculations

• Usually occurs 4 weeks after onset of necrotizing pancreatitis.
• Appear as an encapsulated collection in pancreatic and/or peripancreatic areas of 

necrosis.
• Contains a well-defined inflammatory wall.
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Table 3. Similarities and differences between different classifications of severity of acute pancreatitis.

Atlanta Classification Revised Atlanta Classification
Determinant based 

Classification

Description of the natural course 
of the disease (early and late 
phases)

• No • Yes • No

Distiction of organ failure 
depending on duration

• No • Yes (Transient and persistent 
organ failure)

• Yes (Transient and 
persistent organ failure)

Definition of organ failure • Non-uniform • Uniform (use of Modified 
Marshall Scoring system).

• Uniform (use of 
Sequential Organ Failure 
Assessment system).

Definition of local 
complications

• No distinction of (peri)
pancreatic collections with 
and without necrotic debris. 

• Local complications 
included necrosis, abscess 
and pseudocyst.

• Defines pancreatic and 
peripancreatic necrosis.

• Discrete definitions of fluid 
collections [acute (peri)
pancreatic fluid collections, 
pancreatic pseudocyst, acute 
necrotic collection and walled 
off necrosis].

• Included gastric outlet 
dysfunction, portal and splenic 
vein thrombosis, and colonic 
necrosis.

• Defines pancreatic and 
peripancreatic necrosis.

• No definitions of fluid 
collections.

• Does not consider gastric 
outlet dysfunction, 
portal and splenic 
vein thrombosis, and 
colonic necrosis as local 
complications.

Systemic complications • Not considered in 
classification of severity.

• Defined as exacerbation of 
pre-existing conditions such 
as coronary artery disease, 
congestive cardiac failure, 
chronic obstructive pulmonary 
disease, diabetes, and chronic 
liver disease.

• Not considered in 
classification of severity.

critical AP is defined as the presence of both infected 
(peri)pancreatic necrosis and persistent organ failure.

Utility and Limitations 

Table 3 depicts the similarities and differences between 
different classifications of AP severity.

Even though the 1992 Atlanta classification was ini-
tially greeted with substantial enthusiasm, over time it 
turned out that several descriptions pertaining to the dis-
ease such as definition of local complications and defini-
tion and duration of organ failure were either not addressed 
elaborately or lacked clarity.6 In the past two decades, ter-
minologies from the Atlanta classification were inappro-
priately used, and several new terms were introduced as 
more data on the natural history and pathophysiology of the 
disease emerged.7,23 This was complemented by technical 
developments in cross-sectional imaging. Terms such as 
pancreatic phlegmon and infected pseudocyst found con-
tinued use, and terms such as organized pancreatic necro-
sis, subacute pancreatic necrosis, necroma, and pseudocyst 
associated with necrosis came into existence (Figure 1). 
There were even alterations in the definitions of organ 

failure in clinical practice and studies, and reliance on the 
Atlanta classification diminished with time. This mandated 
revision of the classification system that culminated in the 
revised Atlanta classification. 

The revised Atlanta and determinant-based classifi-
cations were published almost simultaneously and have 
since been validated and compared in several studies. The 
determinant-based classification was initially validated in 
a cohort of 151 patients in a 2-year prospective study in 
which 13.9%, 41.7%, 39.1%, and 5.3% had mild, mod-
erate, severe, and critical AP, respectively. 24 The study 
outcomes were length of hospital stay, CT severity index 
scores, occurrence of bloodstream infections, incidence of 
infected necrosis, requirements for percutaneous catheter 
drain, numbers of operations, and mortality, all of which 
had step-wise increases in frequency across the groups. 
Another recent small study from China that included 92 
consecutive patients evaluated in the moderate category 
of the determinant-based classification category and con-
cluded that this is a distinct group compared to the severe 
and critical groups.25 However, this group was not com-
pared with the moderately severe group in the revised 
Atlanta classification. Furthermore, evaluation of the 
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critical group according to the determinant-based classifi-
cation would have been more meaningful in view of the 
emphasis on critical AP in this classification.

The study by Nawaz et al. was the first report to com-
pare the revised Atlanta and the determinant based clas-
sifications.26 This post-hoc analysis of 256 prospectively 
admitted patients (49% transferred) used both classifica-
tions to predict mortality, need for intensive care unit 
(ICU) admission, need for interventions, length of stay in 
the ICU, and total hospital stay. According to the revised 
Atlanta classification, 49% patients in this study had mild 
disease, 25.5% moderately severe, and 25.5% severe dis-
ease. According to the determinant-based classification, 
67% patients had mild AP, 7% moderate, 19% severe, and 
7% critical. The revised Atlanta classification appeared to 
predict length of hospital stay better than the determinant-
based classification, while the latter better predicted the 
need for intervention. However, it is important to note that 
the two classification systems are meant to categorize dis-
ease severity once certain severity criteria are reached. This 
is different from prediction, which is performed before 
severity criteria are reached. Furthermore, using differ-
ent systems to predict different outcomes is unlikely to be 
appealing in clinical practice. 

The next comparison between the two classifications 
came from Spain in a retrospective, community-based 
study of 459 patients who had 543 episodes of AP over 
5 years.27 According to the revised Atlanta classifica-
tion, 66.9%, 29.5%, and 3.7% of the patients had mild, 
moderately severe, and severe AP. respectively. With the 
determinant-based classification, 71.1%, 24.1%, 4.2%, and 
0.6% patients has mild, moderate, severe, and critical AP, 
respectively. Interestingly, unlike Nawaz et al., this group 
did not observe any significant differences in frequencies 
or outcomes between the two classifications.

A recent retrospective study of 7 years of data from 
China evaluated 553 patients for outcomes according to the 
severity categories proposed in the revised Atlanta classi-
fication.28 The authors observed that mortality was signifi-
cantly higher in patients with infected necrosis and organ 
failure compared to organ failure alone (32.2% vs. 8%). 
Mortality was similar in patients who had infected necrosis 
without organ failure compared to patients with organ fail-
ure alone (7.1% vs. 8%). Infected necrosis either preceded 
or developed concurrently in 45.8% of patients with persis-
tent organ failure. 

In a prospective study of 163 directly admitted con-
secutive patients with AP, 44.4% of those with SAP 
developed persistent organ failure within the first week of 
disease onset, and mortality within this group of patients 
was as high as 37.5%.29 This entity was not addressed in 
the revised Atlanta or determinant based classifications. 
Previous studies have also shown that persistent organ fail-
ure in the early phase of disease can result in a mortality 

rate of 36%-50%.30-31 Early organ failure usually results 
from severe and persistent systemic inflammatory response 
syndrome. The high mortality rate among these patients 
makes it a discrete group; it was previously named early 
severe AP but has not been considered in the two recent 
classifications.32-34

Future Directions

It needs to be reiterated that both the revised Atlanta and 
determinant-based classification were meant to classify 
severity (i.e., categorize a patient into a predefined set 
of characteristics once the patient had developed those). 
Based on the dynamic progression of the disease, the cat-
egorization could progressively change according to the 
classification system utilized. Even though both classifica-
tions can guide patient management, neither has the provi-
sion to track the progression from one severity category to 
the other. It is understandable that classification and pre-
diction of severity are different aspects, but incorporation 
of some provision of prediction would make the utility of 
either classification system more meaningful. This is par-
ticularly important for patients managed in the community 
setting, when prompt referral to a higher center becomes 
important. On the other hand, classification systems could 
guide patient management in the tertiary care setting. For 
example, the management strategies for ANC and WON 
(as per the revised Atlanta classification) would be differ-
ent in the presence or absence of mechanical symptoms 
and/or infections. Classification and guidelines in AP are 
based mostly on studies from tertiary care academic cent-
ers; while a substantial proportion of patients initially pre-
sent to primary and community level healthcare facilities. 
It is the latter group of patients that need to be studied to 
improve our understanding of the dynamic progression of 
the disease and evaluate the utility of classification and pre-
dicting systems.

Even though both recent classifications have cer-
tain merits, there is substantial room for improvement. 
Concerted efforts should be made to address the dynam-
ics of the disease in both the classification systems, and 
the individual categories need to be validated in large, 
prospective, population-based studies. An ideal classifica-
tion system would incorporate all attributes of the disease 
pathophysiology, track the disease dynamics, and allow 
prediction of transition from one category to another. These 
would make the system applicable at all levels of health-
care and accurately guide clinical decision making.
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Pathophysiological Considerations

Alterations of the pancreatic microperfusion are an early 
event in the course of pancreatitis irrespective of the under-
lying etiology.1 They result in reduced blood flow, capillary 
leakage, pancreatic and peripancreatic edema, and transmi-
gration of inflammatory cells. The sources of proinflam-
matory mediators leading to these events have not been 
fully identified, but studies indicate that acinar and stellate 
cells, as well as resident immune cells, can all respond to 
pancreatic injury by secreting proinflammatory cytokines 
such as interleukin (IL)-1b, IL-6, and tumor necrosis factor 
(TNF)-α.2 Ultimately, endothelial activation and decreased 
microperfusion will also lead to hypercoagulability which, 
in turn, aggravates pancreatic hypoperfusion and hypoxia. 
Both the lack of oxygen and reperfusion damage will lead 
to pancreatic necrosis with sometimes catastrophic con-
sequences such as infected pancreatic collections, sepsis, 
bleeding, and death.3 Systemically, multiorgan failure due 
to systemic inflammatory response syndrome, hypoper-
fusion, and shock are common events in severe forms of 
acute pancreatitis, leading to mortality rates close to 50% 
in some patient cohorts.4

Early fluid resuscitation could help to restore local pan-
creatic perfusion, counteract systemic hypotension, and 
thus prevent secondary organ failure due to fluid sequestra-
tion. The critical question in this context is how much fluid 
replacement is optimal to improve outcome and how much 
will lead to fluid overload with negative consequences such 
as abdominal compartment syndrome.5,6

Estimation of Fluid Requirement

Early and adequate fluid resuscitation remains the corner-
stone of initial treatment in acute pancreatitis and prob-
ably has the most detrimental consequences if not properly 
administered. An observational study including 403 

patients from two prospectively collected cohorts showed 
an association between early fluid deficit and the devel-
opment of pancreatic fluid collections, pancreatic necro-
sis, persistent organ failure, and hospital stay length.7 In 
a smaller cohort, Scottish patients who died from acute 
pancreatitis received significantly less fluids within 48 h 
of admission than survivors.8 In a small pooled analysis of 
44 patients with and without necrotizing pancreatitis, only 
those with a high hematocrit after 24 h developed necrosis 
during their subsequent course of pancreatitis, even though 
similar amounts of fluid were given to both groups.9

Although the need for fluid resuscitation in these 
patients is widely accepted, it remains challenging to pre-
dict the extent of fluid sequestration and thus the clinical 
outcome. Clinically used scoring systems and recently pub-
lished studies focus on surrogates for fluid sequestration 
as predictors of outcome and indicators for goal-directed 
fluid administration in the early phase. These include hem-
atocrit, blood urea nitrogen (BUN), creatinine, heart rate, 
mean arterial pressure (MAP), and central venous pressure 
(CVP).8,10-14

Choice of Fluids

Based on the current evidence from pancreatitis-specific 
and general critical care studies, balanced crystalloid solu-
tions such as Ringers’ lactate should be used for fluid 
resuscitation in acute pancreatitis patients. In a randomized 
controlled trial including 40 North American patients, Wu 
et al. showed that patients randomly assigned to receive 
lactated Ringers’ had a significant reduction in systemic 
inflammatory response syndrome (SIRS; 84% reduction 
vs. 0%; χ² P = 0.035) and CRP levels (mean 51 vs. 104 
mg/L; analysis of variance P = 0.018) compared to patients 
receiving normal saline.15 One advantage of balanced solu-
tions is their favorable effect on acid-base metabolism. 
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Experimental animal studies suggest that lactate has a 
direct anti-inflammatory effect via the GPR81 receptor and 
the cellular inflammasome.16,17 Studies outside the pancre-
atitis field have also shown that hyperchloremic acidosis 
induced by infusing large amounts of saline can lead to a 
worse outcome with an increased risk for kidney injury, 
thus leaving normal saline to be the second fluid choice for 
critically ill patients.18 In pancreatitis patients, resuscitation 
with Ringers’ lactate led to a significantly reduced rate of 
acidosis with a reverse correlation of bicarbonate to CRP 
levels.15

Hydroxyethyl starch (HES) is a colloid fluid that has 
been widely used for plasma expansion in critically ill 
patients. A large randomized, blinded intensive care patient 
trial not specific for pancreatitis analyzed the outcome 
of 798 ICU patients receiving either HES or crystalloids. 
The use of HES was associated with higher mortality 
than Ringers’ acetate (201/398, 51% vs. 172/400, 43%;  
P = 0.03) and increased the risk for renal failure and the need 
for renal replacement therapy (87/398, 22% vs. 65/400, 
16%; P = 0.04).19 The unfavorable effect of HES did not 
reach significance in the long-term mortality after 6 month 
or 1 year, which may be due to insufficient power of the 
study for this endpoint. However, HES failed to show any 
long-term superiority.20 A previous study by Brunkhorst 
and colleagues reported similar results.21 For pancreatitis 
patients, Mole et al. observed increased use of HES in a 
group of patients that had died from acute pancreatitis.8 

One small study showed that a combination of Ringers’ 
lactate and HES reduced the mean intra-abdominal pres-
sure and the need for mechanical ventilation within the first 
week of acute pancreatitis compared to Ringers’ lactate 
alone.22 However, due to the small sample sizes, the grade 
of evidence remains too low to currently recommend the 
use of HES in acute pancreatitis in the light of the larger 
ICU studies. In summary, balanced, full electrolyte crystal-
loid solutions are currently recommended for initial fluid 
resuscitation in acute pancreatitis, with the limitation that 
only Ringers’ lactate has been investigated for this purpose 
to date. In patients with hypercalcemia, calcium-free nor-
mal saline serves as an alternative. 

Course of Fluid Resuscitation

Earlier observational studies on pancreatitis patients con-
cluded that early and aggressive fluid therapy improved 
outcome and prevented necrosis.8,23,24 The first rand-
omized controlled trial to investigate this question origi-
nated from China and, somewhat unexpectedly, showed 
that overly aggressive fluid administration can be harmful 
when compared to controlled fluid expansion. The rapid 
fluid expansion group received crystalloids or colloids at 
a rate 10-15 ml/kg body weight/h and was at higher risk 
for mechanical ventilation (94.4% vs. 65%) and death  
(30.6% vs. 10%) compared to the controlled fluid expansion 

Figure 1. Complications of fluid overload in severe acute pancreatitis. A 77-year-old male patient with biliary pancreatitis and 
pre-existing congestive heart failure due to chronic arterial hypertension and aortic valve stenosis was resuscitated with a total of  
2,500 mL balanced crystalloid infusion over the first 24 h. Within 48 h of admission, he developed respiratory failure with increasing 
oxygen requirements and was consequently admitted to the intensive care unit. He developed severe ARDS due to fluid overload and 
cardiac decompensation and was intubated and ventilated (Figure 1B). Later in his course he also developed increased intra-abdominal 
pressure and abdominal compartment syndrome with central venous congestion followed by nonocclusive mesenteric ischemia. Figure 
1A shows the angiogram of the superior mesenteric artery with narrowing of all vessels and distal hypoperfusion. A papaverin catheter 
was inserted, but the patient died of multiorgan failure and sepsis despite maximal escalation of treatment.



Acute Pancreatitis 257

group with 5-10 mL/kg body weight/h. The amounts of 
fluid given only differed over the first 24 h but were similar 
over the subsequent 4 days. The same applied to hematocrit 
levels, which were also transiently lower in the aggressive 
fluid treatment group on the first day.25 In a subsequent, 
larger, randomized trial from the same institution, patients 
were assigned to meet a resuscitation goal above or below 
35% hematocrit within 48 h. Again, patients with more 
aggressive treatment receiving more fluids in the early 
course had a worse outcome with higher APACHE II scores 
and higher risks of sepsis and death.26 Taken together, these 
results suggest that fluids should be given at moderate rates 
of 5-10 mL/kg of body weight over the first 24 h aiming for 
a total volume of 2,500 to 4,000 mL. Recently, the concept 
of goal-directed fluid resuscitation has been more heav-
ily investigated both in and outside the pancreatitis field. 
Parameters that have been investigated are BUN, hemato-
crit, CVP, blood pressure, heart rate, and urine output. 

Wu et al. performed a small randomized trial and con-
cluded that BUN, despite its prognostic values, does not 
help guide fluid resuscitation because the total amount of 
fluid administered and the prevalence of SIRS and CRP 
values were similar between the group receiving BUN-
guided fluids and the control arm.15 An observational study 
concluded that CVP might be a misleading parameter to 
guide fluid administration because patients with high val-
ues were more likely to receive vasopressors and were 
at a higher risk for death.8 Lately, the most controversial 
parameter is hematocrit. A retrospective study by Brown 
and colleagues showed that all 12 patients with persistently 
high hematocrit >44% after 24 h died, whereas Mao et al. 
convincingly showed that rapid hemodilution to a hemato-
crit <35% within 48 h also puts the patient at higher risk 
for  pancreatitis-related death.26 Pathophysiologically, these 
effects could be explained by kidney damage and tissue 
hypoperfusion in cases of high hematocrit, and impaired 
oxygen delivery, coagulation failure, and decreased migra-
tion of inflammatory cells in the presence of low hematocrit. 

In general, the physician in charge needs to consider 
coexisting conditions such as congestive heart failure 
or pulmonary disease that drastically limit a patient’s 
tolerance towards fluid administration and thus adjust 
fluid management. The study by Mao further suggests 
that a heart rate <120 bpm, a mean arterial pressure of  
65-85 mmHg, and urine output of 0.5-1 mL/kg/h can 
be used to noninvasively estimate fluid requirements. 
However, low urine output can also be a consequence of 
acute tubular necrosis in which case more fluid administra-
tion will lead to fluid overload and respiratory failure. Three 
large multicenter randomized trials conducted in Australia/
New Zealand, the United States, and the United Kingdom 
uniformly concluded that early goal-directed fluid therapy 
was not superior to usual care protocols.27-29 This supports 
the conclusion that predictive factors that can guide fluid 

treatment in acute pancreatitis patients remain to be identi-
fied. Whether modern hemodynamic monitoring using, for 
example, thermodilution methods, can be of benefit for a 
subset of patients is currently under investigation.30

IAP/APA Guideline Recommendations
During the 2012 APA annual meeting, an expert panel 
developed new evidence-based guidelines for the manage-
ment of acute pancreatitis.31 The following was recom-
mended for fluid resuscitation. 

–  Ringer´s lactate is recommended for initial fluid 
 resuscitation in acute pancreatitis (GRADE 1B, strong 
agreement).

–  Goal-directed intravenous fluid therapy with 
5-10 mL/kg/h should be used initially until resuscitation 
goals are reached (GRADE 1B, weak agreement).

–  The preferred approach to assessing the response to 
fluid resuscitation should be based on one or more of 
the following: (1) noninvasive clinical targets of heart 
rate <120/min, mean arterial pressure between 65 and 
85 mmHg (8.7-11.3 kPa), and urinary output >0.5-1 
mL/kg/h; (2) invasive clinical targets of stroke volume 
variation and intrathoracic blood volume determina-
tion; and (3) biochemical target of hematocrit 35%-44% 
(GRADE 2B, weak agreement).
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Introduction

Severe abdominal pain is a hallmark of acute pancreatitis 
(AP). AP-associated pain is often described by patients as 
a deep and penetrating pain with an acute onset and with-
out any prodrome. Typically, AP patients locate the maxi-
mal pain in the upper abdomen and report that it radiates 
like a belt around the trunk into their back. Pain reaches 
its maximum severity within hours after its onset and can 
last from hours up to days or even months.1-5 Therefore, it 
is not surprising that the presence of persistent epigastric 
pain dictates the diagnostic workup of patients suffering 
from AP in the clinical routine.1-3,6,7 Interestingly, beside 
its diagnostic aid,2 recent studies suggest that pain can 
serve as a prognostic tool to predict AP severity and patient 
outcome.5,8 Nevertheless, adequate pain therapy after hos-
pital admission is often a challenging task that requires 
interdisciplinary management. In clinical practice, pain 
treatment ranges and escalates from low-dose nonopioid 
analgesics to high-dose opioid analgesics and even to inter-
ventional and surgical approaches. Over 80% of all cases 
of acute pancreatitis (AP) are due to gallstones or alcohol  
abuse.9-11

In AP, the most common localization of acute pain is the 
epigastric region.3,4,12,13 Due to the retroperitoneal localiza-
tion of the pancreas, it is not unusual that patients describe 
AP-associated pain as deep and penetrating. Pain in AP is 
often associated with nausea and vomiting. Physical exami-
nation reveals pronounced tenderness of the upper abdomen 
with guarding, which can in occur in combination with other 
unspecific symptoms like fever or tachycardia. Maximum 
pain is typically in the upper epigastric region and radiates 
like a belt around the trunk into the back.1,2,13 Pain detec-
tion is a well-accepted diagnostic tool in AP. According 
to the modified Atlanta consensus guidelines,2,13 AP can 
be diagnosed if at least two of the following criteria are  
fulfilled:

1. The occurrence of abdominal pain that is characterized 
by an acute onset and radiates to the back

2. Serum pancreatic enzymes (lipase or amylase) elevated 
at least threefold over the normal serum enzyme level

3. Characteristic findings of AP in imaging (contrast-
enhanced-computed tomography, magnetic resonance 
imaging, transabdominal ultrasound)

Role of pain in diagnosis and prognosis of 
patients with AP

Pain is increasingly recognized as a diagnostic and prognos-
tic factor in AP.2,5,8,14,15 Interestingly, beside its role in AP 
diagnosis, more recent studies described the interval between 
onset of pain and hospitalization as an adequate prognostic 
factor for estimating AP severity.5,8,12 In a study by Phillip 
et al., patients with severe pain had shorter median pain-
to-admission time compared to patients with only moderate 
pain.5,8,12 Interestingly, pain and AP severity also correlated 
in these two cohorts, and together with serum lipase and 
C-reactive protein levels, pain was identified as a predic-
tor of AP.12 The severity may also allow determinations of 
the cause of AP.3,16 Here, a genuinely severe abdominal pain 
preferentially occurs in biliary AP, whereas alcoholic AP 
and especially autoimmune pancreatitis are predominantly 
accompanied by milder abdominal pain.17-19

Main arms of pain management in AP

The successful treatment of patients with AP has three pre-
requisites: 1) adequate and early fluid resuscitation,10,20-22 
2) proper nutritional support,10,23,24 and 3) adequate pain 
management.10,25,26 The effective treatment of pain in AP 
ranges from administering simple analgesic drugs, which 
might be sufficient for patients with mild AP, up to potent 
opioid drugs, high doses of antibiotics for infected pancre-
atic necrosis, and even surgical or interventional proce-
dures in cases of severe AP.1,3,4,7,10,14,27-31

The full spectrum of medical, interventional, and surgi-
cal possibilities raises the question on how to treat rather 
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than overtreat AP. Treatment of pain may seem to be a simple 
clinical task routine. Besides the World Health Organization 
(WHO) analgesic ladder (Figure 1), which includes the 
use of nonsteroidal anti-inflammatory drugs (NSAIDs) 
or their combination with highly potent opioid analgesics 
in an escalating regime,1,14,30-33 abdominal pain manage-
ment also includes interventional strategies depending on 
AP-related complication occurrence.3,6,7,11,16,27,34-38 In fact, 
adequate pain treatment is much more complex and often 
requires interdisciplinary action. One reason for the chal-
lenge behind pain management is the high complexity of 
AP itself. Whereas mild to moderate epigastric pain is often 
the single symptom of edematous pancreatitis, patients 
with necrotizing AP often suffer from severe pain attacks, 
pleural effusion, ascites, and even multiple organ failure. 
Importantly, whereas mild AP is rarely lethal,39 the lethality 
of AP reaches up to at least 30% in patients with necrotiz-
ing AP and persistent multiple organ failure.40-42 As dis-
cussed later in this chapter, novel analgesic interventions 
like thoracic spinal analgesia are receiving more attention-
for treating pain in patients with AP.43,44

Role of medical treatment in pain management 
during AP

In 1986, the WHO presented the analgesia ladder as a 
framework to treat severe pain due to cancer.33 Later, the 
analgesic pain regime was also used to treat pain due to 

other causes.1,32 According to the WHO regime, pain treat-
ment begins with low-potency NSAIDs, which may be 
sufficient in patients with mild or moderate pain due to 
AP,10,20,26,45 and increases up to highly potent NSAIDs alone 
or in combination with opioids.32,33 In the past, the WHO 
analgesic ladder was only partially useful for treating AP 
patients because opioid analgesics, especially morphine, 
were long blamed to cause dysfunction of the sphincter 
of Oddi after systemic administration.46 However, several 
studies showed that morphine has no proven significantly 
unfavorable influence on the course of AP.47 In a com-
parative study on metamizole (2 g/8 h intravenous [i.v.]) 
versus morphine (10 mg/4 h subcutaneous [s.c.]), metami-
zole resulted in somewhat more frequent and quicker pain 
relief.47 Earlier studies postulated pethidine as the analge-
sic of choice in pain due to AP.48 However, Blamey et al. 
showed that buprenorphine is a longer-acting analgesic 
with a similar analgesic capacity as pethidine but a lower 
potential to cause physical opioid dependence.48

Indeed, the latest studies including systematic reviews 
convincingly demonstrated that opioid analgesics could be 
safely administered with major benefit in AP, and that the 
dogma of “no opioids in AP” should be considered obso-
lete. To this end, Jakobs et al. treated 40 patients with AP or 
chronic pancreatitis with either buprenorphine or procaine 
administered via continuous i.v. infusion and additional 
analgesics on demand.49 Those who received buprenor-
phine had significantly less demand after additional 

Figure 1. The modified World Health Organization (WHO) analgesia ladder after Vargas-Schaffer.32 The WHO analgesia ladder 
was originally developed to treat pain due to cancer. Over time, the indications have been extended, and the medical management of 
pain in AP can similarly be grounded on a modified version of the WHO ladder. Here, persistence of pain after implementation of a 
low-potency measure warrants escalation of analgesia to a more potent substance, which, if there is ongoing need, can be adjuvantly 
combined with any measure/agent from the lower step. This modified ladder includes interventional procedures that can be indicated 
once medical measures have failed to provide adequate analgesia.



Acute Pancreatitis 261

analgesics and had lower visual analogue scale pain scores 
than procaine-receiving patients, especially during the 
first 2 days of treatment.49 In another open, randomized, 
controlled trial including 107 AP patients, subjects were 
randomized to receive either procaine (2 g/ 24 has continu-
ous i.v. infusion) or pentazocine (bolus i.v. every 6 h).50 
Those treated with procaine were more likely to demand 
additional analgesics compared to patients receiving pen-
tazocine alone (98% versus 44%).50 Furthermore, the pain 
scores were much lower in the pentazocine group during 
the first 3 days of analgesic treatment.50 These studies 
therefore provided evidence for the lack of effectiveness of 
procaine in AP-associated pain.45

Overall, there seems to be no difference in the risk of 
pancreatitis-associated complications or clinically seri-
ous adverse events between opioids and other analgesic 
agents.30,49,51,52 Opioid analgesics may be considered an 
appropriate choice in the treatment of AP-associated pain, 
and importantly, they may decrease the need for supple-
mentary analgesia.30

Role of nutrition in pain management during AP

One interesting feature of AP-associated pain is poten-
tial pain exacerbation after ingestion of food or fluids.7,16 
This food-dependent progression of abdominal pain raises 
the question as to how far adequate nutrition therapy also 
contributes to pain management. In contrast to the long-
believed paradigm on the benefits of total parenteral 
nutrition in AP, Sax et al. clearly showed that early, total 
parenteral feeding of patients with AP does not provide any 
benefit with regard to the number of days to oral intake, 
total hospital stay, or number of AP-associated complica-
tions.53 Current literature supports the notion that appropri-
ate management of nutrition is strongly dependent on AP 
severity. Importantly in patients with mild to moderate AP, 
nasogastric feeding seems to be well tolerated and might 
reduce abdominal pain intensity and duration, the need of 
pain medication, and the risk of oral food intolerance.54 
However, there is no evidence that it might also reduce the 
length of hospital stay in these patients.54,55

An interesting question regarding the interaction 
between pain and nutrition in AP is related to pain relapse 
after oral refeeding during AP. In different studies, the inci-
dence of pain onset or exacerbation after refeeding ranged 
from 21%-25% and reached a maximum of 50%-100% of 
cases within 48 h of refeeding.56 Therefore, the incidence 
of pain relapse after oral refeeding during AP seems to be 
quite high.56 Current evidence suggests that nutrition sup-
port should only be performed in patients with severe pan-
creatitis, whereas nutrition support is generally not needed 
in patients with mild or moderate disease for whom oral 
feeding should be started as soon as possible and as tol-
erated by patients. If nutrition support is needed, enteral 

nutrition should be preferred over parenteral nutrition.57 
However, a clear consensus on how and when oral refeed-
ing should be initiated has not yet been reached. In this con-
text, Teich et al. reported in their prospective, randomized 
study that patients who could decide to start oral refeed-
ing were able to start 1 day earlier compared to patients 
who received oral nutrition based on the serum lipase.55 
Interestingly, in the self-selected eating group, oral feeding 
had no impact on postprandial pain or hospital stay com-
pared to the lipase-directed decision to oral refeeding.

Role of endoscopic retrograde 
cholangiopancreatography in pain due to AP

Gallstones are the most common cause of AP in Western 
and Asian countries with an incidence reaching up to at 
least 40% of all AP cases.16,58,59 An important question is 
how far the removal of pancreatitis-associated gallstones by 
endoscopic retrograde cholangiopancreatography (ERCP)
affects pain sensation and AP patient morbidity and mortal-
ity. It is conceivable that ERCP contributes to adequate pain 
management in AP due to removal of the etiologic agent. 
The role of ERCP in pain management for AP patients is 
barely described in the current medical literature. 

In 2009, Chen et al. demonstrated that patients under-
going ERCP for AP may still benefit from pain manage-
ment.60 Still, because of its potential complications, there is 
a clear consensus on the indication of ERCP in patients with 
AP. The single indication for primary therapy via ERCP in 
AP is suspected remaining pancreatic or bile duct obstruc-
tions or existing cholangitis.10,16,20,36,61,62 ERCP should only 
be used for clearance of proven bile duct stones, especially 
in patients who suffer from severe AP, with clear evidence 
of cholangitis, in those who are poor candidates for chol-
ecystectomy, those who are postcholecystectomy, and 
those with strong evidence of persistent biliary obstruc-
tions (Table 1). In contrast, ERCP should be avoided in 

Table 1. Indications of ERCP with endoscopic papillotomy and 
stenting in AP.

Clear indications of 
  ERCP in AP (must-do)

• Bile duct stones in patients with 
severe pancreatitis

• Cholangitis
• Poor candidates for cholecystectomy
• Postcholecystectomy
• Strong evidence of persistent 

biliary obstruction
Intermediate indication 
  of ERCP in AP (can-do)

• High suspicion of bile duct stones 
and indication of therapy

Contraindication of 
  ERCP in AP

• Low to intermediate suspicion of 
retained bile duct stones,

• Cholecystectomy planned

Bases on Banks, Freeman et al (20).
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patients with low or intermediate suspicion of retracted bile 
duct stones.10,16,20,36,61 A large meta-analysis by Tse et al. 
plainly demonstrated that early ERCP has no clear benefit 
for patients with AP compared to early conservative medi-
cal treatment.62

In conclusion, in the analgesic regime of AP, other non- 
or less invasive procedures than ERCP should be preferred 
to treat pain in AP. Because of its morbidity and mortality, 
ERCP should be avoided as a single analgesic procedure 
and only performed if there is strong evidence for remain-
ing bile duct stones or coexisting cholangitis.

Role of minimally-invasive necrosectomy and 
decompressive laparotomy in pain due to AP

The management of necrotizing AP has witnessed con-
siderable progress in recent years. Traditionally, infected 
pancreatic necrosis as a result of AP was considered an 
indication for open surgical necrosectomy. However, in 
recent years, an increasing number of minimally invasive 
approaches have emerged that could effectively limit local 
and systemic damage without the need for open inva-
sive surgery, thus effectively contributing to prognostic 
improvement comparable to open necrosectomy. These 
approaches including repetitive percutaneous drainage via 
large-caliber catheters,63 endoscopic transluminal necro-
sectomy,64 retroperitoneal approach with percutaneous 
insertion of endoscopic material,65 and especially a “step-
up approach”66 have been convincingly shown to decrease 
the complication rate associated with necrotic AP. Still, the 
long-term outcomes of these minimally invasive approaches 
have not been sufficiently investigated. In the GEPARD 
trial that studied the long-term outcome of AP patients with 
endoscopic necrosectomy, 81% of the patients could be 
freed from pancreatic necrosis and associated complica-
tions during the first hospital stay.64 Among the long-term 
survivors, 16% suffered from secondary clinical recurrence 
of necrosis or pseudocyst emergence. Importantly, all 11 
patients with recurrence were dependent on regular intake 
of analgesic medication, whereas in 6 out of 11 cases, anal-
gesic intake was only occasional.64 In a study that recently 
described the long-term outcomes of combined percuta-
neous and endoscopic approaches for symptomatic and 
infected walled-off necrosis, Ross et al. reported that only 
2 out of 117 patients required late surgery for persistent 
pain.67 However, this study did not report on pain sever-
ity and frequency or the analgesic intake of patients who 
did not require surgery for pain.67 Overall, these observa-
tions imply that treating pain in necrotic AP via interven-
tional techniques is also dependent on the overall success 
of the intervention to resolve AP-associated complications 
such as necrosis. On the other hand, persistent pain despite 
these minimally invasive approaches seems to guide the 
decision toward surgical intervention.68 Patients who have 

persistent necrotic collections or pseudocysts seem to be 
prone to develop chronic abdominal pain, but the long-
term results of these interventional approaches are lacking. 
Moreover, the impact of these promising procedures on 
pain sensation does not seem to be systematically recorded  
or reported.69

An approach that was put forward to deal with 
AP-associated abdominal hypertension is decompressive 
laparotomy.70 Abdominal hypertension is assumed to result 
from a combination of pancreatic and visceral edema, acute 
peripancreatic fluid collections, capillary leakage, ascites, 
and paralytic ileus and is encountered around 27%-38% of 
severe AP cases.70 Abdominal hypertension is defined by the 
World Society of Abdominal Compartment Syndrome as a 
“life-threatening sustained elevation of the intra-abdominal 
pressure (IAP) that is associated with new onset organ fail-
ure or acute worsening of existing organ failure”.71 Thus, 
elevated IAP is frequently associated with kidney dysfunc-
tion and increased peak airway pressure. However, the 
question whether elevated IAP is a direct cause of multio-
rgan failure or a consequence of organ dysfunction has not 
yet been answered.72 Furthermore, when and how to esca-
late percutaneous drainage to an aggressive decompressive 
laparotomy is also yet unclear.70 The DECOMPRESS trial 
as a multicenter study will compare percutaneous catheter 
drainage with decompressive laparotomy in patients with 
elevated IAP during severe AP.73 Until the results of this 
study are available, decompressive laparotomy should be 
considered to represent a major invasive intervention with 
no convincingly proven benefit for treating elevated IAP 
to date.70,72,74 Accordingly, the long-term pain outcomes of 
patients who undergo this aggressive surgical intervention 
should be addressed in future studies.

Novel pain management strategies in AP

Besides the common methods of pain management in AP 
described above, clinical researchers are devising novel 
analgesic techniques that affect the interaction between the 
nervous system and pancreatitis (Figure 2). In an inter-
disciplinary setting, such interventions have been recently 
shown to be beneficial for both pain and the overall disease 
course. 

To this end, Bachmann et al. recently reported improved 
survival with thoracic epidural analgesia (TEA) in a porcine 
AP model based on the infusion of glycodeoxycholic acid 
into the pancreatic duct.43 The 7-day-survival rate of ani-
mals that received bupivacaine as TEA was 82%,compared 
to a mere 29% in the control group.This difference was 
largely attributable to the improved microcirculation, tissue 
oxygenation, and consequently preserved microscopic tis-
sue architecture in the group of pigs treated with TEA, with 
similar results previously reported for murine AP.75,76 In a 
study on 121 patients admitted to the intensive care unit 
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with AP, Bernhardt et al. reported excellent analgesia on 
72% of observation days during which no systemic use of 
other analgesics was necessary.77 The rate of hemodynamic 
instability was also low (8%). The time to normalization of 
serum amylase and lipase was 17.4 days (minimum 1 day, 
maximum 19 days), and the overall lethality was 2.5%. In 
this prospective single cohort study, epidural analgesia pro-
duced a considerable analgesic effect without a large com-
plication rate.77 Based on these promising observations, the 
results of the three clinical trials that are currently investi-
gating the effect epidural analgesia on the course of AP are 
eagerly awaited.78

Looking at the potential benefits of analgesia on the 
course of AP, especially epidural analgesia with its periph-
eral neurolytic effects, it is essential to remember the con-
tribution of “neurogenic inflammation” in AP pathogenesis. 
In this context, different noxious substances released from 
damaged acini (i.e., zymogens, trypsin, proteases, and ions 
such as hydrogen or potassium) can activate peripheral 
nociceptive sensory nerve endings. These activated sensory 
neurons signal centrally toward the spinal cord and can also 
cross-activate other neurons in the neighboring spinal cord 
regions that then signal into the periphery in an antidro-
mic fashion. This antidromic reflex leads to the release of 
substance P and calcitonin-gene-related-peptide from the 
peripheral nociceptive nerve endings. 

These neuropeptides have the intriguing ability to che-
moattract immune cells, cause vasodilatation, and thereby 
augment local inflammation. Neurogenic inflammation is 
recognized as a central pathophysiological event in AP.79 
Based on this premise, it is not surprising to see an analge-
sic and overall beneficial effect of epidural anesthesia on 

the course of AP. In accordance with this strategy, inhibi-
tors of the proteinase-activated-receptor-2 (PAR2) or the 
transient receptor potential vanilloid-1 (TRPV1) have been 
shown to be beneficial for treating pain during experimen-
tal AP in mice.80 During experimental AP in rats, intrathe-
cal administration of gabapentin was reported to enhance 
the analgesic effects of subtherapeutic doses of morphine.81 
Other neuronal targets to treat both the inflammation in AP 
and AP-associated pain are nitric oxide (NO) signaling 
and glycine. Treatment of rats with NO synthase (NOS) 
inhibitors or glycine reduced abdominal hyperalgesia and 
AP-associated histologic alterations during AP in rats.82,83 
Recently, blockade of interleukin-6 (IL-6) signaling by 
an orally available, small-molecule IL-6 receptor inhibi-
tor was shown to diminish abdominal hyperalgesia during 
AP.84 However, these promising neuronal targets have not 
yet been studied in early phase clinical trials. Based on its 
promising effects during experimental AP in rats, a promis-
ing and inexpensive agent that may be clinically useful as a 
novel analgesic agent is magnesium.85 The MagPEP study 
as a multicenter randomized controlled trial of magnesium 
sulfate in the prevention of post-ERPC pancreatitis shall 
provide data on the impact of magnesium on pain sensa-
tion during post-ERCP pancreatitis.86 Once shown to be 
effective, beyond its preventive usage, magnesium may 
be considered a novel analgesic alternative to treat pain in 
AP.86 Overall, the interaction between the nervous system 
and pancreatic inflammation may offer numerous clues for 
more effective treatment of both the disease itself and the 
associated pain. Therefore, efforts toward translating this 
axis into the clinical practice need to become more visible 
in the near future.

Figure 2. Pain management in AP. Analgesic measures to treat AP-associated pain can be classified into clinical methods that are in 
widespread use in daily clinical practice and experimental measures shown to be effective in numerous studies with murine or porcine 
AP models that have not been translated into clinical practice.
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Conclusion

Abdominal pain is the earliest and a leading symptom of 
patients with AP. There is solid evidence that pain sever-
ity may also predict the clinical course of AP. Treatment 
of pain during AP continues to be challenging task in the 
clinicand involves a combination of medical treatment 
according to the WHO analgesic ladder, adequate nutri-
tional support and, in some cases, interventional therapy 
(e.g., ERCP) (Table 2). Novel studies also suggest that 
severe abdominal pain in AP could be effectively treated 
with thoracic epidural anesthesia because it can improve 
pancreatic microcirculation and preserve tissue architec-
ture. Disruption of neurogenic inflammation in AP holds 
great promise as a novel analgesic and therapeutic strat-
egy for AP, but this approach needs to be tested in early 
phase clinical trials. The development of inhibitors directed 
against selected targets on pancreatic afferents is likely to 
open new paths toward more effective pain management as 
an interdisciplinary challenge.
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Introduction

Acute pancreatitis (AP) is the most common gastrointes-
tinal disease requiring acute hospitalization, and its inci-
dence is rising.1 Approximately 20% of patients develop 
necrotizing pancreatitis,2,3 which is defined by either pan-
creatic parenchymal necrosis and/or peripancreatic tissue 
necrosis.2,4 These patients are at risk for (multiple) organ 
failure often due to a persisting systemic inflammatory 
response syndrome. If the (peri)pancreatic collections with 
necrosis remain sterile, the majority of patients will recover 
with conservative measures without the need for invasive 
intervention.3 Secondary infection of necrosis develops in 
30% of patients with necrotizing pancreatitis, which sub-
stantially increases morbidity and mortality.5,6 Overall, 
necrotizing pancreatitis mortality (15% to 30%) is much 
higher than for mild pancreatitis (0% to 1%).7,8

Secondary infection of the peripancreatic collections 
or pancreas necrosis is considered to be caused by bacte-
rial translocation. In this phenomenon, enteral bacteria 
cross the gastrointestinal mucosal barrier and invade the 
systemic compartment or move by hematogenous spread 
from other sites in the body.9 Experimental and clinical 
studies indicate that bacterial translocation is the result of 
a cascade of events dependent on a disturbance of host-
bacterial interactions on three levels: 1) the presence of 
impaired small bowel motility and bacterial overgrowth in 
the intestinal lumen, 2) structural mucosal barrier failure 
leading to increased gut permeability in the intestinal epi-
thelium,10 and 3) dysregulation in the balance of pro- and 
anti-inflammatory factors of the immune system.11 Another 
possible pathway of transmission by mesenteric lymphatics 
was described in an experimental rat study.12

Two treatment strategies have been suggested to pre-
vent secondary infection of peripancreatic collections and 

pancreas necrosis early in the disease course of necrotizing 
pancreatitis:

1. Prophylactic antibiotics
2. Therapeutic probiotics

Antibiotics

Multiple studies have studied the prophylactic use of sys-
temic antibiotics in AP over the last several decades.13,14 
The rationale for prophylactic treatment is to diminish the 
potential hematogenous spread of pathogens after bacterial 
translocation has occurred. 

Fourteen randomized controlled trials have studied the 
effect of systemic antibiotic prophylaxis on preventing the 
infection of pancreatic necrosis.13,14 In the 1990s, enthusi-
asm for antibiotic prophylaxis was expressed in a number 
of small case series and editorials.15-18 As a result, many 
surgeons started using antibiotic prophylaxis.19 The stud-
ies at that time were underpowered and generated variable 
results, but the meta-analysis at that time suggested reduc-
tions in morbidity and mortality. There were also concerns 
about selection of multidrug-resistant bacteria and oppor-
tunistic fungal infections.19

A 2006 Cochrane review by Villatoro and colleagues 
suggested a survival benefit and a decrease in pancreatic 
sepsis associated with the prophylactic use of beta-lactam 
antibiotics.20 However, the conclusion on prophylactic 
 antibiotics changed with the publication of two double-
blinded randomized clinical trials.21,22 The Villatoro group 
included those trials in their 2010 Cochrane review, 
which included 7 studies with 404 randomized patients. 
They found no statistically significant effect on mortality 
(8.4% vs. 14.4%) or the presence of infected pancreatic 
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necrosis (19.7% vs. 24.4%). The rate of other infections (not 
related to necrosis) was also not significantly reduced by 
prophylactic antibiotics. A nonsignificant trend was shown 
with beta-lactam antibiotics toward lower mortality and 
fewer infected pancreatic necrosis. Interestingly, this effect 
was stronger for imipenem, which showed no reduction in 
mortality but a lower risk of pancreatic infections (relative 
risk 0.34, 95% confidence interval 0.13-0.84).13 Study qual-
ity has been a major concern throughout the years, and all 
were underpowered. The main conclusion was that there is 
no evidence for the prophylactic use of antibiotics in AP.13 
This was confirmed by a second review that suggested that 
further research is needed to identify subpopulations that 
may benefit from prophylactic antibiotics.14

Selective digestive tract decontamination (SDD) is 
used on many intensive care units, particularly in venti-
lated patients. The goal of decontamination of the upper 
respiratory and digestive tracts is to reduce infections by 
decreasing microorganism colonization at these sites. Both 
selective decontamination of the oropharyngeal tract (SOD) 
and digestive tract (SDD) with nonabsorbable antibiotics 
have shown modest decreases in mortality and reduced 
rates of bacteremia.23 The only trial of SDD in patients with 
severe AP demonstrated a significant reduction of gram-
negative bacterial colonization of the digestive tract and 
significant reductions of morbidity and mortality.24 Due to 
the moderate methodological quality (a nonblinded, under-
powered study lacking clear definitions) and the overall 
scarceness of evidence in severe AP, SDD is not considered 
standard practice in severe AP.

Conclusion
Current evidence does not support routine antibiotic proph-
ylaxis or SDD in patients with severe AP.3 However, this 
does not imply that antibiotic treatment (rather than proph-
ylaxis) is ineffective and should not be started as soon as 
evidence for superinfection of (peri)pancreatic necrosis 
emerges. In these cases antibiotics are useful in controlling 
sepsis and in some cases, infected (peri)pancreatic necrosis 
can be successfully treated solely with antibiotics.

Probiotics

Probiotics are defined as “living micro-organisms which, 
when administered in adequate amounts, confer a health 
benefit on the host.”25 They can be administered together 
with prebiotics (synbiotics), which are nondigestible fib-
ers that enhance probiotic activity. Probiotics have been 
suggested to reduce bacterial translocation (in AP) through 
beneficial effects on three levels of host-bacterial interac-
tions: the intestinal lumen, the intestinal epithelium, and 
the immune system.

Bacterial overgrowth of potential pathogens in the 
intestinal lumen is prevented by a direct antimicrobial 
effect and competitive growth.26 At the intestinal epithe-
lium, probiotics prevent bacterial adherence to the epithe-
lial surface by competitive exclusion and inhibition of a 
pathogen-induced increase of epithelial permeability. They 
also regulate enterocyte gene expression involved in main-
taining the mucosal barrier and thus may preserve epithe-
lial function.10,27 Selected probiotic strains have been found 
to inhibit local proinflammatory reactions in enterocytes 
after pathogenic bacterial adhesion or ischemia.27 Finally, 
in vitro probiotic strains have been shown to induce pro-
duction of the anti-inflammatory cytokine interleukin-10. 
A similar effect is thought to regulate the mucosal and sys-
temic immune systems in humans.28

The prophylactic role of probiotics in AP has been 
examined in experimental studies. In rats with pancreatitis, 
probiotics reduced the overgrowth of potential pathogens 
in the duodenum, resulting in reduced bacterial transloca-
tion to extraintestinal sites and lower mortality.29

The prophylactic use of probiotics was also examined 
in several randomized controlled trials. In patients undergo-
ing major abdominal surgery, the administration of pre- and 
probiotics significantly reduced the incidence of postopera-
tive infections, although there were some methodological 
issues in these studies.30-32

Initially, two small randomized controlled trials, both 
from Hungary, studied probiotic prophylaxis in AP. The 
first trial showed in 45 patients with predicted mild and 
severe pancreatitis that probiotics reduced pancreatic sep-
sis and the need for surgical intervention.33 The second trial 
studied 62 patients with severe pancreatitis and concluded 
that nasojejunal feeding with synbiotics may prevent organ 
dysfunction in the late phase of severe AP.34 Given the 
weak evidence, a larger randomized controlled multicenter 
trial was performed (PROPATRIA) in which probiotics 
were compared with placebo in 298 patients with pre-
dicted severe pancreatitis. No probiotic effect was found 
in reducing infectious complications. There was, how-
ever, a surprisingly higher rate of bowel ischemia (9 vs. 0) 
and mortality (16% vs. 6%) in the probiotics group.35 
The mechanism underlying this adverse effect remains 
unclear, even after post hoc research in experimental  
animals.36,37

Conclusion
There is currently no place for probiotic treatment in 
patients with AP. Further research on probiotic prophy-
laxis in patients with organ failure has been returned to the 
experimental stage to study the possible mechanism(s) of 
adverse events such as those observed in the PROPATRIA 
study.
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Summary

Based on the current literature and in accordance with IAP/
APA Acute Pancreatitis Guidelines3:

1. Intravenous antibiotic prophylaxis is not recommended 
for the prevention of infectious complications in AP. 
(GRADE 1B, strong agreement)

2. Probiotic prophylaxis is not recommended for the pre-
vention of infectious complications in AP. (GRADE 
1B, strong agreement)

3. Intravenous antibiotics should be given in case of sus-
pected infection of necrotizing pancreatitis and further 
intervention considered
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Introduction

Acute pancreatitis (AP) can be regarded as a hypercata-
bolic situation, and nutrition plays a key role in the treat-
ment of this disease. When a patient’s food intake is limited 
because of pancreatic pain, organ failure, or other compli-
cations, adapted nutrition support should be initiated early 
in AP management to decrease mortality and morbidity. 
Numerous studies and meta analysis are now available and 
the most appropriate modalities for artificial nutrition are 
well established.1,2

Pathophysiology 

The importance of providing nutritional support in patients 
with severe AP has been well demonstrated and leads to 
decreased morbidity and mortality rates.3,4 The main objec-
tives are to provide adequate calories in this hypercatabolic 
condition and to decrease pancreatic necrosis infection. 

The concept of “pancreatic rest” was developed many 
decades ago to decrease pancreatic inflammation. It sug-
gests prolonged fasting in cases of mild pancreatitis and 
parenteral nutrition in case of severe pancreatitis to prevent 
stimulation of exocrine function and proteolytic enzyme 
release. However, it is now well known that parenteral 
nutrition leads to electrolyte and metabolic disturbances, 
gut barrier alterations, and increased intestinal permeabil-
ity. Moreover, parenteral nutrition is not cost effective and 
may increase the risk of sepsis complications.5-8

Pancreatic infection and organ failure are determinants 
of AP severity. Gut barrier dysfunction and increased bacte-
rial translocation are implicated in the development of sec-
ondary infection, sepsis, multiple organ failure, and death 
in AP. Studies have shown that microorganisms respon-
sible for sepsis and pancreatic infection originate mainly 
from the digestive tract. Moreover, gut barrier dysfunction 
and the translocation of digestive bacteria into the portal 

venous system may cause multiple organ failure. Gut bar-
rier dysfunction is characterized by damages of the gut epi-
thelium and intestinal cell junctions, resulting in increased 
intestinal permeability.9-12 Splanchnic hypoperfusion and 
ischemia/reperfusion injury have been postulated as pos-
sible causes. A decrease in splanchnic perfusion results in 
a concomitant decrease in oxygen delivery to the intestinal 
mucosa; this coupled with the consequences of reperfusion 
leads to histologic evidence of mucosal ischemia.13,14 Loss 
of cell membrane integrity and cytoskeletal alterations dur-
ing hypoperfusion result in cytoplasmic protein leakage.  
In the literature, only enteral nutrition has been shown to have 
significant clinical benefits in patients with AP in reducing 
the risks of developing pancreatic infections and multiple 
organ failure. Enteral nutrition may attenuate mucosal barrier 
breakdown and subsequent bacterial translocation. It also may 
increase intestinal motility and decrease bacterial overgrowth 
by facilitating bacteria clearance in the digestive tract.15

Indications of artificial nutrition 

Artificial nutrition is often not initiated in mild 
pancreatitis;oral nutrition can be indicated after pain relief. 
Patients usually recover and are discharged after a few 
days. The recently published International Association of 
Pancreatology guidelines recommend oral feeding in pre-
dicted mild pancreatitis once abdominal pain is decreasing 
and inflammatory markers are improving.1 A clinical trial 
showed that immediate oral refeeding with a normal diet 
is safe in predicted mild pancreatitis and leads to a shorter 
hospital stay (4 vs. 6 days).16 Feeding can be started with 
a full solid diet without needing to first start with a liquid 
or soft diet.17 Normalization of lipase levels is not required 
before restarting oral feeding.18 Finally, international 
guidelines from gastroenterologic and pancreatic societies 
state that nutrition support is indicated when patients are 
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not able to tolerate oral food for up to 7 days, regardless of 
disease severity.1,19

Patients who can eat do not require additional enteral 
nutrition via a feeding tube. However, artificial nutrition 
support can be supplemented in the specific situation of 
mild pancreatitis, notably in the setting of severe malnutri-
tion, which is frequent in alcoholic patients. This nutrition 
support must be performed by nasoenteric tube feeding to 
minimize intravenous catheter infections and should be 
added to oral intake.

In patients with predicted severe pancreatitis, nutri-
tional support should be the primary therapy and may 
begin within 48 hours. A recent clinical trial of 60 patients 
reported improved outcomes when nutrition was started 
within 48 h as compared to after 7 days of fasting.20

Type of artificial nutrition: parenteral versus 
enteral nutrition

Parenteral nutrition used to be the preferred option for the 
treatment of AP. This approach places patients on strict 
bowel rest and bypasses the stimulatory effects of oral 
feeding, leading to gastrointestinal atrophy with decreased 
villous thickness in the intestinal tract, which results in 
bacterial translocation across the gut barrier, sepsis, and 
organ failure.

The comparison of total parenteral nutrition and total 
enteral nutrition in patients with predicted severe AP was 
studied in more than eight randomized controlled trials.21-28 
Several meta-analyses have demonstrated the benefits of 
enteral over parenteral nutrition: a significant 2-twofold 
reduction in the risk of systemic and pancreatic infectious 
complications, a decrease of multiorgan failure, a reduction 
of the need for surgical interventions, and finally a 2.5-fold 
reduction in mortality risk in patients receiving exclusively 
enteral nutrition.29-34

Regarding the recently published international guide-
lines, parenteral nutrition can be used in AP as second-
line therapy if nasojejunal tube feeding is not tolerated 
and nutritional support is required.1 However, the authors 
proposed that parenteral nutrition should only be started if 
the nutritional goals cannot be reached with oral or enteral 
feeding. A delay up to 5 days in initiation of parenteral 
nutrition may be appropriate to allow for restarting of oral 
or enteral feeding.34,35

Optimal route of enteral nutrition delivery 

This issue has been debated regarding the “pancreatic 
rest” theory. It was suggested that prepyloric delivery 
would stimulate pancreatic secretion and consequently 
increase AP severity. However, a postpyloric tube (mainly 
nasojejunal location) usually requires an endoscopic 

or radiologic procedure. This may delay nutritional 
 support and can impact the clinical outcome. In contrast, 
a nasogastric feeding tube can be immediately inserted in 
everyday practice and does not require specific assistance. 
A prepyloric feeding (gastric location) can be started  
without delay.3

Pancreatic exocrine function and route of enteral 
nutrition delivery
Studies in healthy subjects have demonstrated that all 
types of oral feeding stimulate exocrine pancreatic secre-
tion. In enteral nutrition,the exocrine pancreatic response 
varies depending on the nutrition delivery route. Trypsin 
and lipase secretion was significantly lower in response 
to nutrition delivered into the jejunum in comparison 
with the duodenum; this secretion was not different 
in subjects with distal jejunum delivery or the fasting 
group.3,36

Pancreatic exocrine function is not normal in AP, 
and the level of pancreatic secretions is decreased com-
pared with healthy subjects. This pancreatic “stunning” 
is correlated with pancreatitis severity, and lower secre-
tions of trypsin and lipase were found in patients with 
severe pancreatitis. These data suggest that acinar cells 
are not able to respond normally to a secretory stimulus 
during AP. This explains why no study has demonstrated 
that nasogastric tube can increase inflammation and AP 
severity.37

Safety and tolerance of enteral nutrition delivery route
Several randomized controlled trials and the latest pub-
lished meta-analyses have demonstrated the equivalence 
of nasogastric and nasojejunal tube feeding regard-
ing safety and tolerance.27,38-46 A recently published 
review compared nasogastric and nasojejunal tube feed-
ing. Four randomized controlled trials and a cohort 
study were included and represented 131 patients who 
received nasogastric tube feeding for severe pancrea-
titis. In 107/131 (82%) patients, total nasogastric nutri-
tion was administered without withdrawal. In 18% of the 
patients, enteral nutrition was stopped because of gastric 
ileus, diarrhea, or repeatedly dislocated feeding tubes. A 
meta-analysis restricted to randomized studies included 
82 and 75 patients with nasogastric and nasojejunal feed-
ing, respectively. The risks of mortality and numbers of 
nutrition-associated adverse events were similar between 
the two groups. In that review, nasogastric tube feeding 
was not associated with an increased risk of aspiration 
pneumonia.38

A recent meta-analysis reported data from 3 rand-
omized controlled trials including a total of 157 patients. 
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There were no significant differences in mortality, tracheal 
aspiration, diarrhea, pain exacerbation, or energy balance 
between the two groups. Nasogastric feeding was not infe-
rior to nasojejunal feeding.46

The international guidelines recommend that enteral 
nutrition in AP can be administered via either the nasojeju-
nal or nasogastric route.1 The choice of the location should 
not delay the nutritional support. Nasogastric tube feeding 
is probably easier than nasojejunal tube feeding, however 
some patients will not tolerate nasogastric feeding because 
of delayed gastric emptying. It is known that patients with 
severe AP frequently present with gastric ileus because the 
pancreatic inflammation is close to the stomach. In addi-
tion, inflammation can lead to a transient duodenal stenosis 
(partial or complete). In this specific case, a nasojejunal 
tube feeding can be used and the tube should be placed 
endoscopically.

Enteral nutrition formulations

More than 100 different enteral nutrition formulations are 
available in 3 categories: elemental/semielemental, poly-
meric, and immunoenhanced (immunonutrition and probi-
otics). In AP, (semi)elemental nutrition is usually preferred 
over the polymeric formulation because it is supposed to 
have superior absorption from the intestine, less stimula-
tion of pancreatic secretions,and a better tolerance.47 A 
meta-analysis compared the safety and tolerance of dif-
ferent enteral nutrition formulations used in AP; 20 ran-
domized controlled trials including 1,070 patients were 
selected. No significant difference was observed between 
the formulations regarding feeding tolerance, including the 
use of (semi)elemental versus polymeric formulation or 
versus supplementation of enteral nutrition with probiot-
ics or immunonutrition. The risk of infectious complica-
tions and death did not differ significantly in any of the 
comparisons. The relatively inexpensive polymeric feed-
ing formulations were associated with similar feeding 
tolerance and appeared as beneficial as the more expen-
sive (semi)elemental formulations in reducing the risks 
of infectious complications and mortality.48,49 Probiotics 
should not be used in acute pancreatitis because they 
were associated with a higher complication rate and mor-
tality in one randomized trial.50 International published 
guidelines recommend that either elemental or poly-
meric enteral nutrition formulations can be used in acute  
pancreatitis.1

Conclusion 

Nutrition plays a key role in AP treatment. When food 
intake is impaired, an adapted nutritional support is 
required early in disease management to decrease mortality 

and morbidity. Several meta-analyses have been published, 
and the most appropriate modalities of artificial nutrition 
are well-established.Compared to parenteral nutrition, the 
enteral route has been shown to have a greater clinical ben-
efit in patients with AP, reducing the risks of both pancre-
atic infection and multiple organ failure. The international 
guidelines recommend that enteral nutrition in AP can be 
administered via either the nasojejunal or nasogastric route, 
but the choice of administration route should not delay 
nutritional support. Either elemental or polymeric enteral 
nutrition formulations can be used in AP.
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Introduction

Acute pancreatitis is complicated by necrosis of the pan-
creas or peripancreatic tissue in around 20% of patients.1,2 
Necrotizing pancreatitis can often be treated successfully 
with a conservative approach, without the need for inva-
sive intervention.3-5 In a subset of patients, however, there 
is a need for a more aggressive regimen that includes inva-
sive intervention. The primary indication for this is bacte-
rial infection of peripancreatic collections with walled-off 
necrosis, which occurs in around 30% of patients with 
necrotizing pancreatitis.3-5 Indications for invasive inter-
vention in sterile necrosis include mechanical obstruction 
of the biliary or gastrointestinal tract, persisting abdomi-
nal discomfort, and failure to thrive caused by persisting 
necrotic collections beyond 8 weeks after acute attack 
onset.3,5

The traditional approach to infected walled-off necrosis 
has long been primary laparotomy with complete debride-
ment of pancreatic and peripancreatic necrosis. This surgi-
cal approach of primary “open necrosectomy” is associated 
with a high risk of complications and death.6 In the last 
decade, minimally invasive procedures have gained popu-
larity. Recent guidelines now advocate the use of a step-
up approach, consisting of catheter drainage, followed 
only if necessary by necrosectomy.3,5 The aim of catheter 
drainage as a first step is to temporize sepsis by releasing 
infected fluid from the peripancreatic collections. This may 
improve the patient’s clinical condition and thereby post-
pone or even obviate the need for further intervention.7,8 
Catheter drainage can be performed percutaneously under 
guidance of ultrasound or computed tomography or endo-
scopically through the wall of the stomach or duodenum.3-5

If the patient’s clinical condition does not improve 
after catheter drainage, necrosectomy can be performed 
through laparotomy, laparoscopy, a minimally invasive 

retroperitoneal approach, or by an endoscopic translumi-
nal approach. This chapter focuses on the technique and 
the results of published studies on endoscopic drainage and 
necrosectomy.

Technical aspects

Endoscopic drainage and necrosectomy can be performed 
under conscious sedation using midazolam or propofol and 
fentanyl. As a first step, linear-array endoscopic ultrasound 
is performed to visualize the walled-off necrosis and iden-
tify the optimal route for puncture through the posterior 
wall of the stomach or duodenum. This is facilitated by 
finding the collection bulging into the stomach or duode-
num. Under endoscopic ultrasound guidance, the collec-
tion is punctured using a 19-gauge needle. The stylette is 
withdrawn, and the content of the collection is aspirated to 
confirm the correct position. A guidewire is then advanced 
through the needle under fluoroscopic guidance. The 
outer sheath of a cystgastrostomy is advanced using elec-
trocautery, and balloon dilatation of the puncture tract is 
performed up to 15 mm. The aspirate is sent for microbio-
logical culturing, after which rigorous irrigation of the col-
lection is performed using normal saline. As a next step, for 
the traditional approach, two or more double-pigtail plastic 
stents (size varying from 5 to 10 French [Fr]) are placed 
in the cystgastrostomy. A nasocystic catheter may be posi-
tioned in the space of the walled-off necrosis, which can 
be used for continuous irrigation of the collection with at 
least 1 L normal saline/24 hours to secure cystgastrostomy 
patency. Although obvious, it must be stressed that flushing 
with large amounts of fluid is not possible as the nasocystic 
catheter is only for inflow (i.e., all fluids are considered as 
intake and must be accounted for as such). Many centers do 
not routinely place nasocystic drains; rather, they perform 
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repeated endoscopic intervention or flushing via an adjunc-
tive retroperitoneal percutaneous catheter, which allows 
“one-way” irrigation through the endoscopic cystenteros-
tomy into the stomach or duodenum.9

The effects of endoscopic drainage on the clinical con-
dition of the patient are followed for the next 72 hours. 
A new endoscopic procedure is planned if there is no clini-
cal improvement (i.e., decreased need for organ supportive 
therapy, disappearance of fever and improvement of vital 
signs, or decreased serum C-reactive protein and white 
blood cell count).8

If a subsequent endoscopic procedure is performed 
and a traditional style of double pigtail stents is utilized, 
the endoluminal access site is dilated up to 15 to 20 mm 
using a dilatation balloon. A forward-viewing endoscope 
is advanced in the collection, and the necrosectomy is per-
formed. The pancreatic and peripancreatic necrotic tissue 
can be evacuated with several instruments such as a bas-
ket, polypectomy snare, or grasping forceps. At the end of 
the procedure, several double-pigtail plastic stents (5 to 10 
Fr) are placed in the collection, and irrigation is continued. 
Endoscopic necrosectomy is repeated as needed in the sub-
sequent days, depending on the amount of necrosis left in 
the collection and the patient’s clinical condition. The steps 
of transgastric necrosectomy are illustrated in Figure 1, 
and a video of the procedure is available at http://www.
jama.com.10

Results from published studies

Case series
Since endoscopic necrosectomy was introduced to treat 
necrotizing pancreatitis, numerous case series have been 
published. Two systematic reviews on endoscopic necro-
sectomy including these cohorts stated that it is an effective 
and safe treatment option.11,12 The more recent systematic 
review included 14 studies published up to June 2013, with 
a total of 455 patients.11 The primary intervention was 
endoscopic drainage of the necrotic collection in 92% of 
patients at a mean of 57 days after the diagnosis of acute 
pancreatitis. Drainage was followed by endoscopic necro-
sectomy at a mean of 7 days. Complications occurred in 
36% of patients, with bleeding (18%), perforation of a hol-
low organ other than the stomach or duodenum due to the 
intervention itself (4%), and pancreatic fistulae (5%) being 
the most predominant. Endoscopic necrosectomy was clin-
ically successful, i.e. the condition was treated by endo-
scopic procedures alone in 81% of patients with a mean of 
four endoscopic procedures per patient. 

The remaining patients needed additional percutane-
ous or surgical intervention to treat the pancreatic necrosis 
or complications from endoscopic necrosectomy. Overall 
mortality was 6% (range 0%-15%).11 More recent and 

relatively large case series (n = 57 and 176) on the endo-
scopic treatment of necrotizing pancreatitis reported simi-
lar results regarding the number of endoscopic procedures 
(2 to 5), clinical success rate (76%-94%) and mortality 
(0%-11%) to those reported in the systematic review.13-17 
The types of complications in these newer series are also 
similar and include bleeding, pneumoperitoneum, perfo-
ration of a hollow organ, and infection, but their occur-
rence seemed to decrease with a reported incidence of 3% 
to 33%.13-17

Selection bias is a limitation of most case series. 
Endoscopic necrosectomy series often only include patients 
felt to be suitable for endoscopic drainage and necrosec-
tomy, such as those with well-demarcated necrotic collec-
tions in close apposition to the gastric or duodenal lumen 
and without deep retroperitoneal or pelvic extension. 

Comparative studies
Few studies compare endoscopic treatment with percuta-
neous/surgical treatment for necrotizing pancreatitis, and 
the indications for interventions are diverse. A retrospec-
tive analysis of 20 patients undergoing endoscopic necro-
sectomy compared with 20 patients undergoing surgical 
necrosectomy for symptomatic sterile pancreatic necrosis 
showed no significant differences in mortality or complica-
tions.18 Patients in the endoscopic group underwent more 
reinterventions (9 vs. 3 patients), had a shorter length of 
hospital stay (3 vs. 7 days) and a longer time to resolu-
tion of the necrotic collection (3.6 vs. 0.4 months). Another 
retrospective analysis included 62 patients (30 open necro-
sectomy, 14 minimally invasive retroperitoneal necrosec-
tomy, and 18 endoscopic necrosectomy) and showed lower 
severe complication and mortality rates for endoscopic 
necrosectomy.19 However, significant baseline differences 
on disease severity and necrosis infection were evident, 
which restricts judgment on comparisons.

One prospective registry study matched 12 patients 
undergoing endoscopic necrosectomy with 12 patients 
undergoing the surgical step-up approach for suspected 
or confirmed infected walled-off necrosis.20 In the surgi-
cal step-up group, three patients only required catheter 
drainage, and nine underwent subsequent minimally inva-
sive surgical necrosectomy. One patient in the endoscopic 
group needed additional percutaneous drainage of an 
endoscopically inaccessible necrotic collection. Patients 
in the endoscopic necrosectomy group experienced fewer 
severe complications (1 vs. 7) and less postprocedural 
new-onset organ failure. Furthermore, endocrine insuf-
ficiency was less frequent in the endoscopically treated 
group during follow-up (0 vs. 7). One patient in the surgical  
group died.20

A randomized trial that included 20 patients and com-
pared endoscopic necrosectomy with surgical necrosectomy 
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for infected walled-off necrosis showed that the primary 
endpoint of postprocedural proinflammatory response 
measured by serum interleukin 6 was significantly lower 
in the endoscopically treated group. The trial also reported 
lower incidence rates of post procedural new-onset organ 
failure (0% vs. 50%) and pancreatic fistulae (10% vs. 70%) 
in the endoscopic group.21

Innovation
The endoscopic techniques are subject to rapid develop-
ment. Recently, several series have been published using 
single, lumen-apposing, self-expandable metal stents as 
a substitute for the multiple 5- to 10-Fr pigtail stents that 
are placed in the cystgastrostomy.22-26 The stents are sad-
dle shaped and equipped with bilateral double-walled 

Figure 1. Endoscopic drainage and necrosectomy. The image depicts a peripancreatic collection of walled-off fluid and necrosis. The 
collection is identified behind the posterior gastric wall through bulging into the gastric lumen and endoscopic ultrasound. (A) Endoscopic 
drainage: The collection is punctured, and the balloon is dilated. Double pigtail stents and a nasocystic catheter drain are placed for 
continuous irrigation and to secure cystgastrostomy patency. (B) Endoscopic necrosectomy: The tract is dilated by 15-20 mm, and 
endoscopic necrosectomy is performed with grasping forceps (shown) or other endoscopic necrosectomy instruments. (From ref 36).
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anchoring flanges designed to hold the gastrointestinal wall 
in direct apposition to the wall of the pancreatic collection 
(Figure 2).25,27 Their length is 10 mm and they are available  
in 10- or 15-mm diameters, the latter being more suitable 
if necrosectomy is anticipated. These stents, specifically 
designed to be delivered via endoscopic ultrasound, are 
easily deployed, and direct endoscopic necrosectomy can 
be performed through the stent after primary drainage of the 
pancreatic collection, if necessary. The stent can be left in 
situ for additional necrosectomies in the following days or 
weeks.24,25 Clinical outcomes are similar to recent studies 
using a traditional endoscopic approach, with a 86%-88% 
clinical success rate with endoscopic intervention alone. 

Major complications include bleeding, infection, stent 
migration and stent occlusion and occur in 7%-13% of 
patients. Two large retrospective studies (n = 124 and 68) 
reported no mortality.24,25 The advantages of metallic stents 
are of particular interest for treating necrotizing pancreati-
tis in children. Specifically this young and fragile patient 
group may benefit from the high patency of the stent, easy 
access to the collection, possible need for less interven-
tions, and the absence of external fistulae.28 Given the fact 
that these interventions are infrequently performed in chil-
dren, treatment is reserved for specialist centers.28

Another alternative to the traditional approach of endo-
scopic drainage and double pigtail stent placement is the 
use of a fully covered, large-bore, esophageal metal stent. 
The stent is placed directly following primary endoscopic 
ultrasound-guided drainage of large necrotic collections. 
The flares at both ends limit migration, and the large diam-
eter (up to 23 mm) facilitates drainage and instrumental 
access for necrosectomy. Due to its size, the stent is limited 
to transgastric (as opposed to transduodenal) drainage and 
necrosectomy. Results of case series are preliminary but 
suggest that these stents are particularly useful for larger 
necrotic collections when the need for repeated endoscopic 
intervention is expected.29,30

Discussion

In this chapter we presented an overview of the indication, 
technique, and primary structured results of the latest and 
most innovative invasive treatment strategy for necrotizing 
pancreatitis. The endoscopic approach appears to measure 
up to surgical techniques in terms of choice of primary and 
definitive treatment, number of complications, healthcare 
utilization, and cost.11,18,20,31 Available studies even suggest 
lower mortality rates and a lower incidence of new onset 
endocrine insufficiency.11,13-17,20

Endoscopic intervention carries a number of advan-
tages over surgical techniques. First, the procedure can be 
performed under conscious sedation, obviating the need for 
general anesthesia, which is known to induce or prolong 
systemic inflammatory response syndrome in critically ill 
patients.32 Second, a lumbotomy or laparotomy is avoided 
by creating an internal fistula between the necrotic collec-
tion and gastrointestinal lumen as a drainage and necrosec-
tomy gateway. External fistulae, which can be cumbersome 
to reverse, are thereby nonexistent if endoscopic therapy 
is successful without additional percutaneous or surgical 
interventions. There is special interest for the endoscopic 
approach for treatment of disconnected pancreatic duct 
syndrome with pancreatic fluid collections obstructing the 
biliary tree or gastrointestinal tract. By internally bypassing 
the disrupted natural drainage canal of the exocrine pan-
creas to the stomach or duodenum, the pancreatic juices are 
not lost, bothersome external fistulae from percutaneous 
catheters are prevented, and extensive surgery with altera-
tion of the intestinal anatomy and loss of functional pan-
creatic tissue is avoided.33 It must be stressed however, that 
interventions for sterile collections after necrotizing pan-
creatitis are preferably delayed to more than 8 weeks after 
the acute attack as symptoms are known to spontaneously 
regress over time.5 Third, with endoscopic intervention, the 
integrity of the abdominal wall remains intact, which pre-
vents wound infections, debilitating incisional hernias, and 
unsightly scars. As opposed to surgical procedures such as 
video-assisted retroperitoneal debridement and sinus tract 
necrosectomy, endoscopic treatment of necrotizing pan-
creatitis can therefore be called “truly minimally invasive.”

A limitation of the endoscopic approach is that, in order 
for the endoscopist to safely enter, the necrotic collec-
tion must adjoin the lumen of the stomach or duodenum. 
Not every patient with necrotizing pancreatitis in need for 
invasive intervention is therefore suited for this treatment. 
However, due to the anatomic relation of the pancreas with 
the stomach and duodenum, it is likely that the vast major-
ity of necrotic collections can be reached endoscopically. 
The positive side of this limitation is that in some cases 
the endoscopic route is preferred, as large vessels and the 
kidney, spleen, stomach, and intestine can complicate  
the surgical route toward the centrally located walled-off 

Figure 2. Lumen-apposing self-expandable metal stent.
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necrosis. A second limitation of the endoscopic technique 
is that complications such as perforations and bleeding can 
be difficult to manage. Perforation often requires additional 
surgical intervention that partly nullifies the benefits of pri-
mary endoscopic treatment.11,13 Small bleeds can often be 
controlled endoscopically by clipping, thermal coagulation, 
or local epinephrine injection. Persistent bleeding requires 
more definite treatment, in which angiographic coiling of 
the artery is the treatment of choice, and emergency lapa-
rotomy with its associated surgical disadvantages is the last 
resort.11 Thirdly, endoscopic drainage and necrosectomy 
are challenging due to the small anatomical space in which 
the endoscopist must operate, indirect vision, and limited 
options for simultaneous tool use. The procedure can there-
fore only be executed by an experienced endoscopist with 
access to advanced instruments. This, combined with the 
fact that necrotizing pancreatitis is relatively rare and inva-
sive interventions are not performed frequently, means that 
the endoscopic approach is reserved for specialist centers. 
Finally, for treatment success with endoscopic necrosec-
tomy, an average of four procedures per patient are nec-
essary as opposed to one to three for minimally invasive 
surgical and open necrosectomy.8,11,31 Although not neces-
sarily associated with higher costs, this can be a signifi-
cant burden on the patient and their relatives, as well as on 
healthcare resources.

Advantages and options for improving technical aspects 
of the endoscopic approach are evident and outcomes in 
treatment of necrotizing pancreatitis are promising.9 This 
seems to justify the increasing role of endoscopy in treating 
this condition. However, reports on endoscopic treatment for 
necrotizing pancreatitis included patients that are generally 
less ill than patients treated in studies reporting on surgical 
procedures. This is indicated by lower Acute Physiology 
and Chronic Health Evaluation (APACHE)-II scores, less 
organ failure, and less infected necrosis in the endoscopic 
studies.11,31 These differences may partly explain the more 
favorable outcomes of endoscopy. On the other hand, it is 
likely that less invasive interventions in necrotizing pan-
creatitis induce less surgical, proinflammatory stress and 
could thereby lead to better outcomes. A decreased proin-
flammatory response after less invasive intervention was 
already shown in a randomized trial comparing endoscopic 
with surgical necrosectomy.21 This trial also reported 
fewer complications for the endoscopy group but was not 
powered for clinical endpoints. Another randomized con-
trolled multicenter trial, adequately powered for clinical 
endpoints, compared a minimally invasive surgical step-
up approach with primary open necrosectomy in infected 
necrotizing pancreatitis. Patients in the (less invasive) step-
up group experienced less postprocedural new-onset organ 
failure, underwent fewer operations, and had fewer inci-
sional hernias and less new-onset endocrine and exocrine 
insufficiency at the 6-month follow-up.2 It could be that 

the less invasive nature of endoscopic treatment translates 
to equal or even better outcomes than minimally invasive 
surgical necrosectomy. Comparative studies on this matter 
are scarce and include small numbers of patients, and bias 
is likely due to the mostly retrospective study design.18-21 
A randomized controlled multicenter (TENSION) trial in 
the Netherlands is comparing the transluminal endoscopic 
step-up approach and minimally invasive surgical step-
up approach (controlled trials ISRCTN09186711).34 This 
direct comparison in 98 patients with infected necrotizing 
pancreatitis will answer the question whether endoscopic 
step-up treatment is superior to surgical step-up treatment 
on the combined endpoint of death/major complications. 
A randomized controlled trial on the outcome death alone 
will most likely never be performed due to the complex-
ity and rarity of the disease. Therefore an international col-
laboration between pancreatic specialist centers worldwide 
was founded to pool the results of individual participant 
data undergoing necrosectomy for necrotizing pancrea-
titis. The protocol for this study is prospectively regis-
tered at the PROSPERO registry for systematic reviews 
(CRD42014008995) and is available online.35 Both the 
randomized TENSION trial and individual participant data 
meta-analysis are being finalized, and results are expected 
by the end of 2016.

Conclusion

In conclusion, endoscopic transluminal drainage and necro-
sectomy is a rapidly developing and increasingly popu-
lar technique in the treatment of necrotizing pancreatitis. 
Results from numerous case series and small comparative 
studies are promising, but evidence from adequately pow-
ered trials or studies with robust methodological quality 
are needed. Results of a large multicenter randomized con-
trolled trial and an international meta-analysis of individual 
participant data are pending.
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Introduction

The 2013 American Pancreatic Association/International 
Association of Pancreatology (APA/IAP) consensus docu-
ment outlined the principles of early targeted organ support, 
nutritional (enteral) optimization, avoidance of antibiotic 
prophylaxis/endoscopic retrograde cholangio pancreatogra-
phy (ERCP) (in the absence of jaundice), and delayed mini-
mally invasive intervention embedded within a “step-up” 
framework where possible.1 An in-depth discussion of the 
evidence supporting these principles is beyond the scope of 
this chapter and will be dealt with elsewhere. This chapter will 
focus on the indications and rationale for intervention, and the 
options available within a multimodal management algorithm.

Revised Atlanta classification of acute pancreatitis

The original Atlanta classification of acute pancreatitis 
(AP) characterized clinical behavior as mild or severe AP 
and intervention for necrosis was often focused on early 
removal of sterile or infected necrosis usually by open 
necrosectomy.2 This simplistic dichotomization proved 
inadequate in clinical practice until the revised Atlanta 
Criteria recognized the importance of early systemic organ 
dysfunction and multiple organ failure in determining dis-
ease severity and outcome.3 The management of local com-
plications is heavily influenced by the degree of systemic 
disturbance, and this is reflected in an additional category 
of “moderately severe” pancreatitis (Table 1). In addition to 
disease severity, mortality is strongly associated with age, 
comorbidity and the presence of infection, which has been 
recognized in an addendum adding a category of “critical” 
recognizing those patients with sepsis and organ failure are 
associated with the highest mortality.4

Furthermore, this classification further categorizes 
local complications on the basis of time from presentation 
(< or >4 weeks) and on the presence of necrosis, leading to 
definitions aimed at permitting comparison of case series 
(Table 2). The “early” phase is characterized by the initial 

host response to the pancreatitis, the severity being deter-
mined by the magnitude or organ disturbance/failure, and a 
“late” phase typified by the persistence of organ dysfunc-
tion and the management of local or systemic complica-
tions. The vast majority of acute fluid collections without 
necrosis will resolve within 4 weeks, and a persistent fluid 
collection with minimal or no necrotic component (“pseu-
docyst”) is very rare. Collections may be sterile or infected. 
The majority of clinically significant peripancreatic compli-
cations are therefore related to either acute necrotic collec-
tions (<4 weeks) or walled-off necrosis (WON) (>4 weeks). 
This temporal separation is somewhat arbitrary as the clini-
cal management and surgical approach is determined by 
multifactorial individual patient factors. However, this does 
serve to provide a timeline beyond which, if appropriate, 
intervention should be delayed (Figure 1).

Indications for intervention for pancreatic necrosis: 
the biphasic model

Two distinct phases of mortality are seen in AP: early death 
(arbitrarily defined as within 2 weeks of onset) is usually 

*Corresponding author. Email: ross.carter@ggc.scot.nhs.uk

Table 1. Grades of severity for acute pancreatitis3 (based on the 
clinical parameters of the presence or absence of organ failure 
and / or complications).

Mild acute pancreatitis
• No organ failure
• No local or systemic complications
Moderately severe acute pancreatitis
• Organ failure that resolves within 48 h (transient organ 

failure) and/or
• Local or systemic complications without persistent organ 

failure
Severe acute pancreatitis
• Persistent organ failure (>48 h)

• Single organ failure
• Multiple organ failure
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a consequence of progressive multiple organ failure.5 

Late mortality is usually a consequence of local pancre-
atic complications related to pancreatic or peripancreatic 
necrosis. Whereas intervention during the early phase of 
illness is usually counterproductive, timely and appropriate 
intervention for specific local complications can be life-
saving.6 Although the incidence of AP has been increas-
ing, the overall case mortality has been falling for several 
decades. Mortality in the subgroup with severe AP is also 
decreasing, and this is attributed to improvements in inten-
sive care management, minimally invasive approaches to 

management, advances in vascular intervention, nutritional 
support,and the development of specialist centers. The 
IAP/APA consensus document provides a broad framework 
on which to structure management of what are invariably 
complex and individual management algorithms. The main 
impact of these improvements has been to better support 
patients for longer through the early phase of illness, allow-
ing interventions for local complications to be carried out 
later with less invasive methods. 

Surgical intervention for necrosis in the first 2 weeks 
carries a high risk of morbidity and mortality and should 

Table 2. Local complications in AP (2012 revised Atlanta classification).3

Time scale Necrosis absent Necrosis present

<4 weeks Acute peripancreatic fluid collection (peripancreatic 
fluid associated with interstitial edematous pancreatitis 
with no associated peripancreatic necrosis)

Acute necrotic collection (a collection containing 
variable amounts of both fluid and necrosis; the 
necrosis can involve the pancreatic parenchyma or the 
extrapancreatic tissues)

>4 weeks Pancreatic pseudocyst (an encapsulated collection 
of fluid with a well-defined inflammatory wall usually 
outside the pancreas with minimal or no necrosis)

Walled-off necrosis (a mature, encapsulated collection of 
pancreatic or extrapancreatic necrosis that has developed 
a well-defined inflammatory wall)

Infection May be sterile or infected May be sterile or infected

Figure 1. Contrast-enhanced computed tomography in a 69-year-old female with severe acute gallstone pancreatitis (a) showing 
an acute necrotic collection (ANC) at 5 days and (b) WON at 7 weeks subsequently managed by laparoscopic cystgastrotomy 
and cholecystectomy. The fluid level in an acute necrotic collection suggestive of spontaneous fistulation (c) (clinically well) and (d) 
loculated gas within an infected acute necrotic collection suggestive of bacterial contamination (clinical sepsis).
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therefore to be avoided in the absence of specific compli-
cations such as bleeding or mesenteric ischemia.7 While 
intervention may eventually be required for a persistent 
WON collection, intervention for an acute necrotic collec-
tion before it has sufficiently matured to become encapsu-
lated is usually only indicated in the presence of secondary 
infection as evidenced by a secondary clinical and bio-
chemical deterioration coupled with computed tomography 
(CT) evidence of infection such as small gas pockets.8 Gas 
within a collection is not in itself an indication for inter-
vention as spontaneous enteric discharge of a collection 
may be associated with clinical improvement. In such situ-
ations there is often a gas/fluid level; therefore, any imag-
ing result needs to be interpreted in the overall clinical  
context.

Once a decision is made that intervention is required, 
these poorly demarcated pancreatic (and peripancreatic) 
collections can be managed by a variety of approaches. 
In the 1990s, Freeny and colleagues showed that aggres-
sive percutaneous sepsis control would promote recovery 
in the absence of formal necrosectomy, although a num-
ber required subsequent surgical intervention.9 Several 
minimally invasive approaches have since been described, 
including percutaneous necrosectomy (MIRP),10 video-
assisted retroperitoneal debridement (VARD),11 endoscopic 
cystgastrostomy,12 and laparoscopic cystgastrostomy.13 

Laparoscopic direct necrosectomy was described in the 
1990s but has failed to gain popularity due to technical dif-
ficulty,14 and so far there are only two recent retrospective 
studies describing laparoscopic necrosectomy alone with a 
total of 29 highly selected patients, and no follow-up was 
available for either study.15,16

There is evidence that minimal access techniques may 
pose less of a challenge to the patient’s systemic inflam-
matory response, and in our own experience, patients have 
reduced requirements for postoperative intensive care man-
agement.17 The choice of approach in worldwide clinical 
practice is often influenced by local resource limitations 
and familiarity with a particular technique, but most now 
have foundation within a “step-up framework.”

Management techniques for sepsis associated with 
acute necrotic collections

Initial “step-up” drainage
Whereas a number of differing minimally invasive tech-
niques had been described in cohort series showing ben-
efit over historical controls, the PANTER trial from the 
Dutch Pancreatitis Study Group provided good quality 
randomized data regarding the management of infected 
pancreatic necrosis.18 Patients requiring surgical interven-
tion for pancreatic necrosis were randomized to either pri-
mary open necrosectomy or a “step-up” approach based 

on percutaneous drainage as the initial intervention, with 
progression to retroperitoneal debridement (VARD) with 
lavage if no improvement was observed. The composite 
endpoint of death or major complication demonstrated a 
significant benefit with the “step-up” approach. Indeed, 
35% were successfully managed with percutaneous drain-
age alone and did not require subsequent debridement. 
There is now a consensus advocating a principle of early 
organ support and nutritional optimization, followed ide-
ally by delayed and selective minimally invasive interven-
tion if required.

The choice between initial percutaneous or endoscopic 
drainage is based on the position of the collection relative to 
the stomach, colon, liver, spleen, and kidney. Furthermore, 
the ability to perform endoscopic ultrasound (EUS)-guided 
puncture within an intensive therapy unit setting, without 
the need for patient transfer to the radiology department for 
CT-guided drainage, may influence the management deci-
sion when a patient is in extremis, and unstable to transfer. 
In general, our practice has been to approach lateral collec-
tions and those extending behind the colon from the left or 
right flank by a percutaneous approach, preferring endo-
scopic drainage for medial retrogastric collections where 
a percutaneous route may be compromised by overlying 
bowel, spleen, or liver. Improved delivery devices to enable 
rapid deployment of self-expanding metal stents (SEMs)
may represent a significant advance by allowing adequate 
and rapid initial drainage while minimizing the risk of 
hemorrhage due to lateral compression of the drain tract 
by the SEMS.19 The route of percutaneous drainage should 
ideally consider the probability of subsequent “step-up” 
escalation, siting the drain as lateral and inferior as pos-
sible to avoid the costal margin, but the initial priority must 
be sepsis control. If the initial drainage route is suboptimal, 
alternative secondary access can be obtained, sometimes 
resulting in a combination of percutaneous and endoscopic 
techniques. 

The choice of one approach over another is determined 
by the patient’s clinical condition, local experience and 
expertise, anatomical position/content of the collection, 
and the time from presentation/maturation of the collec-
tion wall. There is an acceptance that due to the complexity 
of presentation, no single technique will be suitable for all 
patients, and the aim should be to provide a multimodal, 
multidisciplinary approach. Our current management algo-
rithm has emerged from a process of continuous evolution 
based on increased experience of the “step-up” concepts, 
the approach in the last decade being for solid predomi-
nant or infected necrotic collections to be managed percu-
taneously by MIRP or VARD, and for late, well-organized 
and predominantly fluid collections to be managed by 
endoscopic or laparoscopic transgastric drainage, but 
these concepts are now being assessed in randomized  
trials.20,21
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Secondary “step-up” management following primary 
drainage (Figure 2)
Enhanced catheter drainage (± lavage)
The “step-up” concept is based on the stabilization of 
patients in organ failure and sepsis, as a bridge to surgery 
or as definitive treatment in a proportion of patients. Some 
authors have promoted secondary “upsizing” or inser-
tion of multiple drains if immediate sepsis resolution is 
delayed, rather than proceeding to one of the necrosectomy 
techniques described below. Freeny et al. first described a 
series of 34 patients with infected acute necrotizing pan-
creatitis primarily treated with image guided percutaneous 
drain (PCD) as an alternative to primary surgical necro-
sectomy.9 They focused on the placement of multiple 
large-bore catheters and vigorous irrigation and success-
fully avoided the need for surgical necrosectomy in 47% 
of patients. Lee and his colleagues routinely undertook 
stepwise dilation to 20FG along with twice weekly lav-
age.22 They reported resolution in 83% of subjects, but two 
prospective studies have suggested a more realistic pri-
mary success rate of 33% to 35% for PCD.18,23 Early PCD 
placement before 3 weeks is associated with a prolonged 
course and more frequent drain exchanges,24,25 underscor-
ing the importance of maturation of WON before interven-
tion. Persistent external fistulae occur in up to one-third of  
patients. 

The Dutch Pancreatitis Study Group compared the suc-
cess of further upsizing of PCD versus VARD as the initial 
enhanced step-up procedure if immediate resolution does 
not occur. More than 50% of patients will settle without for-
mal necrosectomy in the dilatation alone group. Drawbacks 
include limited ability to remove necrotic debris, prolonged 
hospitalization, and the need for multiple procedures. The 
use of grasping forceps to extract the debris after sequential 
tract dilatation has been described in a small series,26 as has 
the use of assist devices such as stone retrieval baskets,27 
but these techniques are seldom performed in clinical prac-
tice. A dedicated team of surgeons/radiologists willing to 
perform meticulous catheter care, with frequent upsizing 

of drainage catheters and frequent imaging to localize locu-
lated undrained areas, is critical for successful percutane-
ous management of necrotizing pancreatitis.9

Percutaneous necrosectomy/VARD
Both MIRP and VARD retroperitoneal techniques are mod-
ifications of the open lateral approach initially described in 
the 1980s by Fagniez et al.28 They utilized a loin/subcostal 
and retrocolic approach to allow debridement of pancreatic 
and peripancreatic necroses. This open approach was asso-
ciated with major morbidity (enteric fistula 45%, hemor-
rhage 40%, and colonic necrosis 15%) and failed to gain 
popularity. 

For both minimally invasive techniques, a left-sided 
small diameter percutaneous drain is ideally placed into 
the acute necrotic collection between the spleen, kidney, 
and colon. Right-sided or transperitoneal drainage are also 
possible. In those who fail to respond adequately to simple 
drainage, this access drain is then used as a guide to gain 
enhanced drainage of the collection. 

Minimally invasive pancreatic necrosectomy
For percutaneous necrosectomy, the catheter is exchanged 
for a radiological guidewire, and a low-compliance bal-
loon dilator is inserted into the collection and dilated to 34 
FG. Access to the cavity is then maintained by an Amplatz 
sheath through which is passed an operating nephroscope, 
allowing debridement under direct vision. The nephroscope 
has an operating channel that permits standard (5 mm) lap-
aroscopic graspers, as well as an irrigation/suction channel. 
The directed, high-flow lavage promotes rapid evacuation 
of pus and liquefied necrotic material, revealing black or 
grey devascularized pancreatic tissue and peripancreatic fat 
which, if loose, is extracted in a piecemeal fashion until 
a cavity lined by viable tissue or granulating pancreas is 
created after several procedures. At the end of each proce-
dure, an 8-FG catheter sutured to a 24-FG drain is passed 

Figure 2. Initial “step-up” drainage using (a) MIRP percutaneous lavage drain and (b) EUS-guided transgastric cystgastrostomy 
with SEMS.
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into the cavity to allow continuous postoperative lavage of 
warmed fluid, initially at 250 mL/hour. Subsequent con-
version of the lavage system to simple drainage may be all 
that is required prior to recovery, or the procedure may be 
repeated until sepsis control is achieved and interval CT 
confirms resolution. 

Video-assisted retroperitoneal debridement 
A video-assisted retroperitoneal debridement (VARD) 
procedure is performed with the patient placed in a supine 
position with the left side 30 to 40° elevated. A 5-cm sub-
costal incision is placed in the left flank at the midaxil-
lary line, close to the exit point of the percutaneous drain. 
Using the in situ percutaneous drain as a guide, the ret-
roperitoneal collection is entered. The cavity is cleared of 
purulent material using a standard suction device. Visible 
necrosis is carefully removed with the use of long grasp-
ing forceps, deeper access under direct vision is facilitated 
using a 0° laparoscope, and further debridement performed 
with laparoscopic forceps. As with a percutaneous necro-
sectomy, complete necrosectomy is not the aim of this 
procedure;only loosely adherent pieces of necrosis are 
removed, minimizing the risk of hemorrhage. Two large-
bore, single-lumen drains are positioned in the cavity, and 
the fascia is closed to facilitate a closed continuous postop-
erative lavage system. 

Endoscopic necrosectomy
Endoscopic cystgastrostomy was initially reported for 
the management of a mature pancreatic abscess with 
minimal necrosis,29 but the technique has evolved in the 
last 10 years to become an established Natural Orifice 
(NOTES) procedure, with endoscopic transmural explora-
tion and debridement of the retroperitoneum. Single-step 
drainage under EUS guidance may be carried out by either 
a transgastric or less commonly a transduodenal route. This 
is preferred to “blind” drainage as EUS allows for identi-
fication of the collection when there is no obvious bulge 
and helps identify a safe route for puncture, free of inter-
vening vessels.30,31 The presence of significant WON is 
no longer considered a contraindication, but concerns do 
remain regarding the adequacy of endoscopic drainage, 
particularly in solid predominant or larger collections. The 
principles are similar to those discussed above, with initial 
simple drainage of a collection under pressure, followed 
by subsequent “step-up” tract dilatation and potential  
necrosectomy. 

The procedure involves puncture of the collection with 
either a 19-G needle or cystotome, with dilatation of the 
track followed by placement of two or more plastic pig-
tail stents. Increasingly, metallic stents may be used which 
facilitate subsequent endoscopic access to the cyst cavity 

for debridement of necrosis. Where there is evidence of 
infection or systemic sepsis it is our practice to use a naso-
cystic catheter, which can be used for continuous lavage 
of the cavity. Factors associated with a failure of resolu-
tion are large size and retrocolic extension of the collec-
tions. In these cases, other approaches or combinations of 
approaches should be considered.25,32 Other options include 
the multiple gateway technique,31 where two or three trans-
mural stents are placed under EUS guidance, one of which 
is used for nasocystic cavity lavage and the others to facili-
tate drainage of necrotic debris.

Delayed endoscopic necrosectomy may be required 
where there is extensive necrosis.33 It is our practice to defer 
this for a week following the initial drainage procedure to 
allow the fluid component to drain and any associated sep-
sis to improve. A recent systematic review of 14 studies 
with 455 patients found an overall success rate of 81% and 
mortality of 6%, but these studies included highly selected 
patients, and all but one was retrospective.34 One small ran-
domized trial compared endoscopic with surgical drainage 
and found a reduction in significant complications with the 
endoscopic approach.20

Endoscopic necrosectomy is a challenging procedure 
and not without risk. Major complications including fatal 
air embolism, bleeding, and perforation occurred in 26% 
of patients in the multicenter GEPARD study.35 The use of 
carbon dioxide insufflation is therefore now recommended. 
A persistent problem is the lack of availability of suitable 
endoscopic devices to facilitate necrosectomy. Although 
endoscopic access to the cyst cavity is now facilitated by 
metallic stents, piecemeal necrosectomy using standard 
graspers, baskets, and snares is a time-consuming and 
painstaking process.21 One possible modification is the 
use of intracavity hydrogen peroxide to facilitate necrosec-
tomy, although further experience is required before this 
can be recommended for routine practice.36

Despite these limitations, the initial experience has been 
promising,35 and an early randomized pilot study explor-
ing the outcome of endoscopic transmural drainage versus 
minimally invasive intervention (VARD, the PENGUIN 
trial) suggested at least equivalence, if not benefit, from 
endoscopic drainage.20 This study has been criticized due 
to very small numbers and excessive mortality (40%) 
within the VARD arm compared to historical results. The 
results of the on-going TENSION trial are awaited with  
interest.21

Open surgical necrosectomy
Open necrosectomy is still employed but increasingly has 
been replaced by the procedures described above. Three 
general variations of open necrosectomy are currently 
practiced and remain widespread while experience with 
minimally invasive approaches increases. These can also 
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be used within a step-up framework with preoperative 
percutaneous drainage, allowing control of sepsis prior to 
intervention. Although the procedures are broadly similar 
in terms of the necrosectomy, they differ in terms of how 
they prevent recurrence of an infected collection within 
the debridement cavity: 1) open necrosectomy with open 
or closed packing, 2) open necrosectomy with continu-
ous closed postoperative lavage, and 3) programmed open 
necrosectomy. 

In all approaches, the abdomen is entered though a 
midline or preferably a bilateral subcostal incision, as this 
minimizes contamination of the lower abdomen and allows 
bilateral paracolic access. The pancreas is exposed by 
dividing the gastrocolic omentum or gastrohepatic omen-
tum to access the pancreas through the lesser sac. Open 
transgastric debridement has recently been proposed to 
minimize postoperative peritoneal contamination.37

Open necrosectomy with open packing
Bradley described this technique in 1987,38 with sepsis 
control achieved by leaving the abdomen open following 
debridement and packing the cavity as a laparostomy.38 
Planned reintervention with sequential pack changes allows 
resolution with healing by secondary intention. Drains may 
be placed in addition to the packing. Open packing tech-
niques have been reported to have higher incidences of fis-
tulae, bleeding, and incisional hernias as well as a slightly 
higher mortality rate.39

Open necrosectomy with closed packing
Following necrosectomy to achieve sepsis control,40 pri-
mary closure of the abdomen over gauze-stuffed Penrose 
drains is performed with the intention to fill the cavity and 
provide some compression.41 Additional silicone drains 
(Jackson-Pratt) may be placed in the pancreatic bed and 
lesser sac for fluid drainage. The drains are removed 
sequentially starting 5 to 7 days postoperatively, allowing 
gradual involution of the cavity. 

Open necrosectomy with continuous closed 
postoperative lavage
When possible after debridement, a closed peripancre-
atic compartment is reconstituted by suturing the gastro-
colic and duodenocolic ligaments over large-bore drains 
allowing flank to flank continuous lavage.42 Postoperative 
continuous lavage is instituted at 1 to 10 L per day and 
continued until the effluent is clear and the patient shows 
improvement in clinical and laboratory parameters.43 No 
evidence is available to suggest the best irrigation fluid, 
the optimal number or caliber of drains, or the duration of 
irrigation.

Programmed open necrosectomy
In response to the bleeding and fistulation that can arise 
following aggressive necrosectomy, this approach attempts 
to initially perform a more conservative debridement, 
with the intention of performing repeat procedures every 
48 hours until debridement is no longer required. This 
mimics the “minimal hit” concept associated with the step-
up approaches. The pancreatic bed is drained or packed, 
and the abdomen is closed by suturing mesh or a zipper 
to the fascial edges of the wound.44 The addition of intra-
abdominal vacuum dressings may encourage granulation 
of the pancreatic bed, and it has been suggested they may 
reduce the number of operations and mortality, but there 
is little data to support this and they have been associated 
with enteric fistulation.45

Management for late WON

Indications for intervention for WON are: 1) infection, 
2) nutritional failure, and 3) persistent abdominal pain. 
The decision on when to intervene and the choice of inter-
vention are made within a multidisciplinary environment 
with consideration of all available options. Spontaneous 
resolution of even large acute WON collections are not 
infrequent, and continued nonintervention is often the best 
approach, particularly where continued maturation of a col-
lection may be anticipated and where the clinical picture is 
improving. In any individual case, the choice of interven-
tion may be guided by factors including the clinical picture, 
the position of the collection in relation to the stomach and 
duodenum, and available expertise.

Laparoscopic cystgastrostomy
For many years, the conventional approach to the manage-
ment of late WON was open pancreatic cystgastrostomy 
with necrosectomy. This procedure can now be safely and 
effectively carried out using a laparoscopic approach and 
is the main alternative to endoscopic cystgastrostomy. Our 
current technique for laparoscopic cystgastrostomy begins 
with an open subumbilical cut down. Further 12- and 5-mm 
ports are inserted on the patient’s left and right sides, with 
the specific port site placement being determined by the 
anatomical position of the retrogastric collection. Adhesions 
are divided to expose the anterior gastric wall. An anterior 
gastrotomy (5-10-cm long) is then performed using the har-
monic scalpel (Ethicon Endo-Surgery, Inc, Cincinnati, OH, 
USA). The superior leaf of the opened stomach is lifted 
toward the anterior abdominal wall to maximize access and 
delineate the area of adherence between the cyst and the 
posterior aspect of the stomach. This is achieved by pass-
ing a straight needle 2/0 suture through the abdominal wall, 
anterior stomach wall, and back out of the abdomen. A key 
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advance has been the use of a “Step” dilatation port sys-
tem (Covidien plc, Dublin, Ireland) to achieve initial cyst 
puncture, allow tract dilatation, and maintain access until 
insertion of the initial staple device. Following aspiration 
of the collection contents to relative dryness, the port is 
withdrawn, leaving the suction instrument within the col-
lection to maintain access, and a stapled cystgastrostomy 
is performed using four to five firings of the angulating 
Universal Endo GIA stapler (Covidien plc). Necrotic debris 
within the cavity is removed and placed in the fundus of the 
stomach. Once adequate debridement and hemostasis have 
been assured, the anterior gastrotomy is closed using a run-
ning 3/0 monofilament suture (BiosynTM, Covidien plc), 
with the integrity of the closure then tested by insufflating 
the stomach through an orogastric tube while the anastomo-
sis is held under lavage fluid. Postoperative fluid and diet 
is allowed as tolerated. In this complex cohort of patients, 
suitability for hospital discharge is often multifactorial, but 
it may be within 36 hours of surgery when dietary intake is 
adequate. A simultaneous laparoscopic cholecystectomy is 
performed when gallstones are present. Our initial results 
have been presented elsewhere, and we are currently 
undertaking a randomized trial of EUS-guided endoscopic 
versus laparoscopic cystgastrostomy for WON.13

EUS-guided cystgastrostomy/necrosectomy
The technique of EUS-guided drainage is as described 
above, the principle difference being the indication of fail-
ure to thrive rather than sepsis control. Many reports in the 
literature describe EUS-guided drainage of “pseudocysts” 
but is now recognized that true pancreatic pseudocysts are 
rare following AP, as some degree of necrosis is usually 
present where collections persist. The revised Atlanta cri-
teria define these collections as WON, but there is still a 
spectrum of clinical presentations. WON may have varying 
degrees of fluid content, and infection may be present with 
or without systemic disturbance or organ failure. EUS-
guided drainage of these collections is now an established 
technique in specialist units, and several different modifi-
cations have been described. The frequent requirement for 
repeated endoscopic procedures, particularly in the pres-
ence of significant necrosis, have led to a former prefer-
ence to select fluid-predominant WON collections for this 
approach, but this assumption is being currently challenged 
in a randomized trial in our unit. 

Management of complications
Early procedure-related complications: SIRS/bacteremia 
requiring critical care support
For patients with established organ failure, drainage has an 
unpredictable effect,and the clinical picture may improve 

or worsen, at least temporarily. Evidence now supports a 
“step-up” approach in the presence of organ failure, so initial 
management in these patients should be either percutaneous 
or endoscopic drainage, with more definitive intervention 
deferred until organ failure stabilizes or improves.

Following any intervention, however minimal, it is not 
unusual for patients to show signs of significant SIRS or 
postprocedure bacteremia, and this may necessitate critical 
care admission for organ support. Our experience has been 
that minimally invasive approaches are less likely to cause 
the development of new organ failure, and this has been 
confirmed in randomized trials.18 More significant deterio-
ration is common following open necrosectomy, so it is no 
longer the preferred approach.

Acute or delayed hemorrhage
Periprocedural hemorrhage following initial drainage may 
be due to bleeding from submucosal or perigastric vessels 
during endoscopic or percutaneous drainage and is usu-
ally self-limiting. Bleeding from the cavity itself is more 
likely during necrosectomy, particularly if it is carried out 
too early or aggressively. Venous bleeding is more common 
in this situation and may occur intra- or postoperatively. It 
will usually resolve with correction of any coagulopathy, 
but tamponade may be required, either by simply clamping 
the percutaneous drain, insertion of a modified Sengstaken-
Blakemore tube (having amputated the gastric balloon), or 
gauze packing if there is sufficient cutaneous access fol-
lowing a VARD procedure. 

Secondary hemorrhage is occasionally sudden and mas-
sive, but there is usually a prelude with a self- terminating 
“herald bleed,” presenting clinically with hemorrhage into 
a retroperitoneal drain or by a gastrointestinal bleed fol-
lowing transluminal drainage. Secondary hemorrhage is 
usually of arterial origin and is often a consequence of per-
sistent local sepsis. This is now the major cause of death 
in patients with infected pancreatic collections and rapid 
intervention may be life-saving. Initial controlled volume 
support of the circulation and a simultaneous emergency 
CT angiogram is followed by angiography and emboliza-
tion if appropriate. Upper gastrointestinal endoscopy in this 
setting is usually nondiagnostic and should therefore not 
delay radiological assessment that allows definitive man-
agement. The increased intracavity pressure associated 
with hemorrhage into an infected cavity may escalate organ 
dysfunction through bacteremia and sepsis. Timely consid-
eration of further intervention to improve surgical drainage 
is important once bleeding has been arrested.

Enteric fistulation
Spontaneous discharge of a pancreatic collection into the 
gastrointestinal tract is common and may occur in the 
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presence or absence of infection. This should be suspected 
when a collection contains gas, particularly where a gas/
fluid level is present, in a patient who is not systemically 
unwell. Indeed, discharge of a collection into the stomach 
or duodenum can be associated with improvement in a 
patient’s condition. In our experience, foregut fistulation 
will usually resolve without the need for intervention (other 
than adequate drainage of a collection by percutaneous or 
endoscopic means), but fistulation into the colon is often 
associated with clinical deterioration and persistent sepsis. 
Some form of defunctioning procedure is usually required, 
and formal colonic resection with exteriorization may be 
required in occasional cases.

Late complications 

Pancreatic fistulation
Persistent pancreatic fistula is a common sequel of percu-
taneous necrosectomy or VARDS. Pancreatic duct disrup-
tion is common in the presence of extensive necrosis, and 
although resolution is the norm, persistent fistulae can be 
a challenging management problem. If a pancreatic fistula 
persists once sepsis resolves and CT has confirmed any sig-
nificant collection, pancreatic duct stent insertion at ERCP 
is the management of choice. Failure of resolution there-
after is often associated with more extensive parenchymal 
loss or a disconnected pancreatic tail with loss of continu-
ity of the main pancreatic duct. Prolonged catheter drain-
age will lead to maturation of the fistula tract, and planned 
interval drain removal may result in spontaneous resolution 
or development of a late pseudocyst, which can often be 
resolved by transmural endoscopic cystgastrostomy. The 
avoidance of pancreatic fistula is one of the main advan-
tages of endoscopic (or laparoscopic) drainage of pancre-
atic collections.

Disconnected pancreatic tail
Following extensive necrosis or complete necrosis of a 
section of the pancreas neck or body, complete separa-
tion of the main pancreatic duct in the pancreatic tail may 
occur leading to a persistent fistula and “disconnected duct 
syndrome.” This may lead to persistence of a pancreatic 
fistula or a late “pseudocyst” following initial successful 
management of a pancreatic collection. Ductal occlusion 
at the pancreatic neck precludes transpapillary access but if 
this has not occurred, intracystic transpapillary stenting or 
a stent bridging the defect into the tail may result in resolu-
tion. If transpapillary access is not possible, the preferred 
option is transmural EUS-guided drainage with placement 
of long-term pigtail stents, although distal pancreatectomy 
may be required in some patients. This is a challenging 

procedure, particularly when patients have undergone pre-
vious interventions.

Conclusion

Clinical complexity and diversity precludes algorithm 
driven management in severe AP. Three phases of man-
agement exist: (1) organ support, (2) sepsis control, and 
(3) failure to thrive.Based on an understanding of the evo-
lution of necrosis/collections and the dynamic nature of 
the physiological response in AP, the rationale and inter-
ventional approach chosen will differ depending on the 
specific issues that need to be addressed. Maintaining 
nutritional competence throughout is essential. Individual 
patient management within a step-up framework remains 
key, utilizing a multimodal approach focused on delayed 
minimally invasive intervention when possible.
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Introduction

Acute pancreatitis is the most common gastro-intestinal cause 
for acute hospital admission in the United States and is asso-
ciated with substantial costs.1 The reported incidence varies 
from 5 to 73 per 100,000 persons in different populations.2,3 
The overall mortality rate is 4% to 8%, which increases to 
33% in patients with infected necrosis.1,4-6 As the incidence 
of acute pancreatitis rises, the burden for patients and society 
will further increase.3,7 An ageing population and abdominal 
obesity, which confers a concomitant increased risk of gall-
stone formation, are likely to play important roles. 3,7,8

“Sludge” or gallstones, particularly small common bile 
duct stones, are the cause of acute pancreatitis in approxi-
mately 32% to 40% of cases.9-12 Although the pathogenesis 
of acute biliary pancreatitis is not fully understood, transient 
or persistent obstruction of the ampulla that compromises 
the outflow of pancreatic juices and bile is thought to be the 
initiating event.13 Either an obstructing stone or mucosal 
edema after spontaneous gallstone passage can result in 
ampullary obstruction. The etiology of acute pancreatitis 
should be determined on admission, as biliary obstruction 
may require duct clearance in the early phase. This chap-
ter gives an overview of the available diagnostic tests and 
imaging modalities. Subsequently, the role of endoscopic 
retrograde cholangiography (ERC) will be discussed.

Establishing a Biliary Etiology

Acute pancreatitis is diagnosed when two of the following three 
criteria are fulfilled: 1) typical abdominal pain, 2) more than 
three times elevated serum amylase/lipase, and 3) signs of acute 
pancreatitis on imaging. Determining the etiology is important 
for clinical decision-making. A history of gallstone disease or 

biliary colics points towards a biliary etiology. Biochemical 
markers can be helpful in the early disease phase. In the absence 
of alcohol abuse, an alanine transaminase (ALT) >150 IU/L has 
a predictive value of 88 to 100% in establishing biliary etiol-
ogy.14-16 Other elevated biochemical markers such as serum 
alkaline phosphatase, bilirubin, gammaglutamyl-transferase, 
and aspartate aminotransferase are also suggestive of a biliary 
origin. However, 15% to 20% of patients with acute biliary 
pancreatitis have normal liver function tests at presentation.17

Recent guidelines advocate abdominal ultrasonogra-
phy on admission to identify cholelithiasis because of its 
high sensitivity of 92% to 95%.18,19 However, sensitivity is 
lower in patients with acute pancreatitis (67% to 87%) due 
to bowel distension, and it decreases even further in obese 
patients.20,21 Nevertheless, the combination of cholelithiasis 
on abdominal ultrasonography and elevated liver biochem-
istry has a positive predictive value of 100% for biliary 
pancreatitis.21,22 Predicting disease course severity is desir-
able to determine whether intensive monitoring or early 
interventions are needed. Although several scoring systems 
exist, they lack accuracy and are generally cumbersome to 
use.23 Due to the simplicity, familiarity, and comparable 
performance, recent IAP/APA guidelines recommend using 
persistent (>48 hours) systemic inflammatory response 
syndrome (SIRS) as a predictor for disease severity.19

Endoscopic Ultrasonography or Magnetic Resonance 
Cholangiopancreatography? 

If the etiology of pancreatitis remains unclear, endoscopic 
ultrasonography (EUS) or magnetic resonance cholangio-
pancreatography (MRCP) is the next step in the diagnostic 
pathway (Figure 1). Both modalities have a higher accuracy 
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in detecting common bile duct (CBD) stones compared to 
laboratory tests and transabdominal ultrasound.24 

For EUS, a recent meta-analysis showed a sensitivity 
and specificity for detecting choledocholithiasis of 0.95 
(95% confidence interval [CI] 0.91-0.97) and 0.97 (95% 
CI 0.94-0.99), respectively.25 In patients with pancreatitis, 
data are limited, but the accuracy of EUS does not seem to 
drop, with a reported sensitivity of 91% to 100% and speci-
ficity of 85% to 100%.26

An advantage of EUS over MRCP is the possibility 
of conversion to ERC, in case common bile duct (CBD) 
stones are detected, provided the procedures are done 
in the same setting and by investigators trained in both 
techniques. Thus, in the hands of a trained physician with 
access to the appropriate equipment, diagnosis and treat-
ment can be combined into a single procedure, with mini-
mal additional burden for the patient. In patients with a 
contraindication for MRCP (e.g., claustrophobia, metal 
implants, or cardiac pacemaker), EUS is the only semi-
invasive technique available before intraoperative cholan-
giography or ERC.

The advantage of the MRCP over EUS is that it is non-
invasive and not operator dependent. Although small gall-
stones (<5 mm) and sludge may be missed, the sensitivity 
and specificity of MRCP were 0.93 (95% CI 0.87-0.96) 
and 0.96 (95% CI 0.89-0.98) in a meta-analysis.25,27,28 Data 
regarding the accuracy of MRCP in the acute phase of pan-
creatitis are lacking. 

In conclusion, the diagnostic accuracies of both EUS 
and MRCP are excellent, and these modalities can prevent 
unnecessary invasive procedures by preselecting patients 
for ERC.29 In clinical practice, factors such as availabil-
ity, cost, and experience will determine the choice between 
these two modalities.30 

Endoscopic Retrograde Cholangiography

In biliary pancreatitis, ampullary obstruction results in pan-
creatic inflammation and complications. Accordingly, early 
biliary decompression using endoscopic sphincterotomy 
and, if necessary, stone extraction, may ameliorate disease 
severity and prevent complications. On the other hand, CBD 

Figure 1. Diagnosis and management in the early phase of acute (biliary) pancreatitis.
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stones pass spontaneously in up to 80% of cases, in which 
case ERC might be redundant and even unhelpful.31 This 
is important, as ERC is associated with a complication rate 
of around 10% and a resultant mortality of 0.3% to 1%.32,33 
The most common complications are perforation and bleed-
ing. Furthermore, contrast injection or cannulation of the 
pancreatic duct may aggravate the disease course.34

Recent guidelines state that emergency ERC is war-
ranted in patients with acute biliary pancreatitis and con-
comitant cholangitis.18,19 Urgent biliary decompression 
has been proven to reduce mortality and complications.35 
However, diagnosing cholangitis can be challenging in this 
group, as the clinical signs of cholangitis are often not eas-
ily differentiated from an SIRS reaction due to pancrea-
titis. Evidence-based diagnostic criteria for cholangitis in 
patients with acute pancreatitis are currently not available. 

In patients with predicted mild disease, the potential ben-
efits of ERC do not outweigh the risks for complications. 
Therefore, ERC is not advocated in this group.18,19 The indi-
cation for ERC in patients with an acute biliary pancreatitis 
and a predicted severe disease course is controversial. Recent 
international guidelines state that early ERC with sphinc-
terotomy may be beneficial but acknowledge the limited 
evidence.18,19 A recent systematic review drew a similar con-
clusion; despite the publication of multiple randomized trials 
and systematic reviews on this subject, there is no consensus 
on the use of ERC in this group of patients.36 Study hetero-
geneity is a possible source of contradiction. Some included 
patients with predicted mild disease or nonbiliary etiology, 
and different scoring systems for identifying patients at high 
risk for complications were used. Also, patients with cholan-
gitis or signs of biliary obstruction were not separately ana-
lyzed. Furthermore, the pooled sample size of patients with a 
predicted severe disease course was too small and statistically 
underpowered to draw conclusions. Finally, the definition 
of “early” ERC differed between trials and varied between  
24 to 72 hours after symptom onset or after hospital admission. 
Timing may be important as the duration of biliary obstruc-
tion seems to correlate with disease severity. Therefore, some 
suggest that ERC should be performed as early as possible. 37

Currently, an adequately powered, randomized mul-
ticenter superiority trial is being conducted by the Dutch 
Pancreatitis Study Group to study the role of early ERC 
with sphincterotomy in patients with predicted severe bil-
iary pancreatitis without cholangitis. (APEC trial, Current 
Controlled Trials number, ISRCTN97372133). 

Conclusion

Acute pancreatitis is a common and potentially fatal dis-
ease. Establishing its etiology on admission is paramount for 
adequate treatment. In about half of cases, acute pancreatitis 
is caused by gallstones or “sludge.” The first steps in estab-
lishing a biliary origin are obtaining a detailed history and 

performing laboratory tests and transabdominal ultrasound. 
In the acute phase, elevated ALT (>150 IU/L) is the most 
sensitive biomechanical marker. MRCP and EUS both have 
excellent diagnostic accuracy in detecting choledocholithi-
asis and can be used as second-line diagnostic tools. Early 
ERC is only indicated in patients with proven biliary pan-
creatitis and concomitant cholangitis. It is not indicated in 
patients with a predicted mild disease course and its role is 
currently under investigation in those with a predicted severe 
disease course. A flow sheet on the diagnosis and manage-
ment of acute biliary pancreatitis is provided in Figure 1.
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Introduction

Acute pancreatitis (AP) is a common gastrointestinal dis-
order, and in the majority of patients the etiology is either 
alcohol-associated or biliary (i.e., caused by gallstones or 
sludge).1,2 The incidence of acute biliary pancreatitis is 
increasing worldwide, possibly because of the increased 
risk of gallstone disease due to nutritional and lifestyle fac-
tors and obesity.3,4 The economic burden of AP is high; in 
the United States alone, the annual costs currently exceed 
$2.2 billion.5 The majority (80%) of patients with AP have 
a mild disease course, but 20% develop severe pancreati-
tis, which is associated with high morbidity and mortality.6 
Once biliary pancreatitis is resolved, cholecystectomy is 
indicated to reduce the risk of recurrent gallstone-related 
complications such as AP, cholecystitis, cholangitis, or 
gallstone colics.7,8 A much discussed question is when the 
gallbladder should be removed in the course of pancreatitis.

High complication and mortality rates after early 
cholecystectomy in patients with severe pancreati-
tis have prompted guidelines recommending delaying 
cholecystectomy until all signs of inflammation have 
resolved (i.e., interval cholecystectomy).7,9,10 After mild 
biliary pancreatitis, early cholecystectomy is advised by 
current guidelines.7,11,12 However, no consensus exists 
between these guidelines about the exact definition of 
“early.” The British Society of Gastroenterology recom-
mend cholecystectomy within 2 weeks after discharge, 
whereas the International Association of Pancreatology 
and American Gastroenterological Association recom-
mend that all patients with mild biliary pancreatitis should 
undergo cholecystectomy as soon as the patient has recov-
ered from the attack.7,8,11 However, in contrast with these 
guidelines, cholecystectomy after mild biliary pancreatitis 
is often postponed for several weeks after hospital dis-
charge (interval cholecystectomy). Nationwide audits from 
Europe and the United States have shown that laparoscopic 

cholecystectomy is usually performed around 6 weeks after 
discharge from hospital admission for mild biliary pancrea-
titis.13-21 The main reason for delaying cholecystectomy is 
a perceived danger of perioperative complications in early 
cholecystectomy after AP.13,22 It is believed that distortion 
of biliary tract anatomy by inflammation and edema may 
complicate dissection and confer a higher risk of conversion 
and surgical complications such as bile duct injury.10,23,24 
Another reason is that a delayed approach facilitates surgi-
cal scheduling, as emergency operating capacity is often 
limited.22

In patients with mild biliary pancreatitis, the role of 
endoscopic sphincterotomy is limited when cholangitis 
is not present.7 However, large nationwide studies from 
the United Kingdom and United States still show rela-
tively high percentages of patients with mild biliary pan-
creatitis undergoing endoscopic sphincterotomy.13,24,25 
Several retrospective studies have suggested that patients 
do not need to undergo early cholecystectomy after 
sphincterotomy.26 However, a recent meta-analysis on 
prophylactic cholecystectomy after sphincterotomy for 
gallstone-related complications other than pancreatitis still 
suggested that a cholecystectomy should be performed 
even after sphincterotomy to further reduce recurrent  
biliary events.27 Some have advocated the use of endo-
scopic sphincterotomy as a bridge to cholecystectomy in 
patients with severe pancreatitis.26,28 This issue has not 
been addressed in prospective trials and needs further study 
in patients with severe biliary pancreatitis.

The drawback of the present practice of postponing 
cholecystectomy until several weeks after discharge is that 
during this period patients are at risk of developing recurrent 
biliary events (e.g., recurrent biliary pancreatitis, cholecys-
titis, symptomatic choledocholithiasis, and biliary colics). 
This risk is substantial and has been reported to occur in up 
to 60% of patients in observational studies.29,30 It is thought 

*Corresponding author. Email: Stefan.Bouwense@radboudumc.nl
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that the lack of high-quality evidence may be attributable to 
the reported low adherence to guidelines.13-15,24,25

Three main questions will be discussed in this review: 

1) Does early cholecystectomy reduce recurrent biliary 
events compared to interval cholecystectomy?

2) Is early cholecystectomy technically more difficult to 
perform than interval cholecystectomy?

3) Are patients in whom early cholecystectomy is per-
formed more at risk for complications than patients who 
undergo interval cholecystectomy?

In the next paragraphs we will discuss available studies 
on cholecystectomy timing and try to answer these three 
questions.

Studies addressing the timing of cholecystectomy in 
mild biliary pancreatitis

In 2011, Bakker et al. published a retrospective multi-
center study that evaluated recurrent biliary events as a 
consequence of delayed cholecystectomy following mild 
biliary pancreatitis.21 Patients with mild biliary pancrea-
titis who were candidates for cholecystectomy were reg-
istered prospectively in 15 Dutch hospitals from 2004 to 
2007. Recurrent biliary events requiring admission were 
evaluated before and after cholecystectomy, as well as for a 
subgroup of patients who underwent endoscopic sphincter-
otomy. Of 308 patients with mild biliary pancreatitis, 267 
had an indication for cholecystectomy. Early and late (after 
a median of 6 weeks) cholecystectomy were performed 
in 18 (7%) and 188 (76%) patients, respectively. Before 
cholecystectomy was performed, 34 (14%) patients were 

readmitted for biliary events, including 24 with recurrent 
biliary pancreatitis. During the initial admission, endo-
scopic sphincterotomy had been performed in 108 patients. 
Among these, eight (7%) suffered from recurrent biliary 
events after endoscopic sphincterotomy and before chol-
ecystectomy. In the group of patients who did not undergo 
endoscopic sphincterotomy, 26 of 141 (18%) had recur-
rent biliary events, which was significant compared to the 
group of patients who did undergo endoscopic sphincterot-
omy (risk ratio 0.51, 95% confidence interval 0.27 to 0.94; 
P = 0.015). It was concluded that an interval cholecystec-
tomy after mild biliary pancreatitis carries a substantial 
risk of recurrent biliary events. Endoscopic sphincterotomy 
reduces the risk of recurrent biliary pancreatitis but not of 
other biliary events. The shortcomings of this study were 
that it was not primarily designed to analyze cholecystec-
tomy safety, and it was not a randomized clinical trial com-
paring early versus interval cholecystectomy.

In 2012, van Baal et al. published a systematic review 
on the timing of cholecystectomy after mild biliary pancre-
atitis.31 The objective was to determine the risk of recurrent 
biliary events in the period after mild biliary pancreatitis 
but before interval cholecystectomy and to determine the 
safety of cholecystectomy during the index admission. A 
systematic search in PubMed, Embase, and Cochrane for 
studies published from January 1992 to July 2010 was per-
formed. Cohort studies of patients with mild biliary pancre-
atitis reporting on the timing of cholecystectomy, number 
of readmissions for recurrent biliary events before chole-
cystectomy, operative complications (e.g., bile duct injury, 
bleeding), and mortality were included. Study quality and 
risks of bias were also assessed. From 2,413 screened stud-
ies, 8 cohort studies and 1 randomized trial were included, 

Table 1. Patient outcomes in cholecystectomy after mild biliary pancreatitis.

Study

Number of patients
Time between discharge and 

cholecystectomy (days)
Readmissions for 

biliary events Complications

Early Interval Early Interval Early Interval Early Interval

Schachter et al.32 - 19 - Mean >56 - 0 - 0
McCullough et al.33 74 90 0 Mean 40 0 18 (20%) 11 16
Cameron et al.34 - 58 - Mean 93, Median 68 - 11 (19%) - 0
Griniatsos et al.35* - 20 - Median 14 - 0 - 1
Griniatsos et al.35* - 24 - Median 60 - 1 (4%) - 1
Clarke et al.36 110 92 0 Mean 23 0 8 (9%) 4 5
Ito et al.37 162 119 0 Median45 0 39 (33%) 37 34
Nebiker et al.38 32 67 0 Mean >14 0 15 (22%) 2 5
Sinha et al.39 81 26 0 Mean >42 0 3 (12%) 0 0
Aboulian et al.40 24 - 0 - 0 - 0 -
Total 483 515 0 Median 40 0 95 (18%) 17 (4%) 29 (6%)

This table was adapted from the original manuscript of van Baal et al.31

*In one study, two different interval cholecystectomy groups were described.
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in total describing 998 patients. An early cholecystectomy 
was performed in 483 (48%) patients without any reported 
readmissions (Table 1). An interval cholecystectomy was 
performed in 515 (52%) patients after a median of 40 days 
(interquartile range 19-58 days). Before the interval chole-
cystectomy was performed 95 patients (18%) were readmit-
ted for recurrent biliary events (0% vs. 18%; P < 0.0001). 
Forty-three (8%) patients were readmitted due to recurrent 
biliary pancreatitis, 17 (3%) with acute cholecystitis, and 
35 (7%) with biliary colics. Fewer recurrent biliary events 
were present in patients who had an endoscopic sphinc-
terotomy (10% vs. 24%; P = 0.001), with especially less 
recurrent biliary pancreatitis (1% vs. 9%). No differences 
were found in operative complications or the conversion 
(7%) or mortality (0%) rates between early and interval 
cholecystectomy. Baseline characteristics were often miss-
ing (reported in 26% of patients), so subgroups could not 
be compared. It was concluded that interval cholecystec-
tomy after mild biliary pancreatitis is associated with a high 
risk of readmission for recurrent biliary events, especially 
recurrent biliary pancreatitis. Furthermore, early cholecys-
tectomy for mild biliary pancreatitis appears to be safe. The 
main shortcomings of this systematic review were that the 
included studies were of relatively low quality and selec-
tion bias could not be excluded.

In 2010, a randomized clinical trial on the timing of 
cholecystectomy after mild biliary pancreatitis was pub-
lished by Aboulian et al.40 The authors hypothesized that 
performing laparoscopic cholecystectomy within 48 hours 
after admission for mild biliary pancreatitis would result 
in shorter hospital stays. Patients with mild pancreatitis 
(defined as a Ranson score ≤3) were randomized to early 
laparoscopic cholecystectomy (within 48 hours of admis-
sion) or to control laparoscopic cholecystectomy per-
formed after resolution of abdominal pain and normalizing 
trends of laboratory enzymes. In this single-center study 
with interim analyses, 25 patients were randomized to 
early cholecystectomy, and 25 were included in a control 
group and underwent cholecystectomy after resolution of 
abdominal pain and normalization of laboratory values. 
The median duration of symptoms was 2 days upon pres-
entation with a median Ranson score of 1. The hospital stay 
duration was 1 day shorter in the early cholecystectomy 
group with a median of 3 days (interquartile range 2-4) 
compared with the control group with a median of 4 days 
(interquartile range 4-6, P = 0.0016). There were no statisti-
cally significant differences between the groups for conver-
sions to an open procedure or perioperative complications. 
It was concluded that a laparoscopic cholecystectomy per-
formed within 48 hours after admission (very early chol-
ecystectomy) results in shorter hospital stay and appears 
to be safe and not more technical demanding. This study 
was not powered to detect differences in clinically rel-
evant outcomes such as recurrent biliary events. Moreover, 

cholecystectomy within 48 hours after admission in gall-
stone pancreatitis is controversial because patients may 
still develop pancreatic necrosis or organ failure during this 
phase of the disease, both of which are considered contrain-
dications for early surgery.

These three studies all show a benefit of early cholecys-
tectomy in mild biliary pancreatitis, which appears a safe 
strategy without an increase in cholecystectomy difficulty. 
However, the design and evidence quality of these studies 
were not particularly high. It appeared that a well-designed 
randomized clinical trial was needed to resolve the issue 
of timing of cholecystectomy in mild biliary pancreatitis.

In 2012, the study protocol for a randomized controlled 
trial titled pancreatitis of biliary origin, optimal timing of 
cholecystectomy (PONCHO) was published by Bouwense 
et al.41 The hypothesis for this trial is that early laparo-
scopic cholecystectomy minimizes the risk of recurrent bil-
iary events in patients with mild biliary pancreatitis without 
increasing the difficulty of dissection or surgical compli-
cation rate compared with interval laparoscopic cholecys-
tectomy. PONCHO is a randomized controlled superiority 
multicenter trial in which patients are randomly allocated 
to undergo early laparoscopic cholecystectomy within 
72 hours after randomization or interval laparoscopic chol-
ecystectomy 25 to 30 days after randomization. Patients are 
randomized during their index admission when all signs of 
the disease have resolved and patients are expected to be 
discharged within 1 to 2 days. A total of 266 patients in 
18 Dutch hospitals were enrolled. The primary endpoint is 
a composite endpoint of mortality and acute readmissions 
for biliary events (e.g., recurrent biliary pancreatitis, acute 
cholecystitis, symptomatic/obstructive choledocholithi-
asis requiring endoscopic retrograde cholangiopancreati-
cography including cholangitis [with/without endoscopic 
sphincterotomy], and uncomplicated biliary colics) occur-
ring within 6 months following randomization. Secondary 
endpoints include the individual endpoints of the compos-
ite endpoint, surgical and other complications, technical 
difficulty of cholecystectomy and costs.The PONCHO 
trial results are expected to be published at the end of 2015. 
This trial will provide the high level of evidence needed to 
finally close the debate on cholecystectomy timing in mild 
biliary pancreatitis.

Conclusion

In patients with severe biliary pancreatitis, it is gener-
ally acceptable to perform an interval cholecystectomy. 
Although advocated by current guidelines, patients with 
mild biliary pancreatitis frequently do not undergo an 
early cholecystectomy, resulting in a high percentage of 
hospital readmissions due to recurrent biliary events. All 
published studies are of medium to low methodological 
quality, and the results of the first randomized controlled 
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clinical trial comparing early versus interval cholecystec-
tomy in patients with mild biliary pancreatitis are expected 
at the end of 2015. The role of endoscopic sphincterotomy 
remains under debate, although it is generally accepted 
that it is not indicated in patients without cholangitis. It is 
thought that endoscopic sphincterotomy will reduce the 
number of recurrent biliary events but will not prevent all 
events.
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Introduction

Insights in the diagnosis and management of acute 
pancreatitis are evolving with many treatment strategies 
that were once considered the standard of care eventually 
being discarded as non- beneficial or even harmful.1 Both 
medical treatment and surgery have advanced significantly, 
but the morbidity and mortality of severe acute pancreatitis 
remain high, and the course of the disease is often pro-
tracted in severe cases.

Intra-abdominal hypertension (IAH) and abdominal 
compartment syndrome (ACS) have been found to be 
significant contributors to organ dysfunction in a variety 
of critically ill patients, and several strategies have been 
developed to prevent and treat ACS.2 

Patients with severe acute pancreatitis appear to be 
at an increased risk of IAH due to the several mecha-
nisms that occur in pancreatitis, as well as the treatment 
they receive. Our understanding of both the develop-
ment of IAH and ACS in SAP has advanced signifi-
cantly, and ACS has evolved from an incompletely 
understood and poorly managed complication in SAP 
to a preventable and treatable condition that should be 
understood by all physicians involved in the care of 
these patients.

Definitions

IAH has been defined as an intra-abdominal pressure 
(IAP) ≥12 mmHg or higher.3 This is the threshold at which 
organ dysfunction may set in, although it is often unde-
tectable unless specifically sought for. Oxygen exchange 
for instance may be impaired, but compensatory mecha-
nisms may be effective, and oxygen saturation may not be 
changed.

In case of ACS, the IAP is ≥20 mmHg with clinically 
evident new organ dysfunction; acute kidney injury, car-
diovascular instability, and respiratory insufficient are the 

most commonly encountered organ dysfunctions in ACS. A 
complete review of IAH and ACS and how it affects organ 
function falls beyond the scope of this chapter.4

Pathophysiology

IAH and ACS are typically early phenomena in SAP; 
in most reports IAH develops in the first 3-5 days 
after hospital admission.5 Several mechanisms lead to 
increased IAP in these patients (Table 1), with pancreatic 
and peripancreatic inflammation probably only of minor 
importance as the increase in intra-abdominal volume 
from local edema is often minimal.6 The ileus that often 
accompanies this disease process, as well as the develop-
ment of ascites, may further increase the intra-abdomi-
nal volume, but a major contributor is undoubtedly the 
fluid resuscitation often initiated in patients with severe 
pancreatitis to compensate for central hypovolemia due 
to third spacing. Early aggressive fluid resuscitation is 
still considered the standard of care in many guidelines; 
however, fluid overload (although variably defined) has 
been found to be a major risk factor in several studies 
and different patient categories.7 Also, in studies that 
specifically looked into ACS in pancreatitis, fluid resus-
citation was consistently reported as contributing to both 
increased intra-abdominal volume and reduced abdomi-
nal wall compliance.8

In the context of acute pancreatitis, the effects of IAH may 
have an important impact, not only on organ function as a 
whole, but on pancreatic perfusion in particular. Animal stud-
ies have found that pancreatic perfusion is decreased in IAH,9 
which may further increase the risk of pancreatic necrosis. 
Also bacterial translocation—the presumed pathway for pan-
creatic infection in SAP—is frequent in IAH; there is a dose-
dependent relationship with the extent of bacterial infection. As 
a result, IAH may impact both pancreatic necrosis and subse-
quent infection.
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Epidemiology

SAP is one of the conditions where IAH and ACS are con-
sistently reported. Using the original Atlanta criteria, the 
incidence of IAH was between 60% and 80%, and ACS 
developed in roughly 25%-50% of the patients according 
to one study.6 Using the new criteria, the incidence in 
severe disease may be even higher, as some patients with 
what is now considered moderate pancreatitis were in the 
original severe category. Acute pancreatitis itself has been 
identified as a risk factor for IAH in a recent systematic 
review, but several other factors are also often present in 
patients with SAP.10

IAH and especially ACS have been associated with 
a worse outcome in all reports on this problem.5,11-14 Rosas 
et al. even proposed using an IAP of 14 mmHg or higher as 
a marker of severity in SAP; in their analysis, the receiver 
operating characteristic curve of IAP was higher compared 
to the Ranson and Imrie score, which could make IAP 
measurement a simple tool.15 Unfortunately, no other stud-
ies have evaluated IAP for this purpose.

Diagnosis of IAH

Diagnosing IAH and ACS in SAP is simple. Clinical 
examination is notoriously unreliable in these patients, 
but IAP measurement should be now in the armamen-
tarium of all contemporary intensive care units. The 
bladder is used as a window to the abdomen, and mul-
tiple methods for reproducible IAP measurement are 
now available. Several reviews describing IAP measure-
ment techniques have been published.16 In brief: 25 mL 
sterile saline is instilled in the urinary bladder and the 
hydrostatic pressure is subsequently measured in mmHg 
(>12 mmHg IAH, >20 mmHg ACS) IAH grade I 12-15 
mmHg, grade II 16-20 mmHg, grade III (ACS) 21-25 
mmHg, grade IV >25 mmHg.17 Small studies have inves-
tigated computed tomography features of ACS patients 
and found that signs such as vena cava narrowing and 
an increased anteroposterior diameter and bowel wall 

thickening were associated with ACS.18 These are late 
signs, and IAP measurement should be implemented 
before they occur.

Prevention of IAH in SAP

Now that the contributors to IAH have been bet-
ter described, several options for prevention can be 
devised. As in other critically ill patients, fluid resus-
citation is one of the key iatrogenic contributors to IAH 
and ACS, and the concept of vigorous fluid resuscita-
tion should be urgently re-evaluated in many of these 
conditions. Several studies have linked overly positive 
fluid balances to worse outcomes including ACS.14 In 
this context, studies have found that patients who were 
resuscitated less aggressively had a lower incidence of 
ACS and better clinical outcomes. Whether the type of 
resuscitation fluid impacts this phenomenon remains 
unclear, and given the ban on starches in many coun-
tries, crystalloids remain the primary resuscitation fluid. 
However, Zhao et al. found that patients resuscitated 
with normal saline only had higher IAP and ACS more 
often than those treated with a combination of colloids 
and crystalloids.19

It is difficult to recommend an appropriate resuscitation 
endpoint in SAP; conventional parameters such as central 
venous pressure are not recommended as they are not pre-
dictive of fluid responsiveness, especially in IAH. Urinary 
output also has drawbacks as it is a typical early indicator 
of IAH, and further fluid loading as a response to oligu-
ria may aggravate rather than solve the problem. Dynamic 
indices such as stroke volume variation may be better 
tools,20 but they can also be affected by IAH, so judicious 
use of any parameter is advisable, and at all points, the 
requirement for fluids should be balanced against its side  
effects.

Treatment

The World Society of the Abdominal Compartment 
Syndrome recently updated the guidelines for managing 
IAH and ACS, which suggest a stepwise approach to 
decreasing IAP in patients (Figure 1).3 In the context of 
SAP, a number of specifically relevant interventions are 
discussed below. It is very important to realize that there are 
different nonsurgical strategies available, and although sur-
gical intervention remains a definite treatment modalities, 
it should be reserved for therapy-resistant ACS. 

Medical therapy is the first step for most patients, and 
when applied consistently, this will dramatically reduce 
the need for decompressive laparotomy. In any case, early 
and repeated IAP measurement is the first step towards 
recognition of the problem and therapy.

Table 1. Contributors to IAH and ACS in acute pancreatitis.

Intra-abdominal volume increase

Pancreatic and peripancreatic edema (often fueled by fluid 
resuscitation)
Ascites 
Ileus

Abdominal wall compliance decrease

Abdominal wall edema
Abdominal pain
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Nasogastric decompression
As ileus and gastroparesis are often present, reducing the 
intraluminal volume of the gastrointestinal tract is a logical 
first step. In case of gastric dilatation, nasogastric decom-
pression is easily performed and may have an important 
impact on IAP. The role of prokinetic drugs remains unclear.

Percutaneous drainage
Percutaneous drainage of ascites is a more useful, minimally 
invasive treatment option that can be done at the bedside 

under ultrasound guidance. In the largest study to date in 
AP, Sun et al. described a decrease in IAP from 29 to 14 
mmHg after draining a median of 1,800 mL of ascites.21 
Percutaneous drainage of retroperitoneal fluid collections 
or pseudocysts may also reduce IAP and improve organ 
function.22

Neuromuscular blockers
As in other conditions associated with IAH, improving 
abdominal wall compliance through neuromuscular blockers 

Figure 1. Medical management of IAH and ACS.3
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(NMBs) may be used.23 Although often used as a bridge to 
abdominal decompression, this may be continued for a short 
time (2-3 days) when necessary.

Fluid removal and hemofiltration
Small studies have focused on extracorporeal techniques to 
remove fluid overload. In a retrospective analysis Pupelis 
et al. found that hemofiltration was effective in removing 
fluid overload and reducing IAH, and was associated with 
improved outcomes.24 Also Oda et al. claimed improved 
outcomes after early hemofiltration to prevent IAH,25 but 
its exact role remains to be defined. Diuretics may be inef-
fective as patients often suffer from acute kidney injury 
with oligo- or anuria.

Surgical decompression and open abdomen therapy
Surgical decompression—usually through a full midline 
laparotomy—may be required in deteriorating patients 
with ACS who do not respond to medical therapy. 
Decompressive laparotomy is very effective in reducing 
the IAP in patients with ACS irrespective of the underly-
ing cause,26 and this has also been documented in SAP. 
The role of decompressive laparotomy remains controver-
sial, and many surgeons are reluctant to operate in patients 
with SAP early in the course of the disease as many stud-
ies have reported that early debridement is harmful. It is 
crucial that the pancreas is not touched during decompres-
sive laparotomy.

Alternatives to median laparotomy have been described 
for patients with SAP. Leppäniemi et al. introduced the 
subcutaneous linea alba fasciotomy through small skin 
incisions on the anterior abdominal wall.27 Although an 
effective approach for avoiding median laparotomy in 
many patients,28 the resulting giant hernia is definitely a 
downside of the technique. Fascial closure rates after open 
laparotomy are increasing because of improved tempo-
rary abdominal closure techniques. In the context of SAP, 
some surgeons may prefer a transverse incision to facilitate 
access to the pancreas later.29

The timing of surgical decompression is a particu-
larly interesting topic. In a series of patients treated with 
decompression in Finland, the authors reported a 100% 
mortality rate in those who were decompressed more than 
5 days after symptom onset.30 It should not be surprising 
that organ dysfunction-induced damage is irreversible in 
cases of prolonged exposure to high IAP. Still, the exact 
time frame within which decompressive laparotomy can be 
successful is difficult to determine. In an animal study, Ke 
et al. found that early intervention (as soon 6 hours after 
ACS) was more effective.31

The resulting open abdomen should be managed 
appropriately. Whereas this was once a surgeon’s night-
mare, negative pressure therapy has become the standard 
of care for the open abdomen, with the lowest compli-
cations and highest primary fascial closure rates.32 This 
method has also been effective in patients with SAP.33,34 
A mesh-based technique is most successful method in 
achieving early abdominal closure and can also be applied 
in SAP.34,35 

Conclusions

IAH and ACS are frequent findings in patients with SAP, 
and as in other settings, relevant contributors to organ dys-
function. IAP monitoring allows early detection of IAH and 
is recommended in all patients with severe disease. Fluid 
overload is an important risk factor for IAH and should 
be avoided. When IAH develops, percutaneous drainage 
of fluid collections is an effective strategy to reduce IAP, 
but other medical treatment options can be considered 
and should be used selectively. If medical therapy fails, 
decompressive laparotomy may be an appropriate option to 
reduce IAP and restore organ function. 
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Introduction

Despite important advances over the last several decades, 
postendoscopic retrograde cholangiopancreatography 
(ERCP) pancreatitis (PEP) remains the most frequent 
complication of ERCP, occurring in 2%-15% of cases, 
and accounting for substantial morbidity, occasional 
mortality, and increased healthcare expenditures.1,2 
Approximately 10% of those who develop PEP will fol-
low a severe clinical course that results in prolonged 
hospitalization and/or additional interventions, leading 
to significant patient suffering.1,2 It’s been estimated that 
>700,000 ERCPs are performed annually in the United 
States. Assuming a midrange post-ERCP pancreatitis rate 
of 5%, more than 35,000 cases of PEP occur in the U.S. 
each year; the average Medicare reimbursement for PEP 
is approximately $6,000, resulting in an estimated annual 
cost burden in excess of $200 million.3 Furthermore, PEP 
is a source of significant endoscopist stress and has been 
the most common reason for malpractice lawsuits relating 
to ERCP.4,5 Given the magnitude of this problem, preven-
tion of PEP remains a major clinical and research priority. 

Definition

PEP is most frequently diagnosed according to consensus 
criteria originally established in 1991: 1) new or increased 
abdominal pain that is clinically consistent with a syndrome 
of acute pancreatitis; 2) associated pancreatic enzyme 
elevation at least three times the upper limit of normal 24 
hours after the procedure; and 3) resultant hospitalization 
(or prolongation of existing hospitalization) of at least 2 
nights.2,6 This definition is straightforward and widely 
accepted but is primarily limited by its subjective nature. 
Specifically, the interpretation of post-ERCP pain and the 
decision to hospitalize a patient after the procedure—both 

central to the consensus diagnosis of PEP—are nonobjec-
tive and variable across practice styles and institutional 
policies. Indeed, practitioners with a lower threshold to 
hospitalize patients after ERCP may observe a higher rate 
of PEP, and vice versa. Thus, between-study and between-
center comparisons of PEP rates must be interpreted with 
caution, and blinding to treatment allocation is particularly 
important in PEP prevention trials. 

A proposed alternative to the consensus definition is 
the standard clinical definition of acute pancreatitis, which 
mandates the presence of two of the three following fea-
tures: 1) abdominal pain typical of acute pancreatitis, 2) at 
least a 3-fold elevation in serum amylase or lipase levels, 
and 3) evidence of pancreatitic inflammation on cross- 
sectional imaging.7 A prospective comparative study dem-
onstrated that the clinical definition is more sensitive than 
the consensus definition,8 however the clinical impact of 
this more sensitive diagnostic approach—which may only 
capture additional mild (self-limited) cases—is unclear. 
Further, the radiation exposure and costs of systematic 
computed tomography (CT) scanning are not justified in all 
patients with post-ERCP pain. 

Given the limitations of both definitions, additional 
research aiming to elucidate a practical and accurate diag-
nostic tool for PEP is of substantial importance. Ideally, this 
tool would be objective, applicable early in the course of 
disease, and reliably diagnose patients destined to develop 
a clinically important adverse course for whom hospitaliza-
tion (and other interventions) is likely to be beneficial. 

Pathophysiology

Our understanding of the mechanisms underlying PEP has 
evolved slowly and remains limited. As the only true human 
model for the study of acute pancreatitis, fully elucidating 
the pathophysiology of PEP is of substantial importance, 
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not only to guide the development of novel pharmacologic 
interventions, but also to expand our understanding of pan-
creatitis in general. It is hypothesized that PEP results from 
some combination of mechanical, thermal, chemical, aller-
gic, or infectious injury, and/or increased pancreatic duct 
(PD) hydrostatic pressure. This initial injury leads to pre-
mature intrapancreatic activation of trypsinogen,9 which 
incites the inflammatory cascade in patients with genetic or 
environmental predisposition. The relative contribution of 
each of these injurious factors remains unclear and is prob-
ably variable, but no single factor appears dominant. Thus, 
a multifactorial approach involving several complemen-
tary pharmacologic and mechanical prophylactic meas-
ures addressing different mechanisms of injury may be the 
most effective approach to PEP prevention. Alternatively, 
interventions that impact downstream inflammatory tar-
gets (e.g., zymogen activation or the early inflammatory 
cascade) or patient predisposition (e.g., microbiome) may 
prove most effective. A principal objective of an upcoming 
large-scale comparative effectiveness trial of indometha-
cin and prophylactic stent placement is to develop a robust 
repository of biological specimens from study participants 
to drive translational research elucidating the pathophysiol-
ogy of PEP and pancreatitis in general. 

Framework for a Comprehensive Approach to PEP 
Prevention

Since PEP is potentially preventable, a comprehensive 
approach to risk reduction should be employed by all 

who perform ERCP (Figure 1). Preventive strategies can 
be broadly divided into five areas: 1) appropriate patient 
selection, 2) risk stratification of patients undergoing 
ERCP and meaningful use of this information in clinical 
decision-making, 3) atraumatic and efficient procedural 
technique, 4) prophylactic pancreatic stent placement, and 
5) pharmacoprevention. 

All five strategy areas should be considered in every 
case, and the latter two implemented when appropriate. 

Patient Selection

Thoughtful patient selection prior to ERCP remains the 
most important strategy in reducing the incidence of PEP. 
Endoscopic ultrasound (EUS) and magnetic resonance 
cholangiopancreatography (MRCP) allow highly accurate 
pancreaticobiliary imaging while avoiding the significant 
risks of ERCP.10-12 Two large meta-analyses have demon-
strated that EUS is highly sensitive and specific in the detec-
tion of bile duct stones (sensitivity 89%-94%, specificity 
94%-95%).13,14 Similarly, MRCP has a sensitivity of 85% 
to 92% and a specificity of 93% to 97% for the same indi-
cation,12,15 although magnetic resonance imaging (MRI) 
appears less sensitive than EUS for stones <6 mm.16,17 
Additionally, EUS, MRI, and other noninvasive modalities 
such as radionucleotide-labeled scanning and percutaneous 
drain fluid analysis are very accurate in diagnosing a mul-
titude of other pancreaticobiliary processes (e.g., chronic 
pancreatitis, malignancy, and leaks), often obviating the 
need for ERCP.18-20

Figure 1. Framework for a comprehensive approach to post-ERCP pancreatitis prevention.
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Indeed, the utilization of ERCP as a diagnostic pro-
cedure has steadily declined in favor of less invasive but 
equally accurate alternative tests, and ERCP has appro-
priately become a near-exclusively therapeutic procedure 
reserved for patients with a high pretest probability of 
intervention.21,22 This trend is consistent with recent clini-
cal practice guidelines on the role of endoscopy in the eval-
uation of choledocholithiasis and the National Institutes 
of Health consensus statement on ERCP for diagnosis and 
therapy, both favoring less invasive tests over ERCP in the 
diagnosis of biliary disease.23,24 

An exception to the widespread practice of reserving 
ERCP for patients with a high likelihood of therapeutic 
intervention has been the evaluation of patients with sus-
pected sphincter of Oddi dysfunction (SOD), for which an 
accurate, less invasive alternative to ERCP-guided sphinc-
ter of Oddi manometry (SOM) remains elusive.25,26 Even 
when considering patients for SOM, thoughtful clinical 
judgment is necessary to select those who are most likely 
to benefit from the procedure. A recent multicenter rand-
omized trial (the EPISOD study) demonstrated that there 
appears to be no role for ERCP in patients with suspected 
SOD but no laboratory or radiographic abnormalities (pre-
viously known as type 3 SOD).27 Additional studies are 
necessary to determine whether diagnostic ERCP with 
SOM is truly beneficial in cases of suspected type 2 biliary 
or pancreatic SOD (recurrent unexplained pancreatitis). 
Pending such studies, many experts believe ERCP remains 
reasonable in such cases after careful assessment of the 
risk-benefit ratio and detailed informed consent. Another 
possible exception to the therapeutic ERCP trend may be 
the evaluation of biliary complications in liver transplant 
recipients, for whom a recent retrospective study suggested 
that diagnostic ERCP is a reasonable and efficient clinical 
approach in this patient population based on a high like-
lihood of therapeutic intervention and a very low rate of 
complications, in particular PEP.28

Recognizing Patients at Increased Risk for PEP

A substantial amount of research over the last two decades 
has contributed to our understanding of the independent 
risk factors for post-ERCP pancreatitis. These risk fac-
tors can be divided into patient- and procedure-related 
characteristics. The definite and probable patient-related 
risk factors that predispose to PEP are a clinical suspicion 
of sphincter of SOD (regardless of whether or not SOM 
is performed),2,29-34 a history of prior PEP,29,35-37 a history 
of recurrent pancreatitis,30 normal bilirubin,29,38 younger 
age,35,39-41 and female sex.29,30,41 The definite and probable 
procedure-related risk factors for PEP are difficult can-
nulation,2,29,37 pancreatic sphincterotomy,29,35 ampullec-
tomy,42,43 repeated or aggressive pancreatography,2,29,30,39 

and short-duration balloon dilation of an intact biliary 
sphincter.44-46 Two recent systematic reviews have affirmed 
that most of these factors are independently associated with 
PEP.47,48 Additional risk factors that have been implicated 
but are not concretely accepted as independent predictors of 
PEP are precut (access) sphincterotomy (see below),2,30,37 
PD wire passage (see below), biliary sphincterotomy, self-
expanding metal stent placement, nondilated bile duct, 
intraductal papillary mucinous neoplasm, and Billroth 2 
anatomy. 

Operator (endoscopist)-dependent characteristics have 
also been implicated in the risk of PEP. Endoscopist proce-
dure volume is suggested to be a risk factor for PEP, although 
multicenter studies have not confirmed this trend, presum-
ably because low-volume endoscopists tend to perform 
lower-risk cases.2,29,39,49 Nevertheless, potentially dangerous 
cases (based on either patient-related factors or anticipated 
high-risk interventions) are best referred to expert medical 
centers where a high-volume endoscopist with expertise in 
prophylactic pancreatic stent placement can perform the 
case, and where more experience with rescue from seri-
ous complications may improve clinical outcomes.50,51 
Similarly, trainee involvement in ERCP is a possible inde-
pendent risk factor for PEP, although results of existing mul-
tivariable analyses are conflicting.29,35 It stands to reason 
that inexperienced trainees may augment procedure-related 
risk factors (e.g., prolonging a difficult cannulation, deliv-
ering excess electrosurgical current during an inefficient 
pancreatic sphincterotomy, etc.). Therefore, an improved 
understanding of the process of ERCP training is necessary 
to minimize the contribution of trainee involvement to PEP 
development. Future research focused on defining ERCP 
training metrics and developing an evidence-based list of 
appropriate fellow cases based on stage of training and skill 
level is needed. Further, defining the optimal parameters 
that guide trainee-attending scope exchange during any par-
ticular case or intervention is necessary to maximize learn-
ing potential while minimizing patient risk.

Several additional points regarding clinical risk strati-
fication are worth considering. First, predictors of PEP 
appear synergistic in nature.29 For example, a widely 
referenced multicenter study by Freeman et al., predat-
ing prophylactic pancreatic stent placement, showed that 
a young female with a clinical suspicion of SOD, normal 
bilirubin, and a difficult cannulation has a risk of PEP in 
excess of 40%.29 Second, patients with a clinical suspi-
cion of SOD, particularly women, are not only at increased 
risk for PEP in general, but appear more likely to develop 
severe pancreatitis and death.2,29,52 When considering 
the risk-benefit ratio of ERCP in this patient population, 
the patient’s overall risk of PEP and their probability of 
experiencing a more dramatic clinical course should be 
considered and discussed. Additionally, several clinical 
characteristics are thought to significantly reduce PEP risk. 
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First, biliary interventions in patients with a pre-existing 
biliary sphincterotomy probably confer a very low risk of 
PEP. Prior sphincterotomy will have generally separated 
the biliary and pancreatic orifices, allowing avoidance 
of the pancreas, and making pancreatic sphincter or duct 
trauma unlikely. Further, patients with chronic pancreatitis, 
in particular those with calcific pancreatitis, are at low risk 
for PEP because of gland atrophy, fibrosis, and consequent 
decrease in exocrine enzymatic activity.29 Similarly, the 
progressive decline in pancreatic exocrine function associ-
ated with aging may protect older patients from pancreatic 
injury.53 Lastly, perhaps due to postobstructive parenchy-
mal atrophy, patients with pancreatic head malignancy also 
appear to be relatively protected.54

While understanding these aforementioned risk factors 
and incorporating them into clinical decision-making are 
important aspects of preventing PEP, additional research 
focused on developing more robust risk-stratification 
tools based upon existing literature and future multicenter 
studies is important. Such risk stratification instruments 
are unlikely to be developed using conventional statisti-
cal models (i.e., multivariable regression analysis), and 
may require the use of novel, more advanced prediction 
methods involving artificial intelligence, such as machine 
learning—a technique that has already been successfully 
utilized in both business and medicine.55 In addition, a 
more specific understanding of how these tools’ outputs 
should concretely direct clinical management is necessary.

Meaningful Use of Risk-Stratification Information

Armed with risk assessment information, clinicians can 
better inform patients about adverse events and tailor costly 
and potentially dangerous risk-reducing strategies. For 
example, prophylactic pancreatic stent placement and con-
sideration of postprocedure hospital observation are appro-
priate for a patient predicted to be at high risk for PEP, but 
they are not justified in low-risk cases.

Patient-related characteristics are not modifiable, but 
can be used (at least in part) to predict the risk of PEP 
prior to ERCP, allowing appropriate case selection and  
a meaningful discussion with the patient regarding the pro-
cedure’s risk-benefit ratio. For example, a young female 
with suspected biliary SOD but moderate symptoms that 
are partially responsive to pain-modulating therapy may 
elect to forgo ERCP after understanding her elevated risk 
of severe PEP. Procedural risk factors may occasionally 
be modified during the case (see below), but in combina-
tion with patient-related factors, they allow global assess-
ment of a patient’s overall risk profile, guiding clinical  
management. Indeed, the ability to risk-stratify patients can 
concretely influence the decision-making process that sur-
rounds 1) proceeding with ERCP, 2) referral to a tertiary 

center, 3) fluid resuscitation, 4) prophylactic stent place-
ment, 5) pharmacoprevention, and 6) postprocedural hos-
pital observation.

Procedure Technique

Efficient and atraumatic technical practices during ERCP 
are central to minimizing the risk of pancreatitis. Many of 
the procedure-related risk factors listed above, while predis-
posing to PEP, are mandatory elements of a successful case. 
Even though these high-risk interventions are unavoidable 
for execution of the clinical objective, certain strategies can 
be utilized to minimize procedure-related risk. 

As mentioned, difficult cannulation and PD injection 
are independent risk factors for PEP. As such, interven-
tions that improve cannulation efficiency and limit contrast 
injection into the pancreas are likely to decrease the risk 
of pancreatitis. Guidewire-assisted cannulation accom-
plishes both, representing a major paradigm shift in ERCP 
practice. Unlike conventional contrast-assisted cannula-
tion, which may lead to inadvertent injection of the PD or 
contribute to papillary edema, guidewire-assisted cannu-
lation employs a small-diameter wire with a hydrophilic 
tip that is initially advanced into the duct, subsequently 
guiding passage of the catheter. Because the wire is thin-
ner and more maneuverable than the cannula, it is easier  
to advance across a potentially narrow and off-angle ori-
fice. Moreover, this process limits the likelihood of an 
inadvertent pancreatic or intramural papillary injection. A 
recent Cochrane Collaboration meta-analysis that included 
12 randomized controlled trials (RCTs) involving 3,450 
subjects confirmed that guidewire-assisted cannulation 
reduces the risk of PEP by approximately 50% (relative risk 
[RR] 0.51, 95% confidence interval [CI] 0.32 to 0.82).56 
A more recent prospective cohort study and RCT revealed 
no difference in PEP between the contrast and guidewire-
assisted groups.57,58 However the results of these studies 
have been questioned for a multitude of reasons, including 
small sample sizes and selection bias. 

When initial cannulation attempts are unsuccessful, 
alternative techniques to facilitate biliary access include 
precut sphincterotomy, needle-knife fistulotomy, transpan-
creatic septomotomy, double-wire cannulation, and wire 
cannulation alongside a pancreatic stent.59,60 While these 
techniques can be immensely helpful in gaining biliary 
access during challenging cases, some have been impli-
cated as procedure-related risk factors for PEP. In many 
cases, however, the risk of PEP is actually driven by the pre-
ceding prolonged cannulation time that leads to increasing 
papillary trauma/edema. Therefore, implementing alternate 
cannulation techniques early in the case and in rapid succes-
sion is an important aspect of reducing PEP. This principle 
is best demonstrated by a meta-analysis of six randomized 
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trials which showed that early precut sphincterotomy sig-
nificantly reduced the risk of PEP compared to repeated 
standard cannulation attempts (2.5% vs. 5.3%, odds ratio 
[OR] 0.47).61 Additional observational and randomized 
data have also suggested that precut sphincterotomy, espe-
cially if successful, is not an independent risk factor for 
PEP.62-64 Further studies are needed to help define the exact 
point at which the risk-benefit ratio favors precut sphinc-
terotomy over repeated cannulation attempts, although the 
natural tendency to continue standard cannulation attempts 
beyond 5-10 minutes should be controlled, and alternative 
strategies should be attempted early in a difficult case. 

The double wire technique is a common second-
line approach when initial cannulation attempts result in 
repeated unintentional passage of the wire into the pan-
creas. The wire can be left in the PD thereby straightening 
the common channel and partially occluding the pancreatic 
orifice, allowing subsequent biliary cannulation alongside 
the existing pancreatic wire. The double wire technique has 
been shown to improve cannulation success compared to 
standard methods,65 although some data suggest a higher 
incidence of PEP when a wire is passed into the PD.66-68 
Furthermore, a recent RCT of difficult cannulation cases 
requiring double wire technique demonstrated that pro-
phylactic pancreatic stent placement reduced the incidence 
of PEP in this patient population.69 On this basis, some 
experts believe that a prophylactic pancreatic stent should 
be placed in all patients requiring double wire cannulation 
or when the wire inadvertently passes more than once into 
the pancreas. Others, including the author, believe that 
wire placement in the pancreas does not independently 
predispose to PEP, and that pancreatitis in this context is 
generally related to the preceding difficult cannulation. 
If the double wire technique is employed early in a low-
risk patient (within 2-3 cannulation attempts), and the wire 
advances seamlessly into the PD in a typical pancreatic tra-
jectory, pancreatic stent placement may not be necessary, 
particularly if rectal indomethacin is administered.

Other technical strategies that reduce the risk of PEP 
include limiting PD injection frequency and vigor, perform-
ing SOM using the aspiration technique,70 and avoiding 
short-duration balloon dilation of an intact sphincter, espe-
cially without prophylactic pancreatic stent placement.71 In 
coagulopathic patients with choledocholithiasis and native 
papillae, balloon dilation can be avoided by providing real-
time decompression with an endobiliary stent and repeat-
ing the ERCP with sphincterotomy and stone extraction 
when coagulation parameters have been restored. If this 
is not possible, and balloon dilation is mandatory, longer 
duration dilation (2-5 minutes) appears to result in lower 
rates of pancreatitis compared with 1-minute dilation.71 Of 
note, is that balloon dilation after biliary sphincterotomy to 
facilitate large stone extraction does not appear to increase 
the risk of PEP.72,73

Procedure Equipment

Recent advances in ERCP equipment have increased tech-
nical success rates but have unfortunately not reduced the 
risk of post-ERCP pancreatitis.74 In particular, the use of 
a sphincterotome has been shown to improve cannulation 
success compared with a standard cannula, but it does not 
result in lower PEP rates.75 Similarly, comparative effec-
tiveness studies evaluating sphincterotomes of various 
diameters have shown no difference in the risk of PEP.76,77 
There are no comparative effectiveness data evaluating the 
effect of various guidewires on pancreatitis risk.78

Along these same lines, the type of contrast medium 
used during pancreatography does not appear to affect the 
incidence of PEP,79 and it remains unclear (but unlikely) 
that the now commonly used microprocessor controlled 
electrosurgical generators offer any protection over the pre-
viously popular pure-cut current for thermal injury-induced 
pancreatitis.80 

Overall, it appears that equipment has little to no impact 
on post-ERCP pancreatitis. Therefore practitioners should 
use the devices with which they are most comfortable for 
any particular indication to maximize technical success and 
efficiency, the latter of which is likely inversely related to 
PEP risk.

Prophylactic Pancreatic Stent Placement

One of many proposed mechanisms of PEP implicates 
impaired PD drainage caused by trauma-induced edema of 
the papilla. Pancreatic stent placement (PSP) is therefore 
thought to reduce the risk of PEP by relieving PD hyperten-
sion that develops as a result of transient procedure-induced 
stenosis of the pancreatic orifice. Twelve published RCTs 
and as at least as many nonrandomized trials have consist-
ently demonstrated that PSP reduces the risk of PEP by 
approximately 60%.81,82 Equally importantly, prophylactic 
pancreatic stents appear to profoundly reduce the likeli-
hood of severe and necrotizing pancreatitis.81,82

It is important to keep in mind that the demonstrated 
benefits of PSP must be weighed against several poten-
tial disadvantages. First, attempting to place a PD stent 
with subsequent failure actually increases the risk of PEP 
above baseline by inducing injury to the pancreatic ori-
fice but providing no subsequent ductal decompression.83 
Second, significant nonpancreatitis complications induced 
by PSP, such as stent migration and duct perforation, occur 
in ~4% of cases.81 Further, prolonged stent retention may 
induce ductal changes that resemble chronic pancreatitis,84 
although the long term clinical relevance of these changes 
remains unclear. Finally, PSP is associated with some 
patient inconvenience and increased costs by mandating 
follow-up abdominal radiography to ensure spontaneous 
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passage of the stent and additional upper endoscopy to 
retrieve retained stents in 5%-10% of cases.85,86

Despite these considerations, PSP is widely regarded as 
an effective means of preventing PEP, is commonly used 
in academic medical centers in the United States,87 and is 
recommended by the European Society of Gastrointestinal 
Endoscopy.42 In light of the aforementioned concerns and 
the associated costs, PSP should be reserved for high-risk 
cases.42,88 Based on the known independent patient and 
procedure-related risk factors for PEP, experts have sug-
gested that the following cases are appropriate for pro-
phylactic PD stent placement: 1) clinical suspicion of 
SOD (whether or not manometry or therapeutic interven-
tion performed), 2) prior PEP, 3) difficult cannulation, 4) 
precut (access) sphincterotomy, 5) pancreatic sphincter-
otomy (major or minor papilla), 6) endoscopic ampullec-
tomy, 7) aggressive instrumentation or injection of the PD, 
and 8) balloon dilation of an intact biliary sphincter.87,89 
Furthermore, preliminary studies have suggested that “sal-
vage” PSP may be beneficial early in the course of PEP 
for patients who did not originally receive a stent or in the 
case of early stent dislodgement.90,91 Additional studies that 
include a control group are necessary to fully evaluate PSP 
for this indication.

Several questions surrounding PSP remain. First, the 
true magnitude of benefit of PSP remains unclear as none of 
the RCTs evaluating this intervention were blinded. Studies 
without treatment allocation blinding are often biased in 
favor of the intervention and exaggerate perceived effects. 
Second, there is limited consensus regarding the opti-
mal stent length and caliber.87 An early study suggested 
improved outcomes with 3- or 4-French stents,92 while a 
subsequent trial showed no difference in PEP rates but a 
higher insertion success rate with 5-Fr stents,86 and a recent 
network meta-analysis comprising the broader prophylaxis 
literature suggests that 5-Fr stents are most effective.93 
Similarly, there is little consensus regarding optimal stent 
length. Most experts agree that the intrapancreatic tip of 
the stent should not rest at the pancreatic genu or in a side 
branch,89 however whether short stents (ending in the pan-
creatic head) or longer stents (ending in the body or tail) 
are preferable is unknown, and comparative effectiveness 
studies in this area are needed. 

Finally, the acceptable amount of time that can be 
spent on the insertion process in cases of difficult pancre-
atic access is unknown. While the merits of PSP have been 
clearly presented above, if achieving pancreatic access 
proves difficult, there is presumably a point of diminish-
ing returns when the risk of additional attempts outweighs 
the benefit of stent placement, especially if insertion even-
tually proves unsuccessful. Future clinical studies are 
unlikely to answer this question in a methodologically rig-
orous fashion; therefore, endoscopists should be aware of 
this important clinical balance and use their best judgment 

regarding the acceptable duration of time for stent inser-
tion. One potential approach to circumvent this problem in 
cases of anticipated stent placement (e.g., ampullectomy 
or SOD cases) is to place and maintain a guidewire in the 
PD early in the case to guarantee access later on, avoiding 
the occasional phenomenon of failing to identify the pan-
creatic orifice due to the anatomic distortion that develops 
as a consequence of trauma, edema, or bleeding. Another 
approach is to place the prophylactic pancreatic stent prior 
to therapeutic intervention. 

Pharmacoprevention

Pharmacoprevention for PEP has been a major research 
priority in the last three decades. Since 1977, nearly 100 
RCTs have evaluated over 35 pharmacologic agents, with 
largely disappointing results. Unfortunately, clinical trials 
in this area have suffered from inadequate sample sizes; 
low methodological quality; and negative, conflicting, or 
inconclusive results. Moreover, the pessimism surrounding 
PEP pharmacoprevention had been amplified by prior posi-
tive meta-analyses of agents that were subsequently dis-
proved by further clinical investigation.94,95 Until recently, 
no medication for the prevention of PEP had been adopted 
into widespread clinical use.

Nonsteroidal anti-inflammatory drugs
In the last decade, research focusing on rectal nonsteroidal 
anti-inflammatory drugs (NSAIDs) has provided renewed 
hope for pharmacoprevention. Four studies evaluating 
the protective effects of single-dose rectal indometha-
cin or diclofenac were reported between 2003 and 2008 
and demonstrated conflicting, but generally encouraging 
results.96-99 A meta-analysis of these RCTs, involving 912 
patients, demonstrated a robust 64% reduction in PEP asso-
ciated with rectal NSAIDs (RR 0.36, 95% CI 0.22 to 0.60) 
and no increase in associated adverse events.100 

Despite this meta-analysis, however, NSAIDs were 
seldom used in clinical practice due to the absence of con-
clusive RCT evidence.101 Moreover, it remained unclear 
whether NSAIDs provide incremental benefit over tempo-
rary pancreatic stent placement in high-risk cases. A large-
scale, multicenter, methodologically rigorous RCT was 
conducted to definitively evaluate the efficacy of prophy-
lactic rectal indomethacin for preventing PEP in high-risk 
cases.102 In this study, rectal indomethacin was associated 
with a 7.7% absolute risk reduction (number needed to 
treat = 13) and a 46% RR reduction in PEP (P = 0.005). 
Additional RCTs of low-dose rectal diclofenac,103 the com-
bination of rectal diclofenac plus infusion somatostatin,104 
and the combination of indomethacin plus sublingual nitro-
glycerin105 also demonstrated benefit. To date, eight RCTs 
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of rectal NSAIDs have been published, and recent meta-
analyses have refined our estimates of effectiveness.106,107 
On the basis of these data, 100 mg rectal indomethacin or 
diclofenac can be recommended immediately before or 
after ERCP in all high-risk cases. 

Controversy remains within the advanced endoscopy 
community regarding the role of NSAIDs in low-risk cases. 
The aforementioned large-scale RCT, which represents 
the most definitive study of rectal NSAIDs to date, only 
enrolled subjects at elevated risk for pancreatitis, leading 
to the perception that these medications may only be effec-
tive in high-risk cases. A post hoc analysis of this RCT, 
however, demonstrated that the benefit associated with 
indomethacin was consistent across the entire spectrum of 
enrolled subjects’ PEP risk. In other words, among study 
subjects, those at mildly elevated risk (e.g., difficult cannu-
lation) derived similar benefit to those at more substantially 
elevated risk (e.g., suspicion of SOD and pancreatic sphinc-
terotomy), suggesting that indomethacin’s RR reduction 
may be equivalent in all risk groups, including average risk 
cases (unpublished data). This observation is corroborated 
by data from other published RCTs, which have demon-
strated that rectal NSAIDs are effective in both high- and 
average-risk cases.106,107 In light of the very low cost of a 
single NSAID dose, its highly favorable safety profile, and 
the above-mentioned data supporting its efficacy in low-
risk cases, it is reasonable to consider these medications 
in all patients undergoing ERCP. The European Society of 
Gastrointestinal Endoscopy recommends rectal indometh-
acin or diclofenac for all patients undergoing ERCP as a 
grade A recommendation.108 

RCTs evaluating NSAIDs administered via nonrec-
tal routes have demonstrated a lack of efficacy in pre-
venting PEP. Specifically, single RCTs of intravascular 
valdecoxib,109 oral diclofenac,110 and intramuscular 
diclofenac111 have all yielded negative results. Even though 
these studies were underpowered and prone to type II sta-
tistical error, there are no existing data to support admin-
istration of prophylactic NSAIDs via any nonrectal route. 
Practitioners may be tempted to administer intravenous 
NSAIDs because of their widespread availability on anes-
thesia carts, their relative ease of delivery compared to sup-
pository insertion, and the perception that their efficacy 
is a class effect. Endoscopists, however, should resist this 
temptation because of the above-mentioned data suggest-
ing that intravenous NSAIDs are not effective, as well as 
the absence of proof of a class effect. Indeed, indomethacin 
and diclofenac are postulated to be specifically effective 
because they are particularly potent inhibitors of phospho-
lipase A2 compared to other NSAIDs. 

Available data indicate that rectal NSAIDs are effec-
tive in addition to PSP in high-risk cases, but to date, there 
are no clinical trial data examining whether indomethacin 
is effective when administered instead of PSP. Since PSP 

is technically challenging, potentially dangerous, time con-
suming, and costly,85,112-114 major clinical and cost benefits 
in ERCP practice could be realized if rectal NSAIDs were 
to obviate the need for pancreatic stent placement. A post 
hoc, hypothesis-generating analysis of the aforementioned 
indomethacin RCT suggested that subjects who received 
indomethacin alone were less likely to develop PEP than 
those who received a pancreatic stent alone or the combi-
nation of indomethacin and stent, even after adjusting for 
imbalances in PEP risk between groups.115 Additionally, 
a recent network meta-analysis comparing the data sup-
porting PSP with those supporting prophylactic NSAIDs 
suggested that the combination of NSAIDs and PSP is not 
superior to rectal NSAIDs alone.116 Confirmatory research 
focusing on whether PSP remains necessary in the era of 
indomethacin prophylaxis is critical. To this end, a mul-
ticenter randomized noninferiority trial comparing rectal 
indomethacin alone versus the combination of indometha-
cin and prophylactic stent placement is in its final plan-
ning phase, should begin enrolling subjects late 2015, and 
will hopefully provide concrete guidance for this critical 
management issue. Until the results of this trial are avail-
able, however, the combination of rectal indomethacin and 
prophylactic stent placement should remain the standard 
approach to preventing PEP in high-risk patients. 

Other agents
A recent systematic review of PEP pharmacoprevention 
aiming to provide an evidence-based research roadmap in 
this area identified bolus-administration somatostatin, sub-
lingual nitroglycerin, and nafamostat as promising agents 
for which there is a high priority of additional confirma-
tory research. Topical epinephrine, aggressive intravenous 
administration of lactated Ringer’s solution, gabexate, 
ulinastatin, secretin, and antibiotics were identified as 
warranting exploratory research to justify a confirmatory 
RCT.117 

Somatostatin
Somatostatin is a potent inhibitor of pancreatic exo-
crine function and may therefore prevent or mitigate the 
pathophysiologic processes that lead to pancreatic inflam-
mation. Six of the 12 RCTs comparing somatostatin to 
placebo have yielded positive results. Benefit has been 
demonstrated more consistently with bolus administration  
(4/6 published studies positive) than infusion (3/8 pub-
lished studies positive). All four published meta-analyses 
have suggested benefit associated with somatostatin, espe-
cially when delivered as a bolus, with a number needed 
to treat of approximately 12.94,118-120 An RCT of somato-
statin in combination with diclofenac also demonstrated 
benefit.104 Given these inconclusive but promising results, 
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a high-quality confirmatory RCT of bolus somatostatin 
(the most practical and likely cost-effective approach) is 
necessary. 

Nitroglycerin
Nitroglycerin is a smooth muscle relaxant that may lower 
sphincter of Oddi (SO) pressure and increase pancreatic 
parenchymal blood flow.121 Seven placebo-controlled 
RCTs have examined the effect of nitroglycerin on PEP. 
Three of these studies demonstrated a significant reduc-
tion in PEP,122-124 while the remaining four showed no 
benefit.125-128 The two RCTs that used sublingual adminis-
tration yielded positive results.122,124 However, these results 
have been questioned because neither study defined pan-
creatitis according to the consensus definition,6 which may 
have contributed to the higher than expected event rates 
(18% and 25%).122,124 Transdermal administration of nitro-
glycerin has yielded conflicting results, with three RCTs 
showing no benefit,125-127 and one achieving a positive out-
come.123 One RCT evaluating the role of intravenous nitro-
glycerin in preventing PEP in moderate- to high-risk cases 
was prematurely terminated because of an interim analysis 
suggesting futility and a concerning frequency of adverse 
hemodynamic events.128 Five meta-analyses have demon-
strated an approximately 30%-40% reduction in risk asso-
ciated with the use of nitroglycerin in PEP prevention.129-133 
Since nitroglycerin is postulated to work by reducing SO 
pressure, it is unclear whether it would provide incremental 
benefit over pancreatic stent placement. Nevertheless, sub-
lingual nitroglycerin may have a role in lower-risk cases, 
in resource-limited environments, or in place of pancre-
atic stent insertion. A recent small comparative effective-
ness RCT demonstrated that the combination of sublingual 
nitroglycerin plus rectal indomethacin was more effective 
than indomethacin alone in a study sample that largely did 
not receive pancreatic stents.105 Another methodologically 
rigorous large-scale multicenter RCT is warranted to con-
firm the effectiveness of combined sublingual nitroglycerin 
and rectal indomethacin in the appropriate patient popula-
tion (high-risk cases in environments where stenting is not 
widely available). In the interim, sublingual nitroglycerin 
may be reasonable to consider in patients with a NSAID 
allergies or as an adjunct to rectal NSAIDs in high-risk 
cases that do not receive a prophylactic pancreatic stent. 

Nafamostat mesylate
Nafamostat mesylate is a low molecular weight protease 
inhibitor that inhibits trypsin, a proteolytic enzyme consid-
ered to play an initial role in the pathogenesis of pancrea-
titis. It has a half-life 20-times longer and a potency 10 to 
100-times greater than gabexate mesylate, another protease 
inhibitor that has been the focus of much prior research and 

has been utilized in clinical practice in parts of the world.108 
Three RCTs have identified a significant reduction in 
PEP associated with nafamostat: Yoo et al. 2011, n = 266  
(2.8% vs. 9.1% in the nafamostat group vs. control group, 
P = 0.03),134 Choi et al. 2009, n = 704 (3.3% vs. 7.4% in 
the nafamostat vs. group control, P = .018),135 and Park 
et al. n = 608 (three arms: 13.0% in control group vs. 4.0% 
in 20 mg nafamostat group vs. 5.1% in 50 mg nafamo-
stat group, P < 0.0001).136 A recent meta-analysis dem-
onstrated an approximately 60% benefit associated with 
nafamostat (RR = 0.41; 95% CI 0.28-0.59).137 Major con-
cerns related to the use of nafamostat are its high cost, 
need for a prolonged intravenous infusion (7-25 hours), 
and apparent absence of benefit in high-risk cases. In light 
of these potentially prohibitive disadvantages, statistical 
modeling analyses are necessary to determine whether 
a confirmatory RCT could show a magnitude of ben-
efit large enough to justify use of nafamostat in clinical  
practice. 

Epinephrine
Epinephrine sprayed directly upon the papilla at the time 
of ERCP has been postulated to prevent PEP through direct 
relaxation of the SO and reduction of papillary edema by 
decreasing capillary permeability.138 Two RCTs have been 
conducted to evaluate the effect of topical epinephrine 
application on the papilla. In the study by Matsushita et al., 
patients were randomized to 10 mL of either 0.02% epi-
nephrine or saline sprayed on the papilla after diagnostic 
ERCP.139 PEP occurred in 4 of 185 subjects in the control 
group compared to 0 of 185 subjects in the epinephrine 
group; however, this difference did not reach statistical sig-
nificance (P = 0.12). In a subsequent study by Hua et al., 
a total of 941 subjects undergoing diagnostic ERCP were 
randomized to 20 mL 0.02% epinephrine or saline sprayed 
upon the papilla after ERCP.140 The incidence of pan-
creatitis was higher in the control group (31/480, 6.45%) 
than in the epinephrine group (9/461, 1.95%) (P = 0.009). 
Limitations of this study include the exclusion of all “thera-
peutic” ERCP and the atypical definition of PEP (elevated 
serum amylase levels associated with at least two clinical 
symptoms 6-24 hours after ERCP), reducing the external 
validity of the results in this era of high-quality diagnostic 
pancreaticobiliary imaging. Because it works primarily by 
SO relaxation, the impact of topical epinephrine in addi-
tion to pancreatic stent placement is unclear, but this agent 
may be effective as a “surrogate” stent, or in situations 
that do not warrant prophylactic stent placement. Given 
topical epinephrines potential benefit, safety, low cost, and 
widespread availability, a large-scale confirmatory RCT 
in the appropriate patient population (high-risk therapeu-
tic ERCP, limited availability of pancreatic stents) may be 
warranted.141
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Aggressive intravenous fluid
Mechanistically, aggressive intravenous fluid (IVF) hydra-
tion with lactated Ringer’s solution, which attenuates the 
acidosis that appears to promote zymogen activation and 
pancreatic inflammation, may be an effective intervention 
for PEP by favorably affecting physiologic (pH) and micro-
anatomic (pancreatic parenchymal perfusion) parameters. 
Recently, two observational studies and a pilot RCT have 
suggested the potential benefit of IVF in reducing PEP 
incidence and severity.142-144 This RCT had a very small 
sample size, defined PEP atypically (abdominal pain and 
pancreatic enzyme elevation 2 or 8 hours after ERCP; no 
hospitalization requirement), and administered IVF over 
8-10 hours, a schedule that is likely unrealistic in the U.S.

Because IVF administration can be dangerous in older 
persons or those with sodium retaining states, and the fact 
that the volume of infusion at which the risk-benefit ratio 
of IVF is optimized remains unknown, additional research 
is necessary to establish an evidence-based approach. Since 
data supporting its use in non-ERCP pancreatitis are robust 
and many practitioners already administer IVF for PEP 
prevention, large-scale RCTs may be warranted despite the 
absence of robust preliminary PEP data. 

Future Directions

Despite the approaches outlined above, up to 15% of high-
risk patients will still develop PEP. Appropriate patient 
selection, sound procedural technique, NSAIDs, and pan-
creatic stents have been effective in improving the problem; 
however, additional research in multiple areas is necessary 
to achieve the goal of eliminating PEP. To this end there 
are at least 13 active registered pharmacoprevention RCTs 
evaluating topical epinephrine, hemin, magnesium, antibi-
otics, NSAIDs, and aggressive IVF hydration, among oth-
ers. There are also ongoing comparative effectiveness trials 
assessing the optimal timing and dose of rectal NSAIDs. As 
mentioned, an RCT comparing rectal indomethacin alone 
versus indomethacin + PSP is in the final planning phase. 
These and future studies should aim to improve the qual-
ity of PEP prevention research, embracing adequate sample 
sizes, strict patient follow-up, adherence to the intention-
to-treat principle, blinding (especially in prophylactic 
stent trials), strict use of the consensus definition (until 
more accurate diagnostic criteria or tests are validated), 
and involvement of a data and safety monitoring board to 
ensure methodologic rigor and study data integrity. 
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Introduction

The onset of acute pancreatitis (AP) involves the early 
activation of digestive enzymes followed by a systemic 
inflammatory response mediated by cytokines. Treatment 
depends on the degree of severity.1

Even though nutritional deficits are common in AP, 
nutritional therapy—orally or by tube feeding—was long 
believed to have a negative effect on the outcome of the 
disease due to assumed stimulation of exocrine pancreatic 
secretion and consequent worsening of the autodigestive 
processes within the pancreas.2 The goal of fasting as a tra-
ditional AP therapy was to “put the pancreas at rest.” Much 
of this belief is derived from physiological studies and is 
not supported by evidence from prospective clinical trials.

Meta-analyses of clinical trials has revealed that enteral 
nutrition in AP is superior to parenteral nutrition in terms 
of associated complications and cost. For enteral nutrition 
there is a benefit in terms of risk reduction of infectious 
complication and mortality.3-7 Meta-analyses demonstrate 
significantly lower mortality rates in AP when enteral 
nutrition was started within 24 h of admission compared 
with between 24 and 72 h,8 a finding somewhat disputed 
by a recently completed Dutch study that found no benefit 
of early refeeding.9

In mild AP, traditional treatment still includes ini-
tial fasting for 2 or 3 days. From this time forward, oral 
nutrition is gradually increased from clear liquids to soft 
solids, and hospital discharge is planned on the basis of 
the patient’s tolerance to solid food.10 Studies on optimal 
 timing and oral refeeding diet in AP are still rare.

When to start oral refeeding

Patients with mild AP normally do not have an elevated 
nutrient or energy requirement.2 In those patients, enteral 
nutrition is unnecessary if the patient can consume normal 

food orally after 5-7 days. Enteral nutrition within 5-7 days 
has no beneficial effect on the disease course and is there-
fore not recommended.2

For mild and severe AP, the ESPEN Guidelines on 
Enteral Nutrition recommend that oral feeding (normal food 
and/or nutritional supplements) can be actively attempted 
once gastric outlet obstruction has resolved, given that it 
does not result in pain and complications are under control. 
Tube feeding can therefore be gradually reduced as oral 
intake improves.2

Different approaches in timing of the normal oral food 
intake after AP have been investigated in clinical studies. 
The prospective study by Lévy et al. showed that patients 
can be fed orally after a short period of starvation if pain 
ceased and amylase and lipase values are decreasing.11 Pain 
relapse after oral refeeding occurred in 21% of patients on 
the first and second refeeding days.12 A threefold higher 
than the upper limit of normal lipase level and a higher 
Balthazar computed tomography score at refeeding onset 
were identified as risk factors for pain relapse.11,13

Teich et al. investigated the optimal timing of oral 
refeeding in mild AP.10 They compared a self-selected 
group in whom the patients were allowed to restart eating 
as they chose and a lipase-directed group in whom patients 
were not allowed to eat until lipase had fallen below 
a value twofold the upper limit of the reference range. They 
showed that the self-selected group was not superior to the 
lipase-directed group but also generated no additional risk 
in comparison with traditional fasting. They also showed 
a trend towards a shorter length of hospital stay in the self-
selected refeeding group and no exacerbation of pain or 
higher relapse rates.10

The study by Li and colleagues similarly analyzed two 
groups of mild AP.8 One started eating as soon as they 
felt hungry and the second started eating when they ful-
filled the following criteria: 1) absence of abdominal pain,  
2) decrease of serum amylase and lipase to less than 
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twofold the upper limit of the reference range, 3) normal 
bowel sounds, and 4) subjective feeling of hunger. There 
were no differences in abdominal pain relapse, transitional 
abdominal distension, serum amylase or lipase activities 
higher than the upper limit of normal, or hyperglycemia 
after oral refeeding between these groups.8 This study pro-
vides evidence that the best time to restart oral refeeding 
is when the patient feels hungry; this approach is safe and 
shortens the length of hospital stay. It is not necessary to 
delay oral refeeding until abdominal pain has resolved or 
serum pancreatic enzymes have normalized. 

The same question was investigated in patients with 
moderate and severe AP, which often cause complications 
and lead to high catabolic, hypermetabolic, and hyperdy-
namic stress with higher morbidity and mortality. Optimal 
nutritional support has become a key element in the treat-
ment of these patients. Data on the reinitiating of oral feed-
ing in moderate or severe AP are mostly lacking. Li et al. 
showed equivalent results for refeeding on the basis of 
hunger for moderate and severe AP.8 Zhao et al. showed 
that refeeding based on the patient feeling hunger is safe. 
Although it increases the risk of hyperglycemia, which 
could be minimized by a strict glucose-control protocol, 
there were no differences between the two groups in terms 
of abdominal pain, relapse of abdominal distension, organ 
failure, or occurrence of local or systemic complications 
before hospital discharge.14

Eckerwall et al. performed a clinical randomized study 
and demonstrated the efficacy and feasibility of immediate 
oral feeding ad libitum as compared to traditional fasting 
and stepwise reintroduction of oral intake in patients with 
mild AP.15 They showed that patients with immediate oral 
feeding started earlier with solid food and needed fewer 
days of intravenous fluids. There were no signs of exac-
erbation of the disease process, increased abdominal pain, 
or the number of gastrointestinal symptoms as a result of 
immediate oral feeding. They also showed an association 
with a significant decrease in length of hospital stay from 
6 to 4 days compared to the fasting group.15

Lariño-Noia et al. likewise found that early refeed-
ing, as soon as bowel sounds were present, decreased the 
length of hospital stay by 2 days compared with a standard 
 refeeding protocol.16

Type of oral nutrition formulation

In a typical oral refeeding protocol, the diet is gradually rein-
troduced, starting with small amounts of clear liquids for the 
first 24 h. If tolerated, the diet is stepwise changed to a soft,  
low-fat regime followed by a solid diet. Hospital discharge 
is then contingent on tolerance of a low-fat, solid diet.17

Jacobson et al. investigated the initiation of oral nutri-
tion within 3 days of hospitalization with a clear liquid diet 
(588kcal, 2g fat) or a low-fat, solid diet (1,200kcal, 35g fat) 

in patients after mild AP. They found no significant differ-
ence in the proportions of patients failing to tolerate oral 
refeeding, suggesting that both practices are safe.18

Standard refeeding with a stepwise increasing caloric 
intake is not needed as shown by Lariño-Noia et al.16 Early 
refeeding using a low-fat 1,800 kcal diet from the first day 
bowel sounds were present was demonstrated to be well 
tolerated and safe. Gastrointestinal complaints were regis-
tered with no significant difference to the standard refeeding 
group.16 Similar results were found between a hypocaloric 
clear liquid diet, an intermediate hypocaloric soft diet, and 
a full solid diet in patients with mild AP. There were no 
 differences in pain relapse or length of hospital stay.19,20

Based on existing evidence, the German Society for 
Nutritional Medicine in Cooperation with the Society for 
Clinical Nutrition of Switzerland, the Austrian Consortium 
for Clinical Nutrition and the German Society for 
Gastroenterology recommend in their S3-guideline that 
depending on the clinical course, nutrition can be changed to 
a light full diet.21 There is no special need for a stepwise pro-
gression to a normal full diet. An indication of clinical rele-
vant malabsorption during the course of severe AP can result 
in pancreatic enzyme substitution.21 Oral refeeding with a 
diet rich in carbohydrates and protein and low in fat (<30% 
of total energy intake) is recommended, but no clinical trials 
have shown it to be superior to other food compositions. If 
the diet is well tolerated, oral nutrition can be continuously 
increased, and special products are not needed.2

Enzyme supplementation in early oral refeeding

Pancreatic exocrine insufficiency is a relevant problem 
after AP. Exocrine insufficiency severity is directly related 
to disease severity.22-25 Even in patients with mild AP, exo-
crine function is impaired in the early course after an acute 
attack but recovers in the majority of patients.23 Some of 
these patients experience abdominal symptoms during oral 
refeeding (i.e., flatulence, diarrhea, and pain). This may be 
due to pancreatic exocrine insufficiency when refeeding 
starts.26 The effect of early supplementation of pancreatic 
enzymes during the refeeding period after AP was evalu-
ated by Kahl et al.26 They showed a trend towards a faster 
recovery from exocrine pancreatic insufficiency under 
enzyme supplementation versus placebo (14 vs. 23 days, 
P=0.641) and no relevant differences in safety or tolerabil-
ity. Airey et al. also showed a significant improvement in 
exocrine pancreatic function after 5 days of refeeding with 
pancreatic enzyme supplementation.27

Conclusion

A small number of studies have been conducted in order to 
determine the optimal timing, schedule, and oral nutrition 
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type in AP. They show that normalization of pancreatic 
enzyme levels is not a precondition for starting oral refeed-
ing. To let the patient choose when to restart oral refeeding 
irrespective of serum enzyme levels might be the most 
appropriate option. Furthermore, early refeeding can 
shorten the length of hospital stay. There still appears no 
consensus about the definition of “early refeeding.”

Oral intake generally started with clear liquids followed 
by solid low-fat meals with increasing caloric content over 
a period of 3-6 days seems to have no advantage over start-
ing with regular light meals. Early oral refeeding with 
a solid diet might therefore provide better outcomes and is 
safe for mild and moderate AP patients. However, the best 
randomized study to date failed to show a benefit of early 
refeeding over on-demand refeeding of patients,9 whenever 
the patient feels ready to take regular food by mouth. None 
of the previously published studies observed any increased 
risk of refeeding intolerance or other adverse events related 
to a more active refeeding protocol. Few studies indicate 
that pancreatic enzyme supplementation when oral refeed-
ing starts can be beneficial in terms of pain relapse preven-
tion, but further investigations are needed to confirm this 
potential benefit.
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Introduction

Epidemiologic descriptions of chronic pancreatitis (CP) 
have changed over time. The focus of reports from the 
1950s through 1990s was to describe the clinical profile and 
natural history in series of patients. Many landmark studies 
performed during this period are crucial to our understand-
ing of the disease. In the past 25 years, researchers have also 
focused on describing population distributions of CP, its risk 
based on the presence of environmental and genetic risk fac-
tors, impact of CP on quality of life (QOL), and frequency 
and factors that affect the evolution of acute and recurrent 
acute pancreatitis (RAP) to CP. In this chapter, we will 
review the current epidemiology of CP, changes that have 
been observed over the past half-century, and their potential 
explanations. For detailed descriptions of the role of envi-
ronmental risk factors in CP, natural history of disease, and 
medical and surgical management, the reader is encouraged 
to refer to chapters of this book dedicated to these topics. 

Changing role of imaging tests in CP diagnosis

A diagnosis of CP can be made by the presence of definitive 
morphology or histology changes. Although tissue diagno-
sis remains the gold standard, pancreatic tissue sampling 
has been historically difficult.1 Therefore, in clinical prac-
tice, the diagnosis relies mainly on the presence of typical 
clinical presentation and morphologic changes on imag-
ing studies. In the first half of the 20th century, the pres-
ence of epigastric calcifications on plain radiography was 
the mainstay for CP diagnosis.2 In the 1970s, abdominal 
ultrasound, endoscopic retrograde cholangiopancreatogra-
phy (ERCP), and computed tomography (CT) emerged as 
diagnostic tests for CP.3-5 In 1983, a group of experts met 
in Cambridge and developed a grading system using these 
diagnostic modalities to define CP.6 CT quickly became 
the modality of choice for diagnosis because it was non-
invasive and widely available. With continuing advances 

in technology over the past 30 years, high-resolution CT, 
magnetic resonance imaging (MRI), and endoscopic ultra-
sound (EUS) have evolved as important tools for evalu-
ation of CP7-11 and have replaced the use of ERCP for 
diagnosis.12-16

Due to poor sensitivity of abdominal x-ray, ultrasound, 
and earlier generation CT scanners, it is likely that many 
patients in earlier studies received a CP diagnosis only in 
the presence of advanced changes (e.g., large calcifications). 
With advances in technology, it is conceivable that high-
resolution CT, MRI/MRCP, and EUS would diagnose CP at 
an earlier stage by detecting subtle morphologic changes in 
the pancreas (e.g., smaller calcifications, duct irregularities, 
etc.). However, the impact of improvement in imaging tech-
niques on CP epidemiology has not been empirically studied. 

Incidence and prevalence

The number of studies examining the population distribu-
tions of CP is scarce, and it is important to note that these 
data are not available from large areas of the world. This 
is probably related to difficulties in conducting such studies 
due to low disease prevalence, establishing an accurate diag-
nosis, and the focus of earlier studies to describe the clini-
cal profile and natural history of the disease. In the past two 
 decades, there has been an interest in documenting popula-
tion distributions for pancreatic disease. The results of the 
most  representative studies on CP incidence are presented 
in Table 1, and incidence data from Olmsted County, 
Minnesota are shown in Figure 1.17 The overall incidence 
ranges from 2-14/100,000 population and shows some var-
iability based on study design and country. In the United 
States, the incidence of CP has increased modestly from 
3.3 during 1940-1969 to 4.3 per 100,000 in 1997-2006.17,18 
In Europe, the incidence of CP appears to be higher than 
in the U.S.19-25 In Asia, seven separate surveys from Japan 
conducted in the past 42 years show a trend toward a much 
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Table 1. CP incidence in selected population-based studies

Country Year(s) studied

Incidence of CP (all causes)a

All Male Female

Denmark (Andersen)19 1970-1976
1975-1979

6.9
10.0

NA
NA

NA
NA

U.S. (O’Sullivan, Yadav)17,18 1940-1969
1977-2006

3.3
4.0

NA
4.2

NA
2.6

Poland (Dzieniszewski)20 1982-1987 5.0 NA NA
Germany (Lankisch)21 1988-1995 6.4 8.2 1.9
Czech Republic (Dite)22 1999 7.9 NA NA
Japan (Lin, Hirota, Hirota)27-29 1994

2007
2011

5.4
11.9
14.0

8.4
NA
NA

2.7
NA
NA

Netherlands (Spanier)23 2000-2005 1.8 2.2 1.4
France (Levy)24 2003 7.7 12.9 2.6
Spain (Dominguez)25 2011 5.5 NA NA

a Incidence rate per 100,000 of the population.

Figure 1. Incidence of CP by age and sex in 2006 in Olmsted County, Minnesota. Data derived from Yadav et al.17

greater increase in CP incidence (from 2 to 14/100,000).26-29 
It is likely that wide availability of better imaging technol-
ogy may have contributed to this increase. The contribution 
of changing trends for environmental exposures may also 
be of importance, especially in developing countries where 
alcohol consumption is on the rise with increasing afflu-
ence and data on population distributions are lacking.

Prevalence estimates for CP are limited to only a few 
populations and are presented in Table 2. The overall prev-
alence of CP shows high variability. In recent studies, the 
prevalence ranges around 40-50 per 100,000 population. 
Prevalence data from Olmsted County, Minnesota are shown 
in Figure 2.17 Prevalence is low below age 35 and reaches 

100-120 in middle-aged and older males.17 A Chinese study 
showed increasing prevalence of CP from 3.1/100,000 in 
1996 to 13.5/100,000 population in 2003.30 The 7 nationwide 
epidemiological surveys conducted in Japan, have demon-
strated increasing prevalence of CP from 28.5/100,000 in 
1994 to 52.4/100,000 in 2011.27,29 A much higher prevalence 
of idiopathic CP termed “tropical pancreatitis” was reported 
from southern India in up to 126 per 100,000 population 
in 1994.31 Environmental risk factors (e.g., diet) were sus-
pected to be the main etiologic factors, but recent studies 
have highlighted an important role of genetic mutations 
(SPINK1, CFTR, CTRC) in this condition and suggested that 
the term tropical pancreatitis was a misnomer.32,33
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Table 2. CP prevalence in selected population-based studies

Country Year(s) studied

Prevalence of CP (all causes)a

All Male Female

Poland (Dzieniszewski)20 1987 17 NA NA
India (Balaji)31 1994 126.1 NA NA
France (Levy)24 2003 26.4 43.8 9.0
China (Wang)30 2003 13.5 NA NA
U.S. (Yadav)17 2006 41.8 51.5 33.9
Japan
 Lin27 1994 28.5 45.4 12.4
 Otsuki63 1999 32.9 43.9 22.4
 Hirota28 2007 36.9 53.2 21.2
 Hirota29 2011 52.4 NA NA
Spain (Dominguez)25 2011 49.3 NA NA

a Prevalence rate per 100,000 of the population.

Demographics

The mean or median age at time of study enrollment or 
diagnosis in most published studies shows little variation 
over time and geographical area (Table 3). The mean age 
in European studies was 40 years in the 1970s to 1990s34,35 

and more recently between 50 and 55 years.24,36 In Japan, 
the mean age in the 1960s was 48 years,37 and most recently  
59 years in 2007.28 In two populations studies from Olmsted 
County, Minnesota, the median age at CP diagnosis was 
51 in the 1940s to 1960s18 and 58 in the 1970s to 2006.17 
In the large multicenter North American Pancreatitis study 
(NAPS2, 2000-2013), the mean age at diagnosis was 47.51 
From these studies, we can conclude that CP mainly affects 
middle-aged individuals. 

In most studies, 60%-80% of CP patients are male 
(Table 3), and population studies have revealed higher 
incidence and prevalence of CP in males compared with females 
(Tables 1 and 2). In the recently conducted cross-sectional 
NAPS2 studies, as well as a population-based study in the 
U.S., there was only a marginal overrepresentation of males  
(52%-55%).17,38,51 The reason for a lower than expected 
prevalence of males in these cohorts is unclear; at least in the 
NAPS2 studies, accrual of patients from secondary and tertiary 
referral centers may have accounted for this observation.

Differences in sex and age distribution are primar-
ily related to CP etiology (Figures 1 and 2). Alcohol is 
the most common cause of CP in the 35-54-year-old age 
group.17,21 A greater risk of alcoholic pancreatitis in males 

Figure 2. Prevalence of CP by age group, sex, and etiology in 2006 in Olmsted County, Minnesota. Data derived from Yadav et al.17 
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is primarily attributed to the higher prevalence of heavy 
drinking.39,40 However, results of recent studies suggest that 
genetic factors also play an important role in this differ-
ence.41-43 Nonalcoholic etiologies are more evenly distrib-
uted between the sexes. Genetic causes are more common 
in patients diagnosed earlier in life (<35 years of age),32,44-47 
whereas idiopathic CP has a bimodal age distribution.48

Few groups have evaluated racial differences in CP. 
A multicenter study reported that half of all CP patients 
discharged from three hospitals in Portugal and the U.S. 
during a 16-year period were black.49 In comparison to 
white patients, black patients were 2-3 times more likely 
to be hospitalized for CP than for cirrhosis.49 A popula-
tion study using the National Inpatient Sample in the U.S. 
revealed that the discharges for alcoholic CP between 1988 
and 2004 was higher in blacks (11.3/100,000) compared 
with whites (5.1/100,000), Hispanics (3.7/100,000), Asians 
(1.4/100,000), and American Indians (2.3/100,000).50 In 
a recent study from the NAPS2 cohort, patient level data 
was compared between black and white CP patients. The 
ages at symptom onset and diagnosis were similar based 
on race, but blacks were more likely to be male compared 
with white CP patients (61 vs. 53%, P<0.05), a difference 
attributed to differences in CP etiology (see below).51

Etiology

Alcohol is the most frequent cause of CP worldwide 
(Table 1). The proportions of cases attributed to alco-
hol were as high as 80%-90% in earlier studies. In some 
recent analyses, alcohol as the primary cause of CP was 
less frequently identified by physicians. In the multicenter 
NAPS2 studies from the U.S., alcohol was assigned as the 
etiology in 49% of 1,158 white and black CP patients51 

“Blacks were more likely to have alcohol etiology  
(77 vs. 42%), and physicians were 4.3 times more likely 
to identify alcohol as their etiology compared with white 
CP patients”.51 Similarly, a large multicenter survey of 893 
CP patients from Italy evaluated from 2000-2005 attrib-
uted alcohol as the the etiology in only 34% (36), which is 
much lower than the value of 74%-79% reported in other 
Italian series from 1971-1995.34,52 Other recent studies also 
identified a similar pattern.53,54 A growing recognition of 
the importance of genetic factors in causing pancreatitis, 
wide availability of cross-sectional imaging studies such as 
MRCP that can identify anatomic abnormalities (e.g., pan-
creas divisum), acceptance of the relationship with smok-
ing, and that autoimmune and other factors could explain 
a patient’s disease are some of the likely explanations for 
physicians to entertain the possibility of factors other than 
alcohol as the potential cause of CP in an individual patient. 
This has led to the proposal of the TIGAR-O classifica-
tion system, which recognizes the contribution of different 
factors to pancreatitis development.1 While smoking is an 
independent and dose-dependent risk factor, its association 
with pancreatitis is stronger in the presence of alcohol.55,56

In the past 20 years, several genetic susceptibility  factors 
for pancreatitis have been identified, of which mutations in 
four genes (PRSS1, SPINK1, CFTR, CTRC) are now rou-
tinely used in clinical practice, especially in patients with 
idiopathic CP.57 In contrast to alcoholic pancreatitis, which 
is more frequent in middle-aged males, genetic factors are 
more common in early onset disease, and are equally dis-
tributed among males and females. Other well-recognized 
causes of CP include hypercalcemia, hyperlipidemia, auto-
immune, postnecrotic, and duct obstruction (e.g., tumor, 
inflammatory stricture),1 while the role of pancreas divisum 
and sphincter of Oddi dysfunction remains uncertain.58-61 

Table 3. Age, sex, and CP etiology in selected studies

Country Year(s) studied N Male (%)
Age (mean  
or median) EtOH etiology (%)

Switzerland (Ammann)76 1963-1986 245 88% 46 71%
Brazil (Dani)116 1963-1987 797 91% 38 90%
Italy (Cavallini)34 1971-1995 715 88% 41 74%
Mexico (Robles-Diaz)117 1975-1987 150 82% NA 67%
U.S. (Layer)48 1976-1982 448 65% NA 56%
Denmark (Nøjgaard)93 1977-1982 249 72% 51 45%
Japan (Lin)27 1994 2,523 77% 56%
Italy (Frulloni)36 2000-2005 893 74% 54 34%
U.S. (Wilcox)51 2000-2014 1,159 55% 47 49%
France (Levy)24 2003 1,748 83% 51 84%
India (Balakrishnan)53 2007 1,033 71% 40 39%
Netherlands (Ahmed)54 2010-2013 1,218 67% 48 53%
Japan (Hirota)29 2011 1,734 82% 62 68%
Spain (Dominguez-Munoz)25 2011 937 NA NA 75%
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Nonalcoholic etiologies are identified more frequently 
among females and can account for up to 70% of cases.62 

After alcohol, the largest subgroup among CP patients is 
those in whom no specific cause has been identified. These 
patients are labeled to have idiopathic CP. The  fraction of 
patients with idiopathic disease varies from 10%-30% in 
most studies from 1970-2006,21,24,27,34,36,63,64 but can be up 
to 60% in India and China.53,65 Due to differences in clini-
cal symptoms and course, these subjects have been subdi-
vided into early onset (i.e., <35 years of age) and late-onset 
(>35 years) disease.48

Clinical features

The most common clinical features of CP are abdominal 
pain and one or more attacks of acute pancreatitis; either 
of these are seen in approximately 90% of patients at some 
time during the clinical course. These are also the present-
ing symptoms in the majority of patients. Presence, type, 
and severity of pain and the number of episodes of AP 
during the clinical course can be highly variable.34,48,66-68 
Exocrine or endocrine insufficiency are uncommon at ini-
tial presentation,48 but their probability increases over time, 
and during the clinical course up to 80% and 87% develop 
diabetes and exocrine insufficiency respectively.48,66,67,69 
Clinical steatorrhea occurs only in the presence of severe 
exocrine insufficiency.70 However, consequences of fat 
malabsorption such as vitamin deficiencies or metabolic 
bone disease are observed more frequently and occur even 
with moderate insufficiency.71-75 Other features include 
local complications such as pseudocysts, abnormal liver 
function tests or jaundice from common bile duct stricture, 
vascular  complications, or gastric outlet obstruction.48,66,67

Differences in the initial presentation and natural 
course of CP have been observed based on etiology and 
age at presentation (see chapter on natural course of dis-
ease). In general, patients with alcoholic CP have more 
aggressive disease with evolution from initial presentation 
to advanced disease occurring over 5 to 10 years. Patients 
with early onset idiopathic CP have a prolonged clinical 
course with a long period of symptomatic disease, devel-
opment of morphological features, and functional impair-
ment over two to three decades. Patients with late-onset 
idiopathic CP have less symptomatic disease and are often 
diagnosed with obvious morphological changes and 
functional impairment at initial presentation.48,76

In CP patients who present with AP or pain as the initial 
manifestation, a subset may have morphologic features and/
or functional abnormalities at initial presentation, while in 
the remaining patients these develop over a variable period 
of time. Many recent studies have evaluated the probabil-
ity of disease progression among patients who present with 
their first attack of AP without coexistent CP. In a recent 
meta-analysis of 14 studies, 10% of patients with first attack 

AP and 36% with RAP progress to CP.77 The risk of progres-
sion was higher among smokers, alcoholics, and males.78

QOL

The impact of CP on the patient’s overall wellbeing and 
functioning has become a topic of growing interest in clinical 
research and practice. This subjective patient’s perception 
has been assessed using different validated health-related 
QOL instruments, such as the SF-36, SF-12, and EORTC 
QL-C30.79-81 More recently, a disease specific instrument 
has been developed to evaluate QOL in CP (PANQOLI).82,83 
This includes unique features not found in generic instru-
ments (economic factors, stigma, and spiritual factors).

A uniform finding on these studies has been that QOL in 
CP patients is significantly affected compared with histori-
cal controls.79-81,84-88 Moreover, the QOL in CP is noted to be 
worse than many other chronic disorders or malignancies.89 
In the NAPS2 study, the independent effect of CP was also 
evaluated after controlling for demographics, etiology, risk 
factors, and comorbidities using the SF-12 questionnaire.89 
These data showed that CP has a profound independent 
effect on physical QOL (~10 points lower) and a clini-
cally significant effect on mental QOL (~4 points lower) 
compared with control subjects without  pancreatitis. Few 
studies have assessed the factors that determine impaired 
QOL in CP patients. Among the factors assessed, pancreatic 
pain seems to be the predominant factor, especially if it is 
constant.68,79,80,84,85 The effects of interventions, smoking, 
alcohol consumption, diabetes, exocrine pancreatic insuf-
ficiency, and disease duration are still not well known. 

Pancreatic cancer, comorbidities, and mortality 

The risk of pancreatic cancer is increased in subjects with 
CP. In a landmark multicenter cohort study, the risk of pan-
creatic cancer in CP patients from six different countries 
was 2.8% during a mean follow-up of 7 years.90 Other stud-
ies have reported similar incidence of pancreatic cancer that 
ranges from 1.2%-3.8%.91-93 A meta-analysis showed that 
compared with controls, there is a 13-fold greater  lifetime 
risk of pancreatic cancer in CP.94 In subsets of CP patients, 
this risk is even more pronounced; the risk of pancreatic can-
cer in patients with hereditary pancreatitis is 69-fold,44,95,96 
and in those with tropical pancreatitis it is 100-fold greater.97 

Recently, a nationwide Danish study reported the 
overall risk of having any type of cancer in CP patients 
to be 20% greater than general population controls.98 The 
risks of liver cancer (hazard ratio [HR], 2), small intestinal  
cancer (HR, 3), and lung cancer (HR, 1.5) were found to 
be significantly increased in subjects with CP. This risk 
was not different between alcoholic and nonalcoholic CP.98  
The same study also revealed higher risks of cerebrovascular 
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disease (HR, 1.3), chronic pulmonary disease (HR, 1.9), 
ulcer disease (HR, 3.6), diabetes (HR, 5.2), and chronic 
renal disease (HR, 1.7) among CP patients. 

In a large multicenter study that enrolled 2,015 CP 
patients from 1946-1992 in six countries (Switzerland, 
Germany, U.S., Italy, Sweden, Denmark), the overall mor-
tality rates at 10 and 20 years from diagnosis were 30% 
and 55%, respectively.99 Other studies have reported simi-
lar findings.92,100 Based on this data, it is believed that the 
overall median survival of patients with CP is between 
15 and 20 years from onset. Patients with early-onset 
 idiopathic CP may live longer. A study from India reported 
17% mortality among patients with idiopathic CP at 35 years 
after disease onset.32 Well-designed studies have also com-
pared the mortality rates of CP patients with the general 
population. In a retrospective study from 30 years ago, 
Levy et al reported a higher mortality rate in CP patients 
compared with a matched French population.101 These data 
have been replicated in more recent studies. In a study from 
Olmsted, Minnesota (1977-2006), CP patients had twofold 
higher mortality compared with an age- and sex-matched 
Minnesota white population.17 Likewise, two Danish stud-
ies (1977-1982 and 1995-2010) found mortality among 
CP patients to be four- to fivefold higher compared with 
a background population.93,98 This effect was independent 
of comorbidities and socioeconomic status. Even though 
mortality rates increased with age in both CP patients and 
controls, CP patients died at a younger age than controls 
(8 years earlier) and had a higher adjusted relative risk of 
death for younger than older patients.98

Almost three-quarters of deaths are unrelated to pan-
creatitis.17 The most common causes of death in CP 
patients include malignancy (22%-23%), and diseases of 
the alimentary tract (15%-23%) and circulatory system 
(12%-21%).17,98,99 Pancreatic cancer is the most frequent 
cancer-related cause of death (1/3 of malignancies), fol-
lowed by lung cancer.98 While age at diagnosis, smoking, 
and alcohol use were major predictors of mortality in the 
study of Lowenfels et al,99 a more recent study by Nøjgaard 
et al reported that smoking, alcohol, CP etiology, exocrine 
pancreatic insufficiency, and diabetes had no impact on 
survival.93 Interestingly, unemployment was associated 
with higher mortality in their study. 

Healthcare utilization and cost of care

Hospitalization in patients with CP could be due to AP 
flares, pain, maldigestion, and local complications. More 
than 90% of patients are hospitalized on at least one occa-
sion in their lifetime for pain related to CP.68 In several 
European studies, there has been a steady increase in the 
rates of admission for CP. In a UK study that compared 
annual hospital admissions between 1960-1965 and 1980-
1984, the hospitalization admissions increased from 8.3 to 

32 per million population.102 In another study, the incident 
hospitalization rate increased from 4.3/100,000 in 1988 
to 8.6/100,000 in 2000.103 This trend has also been seen 
in two studies from the Netherlands (from 5.2/100,000 in 
1992 to 8.5/100,000 in 2004)104 and Finland (10.4/100,000 
in 1977 to 13.4/100,000 in 1989).105 In contrast, two U.S. 
population studies (study periods 1988-2004 and 1996-
2005) found hospital admissions for CP to be stable over 
time (8 per 100,000).50,106 Hospital admissions are dis-
proportionately higher in blacks, alcoholics, and in those 
with constant pain.68,106 The median length of stay ranges 
from 4 to 6 days and is not different between alcoholic and 
 nonalcoholic pancreatitis.106,107 

CP patients often undergo interventions, mainly for 
treatment of pain or local complications; this used to be 
surgery (resection or drainage procedures),48,66 but endo-
scopic therapy, if feasible, is being performed more fre-
quently.108,109 There is paucity of population-level data on 
the use of endoscopic therapy for CP. A recent study found 
the trends for pancreatic surgeries performed for CP to be 
stable in the U.S. population from 1998-2011.110 The num-
ber of drainage operations decreased significantly, which is 
likely a reflection of more frequent endoscopic drainage. In 
the NAPS2 cohort, up to 61% of CP patients underwent at 
least one pancreatic endoscopic intervention.111 This high 
rate is likely an overestimation due to referral bias. 

There are limited data on the direct and indirect costs 
related to CP management. Direct costs include the value 
of services used in CP treatment and care. Indirect costs 
are related to the personal or family economic loss second-
ary to the illness. The estimated direct annual cost related 
to CP in the U.S. is approximately $638 million.112 Based 
on prescription data, the cost related to AP and CP  
was $88 million, of which the cost of pancreatic enzymes 
was $75 million and that of narcotics and anti-emetics was 
approximately $13 million.113 In a recent study from the 
UK, the estimated direct annual cost was $460 million.114 
The annual costs of hospital admissions and diabetes treat-
ment were $90 million and $145 million respectively.114 
The costs related to interventions are unknown.

Regarding indirect costs, more than a third of CP 
patients are unemployed, more than a quarter are on dis-
ability benefits, and the majority report missing significant 
time from work due to their illness.68,115 Loss of produc-
tivity among CP patients is comparable to other chronic 
diseases, such as Crohn’s disease, chronic obstructive 
 pulmonary disease, and urologic dysfunction.115

Future directions

Studies in the past few decades have informed different 
aspects of CP epidemiology. However, much of these data 
are limited to Europe, North America, and some parts of Asia. 
Future studies should focus on the population distributions of 
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CP in other parts of the world; the impact of imaging studies, 
environmental, and other factors on disease estimates and 
trends between and within populations; and determinants of 
healthcare utilization and health care cost from CP.
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Introduction

Chronic pancreatitis is a progressive inflammatory disorder 
characterized by loss of functional pancreatic tissue, fibrous 
tissue conversion and ultimately loss of endocrine and exo-
crine function. Although its morphologic and clinical fea-
tures have been well described, the pathogenesis of chronic 
pancreatitis is incompletely understood. There is no single 
etiology that inevitably leads to chronic pancreatitis, and it is 
rather considered as a complex disease with several contrib-
uting factors.1,2 Currently, development of chronic pancrea-
titis is considered to be the result of a pathology involving 
pancreatic acinar, ductal, and stellate cells. Our current 
understanding of the pathogenesis arises from experimental 
animal models as well as epidemiological and genetic stud-
ies in humans. This section addresses both pathophysiologi-
cal mechanisms, including results from established animal 
models and known genetic and etiological factors that are 
associated with chronic pancreatitis.

Pancreatic cells and cellular components  
that promote fibrosis

Histologically, the pancreas consists of 3 main cell lineages: 
acinar, ductal, and endocrine. In addition, terminal end 
ductal cells that interface with acini are called centroacinar 
cells.3 Adjacent to the basolateral part of acinar cells, and 
to a minor extent around small pancreatic ducts and blood 
 vessels, are pancreatic stellate cells, which account for 
around 4% to 7% of all parenchymal cells.4,5

Each cell type found in the pancreas–acinar, ductal, or 
stellate cells–is suspected to contribute to chronic pancrea-
titis. The extra-pancreatic environment, including inflam-
matory cells, also contributes to the progress of both acute 
and chronic inflammatory pancreatic diseases.

There is strong evidence that pancreatic proteases, and 
their premature intracellular activation, are responsible for 
the pathogenesis of acute pancreatitis. Therefore, these 
enzymes also might be of interest in chronic pancreatitis, 

not least because findings of genetic studies in humans 
underline their critical role. Six major genes that target 
either acinar cells through a trypsin-dependent pathway 
(PRSS1, PRSS2, CTRC, CASR, SPINK) or duct cells 
(CFTR) have been identified. These cellular constitu-
ents are comprehensively discussed below. Both (extra-) 
 pancreatic cell types and frequently cited genes and their 
aberrations are depicted in Figure 1.

Acinar cells

Cationic and anionic trypsinogen (PRSS1/PRSS2)
The smallest functional units of the exocrine pancreas 
are acinar cells whose primary function is the synthesis, 
 storage and secretion of digestive enzymes (zymogens). 
One of them is trypsin, a serine proteinase that is stored 
as its inactive precursor, trypsinogen, in zymogen gran-
ules. Under physiologic conditions these enzymes remain 
inactive during intracellular transport, secretion, and pas-
sage through the pancreatic duct. When they reach the 
 duodenum, trypsinogen is activated by the brush border 
enzyme enterokinase. This activation leads to a cascade-
like activation of the other pancreatic protease precursors.6 
There are 3 isoforms of trypsinogen in the human pancreas, 
and they differ in charge. They are cationic trypsinogen 
(PRSS1), anionic trypsinogen (PRSS2), and mesotrypsino-
gen (PRSS3). Cationic and anionic trypsinogen comprise 
the overwhelming majority of trypsinogen content whereas 
mesotrypsinogen makes up only about 5%.1,7

One of the key events in acute pancreatitis is the intra-
cellular and premature activation of pancreatic diges-
tive enzymes that ultimately leads to organ injury and 
 autolysis.8 Trypsinogen plays a pivotal role in the begin-
ning of acute pancreatitis as it activates other zymogens 
intracellularly, such as chymotrypsin, elastase, carboxy-
peptidase A2 or phospholipase.9-11 Since enterokinase is 
absent inside the pancreas, other activators for trypsinogen 
must exist. According to the co-localization hypothesis, 
this activation occurs by the action of lysosomal protease  

*Corresponding author. Email: aghdassi@uni-greifswald.de
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cathepsin B. Lysosomal hydrolases and digestive zymo-
gens co-localize during experimental pancreatitis, with 
 accumulation of cathepsin B in a zymogen enriched sub-
cellular fraction.12,13 In-vitro experiments have shown 
that cathepsin B directly activates trypsinogen by proteo-
lytic cleavage,14 and deficiency of cathepsin B markedly 
reduced trypsinogen activation in a mouse model.15

There is strong evidence from genetic studies in humans  
that trypsinogen is an important pathogenetic factor for 
chronic pancreatitis as well. In 1996 Whitcomb and co-
workers identified a gain-of-function mutation of the cati-
onic trypsinogen (p.R122H) gene in patients with hereditary 
pancreatitis associated with inappropriate trypsin activa-
tion because of increased resistance to hydrolysis of this 
mutated form of trypsin.16 A second mutation (p.N29I) of 
cationic trypsinogen was found in the same exon in patients 
with recurrent acute and chronic pancreatitis just 1 year 
later.17 Meanwhile other PRSS1 mutations have been 
identified in association with hereditary pancreatitis.18-21 
A complete loss-of-function mutation was found by Witt 
et al. in the anionic trypsinogen gene (PRSS2) that was sig-
nificantly underrepresented in patients with chronic pan-
creatitis compared to healthy control subjects (G191R in 
exon 4).22 These results indicate that not only are PRSS1 
mutations associated with idiopathic or hereditary chronic 
pancreatitis, but inactivating mutations of trypsinogen can 
also modify susceptibility to chronic pancreatitis.

Taken together these observations support the critical 
role of the protease/antiprotease system, especially trypsin, 
in the pathogenesis of pancreatitis. However, it should be 
mentioned that fewer than 60% of patients with hereditary 
chronic pancreatitis and fewer than 20% of patients with 
idiopathic chronic pancreatitis harbor mutations in the 
PRSS1 gene so that an inappropriate trypsinogen cannot be 
the only causative factor for chronic pancreatitis.23-25

In an attempt to mimic the role of trypsinogen deduced 
from the human genetics findings, mouse strains carrying 
over expressed forms of mutated trypsinogen (R122H and 
N29I) as well as wildtype human PRSS1 were created.26 
All 3 strains not only developed more severe acute pan-
creatitis upon cerulein treatment but also spontaneously 
displayed characteristics of chronic pancreatitis including 
vacuolization, inflammatory infiltrates, and fibrosis, as was 
expected from human genetics data. Interestingly the phe-
notypes of the transgenic strains did not differ significantly. 
One underlying reason might be that human trypsinogen 
has a higher propensity for auto activation compared  with 
trypsinogens from other species.27

Recent experimental animal models questioned the det-
rimental effects of trypsinogen in chronic pancreatitis. Mice 
lacking trypsinogen 7 (T-/-) did not show pathologic intra-
cellular trypsinogen activation during caerulein-induced 
acute pancreatitis but surprisingly still developed chronic 
pancreatitis showing indistinguishable histomorphologic 

Figure 1. The pathogenesis of chronic pancreatitis. Acinar, ductal, and profibrotic cells all contribute to pathogenesis. In addition, 
an invasion of immune cells occurs. Some very frequently cited proteins and their genomic aberrations are listed here.
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features like wild types. Previous works indicated that 
a genetic deletion of trypsinogen isoform 7 in mice led to a 
60% reduction of pancreatic trypsinogen content.28 Similar 
to these observations cathepsin B deficient mice - that  
fail to activate trypsinogen by limited proteolysis - developed 
chronic pancreatitis.29 Both knockout and wildtype mice 
showed comparable intracellular transcriptional activation 
as demonstrated by activation of nuclear factor (NF)-κB 
and similar COX-2 overexpression. Both COX-2 and 
NF-κB are key mediators of chronic inflammation.30 More 
studies and most likely the application of alternative mouse 
models will be necessary to further investigate the trypsin-
centered theory of chronic pancreatitis.

Interactions between genetic and environmental factors 
in patients with recurrent acute and chronic pancreatitis have 
recently been investigated in the North American Pancreatitis 
Study 2 (NAPS2) using genome wide association studies.31 
A single nucleotide polymorphism (SNP) was detected 
in the PRSS1–PRSS2 locus in the 5’-promoter region of 
PRSS1 and might affect expression of the trypsinogen 
gene. Another SNP was found at the CLDN2 locus. CLDN2 
encodes Claudin-2, a tight-junction protein physiologically 
expressed between duct cells and endocrine islets but also 
found in an atypical localization along the basolateral mem-
brane of acinar cells in chronic pancreatitis.32 The findings 
of the PRSS1-PRSS2 and CLDN2 variants were replicated 
in a large European cohort with alcoholic and nonalcoholic 
chronic pancreatitis, and a strong association was found in 
subjects with alcohol pancreatitis.33 When compared with 
patients with alcoholic liver cirrhosis there was no sig-
nificant association, suggesting that those variants are not 
susceptibility factors for alcoholism per se or for fibrosing 
disorders associated with alcohol abuse in general. More 
studies will be necessary for complete understanding the 
underlying cellular events.

Serine protease inhibitor Kazal type 1 (SPINK1)
As trace amounts of trypsinogen normally become activated 
within the pancreas, there are protective mechanisms that 
prevent the digestive enzyme activation cascade.34 One of 
them is the serine protease inhibitor Kazal type 1 SPINK1 (or 
pancreatic secretory trypsin inhibitor, PSTI; OMIM 167790), 
which acts as an intracellular inhibitor for intrapancreatic 
active trypsin.35 SPINK1 is synthesized inside the acinar cells 
and stored in zymogen granules, the same compartment as 
trypsinogen. It is also secreted into the pancreatic juice where 
it protects against trypsinogen activation inside the pancre-
atic ducts. It presumably has other activities in addition to its 
physiological function in the pancreas because this protein 
is also detected in sera and various malignant tissues.36 The 
active site of SPINK1 binds covalently to the catalytic serine 
 residue of trypsin and is considered to inhibit approximately 
20% of total trypsin activity inside the acinar cell.37

Because SPINK1 maintains a balance of active and 
inhibited trypsin inside the pancreas, its inactivation is 
considered to be an important factor for the development 
of inflammatory pancreatic disorders, including chronic 
pancreatitis. In accordance with its biological role, several 
studies have described the association of SPINK1 gene 
mutations and pancreatitis. The most commonly observed 
mutation leads to an exchange of asparagine for serine of 
codon 34 (p.N34S) and has been reported in idiopathic 
and hereditary chronic pancreatitis as well as in alcoholic 
chronic and tropical pancreatitis.38-40 However, it is worth 
mentioning that the incidence of this mutation is around 
0.5% to 2.5% in the general population, indicating that it 
cannot be the only causative factor for chronic pancreatitis 
and probably acts instead as a disease modifier.37,41 Novel 
polymorphisms were identified in patients with chronic 
pancreatitis such as the D50E mutation and a variety of 
intronic polymorphisms, but their frequency is extremely 
low and some were found in single patients.23

Functional analysis of N34S recombinant SPINK1 did 
not show any reduced trypsin inhibitor capacity in-vitro so 
that the exact pathophysiologic action of this mutation has 
not been clarified so far. Maybe the impaired function of 
SPINK1 is based on an intronic mutation rather than the 
N34S itself as N34S is usually associated with intronic 
sequence variants.35,38,42 Further research on the exact 
function of SPINK1 exonic and intronic mutations is inevi-
table to gain deeper knowledge on its pathophysiologic role 
in chronic pancreatitis.

Chymotrypsin C (CTRC)
Chymotrypsin C appeared to be identical to Rinderknecht’s 
enzyme Y that he initially found in the pancreatic juice43 
and has seemingly ambivalent functions on trypsinogen. 
The prevailing Ca2+ concentration regulates the balance 
between activation and degradation of cationic trypsinogen. 
At high Ca2+ concentrations, it facilitates autoactivation by 
limited proteolysis of trypsinogen activation peptide.44,45 
On the other hand, in a milieu with low Ca2+ concentration 
it selectively cleaves a peptide bond in the calcium-binding 
loop of trypsinogen, which results in its degradation.46 Since 
higher Ca2+ concentrations (>1 mM) occur in the upper 
small intestine, trypsinogen is activated more easily as it is 
also designated for digestion of proteins. In the lower small 
intestine, along with falling Ca2+ levels, trypsinogen degra-
dation predominates.46 Intracellular Ca2+ signaling is impor-
tant for acinar cell physiology and also regulates secretion 
of enzymes. In pathological conditions release of Ca2+ from 
intracellular stores into the cytosol, especially in the apical 
cell pole and for a prolonged time (>100 sec), is thought to 
account for premature  intracellular protease activation.47,48

Mutations of the cationic trypsinogen gene interfere 
with the cleaving effects of CTRC that can be shown in 
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in-vitro studies.49-51 Absence of chymotrypsin C increased 
the autoactivation of R122H mutated trypsinogen only 
slightly, whereas addition of CTRC drastically increased 
activation leading to high trypsin levels.49 In contrast to the 
situation in humans the R122H mutation did not have a rel-
evant effect on autoactivation of T8 trypsinogen by CTRC 
in mice.52 Again, introduction of known human mutations 
into mouse trypsinogen isoforms can have different effects 
than in humans. Therefore, mutagenesis techniques might 
have limitations when investigating chronic pancreatitis in 
animal models.

Several genetic variations have been found in the chy-
motrypsin C gene that have been associated with chronic 
pancreatitis. Variants of the CTRC gene have been found 
in 3.3% of individuals with idiopathic or hereditary  
chronic pancreatitis. The most frequent variants were the 
c.760C>T (p.R254W) mutation and a deletion on exon 7 
(p.K247_R254del).53 These CTRC variants were associ-
ated with reduced enzymatic activity, and were secreted to 
a lesser extent. They thus are considered to be loss-of-func-
tion mutations. In a Chinese population, additional CTRC 
variations were detected in chronic pancreatitis patients, 
however the overall frequency was 2.3% and thus much 
lower than in the German study.54 Taken together these data 
support the importance of the protease/antiprotease system 
for pathogenesis of chronic pancreatitis as shown above for 
cationic/anionic trypsinogen and SPINK1. In this context 
CTRC variants may represent an extra risk factor.

Calcium-sensing receptor (CASR)
Besides digestive proteases millimolar quantities of cal-
cium ions are released from the zymogen granules that, 
when precipitated, cause intraductal pancreatic stones. The 
Ca2+ sensing receptor (CASR) is capable of monitoring 
changes of extracellular calcium concentrations. Besides 
its expression in the parathyroid gland, kidney and small 
intestine this molecule was found on the luminal side of 
ductal cells and more diffusely distributed inside acinar 
cells.55 Functional studies showed that CASR regulates 
hydrogencarbonate (HCO3

–) efflux into the ducts and thus 
ensuring a milieu with sufficient fluid secretion to prevent 
calcium stone precipitation.

Mutations in the CASR gene have been associated with 
chronic pancreatitis. Recent studies reported that CASR 
gene mutations in combination of SPINK1 N34S mutation 
increased the risk of chronic pancreatitis.1,56 Furthermore 
the CASR exon 7 polymorphism R990G was associated 
with chronic pancreatitis and this association was stronger 
in individuals who reported moderate or heavy alcohol 
consumption.57 Presumably subjects with considerable 
alcohol abuse represent a risk group in which the addition 
of another risk factor (CASR mutation) enhances the overall 
risk for development of chronic pancreatitis.57

Ductal cells

Cystic fibrosis transmembrane conductance  
regulator (CFTR)
The CFTR gene encodes for an ABC (acronym for ATP-
binding cassette) transporter protein that is expressed on 
epithelial cells and thus also on pancreatic ductal epithe-
lium. It functions as a Cl– selective channel and permits 
chloride-anions and water to enter the ductal lumen, which 
finally allows highly concentrated pancreatic secretory 
proteins (including trypsinogen) secreted by the acinar 
cells to remain in a soluble state.58,59 Cystic fibrosis is quite 
common in people of Northern European descent, affects 
approximately one in 2500 births among whites and is 
characterized by a heterogeneous clinical course. The exo-
crine pancreas is invariably affected in cystic fibrosis, with 
signs of chronic pancreatitis and exocrine insufficiency.60 
In 1989 the CFTR gene was found to be located at chromo-
some 7 (7q31).61 More than 1000 different mutations have 
been reported in cystic fibrosis patients. The most common 
aberration is a deletion found at position 508 (p.F508del), 
which results in a deletion of phenylalanine.62 In 1998 an 
association of CFTR mutations and chronic pancreatitis 
was discovered in patients with idiopathic chronic pan-
creatitis and alcoholic chronic pancreatitis.63,64 In a com-
prehensive genetic analysis of the CFTR gene including 
all 27 exons and the flanking intronic regions, abnormal 
CFTR alleles were found to be twice as frequent in patients 
with idiopathic chronic pancreatitis than in healthy controls 
(18.6% vs. 9.2%, p < 0.05).62

Recent functional studies underlined the role of CFTR 
in pancreatitis, as high levels of alcohol consumption 
impair the function of CFTR in pancreatic duct cells, there 
by disturbing exocrine pancreatic secretion and sensitizing 
the organ to pathological stimuli.65

Pancreatic stellate cells (PSCs)
Although not activated in an uninjured pancreas, stellate 
cells fulfill important functions for tissue architecture as 
they control synthesis and degradation of extracellular 
matrix.66 In particular, tissue homeostasis results from 
secretion of matrix metalloproteinases (MMP) and their 
inhibitors (tissue inhibitors of matrix metalloproteinases, 
TIMPs),67 and secondarily by phagocytosis of necrotic 
acinar cells.68 During pancreatic injury, stellate cells are 
activated and secrete a high amount of extracellular matrix 
proteins.66 These extracellular matrix (ECM) proteins con-
sist of collagens, fibronectin and laminin. Furthermore, there 
is an increase of MMP2 production. In addition, activated 
PSCs show an increased capacity of cell proliferation and 
migration. Several activators of PSCs have been identified, 
including a variety of chemokines, alcohol and its metabo-
lites, fatty acid ethyl esters, oxidative stress or endotoxins.4
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Theories of pathogenesis of chronic pancreatitis

In the past decades multiple theories to explain the patho-
genesis of chronic pancreatitis have emerged. Some well-
known concepts are outlined briefly in the following. The 
traditional and more recent theories are described in more 
detail in a review by Stevens et al., including arguments for 
and against these hypotheses.69

Oxidative stress theory: Chronic exposure to oxidative 
stress leads to fibrosis. Because of an aberrant function of 
hepatic mixed-function, oxidases, byproducts of hepatic 
detoxification such as lipid peroxidation products, free 
radicals and other toxic compounds, are excreted in the 
bile and reach the pancreas through reflux in the pancre-
atic duct.70 Reactive oxygen species further damage cel-
lular membranes, intracellular proteins and DNA. Ethanol 
is a well-known inducer of oxidative stress and one of the 
mediators is cytochrome P450 2E1 (CYP2E1). Ethanol 
thereby serves both as a substrate and an enhancer of the 
enzymatic activity of CYP2E1 that is found overexpressed 
in the pancreas after chronic abuse.71

Toxic–metabolic theory: Alcohol and its metabolites 
have a direct toxic effect on acinar cells, leading to cel-
lular necrosis, fatty degeneration, and eventually fibrosis.72 
Alcohol is mainly metabolized by the oxidative pathway 
including alcohol- and aldehyde-dehydrogenases, or to 
lesser extent, enzymes of the microsomal oxidizing sys-
tem. In an alternative pathway, the nonoxidative pathway, 
ethanol is esterified with fatty esters that result in the syn-
thesis of fatty acid ethyl esters.73 Although the primary site 
of alcohol metabolism is in the liver, the pancreas is also 
capable of both oxidative and nonoxidative metabolism, 
causing local damage.74,75.

Stone and ductal obstruction theory: This hypothesis 
was evoked by the fact that after a variable time, most 
patients with chronic pancreatitis develop calcifications 
and intraductal pancreatic stones.76 Chronic obstruction 
leads to local damage and stasis that further enhance stone 
formation and finally fibrosis. Besides, formation of protein 
plugs and pancreatic stones are increased by alcohol itself. 
Experimental animal models show that partial or complete 
pancreatic duct obstruction in combination with ethanol 
feeding77 or repetitive secretagogue stimulation,78 mark-
edly increased severity of acute pancreatitis and induced 
chronic disease as well.

Necrosis–Fibrosis Theory: Chronic pancreatitis is 
considered to be a result of recurrent bouts of acute pan-
creatitis if they are sufficiently severe.79Acute inflamma-
tion leads to periductal injury and fibrosis that eventually 
compress the ductal lumen. This obstruction favors acinar 
cell atrophy, calculi precipitation because stasis, and fur-
ther fibrous tissue formation.69 Further support for this 
theory is provided by data from genetic studies and animal 
experiments: Activating trypsinogen (PRSS1) mutations 

lead to a gain-of-function associated with unregulated 
protease activation, acute pancreatitis, and lastly, chronic 
pancreatitis. Animal models mimicking chronic pancreati-
tis use induction of recurrent bouts of acute pancreatitis by 
repeated injections of cholecystokinin analogues such as 
caerulein. When animals develop acute pancreatitis, they 
either recover completely, once the pathogenic stimuli 
have been stopped, or they develop atrophy of the organ 
and fibrosis, especially if the pathogenic stimulus was 
given during the recovery period, during which animals are 
extremely susceptible to any harmful event.80,81

Primary duct hypothesis: An autoimmune mechanism 
has been considered to be causative for chronic pancreati-
tis. Resembling primary sclerosing cholangitis to a certain 
extent, the pancreatic duct is affected by an autoimmune 
reaction ending up in obliteration of the main and second-
ary pancreatic ducts.82 Coincidence of chronic pancreatitis 
and autoimmune disorders of the gastrointestinal tract has 
been observed, and autoimmune pancreatitis is a form of 
chronic pancreatitis that is a pancreatic manifestation of 
IgG4-related disease.83 This process can be triggered by 
alcohol consumption, extending beyond its direct toxic 
effects on ductal cells.

Sentinel acute pancreatitis event (SAPE) hypothesis: In 
order to create a unifying theory for development of chronic 
pancreatitis and to include recent advances in pancreatitis 
and the immunological contributions, a new hypothesis 
was introduced in 1999.34,84 The new features of this hypoth-
esis are on the one hand that an initiating event (sentinel 
event) is necessary for causing acute pancreatitis and acinar 
cell injury first, and that subsequent anti-inflammatory and 
pro-fibrotic events enable the progression to chronic pan-
creatitis.84 It should be noted that even before the sentinel 
event occurs, the pancreas can be exposed to toxic agents 
such as alcohol, nicotine, lipids, or other compounds that 
induce chronic metabolic or oxidative stress. During acute 
pancreatitis, unrestrained trypsinogen activation occurs as 
described above. Simultaneous with early protease activa-
tion, there is a proinflammatory reaction, with invasion of 
inflammatory cells into the pancreas, that perpetuate pro-
tease activation and cellular damage. This event is medi-
ated by tumor necrosis factor (TNF)-α in a cathepsin B- and 
calcium-dependent manner.85 In the late phase of acute 
pancreatitis, an anti-inflammatory reaction is observed that 
usually limits the inflammatory reaction and initiates the 
healing process. During this phase, there is an activation of 
profibrotic cells, including stellate cells. However, a sus-
tained anti-inflammatory reaction drives pancreatic fibro-
sis. This occurs when causative factors such as oxidative 
stress, alcohol, or its metabolites are not removed and thus 
continuously stimulate PSCs to synthesize components of 
extracellular matrix, causing fibrosis.69,84

One of the challenges of the SAPE hypothesis is its 
intention to combine divergent etiologies for chronic 
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pancreatitis through a common pathway leading to the 
same endpoint, i.e. chronic pancreatitis. This hypothesis 
also explains why some individuals with mutations in the 
trypsin-dependent pathway such as PRSS1, SPINK1 or 
CTRC, as well as the majority of alcoholics, do not eventu-
ally develop acute or chronic pancreatitis because they lack 
the sentinel event, a sine qua non for initiation of chronic 
pancreatitis.

Conclusions

Recent knowledge on the pathogenesis of chronic pancrea-
titis has been gained from both genetic linkage analyses and 
experimental in-vitro and animal studies. There are multi-
ple genetic susceptibility factors, which primarily involve 
the protease/antiprotease system of the exocrine pancreas. 
Recent genome wide association studies have identified 
genetic variants affecting proteins seemingly unrelated 
to the “trypsin-centered pathway” whose underlying cel-
lular mechanisms are still unclear. From animal models, 
we have learned that at least 2 principal mechanisms seem 
to predispose to the development of chronic pancreatitis.
These are recurrent pathologic stimuli on the pancreas or 
a single severe event such as an obstruction of the bile or 
pancreatic duct.86 Furthermore new theories postulate that 
a sequence of 2 events is essential for the pathogenesis of 
chronic pancreatitis. 

It can be assumed that not a single, but rather a com-
bination of different pathologic stimuli, including immune-
mediated processes, are necessary to develop chronic 
pancreatitis. The pathogenesis of this disease is too complex 
to be reduced to one single event.
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Abstract

Pancreatic fibrosis develops as a result of abnormal activa-
tion of stromal cells and deposition of extracellular matrix 
(ECM) proteins and is characteristic of chronic pancrea-
titis. Fibrosis impairs both exocrine and endocrine func-
tions of the pancreas, leading to severe impairment of a 
patient’s quality of life. Identification of key regulators 
of pancreatic fibrosis, especially pancreatic stellate cells 
(PSCs), has greatly contributed to the understanding of 
its cellular and molecular pathogenesis. Various external 
stimuli activate PSCs, and promote cell proliferation and 
migration, production of ECM proteins and cytokine secre-
tion. Recruitment of other inflammatory cells exacerbates 
pancreatic inflammation, leading to destruction of acinar 
and islet cells, which are replaced by extensive fibrosis. 
Dissection of the signaling pathways involved in pancre-
atic inflammation has enabled therapeutic intervention 
with specific inhibitors or antioxidants that contribute to 
the resolution of symptoms related to chronic pancreatitis. 
However, recovery of pancreatic tissue damaged by human 
chronic pancreatitis has not yet been achieved, despite the 
favorable effects of therapeutic agents evaluated in animal 
models of chronic pancreatitis. This discrepancy might be 
attributable  to the timing of therapeutic interventions. In 
animal models, treatments are generally administered at the 
same time as pancreatic injury. Failure to recognize early 
stage chronic pancreatitis in humans delays the start of 
therapy to preserve organ function. 

Introduction

Characteristic features of advanced chronic pancreatitis are 
destruction of acinar and islet cells, increase in the number 
of stromal cells, and prominent fibrosis. These histological 
changes result from activation of multiple signaling path-
ways that lead to the remodeling of pancreatic tissue struc-
ture. Ongoing inflammation produces irreversible damage 
to exocrine and endocrine pancreatic functions, resulting in 

the severe impairment of quality of life due to the malab-
sorption of nutrients and pancreatic diabetes. Even though 
pancreatic enzyme supplementation and insulin therapy are 
now available, treating end-stage pancreatic insufficiency 
is still problematic. Therefore, therapeutic intervention 
should begin before reversible fibrosis has been estab-
lished. Unfortunately, this has not yet been achieved in 
clinical practice. 

Numerous studies have described the complex mecha-
nisms of pancreatic fibrosis and their dependence on cel-
lular function or molecular regulation. Identification of the 
cell types that contribute to fibrosis has led to clarification 
of the fibrosis-promoting mechanisms, which consist of 
a multicellular inflammatory response. Recent research 
has revealed essential inflammatory signaling pathways 
and their downstream targets. Experimental approaches 
to attenuate fibrosis-promoting processes using inhibitors 
of specific signaling pathways and oxidative stress have 
shown promise, but their clinical application needs further 
validation. 

This chapter reviews the basic characteristics of pan-
creatic fibrosis, including the cellular origin of fibrosis, 
The signaling pathways that promote fibrosis or cell-to-cell 
interactions, and the available therapeutic interventions 
against fibrosis. Current knowledge of the mechanisms of 
fibrogenesis, fibrosis-promoting cell types and their func-
tions. The signaling pathways involved, and effects of their 
inhibition, are also discussed. 

Pancreatic Fibrosis and Symptoms of Chronic 
Pancreatitis

Exocrine pancreas insufficiency is a typical symptom of 
advanced chronic pancreatitis. Destruction of acinar cells 
leads to reduced secretion of digestive enzymes, which 
causes maldigestion. Deposition of type I collagen is a 
characteristic feature of advanced chronic pancreatitis. 
Stromal cells are sparsely distributed around acinar cells in 
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the normal pancreas, but in chronic pancreatitis, the ECM 
is prominent and stromal cells surround acinar cells Along 
with extensive fibrosis, there is evidence of damage to pan-
creatic acinar tissue. This was confirmed, by immunohis-
tochemical demonstration of 4-hydroxynonenal–protein, 
an adduct derived by lipid peroxidation1 and suggestive 
of increased oxidative stress within the inflamed pan-
creas. In addition to this tissue injury marker, the study 
also confirmed expression of transforming growth factor 
(TGF)-β1 a wound healing and fibrosis-related cytokine. 
Based on these findings, pancreatic fibrosis is seen as an 
active inflammatory process, accompanied by dynamic 
signaling and cell-to-cell interactions. Pancreatic fibrosis 
also involves the macroscopic ductal structure of the pan-
creas, typically with dilatation of the main pancreatic duct 
or formation of pancreatic stones that develop in response 
to inadequate drainage of pancreatic juice.2 Obstruction of 
the main pancreatic duct can cause acute exacerbation of 
chronic pancreatitis, which further promotes the necrosis-
fibrosis sequence. 

In addition to the exocrine pancreas, islet cells are also 
affected by pancreatic fibrosis. However, pancreatic dia-
betes only becomes evident at later stages of the disease,3 
which reflects the difference in vulnerability and reserve 
function. Assessment of pancreatic volume, apoptosis of 
acinar cells and islet cells in chronic pancreatitis patients 
and controls showed a decrease of beta-cell content by 
29% in chronic pancreatitis, but apoptosis of islet cells 
was not significantly different from controls. In contrast, 
acinar cell apoptosis in chronic pancreatitis increased by 
10-fold compared with controls, suggesting acinar cells are 
more vulnerable to inflammatory insults.4 A recent report 
described that β-cell dysfunction in chronic pancreatitis 
correlates with the decreased expression of pancreatic duo-
denal homeobox protein 1 (PDX-1),5 an essential transcrip-
tional factor for the maintenance of normal islet function.6 
Isolated islets revealed impaired glucose-stimulated insulin 
secretion, indicating pancreatic diabetes in chronic pan-
creatitis might result from both quantitative and qualitative 
changes of endocrine pancreas along with fibrosis. 

Pancreatic fibrosis is also related to the abdominal 
pain of chronic pancreatitis. Stricture of main pancreatic 
duct or pancreatic stones can increase the pressure in the 
pancreatic duct, leading to the abdominal pain.7 Treatment 
of ductal mechanical obstruction in chronic pancreatitis 
can follow several strategies, including drainage surgery 
(Frey’s or Berger’s procedure), endoscopic stent place-
ment, or extracorporeal shock wave lithotripsy.8,9 These 
treatments are generally effective for pain reduction, but 
some patients experience persisting abdominal pain. In 
addition to pain from mechanical obstruction, pancreatic 
fibrosis also causes abdominal pain by affecting nerves 
in the pancreas. Friess et al. reported that the number of 
nerves and the area of neural tissue increased in chronic 

pancreatitis following surgical treatment compared with the 
normal pancreas, and was accompanied by neuronal altera-
tions.10 These morphological changes did not differ with 
the etiology of pancreatitis, suggesting that they are a uni-
versal phenomenon. The increase in tissue enervation was 
accompanied by inflammatory cell infiltration, possibly 
causing neuronal pain. The detailed mechanisms of neu-
ronal damage have been revealed. Immunohistochemical 
analysis of nerve fibers within the pancreas to distinguish 
sympathetic (tyrosine hydroxylase positive) and parasym-
pathetic (choline acetyltransferase positive) innervation 
confirmed a marked decrease of sympathetic innerva-
tion.11 As reduction in sympathetic nerve fibers has been 
correlated with the severity of abdominal pain, this neural 
remodeling is assumed to be an additional cause of pain 
in chronic pancreatitis. Expression of growth factors and 
chemokines affecting neuronal function and inflammation 
is also altered in chronic pancreatitis tissue, and the change 
in expression varies with the degree of pancreatic fibrosis. 
For example, fractalkine, a chemokine that induces migra-
tion and extravasation of immune cells, is highly expressed 
in chronic pancreatitis tissues. Its expression level is cor-
related with the degree of pancreatic fibrosis and sever-
ity of pain.12 The therapeutic effect of anti-nerve growth 
factor antibody administration in has been demonstrated a 
rat model of chronic pancreatitis.13 Elevated expression of 
both nerve growth factor and its receptor tyrosine kinase 
receptor A in human chronic pancreatitis has been previ-
ously described.14 and thus might become alternative tar-
gets of pain therapy in  chronic pancreatitis. 

In summary, pancreatic fibrosis has a fundamental role 
in  the pathogenesis of chronic pancreatitis and might be an  
attractive therapeutic target for the improvement of clinical out-
come and maintenance of pancreatic function. Figure 1 shows 
the relationships of pancreatic fibrosis with the symptoms of 
chronic pancreatitis. The cellular and molecular mechanisms 
of pancreatic fibrosis are being extensively studied with the 
aim of developing novel therapies of chronic pancreatitis. 

Pancreatic Stellate Cells and Fibrogenesis

The star shaped hepatic stellate cells (HSCs) located within 
the space of Disse15 are in close contact with hepatocytes 
and endothelial cells, and contribute to the development of 
liver fibrosis due to a variety of liver injuries. HSCs con-
tain lipid droplets and stay in a quiescent state in normal 
liver tissue. Activation of HSCs leads to morphological 
and functional changes that cause tissue remodeling such 
as extracellular matrix (ECM) deposition. Similar star-
shaped cells located in the pancreatic periacinar space 
were reported in 1998 by Apte et al and Bachem et al,16,17 
Those cells were named pancreatic stellate cells (PSCs). 
Quiescent PSCs contain lipid droplets rich in vitamin A, 
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a feature that allows isolation of these cells by density-
gradient centrifugation. Inflammation within the pancreas 
activates PSCs, causing loss of lipid droplets, increased cel-
lular proliferation, and production of cytokines and ECM 
proteins. In vitro culture also activates PSCs, resulting in 
the expression of several specific markers such as desmin, 
glial fibrillary acidic protein (GFAP) and α-smooth muscle 
actin (α-SMA) (18). These PSC markers have been used to 
identify the cellular components of pancreatic fibrosis, and 
have confirmed that PSCs play a key role in fibrogenesis.19 

Increased production of ECM proteins is essential for 
the formation of fibrosis. Activated PSCs secrete ECM pro-
teins, such as type I collagen, fibronectin and periostin.20 
Deposition of ECM proteins alters the cellular microen-
vironment, and is one of the steps in the pathogenesis of 
chronic pancreatitis. As in other fibrotic diseases, pancre-
atic fibrosis is a result of an imbalance in fibrogenesis and 
fibrosis resolution in response to persisting inflammation 
or abnormal stimuli.21 PSCs express several enzymes that 
degrade ECM proteins including members of the matrix 
metalloproteinase (MMP) family and tissue inhibitors of 
metalloproteinases (TIMPs).22 This finding suggested 
a role for PSCs in fibrosis resolution, which is inhibited 
during the progression of chronic pancreatitis. A recent 
study confirmed that an acute phase protein, pancreatitis-
associated protein (PAP), reduced the expression of MMP-
1, MMP-S, TIMP-1 and TIMP-2 in PSCs, as well as their 
concentrations in culture supernatants.23 This partially 
explains how pathogenic alteration of PSC function by 

inflammation might lead to pancreatic fibrosis. In addition, 
production of ECM-degrading enzymes by PSCs suggests 
the possibility of fibrosis resolution by specific attenua-
tion of the fibrogenic activity of PSCs. To investigate this 
mechanism, upstream regulators of PSC activation have 
been examined.

A wide variety of growth factors, cytokines, small mol-
ecules, and environmental changes activate stellate cells. 
TGF-β1 and platelet derived growth factor (PDGF) are 
well-known growth factors that activate PSCs.24,25 Other 
inflammatory cytokines, tumor necrosis factor-α (TNF-α) 
and interleukins also increase α-SMA expression in PSCs, 
a hallmark of activation.26 These factors are released from 
various kinds of cells including damaged acinar cells, neu-
trophils, macrophages and PSCs themselves.27 Therefore, 
these growth factors and cytokines form a feed-forward 
loop of fibrogenic processes during the progression of 
pancreatitis. In addition to the endogenous factors, exog-
enous molecules also activate PSCs. Necroinflammatory 
processes following tissue injury, ethanol, and its acetal-
dehyde metabolite directly activate PSCs.28 This activa-
tion involves increased oxidative stress within the PSCs, 
which is also caused by the respiratory burst of neutrophils 
in acute inflammation.29 Gram-negative bacteria-derived 
lipopolysaccharide (LPS) also activates PSCs, which was 
shown to facilitate ethanol-induced pancreatic fibrosis in 
a rat model.30 As a result of excess ECM deposition, inter-
stitial pressure increases, resulting in poor blood perfu-
sion. Environmental factors such as external pressure and 

Figure 1. Relationships of pancreatic fibrosis and symptoms of chronic pancreatitis.
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hypoxia also cause PSC activation. Mechanical compres-
sion of cultured rat PSCs by helium gas increased produc-
tion of intracellular reactive oxygen species (ROS), leading 
to the increased expression of α-SMA, α1(I)-procollagen, 
and TGF-β1.31 Hypoxia also increases the production 
of ECM proteins, periostin, and type I collagen by cul-
tured human PSCs.32 Figure 2 illustrates how these PSC-
activation factors interact with each other, to perpetuate 
inflammation and fibrosis. Following the identification of 
PSC-activating factors, their downstream signaling path-
ways and specific inhibitors were identified. 

Pancreatic Fibrogenesis-Related Signaling Pathways

Numerous signaling pathways are involved in pancreatic 
fibrosis. The signaling pathways that activate PSCs have 
been well studied. Activation of the mitogen-activated pro-
tein kinase (MAPK) pathway activation is indispensable for 
PSC activation, cellular proliferation, migration, cytokine 
and ECM production.33 Three kinds of MAPK pathways, 
extracellular signal regulated kinase (ERK), p38 MAPK, 
c-jun N-terminal kinase (JNK) have been described and 
they are activated by various PSC-activating stimuli. For 
example, ethanol and acetaldehyde activate ERK, p38 and 
JNK in rat PSCs. McCaroll et al studied the inhibition of 
each pathway using specific inhibitors (U0126 for ERK 
pathway inhibition, SB203580 for p38 MAPK pathway 
inhibition, and SP600125 for JNK pathway inhibition); 
only inhibition of the p38 MAPK pathway could attenu-
ate the ethanol or acetaldehyde-induced α-SMA expression 

of PSCs.34 Another report confirmed activation of all three 
MAPK pathways and activator protein-1 by an ethanol 
metabolite, palmitic acid ethyl ester, in PSCs.35 TGF-β1 
also activates the ERK pathway, whose inhibition was 
shown to lead to the attenuation of the TGF-β1 autocrine 
loop in PSCs.36 PDGF-induced cellular migration is medi-
ated by the phosphatidylinositol 3-kinase (PI3-kinase) 
pathway, which also activates ERK pathway, suggesting 
signaling cross-talk.37 

Other signaling pathways are involved in PSC activa-
tion in addition to the small molecule-activated or growth 
factor-activated MAPK pathways. PSCs express Toll-like 
receptors (TLRs), which recognize pathogen-associated 
molecular pattern molecules (PAMPs).38 PSCs express 
TLR2, 3, 4, 5, and the associated molecules CD14 and 
MD2. These TLRs recognize various molecules derived 
from pathogens. The TLR ligands, lipoteichoic acid,  
polyinosinic–polycytidylic acid, LPS and flagellin, increase 
production of monocyte chemoattractant protein-1 (MCP-1) 
and cytokine-induced neutrophil chemoattractant-1 (CINC-
1) by PSCs. The nuclear factor-κB (NF-κB) pathway, a typi-
cal inflammatory signaling pathway may also be activated,38 
but the MAPK inhibitors failed to show uniform inhibition 
of MCP-1 and CINC-1 production, as the NF-κB inhibitor 
did, suggesting a central role of NF-κB in TLR-mediated 
chemokine production. This observation suggests that PSCs 
are not only activated by inflammatory signals, but also act 
to amplify the inflammatory response within the pancreas. 
Another extracellular ligand affecting the function of PSCs 
is Indian hedgehog (Ihh), a member of the hedgehog peptide 

Figure 2. Activators of PSCs and the feed-forward loop of PSC activation.
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family, which are involved in the developmental processes 
and tissue patterning.39 PSCs were found to express hedge-
hog receptor components, patched (Ptc-1) and smoothened 
(Smo),40 and binding of hedgehog ligand to Ptc-1 abrogates 
its inhibitory effect on Smo, leading to downstream signal 
activation as indicated by the nuclear accumulation of Gli 
transcriptional factor.41 Ihh-treatment of PSCs increased cel-
lular migration, without alteration of proliferation or ECM 
protein production. Ihh increased the amount of membrane-
type I MMP in the PSCs, which was attenuated by TIMP-2, 
a metalloproteinase inhibitor. This observation indicates that 
ECM-degrading enzymes are regulated by external stimuli 
affect the cellular function of PSCs. 

The quiescent state of PSCs is maintained by several 
signaling pathways. Quiescent PSCs have intracellular 
lipid droplets containing Vitamin A. Vitamin A and its 
metabolites bind to nuclear receptors, leading to the altera-
tion of gene expression through retinoic acid responsive 
elements.42 Vitamin A and its metabolites all-trans retinoic 
acid (ATRA) and 9-cis retinoic acid (9-RA) were found to 
suppress cell proliferation, α-SMA expression, ECM pro-
tein production, and MAPK activation.43 Cultured PSCs 
retained the expression of retinol-converting enzyme 
and nuclear receptors for ATRA and 9-RA, which may 
contribute to the attenuation of activated PSC functions. 
This suggests that the morphological changes in PSCs 
reflect the functional alterations in activated PSCs, pos-
sibly causing the loss of endogenous factors for quies-
cence. Similarly, another nuclear receptor, peroxisome 
proliferator-activated receptor-γ (PPAR-γ) was also found 
to regulate PSC activation. Oxidative metabolites of poly-
unsaturated fatty acids and prostaglandins bind to this 
ligand-activated transcriptional factor, regulating inflam-
matory responses.44 Cultured PSCs expressed PPAR-γ, 

and its ligands (15d-PGJ2 and troglitazone) inhibited 
PDGF-induced proliferation of PSCs.45 Expression of 
α-SMA and production of type I collagen or MCP-1 were 
suppressed by 15d-PGJ2 and troglitazone treatments, 
indicating PPAR-γ-mediated signalling contributes to the 
inhibition of PSC activation. In addition to these ligands 
of nuclear receptors, vitamin D also has antifibrogenic 
properties. A recent report identified the expression of 
vitamin D receptor in PSCs, and the potent vitamin D ana-
logue, calcipotriol induced reprogramming of activated 
PSCs into the quiescent state.46

According to these studies, signaling pathways promot-
ing pancreatic fibrosis are mainly activated by extracellular 
stimuli of PSCs, which harbor endogenous quiescence-
maintaining machinery in the normal pancreas. Figure 3 
illustrates pro- and antifibrogenic signaling pathways in 
PSCs. 

Cell-To-Cell Interactions in Pancreatic Fibrosis

Pancreatic fibrosis also involves other cell types in addition 
to PSCs. Activated PSCs secrete a wide variety of inflam-
matory cytokines such as IL-1β, IL-6, MCP-1 and TNF-α 
that contribute to the recruitment of inflammatory cells to 
the pancreas. RelA/p65, a component of the NF-κB path-
way in myeloid cells, was found essential for the establish-
ment of pancreatic fibrosis in a mouse model (47). This 
suggests that production of TNF-α and TGF-β1 by mac-
rophages infiltrating the pancreas is regulated by NF-κB. 
A similar study has confirmed the contribution of alterna-
tively activated macrophages (AAMs, M2) in the pancre-
atic fibrosis.48 Unlike classical macrophages (M1, induced 
by interferon gamma (IFNγ), or LPS), AAMs are induced 
by IL-4 or IL-13, and play an important role in fibrosis and 

Figure 3. PSC-activating signals and quiescence-maintaining factors.
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tumorigenesis.49 The AAM-inducing factors are secreted 
by PSCs when IFNγ production is low.48 Suppression of 
IL-4 and IL-13 improved established chronic pancreatitis 
in a mouse model, suggesting that they might be a candi-
date therapeutic target.

Similar cell-to-cell interactions have been reported in 
mast cells, an immediate mediator of allergic reactions. The 
presence of mast cells in chronic pancreatitis tissue was 
reported by Esposito et al, where there was a correlation of 
the extent of fibrosis with the intensity of inflammation.50 
Mast cell infiltration was observed in chronic pancreatitis 
regardless of the etiology. Zimnoch et al noted an increase 
in the number of degranulated mast cells in chronic pan-
creatitis that occurred in parallel to increase in the degree 
of fibrosis, suggesting that mast cell-derived factors are 
involved in PSC activation.51 Finally, a recent study found 
that the mutual activation of PSCs and mast cells plays 
a pivotal role in progression of pancreatic cancer. Mast 
cell-derived IL-13 and tryptase were found to stimulate 
PSC proliferation, and PSCs were also found to facilitate 
cytokine and tryptase release from human mast cell lines.52 
T-cell function is also affected by chronic pancreatitis. 
Comparison of patient-derived T cells from chronic pan-
creatitis, pancreatic cancer and healthy individuals revealed 
that regulatory T cells recognizing pancreatitis-associated 
antigens were expanded in chronic pancreatitis, leading 
to a regulatory cytokine profile characterized by IL-10  
production.53 Taken together, these cell-to-cell interactions 
alter local and systemic inflammatory responses in chronic 
pancreatitis, resulting in the fibrotic tissue remodeling.

Cell-to-cell interactions in chronic pancreatitis affect 
additional cell types in a variety of ways. As mentioned ear-
lier, pancreatic endocrine functions are impaired in chronic 
pancreatitis, and the mechanisms are partially understood. 
Coculture with PSCs reduced insulin production and 
induced apoptosis in a the RIN-5F pancreatic  β-cell line.54 
The study also confirmed the existence of α-SMA-positive 
activated PSCs within the islets in chronic pancreatitis, 
indicating that cell-to-cell interaction between PSCs and 
islet cells contributes to the impairment of pancreatic endo-
crine function. An ECM protein, secreted protein acidic 
and rich in cysteine (SPARC), has been reported to attenu-
ate growth factor-stimulated signaling, cellular growth 
and cell survival in INS-1 β-cell line and primary mouse 
islet cells.55 SPARC inhibited hepatocyte growth factor- 
and IGF-1-induced activation of ERK and Akt, leading to 
reduced cellular growth and cell survival. Since SPARC is 
predominantly produced by PSCs,56 these results partially 
explain how PSCs inhibit islet function. Hgh glucose also 
affects PSC function. Treatment of PSCs by high concen-
trations of glucose (30 mM) caused increased production 
of reactive oxygen species (ROS), as detected by dichloro-
dihydrofluorescein diacetate (DCF) fluorescence. This 
treatment led to the increased production of  α-SMA, IL-6, 

and collagen, accompanied by proliferation of PSCs.57 This 
observation means if a diabetic state has been established, 
activation of PSCs would be further promoted, by a feed-
forward loop. This was confirmed in a diabetic rat model 
rat where transplantation of PSCs isolated from 8-week-old 
Wistar rats into Goto-Kakizaki rats resulted in the exacer-
bation of impaired glucose tolerance, while Wistar rats with 
transplanted PSCs were not affected. The islets of PSC-
transplanted Goto-Kakizaki rats showed increased fibrosis 
compared with PSC-transplanted Wistar rats, suggesting 
that increased blood glucose concentration enhanced PSC 
function.58 PSC-conditioned culture medium (PSC-CM) 
and high glucose additively increased C/EBP Homologous 
Protein (CHOP) expression, a hallmark of ER stress, in the 
INS-1 cells used in that study. 

Based on these observations, cell-to-cell-interactions, 
especially with PSCs, have important roles in the tissue 
remodeling during chronic pancreatitis. Figure 4 illustrates 
these interactions and their mediators. Profibrogenic sign-
aling pathways and fibrosis-related interactions have been 
investigated as candidate anti-fibrosis therapy.

Therapeutic Intervention Targeting Fibrogenesis

As activation of PSCs and their interaction with other cell 
types contribute to the pathogenesis of chronic pancreati-
tis, therapeutic interventions against these interactions have 
been evaluated. A variety of growth factors and extracel-
lular stimuli activate multiple signaling pathways includ-
ing MAPK, Akt and NF-κB. Effective inhibition of these 
pathways by single inhibitor presumably has limited thera-
peutic potential, and selection of a specific target on which 
these stimuli converge would be ideal. One such candidate 
is increased oxidative stress in PSCs. There is evidence of 
a substantial contribution of NADPH oxidase in PSCs.59 
A number of cytokines and growth factors such as PDGF, 
IL-1 and angiotensin II increase ROS production in PSCs. 
Their activity is effectively suppressed by treatment with 
the NADPH oxidase inhibitors, diphenylene iodonium 
and apocynin, which results in decreased proliferation of 
PSCs and cytokine production. Other antioxidants such as 
curcumin or ellagic acid have similar effects,60,61 suggest-
ing antioxidants might be a promising therapeutic strategy 
against chronic pancreatitis. Two recent meta-analyses of 
antioxidant therapy for pain reduction in chronic pancrea-
titis concluded that antioxidant therapy is safe and has a 
beneficial role in pain reduction.62,63 As described earlier, 
pancreatic fibrosis mechanistically and functionally affects 
pancreatic nerve fibers, and attenuation of inflammatory 
processes might contribute to improvement of clinical out-
comes. Other food-derived compounds also have inhibi-
tory effects on PSC function. Tocotrienol and tocopherol 
are vitamin E compounds, and have been reported to inhibit 
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PSC activation.64,65 Tocotrienol but not tocopherol caused 
apoptosis of PSCs in vitro64 accompanied by development 
of autophagy and sustained mitochondrial permeability 
transition, resulting in the cell death of activated PSCs. 
Interestingly, tocotrienol did not affect the viability of aci-
nar cells or quiescent PSCs, showing a safety favorable 
profile as a therapeutic agent. 

In addition to antioxidants and NADPH oxidase inhibi-
tors, other fibrogenic signaling pathways have been targeted 
in PSCs. Administration of halofuginone, a plant alkaloid 
analog, inhibited TGF-β1 signaling, ECM production, 
and activation of MAPK signals.66 Similarly, transgenic 
expression of Smad7, an inhibitory Smad against TGF-β1 
signaling, protected against caerulein-induced pancreatic 
fibrosis in a mouse model.67 A recent report described an 
effective antifibrosis therapy using the novel prostacyclin 
analog ONO-1301 in a rat pancreatitis model.68 ONO-1301 
improved experimental pancreatic fibrosis in dibutyltin 
dichloride-induced pancreatitis, with reduced expression 
of TGF-β1, TNF-α, IL-1β, and MCP-1. These effects were 
mediated by the induction of hepatocyte growth factor, 
which inhibited cytokine and chemokine production by 
monocytes. Production of connective tissue growth factor 
(CTGF) by injured acinar cells plays a pivotal role in the 
production of inflammatory cytokines such as IL-1β and 
CCL3 in ethanol and caerulein-induced chronic pancrea-
titis in mice. An inhibitor of chemokine receptor, BX471, 
attenuated the chemotaxis of macrophage cells toward 
cultured AR42J acinar cells.69 Administration of camostat 

mesilate, an oral protease inhibitor, also reduced the sever-
ity of pancreatic fibrosis in dibutyltin dichloride-induced 
chronic pancreatitis.70 Camostat mesilate reduced MCP-1 
and TNF-α production from LPS-stimulated monocytes 
and inhibited of proliferation and MCP-1 production by 
PSCs.70 These results indicate that inflammation-triggering 
signaling pathways and their mediators are attractive tar-
gets for antifibrosis therapy. 

However, these therapeutic interventions have limited 
benefit for patients with advanced chronic pancreatitis, 
whose pancreatic parenchyma has already lost functional 
acinar and islet cells. Since these therapeutic interventions 
were applied in animal models at the same time as pancre-
atic injury, their efficacy in human disease is unclear. Lack 
of a diagnostic method for subclinical chronic pancreatitis 
hampers early intervention, such as alcohol abstinence or 
smoking cessation.71 Japanese clinical diagnostic criteria 
for chronic pancreatitis were revised in 2009 to define a 
new disease entity, early chronic pancreatitis.72 Diagnosis 
of early chronic pancreatitis is based on abdominal symp-
toms, laboratory data, and imaging findings characteristic 
of chronic pancreatitis, with the intent to classify patients 
with early stage disease. The effectiveness of antifibrosis 
therapy for these patients needs to be clarified. Similar 
validation could be performed in patients with hereditary 
pancreatitis, in whom effective prophylactic therapies are 
not yet available.73 In summary, accurate identification of 
patients with early stage disease must be available for the 
establishment of an effective anti-fibrosis therapy. 

Figure 4. Cell-to-cell interactions and their mediators involved in pancreatic fibrosis.
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Conclusion

Recent research progress in the field of pancreatic fibro-
sis has identified intriguing cellular components, signaling 
pathways, and upstream regulators. Inhibition of fibrogenic 
processes has shown therapeutic efficacy in animal mod-
els, but the clinical applications have not yet resulted For 
this goal, identification of patients with early stage chronic 
pancreatitis using novel diagnostic strategies is necessary. 
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Introduction

In the minority of patients (i.e., 5.8% to 20%), chronic pan-
creatitis takes a primarily painless course with exocrine 
and endocrine insufficiency the dominating symptoms.1-7 
However, for the majority of patients, pain is the decisive 
symptom, causing much discomfort in their daily lives. 
Some studies have correlated the course of pain in chronic 
pancreatitis with disease duration, progressing exocrine 
and endocrine pancreatic insufficiency, and morphological 
changes such as pancreatic calcification and duct abnor-
malities. The course of chronic pancreatitis-associated pain 
has also been studied following alcohol abstinence and 
after surgery in some groups.

This review of the natural course of chronic pancreatitis 
focuses on pain but also pays attention to the course of exo-
crine and endocrine pancreatic insufficiency and concludes 
by describing the socioeconomic situation of patients and 
disease mortality and prognosis.

Pain decrease and duration of chronic pancreatitis

Whether progressive parenchymal destruction leads to 
decreased pain has been debated.8,9 Ammann’s group has 
claimed that pain decreases with increasing disease dura-
tion.3,10,11 In one long-term study, 85% of 145 patients 
with chronic pancreatitis felt no more pain after 4.5 years 
(median) than at disease onset.3 In another series, in which 
the interval between the onset of alcohol-induced chronic 
pancreatitis and pain relief was compared in surgically and 
nonsurgically treated patient groups, the curves were virtu-
ally parallel: pain relief was obtained in about 50% within 6 
years and in >80% within 10 years of illness onset.12

Reports from Zurich are at variance with studies from 
Japan and Germany. Miyake et al. found that only 48.2% of 

the patients with chronic pancreatitis became free of pain 
within 5 years, but this increased to 66%-73% after more 
than 5 years.6 This showed that every third or fourth patient 
still suffered from relapsing pain attacks even after a long 
observation period. The Göttingen group† reported that 
the incidence of relapsing pain attacks decreased during 
the observation period, but more than half of the patients 
(53%) still suffered from relapsing pain attacks even after 
more than 10 years of observation.7

At present, the course of pain in alcoholic and idiopathic 
chronic pancreatitis remains unclarified. Layer et al. inves-
tigated a group of patients with idiopathic chronic pancrea-
titis who had never consumed alcoholic beverages.13 They 
found that patients with early onset pancreatitis (under 
35 years of age) have a long course of severe pain from 
the start of their illness, whereas patients with late-onset 
pancreatitis (over 35 years) have a mild and often painless 
course. Both forms differ from alcoholic pancreatitis in 
having an equal gender distribution and a much slower rate 
of calcification. In contrast, the Göttingen group found that 
the course of pain is the same in alcohol- and nonalcohol-
induced chronic pancreatitis.14 Even when we divided the 
nonalcoholic group into teetotalers and patients with little 
alcohol consumption and separately compared their course 
of pain with alcoholics, there were no differences concern-
ing pain relief among the three groups.15 Further studies are 
required to clarify this finding.

† Under the leadership of Prof. Dr. Werner Creutzfeldt, a group 
of clinicians at the University of Göttingen, Germany, began to 
work on the diagnosis and prognosis of pancreatic diseases, in 
particular chronic pancreatitis, in 1964. From the mid-1970s this 
group was headed by one of us (P.G.L.). For the sake of simplicity 
we refer to this group as the “Göttingen group.”
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Pain decrease and progressing exocrine and endocrine 
pancreatic insufficiency

The Swiss group has repeatedly observed pain decrease 
when exocrine and endocrine pancreatic function dec-
lines.8-11 Similarly, Girdwood et al. reported from South 
Africa that pain decreased as exocrine pancreatic function 
deteriorated.16

Conversely, groups from Denmark and Germany have 
reported the opposite. Thorsgaard Pedersen et al. from 
Copenhagen found no correlation between pain and exo-
crine pancreatic function.17 The Göttingen group used the 
secretin-pancreozymin test and fecal fat analysis to evalu-
ate exocrine pancreatic insufficiency,7 whereas the Swiss 
group used only indirect pancreatic function tests (i.e., chy-
motrypsin measurements) to evaluate exocrine pancreatic 
insufficiency.3 A clear-cut grading of the severity of exo-
crine pancreatic insufficiency was used: mild impairment 
was defined as reduced enzyme output, moderate impair-
ment as a decreased bicarbonate concentration along with 
reduced enzyme output but normal fecal fat excretion, and  
severe impairment was equated with an abnormal secretin-
pancreozymin test plus steatorrhea. At the end of the 
observation period, 141 (45%) of 311 patients with painful 
chronic pancreatitis had severe exocrine pancreatic insuf-
ficiency. The majority of them (81/144; 57%) still suffered 
from pain attacks.7

Additionally, the course of pain was studied in corre-
lation with endocrine pancreatic insufficiency, which was 
classified as absent, moderate (diabetes mellitus treated 
only by diet with or without oral medication), or severe 
(requiring insulin). At the end of the observation period, 
117 (38%) patients were classified as having severe 
endocrine pancreatic insufficiency. The majority of them 
(69/117; 59%) still suffered from pain attacks.7,18

Thus, according to these results, the progression of 
exocrine and endocrine pancreatic insufficiency has a 
limited influence, if any, on the course of pain in chronic 
pancreatitis.

Pain decrease and development of morphologic 
changes of the pancreas (pancreatic calcifications  
and/or duct abnormalities)

The Swiss group showed an increased incidence of pancre-
atic calcifications, which in turn was associated with pain 
decrease.3,10 However, in a later survey the same group 
reported a regression of pancreatic calcifications in a long-
term study of patients with chronic pancreatitis.19 Thus, the 
prognostic role of pancreatic calcifications in determining 
the course of pain is unclear.

Furthermore, the Swiss results are at variance with 
two other reports. Malfertheiner et al. found that 89% of 
patients had pain despite pancreatic calcifications observed 

on computed tomography, of whom 39% had very intense 
pain.20 In the Göttingen group study, freedom of pain was 
significantly higher in the calcification group than in the 
noncalcification group. However, the majority of patients 
with pancreatic calcifications (56%) still had relapsing pain 
attacks.7

The correlation between pain and pancreatic duct changes 
or pressure in the duct system is also not clear. Ebbehøj 
et al. measured pancreatic tissue fluid pressure percutane-
ously or intraoperatively and found a significant correla-
tion with pain in patients with chronic pancreatitis but not 
with the results of endoscopic retrograde cholangiopan-
creatography (ERCP). That is, regional pressure tended to 
be highest in the region of the pancreas with the largest 
but not the smallest duct diameter.21,22 Jensen et al. found 
no correlation between pancreatic duct changes and pain.23 
Warshaw et al. found that 2 of 10 patients had no pain relief 
1 year after a lateral pancreaticojejunostomy despite a 
 patent anastomosis detected by ERCP.24

Two investigations confirmed the nonparallel-
ism between pancreatic duct changes and pain relief. 
Malfertheiner et al. found severe pain in only 62% of 
patients who had advanced pancreatic duct changes dem-
onstrated by ERCP.20 The Göttingen group found no sig-
nificant correlation between pancreatic duct abnormalities 
detected by ERCP and pain in 88 patients with chronic 
pancreatitis.7 Severe pancreatic duct abnormalities, as 
defined by the Cambridge classification25 were present in 
42 patients, but only 16 (31%) of these became free of pain. 
Despite a normal pancreatic duct in 14 patients, 10 (71%) 
suffered from persisting pain.7

Thus, morphological changes such as pancreatic cal-
cifications or pancreatic duct abnormalities are not nec-
essarily helpful in determining the prognosis of chronic 
pancreatitis or predicting the course of pain.

Smoking has an effect on the natural course of the 
disease since it increases the risk of pancreatic calcifica-
tion in late-onset but not early onset idiopathic chronic 
pancreatitis.26

Pain decrease and alcohol abuse

Since alcoholism is the leading etiologic factor in chronic 
pancreatitis, several studies have investigated whether 
alcohol abstinence influences pain or progression of the 
disease. Sarles and Sahel reported that 50% of their patients 
with chronic pancreatitis experienced pain relief when alco-
hol abuse was discontinued,27 whereas Trapnell reported a 
figure of 75% when alcohol abuse was discontinued.28

Two other investigations have confirmed that absti-
nence can be helpful. Miyake et al. demonstrated pain 
relief in 60% of their patients who discontinued or reduced 
alcohol intake, whereas spontaneous pain relief was seen in 
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only 26% of the group who continued drinking.6 In a study 
by the Göttingen group, 66 (31%) of 214 patients with alco-
holic chronic pancreatitis were motivated to stop drinking.7 
Pain relief was obtained in 52% of these patients, whereas 
spontaneous relief in alcoholics was seen in 37%. Thus, 
alcohol abstinence will probably lead to some improve-
ment of pain in every other patient with chronic pancrea-
titis, but why exactly abstinence helps some cases but not 
others remains to be investigated.

Pain decrease and interventional procedures

Interventional procedures for pain treatment in chronic 
pancreatitis include fragmentation of stones by extracor-
poreal shock wave lithotripsy (ESWL), endoscopic stone 
extraction, and bridging of pancreatic strictures by stent 
applications. Reports of the effect of these procedures on 
pain are controversial, and controlled studies are lacking. 
A large Japanese study of 555 patients who underwent 
ESWL for pancreatic stones report a success rate of 92.4% 
(fragmentation of stones) and a complete stone clearance 
rate of 72.6% after ESWL alone or in combination with 
interventional endoscopy.29 Symptom relief was achieved 
in 91.1% of the patients, and complications developed in 
6.3% of the patients, including acute pancreatitis in 5.4%. 
A total of 504 patients were followed up for a mean of 44.3 
months, during which 122 (22%) suffered stone recurrence 
(mean time to recurrence, 25.1 months) and 22 (4.1%) 
required surgery.29 In another series from Japan, a total of 
117 patients with pancreatic stones underwent ESWL and 
endoscopic treatment. Immediate pain relief was achieved 
in 97% and complete removal of stones in 56%. During 
long-term follow-up over 3 years, 70% of the patients con-
tinued to be asymptomatic.30 These results are at variance 
with a smaller German study in 80 patients with chronic 
pancreatitis in whom ESWL was always followed by a fur-
ther endoscopic procedure. Treatment success was defined 
as complete clearance of the main pancreatic duct or partial 
clearance that allowed implantation of a pancreatic stent. 
Successful treatment was more frequent in patients with 
solitary stones. The mean duration of follow-up was 40 
(range 24-92) months. Pain relief and necessity for further 
analgesia was independent of ESWL results.31 Thus, in this 
study, pancreatic drainage by ESWL and endoscopy had 
almost no effect on pain in chronic pancreatitis in the long 
term.31 This finding is in sharp contrast to the results of 
a new, albeit retrospective study of 636 patients with idi-
opathic chronic pancreatitis from a high-volume tertiary 
care center for endoscopy and gastrointestinal diseases 
in India.32 The patients were monitored after ESWL and 
ERCP and divided into an intermediate group (follow-up 
24-60 months, n = 364) and a long-term group (follow-up 
>60 months, n = 272). Absence of pain was seen in 250 

(68.7%) patients, mild to moderate pain in 94 (25.4%) 
patients, and severe pain in 20 (5.5%) patients of the 
intermediate group. In the long-term group, 164 (60.3%) 
patients had no pain, 97 (35.7%) patients had mild or mod-
erate episodes of pain, and 11 (4.04%) patients had epi-
sodic severe pain. Recurrence of calculi was seen in 51 
(14.01%) patients in the intermediate follow-up group and 
in 62 (22.8%) patients in the long-term group.

The Indian group freely admits that their study was a 
single-center retrospective analysis and that visual analog 
scale scores for pain and quality of life were not validated. 
Nevertheless, they drew several conclusions from their 
findings. First, patients who have been relieved of pain 
during the intermediate period (2-5 years) after ESWL are 
likely to continue to benefit in the long term. It is probable 
that early intervention with ESWL and endotherapy, espe-
cially in young patients with chronic pancreatitis, alters the 
course of the disease. Furthermore, early ESWL could even 
obviate surgical intervention, although this needs to be con-
firmed in a randomized, controlled trial.32

The effect of pancreatic stents on pain in chronic pan-
creatitis is even more controversial. Patients undergoing 
pancreatic duct stent placement for disrupted ducts, isolated 
strictures, pancreas divisum, and hypertensive pancreatic 
sphincters showed subsequent ductal changes consistent 
with chronic pancreatitis in 36% of the cases, even though 
72% of these patients had a normal initial pancreatogram.33 
Furthermore, patients with preoperative endoscopic pan-
creatic stenting had frequent postoperative complications, 
mostly septic, and a prolonged hospital stay.34 A surgical 
review of the pitfalls and limitations of stenting in chronic 
pancreatitis reported that the indications for surgery in 
patients with a pancreatic stent were severe abdominal 
pain in 100%, relapsing pain attacks in 77%, and necrotiz-
ing pancreatitis in 14%. Before being selected for surgery, 
4.5 ERCPs and 3.7 stent exchanges were performed per 
patient. Thus, from the surgical point of view, endoscopic 
pancreatic duct stenting in chronic pancreatitis seems not to 
be indicated because of a low success rate and a substantial 
risk for complications.35 The same direction was taken by 
Holm and Matzen.36 They performed a retrospective study 
of patients with chronic pancreatitis and large-duct disease 
who had undergone decompressing treatment with stenting 
and/or ESWL. Overall, the authors observed only a small 
increase in weight and a small reduction in the number of 
opioid users. In their opinion, these changes may not be dif-
ferent from the natural course of the disease.36

The latter results are in sharp contrast to a long-term out-
come study of pancreatic stenting in severe chronic pancre-
atitis in 100 patients from Belgium. The majority of patients 
(70%) who responded to pancreatic stenting remained pain 
free after definite stent removal. However, a significantly 
higher restenting rate was observed in patients with chronic 
pancreatitis and pancreas divisum.37 Obviously, the results 
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are also different in special subgroups. Endoscopic stent-
ing of biliary strictures in chronic pancreatitis provided 
excellent short-term but only moderate long-term results 
in another study from Germany. Patients without calcifi-
cations of the pancreatic head benefit from biliary stent-
ing. However, patients with calcifications have a 17-fold 
increased risk of failure during 12-month follow-up.38

Of special interest are three prospective randomized 
trials that compared endoscopic with surgical treatment of 
chronic pancreatitis. Endoscopic treatment included pan-
creatic sphincterotomy in all and additional stenting of the 
pancreatic duct in 33 (52%) patients. Mean duration of 
stent treatment was 16 (range 12-27) months, and stents 
were exchanged six times (range 4-9). Surgical treatment 
included pancreatic resection in 61 (80%) and drainage 
procedures in 15 (20%) patients. Although the short-term 
effects were similar, the results after 5 years’ follow-up 
showed a comparatively low rate of patients with complete 
absence of abdominal pain. However, the results for sur-
gery were significantly better than for endotherapy.39 The 
study has been criticized for the randomization, which was 
agreed to by only 51.4% of the patients.

A second study was carried out in the Netherlands. The 
authors investigated patients with chronic pancreatitis and 
a distal obstruction of the pancreatic duct but without an 
inflammatory mass. The patients were randomly assigned 
to undergo endoscopic transampullary drainage (n, = 19, 16 
of whom underwent lithotripsy) of the pancreatic duct or 
operative pancreaticojejunostomy (n = 20). During the 24 
months of follow-up, patients who underwent surgery had 
lower Izbicki pain scores and better physical health sum-
mary scores than those treated endoscopically. At the end 
of follow-up, complete or partial pain relief was achieved 
in 32% of patients assigned to endoscopic drainage com-
pared with 75% of patients assigned to surgical drainage 
(P = 0.007). Complication rates, lengths of hospital stay, 
and changes of pancreatic function were similar in the two 
treatment groups, but patients receiving endoscopic treat-
ment required more procedures than those in the surgery 
group (P>0.001). The authors concluded that surgical 
drainage of the pancreatic duct was more effective than 
endoscopic treatment for patients of this category.40

The design of the study from the Netherlands was in 
contrast to the study by Díte et al. in the Czech Republic,39 
in which the surgical arm included various operations with 
drainage and the endoscopic treatment did not include 
lithotripsy. The Dutch study thus seems to be the only 
one to compare two closely defined drainage options. 
Nevertheless, it was heavily criticized because of its short 
observation period. However, the authors later published a 
second analysis (third study).41 Surgery remained superior 
in terms of pain relief (80% vs. 38%, P = 0.042). A total 
of 68% of the patients in the endoscopy group required 
additional drainage, compared with 5% in the surgery 

group (P = 0.001). Moreover, 47% of the patients in the 
endoscopy group had to undergo surgery at a later date. 
The collective results suggest that surgical drainage should 
currently be preferred to endoscopic measures.

Pain decrease and surgery

During the course of the disease, every second to fourth 
patient needs surgical treatment because of pain and/or 
organ complications, such as pancreatic pseudocysts.3,7 
The choice of the surgical procedure is dependent on the 
special circumstances of each patient and the surgeon’s 
expertise.

On the assumption that pain was caused by obstruction 
of pancreatic secretion into the duodenum due to inflam-
mation or scarring, longitudinal pancreaticojejunostomy 
according to Partington and Rochelle was once the method 
of choice for patients with painful chronic pancreatitis in 
whom conservative treatment had not reduced the pain.42 It 
later became clear that the principal source of pain was actu-
ally inflammatory swelling of the head of the pancreas. The 
classic Kausch-Whipple resection, originally the standard 
intervention for papillary cancer of the pancreas,43,44 was 
subsequently the standard operation for chronic pancreati-
tis with involvement of the pancreatic head over a period 
of decades, before being gradually replaced by the pylorus-
preserving Whipple procedure.45 Later, various operations 
and modifications were introduced to resect the head of the 
pancreas while preserving the duodenum.

The first duodenum-preserving resection of the head of 
the pancreas was introduced by Beger and coworkers in 
1972.46 The enlarged pancreatic head was resected without 
sacrificing the gastroduodenal and bilioduodenal passage, 
and a drainage operation was performed comparable with 
the Partington-Rochelle procedure. Subtotal resection of 
the pancreatic head was carried out before gland transec-
tion above the portal vein.

A modification of this procedure was introduced by 
Frey.47 A limited duodenum-preserving excision of the 
pancreatic head was accomplished by coring out the head 
of the pancreas, leaving a small cuff along the duodenal 
wall. In contrast to the Beger procedure, the pancreas was 
not divided above the superior mesenteric portal vein, and 
the main pancreatic duct was open in the body and tail of 
the organ.48 Two further modifications of these operations 
were later proposed. Groups led by Büchler combined the 
advantages of the Frey and Beger in the Berne procedure.49 
A deep duodenal-preserving resection of the pancreatic 
head is accomplished according to Beger, and transection 
of the gland over the superior mesenteric portal vein is 
avoided.48

The Hamburg procedure also combines aspects of 
the Beger and Frey operations. Subtotal resection of the 
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pancreatic head including the uncinate processes is car-
ried out, but transection of the gland over the superior 
mesenteric portal vein is again avoided, and the excision 
is combined with the longitudinal V-shaped excision of the 
ventral aspect of the body and tail of the pancreas.50 Only a 
small number of randomized controlled studies have com-
pared the different surgical procedures for chronic pancrea-
titis treatment .48

To what extent surgical treatment influences the course 
of pain in different studies cannot be compared for the fol-
lowing reasons:

• The definition of freedom from pain is often vague, and 
pain symptoms were usually not measured.

• Not all patients received the same surgical treatment for 
the same indication. In the past, some authors recom-
mended not performing an indicated resection in alco-
holics because of problematic postoperative treatment 
of diabetes mellitus in those patients.51,52 It is unclear 
to what extent these recommendations were or are fol-
lowed, if at all.

Although continued alcohol abuse distinctly worsens 
the effect of surgical treatment,53-55 it is still difficult to 
determine whether postoperative deterioration results from 
chronic pancreatitis, continued alcohol abuse, or the surgi-
cal treatment.

Overall, the postoperative results of a large number of 
studies over a period of decades show that independent of 
the surgical procedure freedom of pain will be obtained in 
up to 90% of the patients over several years of follow-up 
(Table 1).7,48,56-104

Only a few trials have compared pancreatico- 
duodenectomy with the subsequently developed duodenum-
preserving resection of the pancreatic head.48 Farkas et al. 
compared a modification of duodenum-preserving resec-
tion of the pancreatic head with pancreaticoduodenectomy 
and found that although their modified procedure did not 
reduce pain compared with the other group, operation time, 
length of hospital stay, and morbidity were much lower and 
weight gain was much higher.92,95 Klempa et al. compared 
the Beger procedure with pancreaticoduodenectomy with-
out preservation of the pylorus and found a significant ben-
efit of the Beger procedure with regard to the postoperative 
hormone status.105 There was no difference in freedom 
from pain, but all patients in the Whipple group needed 
enzyme substitution in contrast with only 10% of those 
treated according to Beger. 

Büchler et al. found that the Beger procedure was supe-
rior to pylorus-preserving pancreaticoduodenectomy, but 
this was after a relatively brief follow-up period.80 Patients 
treated according to Beger had less pain, a better quality 
of life, and higher body weight than those who received 
the “old” operation.80 Seven and 14 years later, however, 

these advantages had disappeared; there was no longer any 
truly relevant difference between the two operations.94 The 
authors assumed reason for the loss of the initial advantage 
of the Beger procedure was that the latter may be able to 
delay burn-out of the gland but cannot prevent it entirely.

Only the Hamburg group compared the outcome of the 
Frey procedure with pylorus-preserving pancreaticoduo-
denectomy.87 Twenty-four months after surgery, patients 
treated according to Frey had less pain, better quality of 
life, and lower perioperative morbidity. Seven years later 
there were no differences with regard to mortality, fre-
quency of exocrine or endocrine pancreatic insufficiency, 
or need for reoperation.106 After a long-term follow-up (15 
years), there were still no differences regarding quality of 
life or pain, but long-term survival was significantly better 
after the Frey procedure.97

The various modifications of pancreatic head resection 
were compared in two controlled studies. Köninger et al. 
compared the Beger procedure with the Berne modifica-
tion and found the latter technically simpler as reflected in 
significantly shorter operation times and hospital stays.96 
Quality of life was similar after both procedures.

Izbicki et al. compared the Beger and Frey proce-
dures.82 After 1.5 years, freedom from pain was the same 
for both interventions, but perioperative morbidity was sig-
nificantly lower after the Frey procedure. Eight years after 
surgery there was no difference between the two groups 
regarding mortality, quality of life, pain, or exocrine and 
endocrine pancreatic insufficiency.91 The situation was the 
same 16 years after operation; quality of life, pain control, 
mortality, and rates of exocrine and endocrine pancreatic 
insufficiency were the same in both groups.48

A meta-analysis comparing duodenum-preserving 
resection of the pancreatic head with pancreaticoduodenec-
tomy was published somewhat earlier.107 There was no dif-
ference between the two procedures regarding pain relief 
or survival. Duodenum-preserving resection was superior 
to pancreaticoduodenectomy because of better periopera-
tive and early postoperative outcomes and greater quality 
of life.107

Course of exocrine pancreatic insufficiency

Exocrine pancreatic insufficiency does not play a major 
prognostic role. Occasionally, massive steatorrhea leading 
to cachexia and susceptibility to infection has prognostic 
significance. Whether exocrine pancreatic insufficiency 
becomes worse during the course of the disease is dis-
puted. Ammann et al. found that severe exocrine pancreatic 
insufficiency developed within 5.65 years (median) in 122 
(86.6%) of 145 patients,3 whereas Thorsgaard Pedersen 
et al. observed no significant changes in exocrine pancre-
atic insufficiency in their patients during an observation 
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Table 1. Pain freedom after different surgical procedures for chronic pancreatitis. 

Reference Surgical procedure

Mean/median  
observation period,  

years n Pain relief, %

Way et al.56 Drainage/resection ~5 37 64
Lankisch et al.57 Drainage/resection 2 6/12 40 60
Mangold et al.58 Partial duodenopancreatectomy

Total duodenopancreatectomy
Partial left-sided resection
Subtotal left-sided resection

1 8/12
2 10/12
3 5/12
2 10/12

44
18
37
17

73
91
60
83

Proctor et al.59 Pancreaticojejunostomy 11/12 22 50
Rosenberger et al.60 Resection

Nonresective procedures
6
6

67
40

69
50

Lankisch et al.61 Pancreaticojejunostomy
Resection

3 1/12
3 1/12

17
22

76
64

Prinz and Greenlee62 Pancreaticojejunostomy 6 1/12-7 11/12 91 35
Sato et al.63 Pancreaticojejunostomy

Left-sided resection
Whipple’s operation

6 6/12
6 6/12
6 6/12

38
14
9

68
79
67

Gall et al.64 Whipple’s operation, pancreatic duct occlusion >1 67 93
Morrow et al.65 Pancreatic duct drainage

40%-80% left-sided resection
80%-95% left sided resection
Drainage
Subtotal pancreatectomy

4-13
4-13
4-13

6
7

46
21
8

46
21

46
33

100
80
24

Sato et al.66 Left-sided resection
Whipple’s operation
Pancreaticojejunostomy

>6/12
>6/12
>6/12

21
11
43

91
55
91

Bradley67 Lateral pancreaticojejunostomy
Caudal pancreaticojejunostomy

5 9/12
5 9/12

46
18

28
17

Cooper et al.68 Total pancreatectomy 1 6/12 83 72
Frick et al.69,70 Left-sided resection

Partial duodenopancreatectomy
Total duodenopancreatectomy
Drainage

6 6/12
6 6/12
6 6/12
4 7/12

74
62
22

156

50
45
55
48

Lambert et al.71 Duodenum-preserving total pancreatectomy 9 5/12 14 64
Rossi et al.72 Whipple’s operation 6/12

2
5
10
15

61
44
33
18
6

72
61
61
61
83

Mannell et al.73 Drainage/resection 8 6/12 100 77
Stone et al.74 Whipple’s operation

Total duodenopancreatectomy
6 2/12
9 1/12

15
15

53
27

Beger et al.75 Duodenum-preserving pancreatic head resection 3 8/12 128 77
Peiper and Köhler76 Resection

Drainage
10
10

51
24

79
65

Beger and Büchler77 Duodenum-preserving pancreatic head resection 3 6/12 141 77
Lankisch et al.7 Drainage/resection 6 70 57
Adams et al.78 Lateral pancreaticojejunostomy 6 4/12 62 42
Frey and Amikura79 Local pancreatic head resection with longitudinal 

pancreaticojejunostomy
6/12 50 34

Hakaim et al.98 Different operations: Pancreatic duct drainage 56%, 
left-sided resection 20%, cyst drainage 24%

5 2/12 50 30

Büchler et al.80 Duodenum-preserving pancreatic head resection
Pylorus-preserving Whipple’s operation

6/12
6/12

15
16

40
75

(Continued )
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Table 1. Continued

Reference Surgical procedure

Mean/median  
observation period,  

years n Pain relief, %

Fleming and Williamson81 Total pancreatectomy 3 6/12 40 79
Izbicki et al.82 Duodenum-preserving pancreatic head resection

- Beger’s procedure
- Frey’s procedure

1 6/12
1 6/12

20
22

95
94

Martin et al.83 Pylorus-preserving pancreaticoduodenectomy 5 3/12 45 92
Stapleton and 

Williamson84
Proximal pancreaticoduodenectomy: pylorus-

preserving (n = 45), Whipple’s operation (n = 7)
4 6/12 52 80

Amikura et al.99 Pancreaticojejunostomy
Pancreaticojejunostomy plus pancreatic head resection
Left-sided resection
Whipple’s operation

≥6/12
≥6/12
≥6/12
≥6/12

69
11
37
13

75
90
80
65

Rumstadt et al.85 Whipple’s operation 8 4/12 134 66
Traverso and Kozarek86 Whipple’s operation

Total pancreatectomy
3 6/12
3 6/12

47
10

76
76

Izbicki et al.87 Longitudinal pancreaticojejunostomy combined with 
local pancreatic head excision

Pylorus-preserving pancreaticoduodenectomy 

5 1/12

5 1/12

31

30

Decreased pain scores 
in both groups

Beger et al.100 Duodenum-preserving pancreatic head resection 5 8/12 303 88
Berney et al.88 Different procedures of pancreatic resection 6 4/12 68 62
Jimenez et al.101 Whipple’s operation

Pylorus-preserving pancreatic head resection
3 5/12
3 5/12

33
39

53
40

Sakorafras et al.89 Whipple’s operation 6 7/12 66 67
White et al.90 Total pancreatectomy 6/12 24 82
Nealon and Matin102 Pancreaticojejunostomy

Left-sided resection
Pancreatic head resection (duodenum-preserving or 

pylorus-preserving pancreatic head resection

6 9/12
6 9/12
6 9/12

124
29
46

86
67
91

Sakorafas et al.103 Left-sided resection 6 8/12 31 49
Hutchins et al.104 Left-sided resection 2 10/12 84 48
Strate et al.91 Duodenum-preserving pancreatic head resection

- Beger’s procedure
- Frey’s procedure

8 8/12
8 8/12

34
33

No differences 
between groups

Farkas et al.92 Duodenum-preserving pancreatic head resection 
(authors’ modification)

Pylorus-preserving Whipple’s operation 

1

1

40

40

85

90
Yekebas et al.93 “V-shaped excision” of the anterior aspects of the 

pancreas
11 6/12 37 89

Müller et al.94 Duodenum-preserving pancreatic head resection (Beger)
Pylorus-preserving Whipple’s operation 

7
14

19
20

No differences 
between groups

Farkas et al.95 Duodenum-preserving pancreatic head resection
(authors’ modification)

4 135 89

Köninger et al.96 Duodenum-preserving pancreatic head resection
- Beger’s procedure
- Berne modification

2
2

26
29

Quality of life equal in 
both groups

Bachmann et al.97 Pancreaticoduodenectomy
Frey’s procedure

7
7

32
32

Pain control equal in 
both groups; lower 
mortality after 
Frey’s procedure

Bachmann et al.48 Duodenum-preserving pancreatic head resection
- Beger’s procedure
- Frey’s procedure

8
8

38
36

Quality of life and 
pain control equal 
in both groups

Only reports of “total freedom of pain” were included. Further stages of postoperative improvement (e.g., partly freedom of pain, etc.) were not considered. 
Closure of literature research June 2014.
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period of 4 years.17 The Göttingen group found no change 
in the degree of severity of exocrine pancreatic insuffi-
ciency in 66 (46.2%) patients, but deterioration occurred 
in 61 (42.6%). Functional improvement was even seen in 
16 (11.2%) of their patients, several of whom no longer 
required pancreatic enzyme substitution.7

Several other studies have furnished evidence of func-
tional improvement in cases of exocrine pancreatic insuf-
ficiency in chronic pancreatitis.6,108-110 Improvement was 
observed in patients who stopped drinking and/or where 
exocrine pancreatic insufficiency was moderate (not 
severe) prior to conservative and/or surgical treatment.7

Course of endocrine pancreatic insufficiency

Whereas almost all patients with chronic pancreatitis have 
exocrine pancreatic insufficiency to some degree at the 
time of diagnosis, this is not the case for endocrine pancre-
atic insufficiency. The Göttingen group found moderate to 
severe endocrine pancreatic insufficiency in all 335 patients 
with chronic pancreatitis, including 24 patients with pain-
less chronic pancreatitis; however, only 260 (78%) suffered 
from diabetes, and only 133 (40%) needed insulin treat-
ment. After almost 10 years of observation, the incidence 
of diabetes had increased 10-fold in only 28 (8%) patients. 
However, even after this long observation period, 75 (22%) 
patients (i.e., every fifth patient) still had no diabetes.7

In a large prospective cohort study, Malka et al. com-
pared patients who had undergone elective pancreatic sur-
gery with those who had never had surgical treatment.111 
The prevalence of diabetes mellitus did not increase in the 
surgical group overall but was higher 5 years after distal 
pancreatectomy than after pancreaticoduodenectomy or 
pancreatic, cystic, biliary, or digestive drainage. There 
were no differences between the other surgical procedures. 
Pancreatic drainage did not prevent diabetes mellitus onset. 
The risk seemed to be largely caused by disease progres-
sion because it increased by more than threefold after the 
onset of pancreatic calcifications. Endocrine complications 
may play a major prognostic role, especially after surgi-
cal treatment of chronic pancreatitis, because of possible 
hypoglycemia.112 Hypoglycemia frequently occurs after 
subtotal left-sided pancreatic resection and may contribute 
to an unfavorable prognosis.52

The frequencies of some complications of diabetes 
mellitus secondary to chronic pancreatitis have been stud-
ied. Earlier investigations showed that diabetic retinopathy 
is a rare complication of pancreatogenic diabetes, with an 
occurrence rate of 7.4%-18%.113-115 Gullo et al. showed 
that the risk of retinopathy and the characteristics of this 
complication in patients with chronic pancreatitis and sec-
ondary diabetes are the same as for patients with type 1 
diabetes.116 About half of the patients in each group had 

retinopathy; this was background, minimal, or mild to 
moderate without visual function impairment. The only 
significant difference was the longer duration of diabetes 
in patients with retinopathy than in those without. A longer 
observation period may explain the higher frequency of 
diabetic retinopathy in this study116 compared with the 
earlier investigations.113-115 Similarly, Tiengo et al.117 and 
Couet et al.118 found retinopathy in 31% and 41%, respec-
tively, of patients with chronic pancreatitis. In 1995, Levitt 
et al. showed that microvascular complications (retinopa-
thy, nephropathy) are equally common and severe in pan-
creatic diabetes and insulin-dependent diabetes mellitus.119

Nondiabetic retinal lesions and retinal function abnor-
malities (increased threshold of dark adaptation, difficulty 
with night vision) are also common in patients with chronic 
pancreatitis, even in the absence of steatorrhea, compared 
with healthy controls.120 Electrocardiographic evidence of 
ischemic heart disease was found twice as often in genetic 
diabetics as in pancreatic diabetes (37% vs 18%).121 
Diabetic neuropathy was reported in about 30% of patients 
with chronic pancreatitis (no control group).122

Finally, lower extremity arterial disease occurred in 
25.3% of patients with chronic pancreatitis and had the 
same prevalence and distribution as in idiopathic pancrea-
titis.123 Whether these complications have major prognostic 
significance has not yet been investigated.

Course of complications of chronic pancreatitis

The list of complications in chronic pancreatitis includes 
pancreatic pseudocysts and abscesses; stenosis of the com-
mon bile duct, duodenum and colon; development of pleural 
ascites; and gastrointestinal bleeding. All these complica-
tions surely have severe implications for disease prognosis. 
However, since these have not been investigated in larger 
studies, their exact influence on outcomes is uncertain, and 
they are therefore not discussed here.

Course of pancreatic and extrapancreatic carcinomas 
in chronic pancreatitis

In clinical studies, the incidence of pancreatic carcinoma 
in patients with chronic pancreatitis has been reported as 
varying from 1.4% to 2.7%.3,7,17,124,125 A multicenter his-
torical cohort study of 2015 subjects with chronic pancrea-
titis involved clinical centers in six countries, and patients 
were followed for at least 2 years.126 The cumulative risk of 
pancreatic carcinoma increased noticeably and was 1.8% 
and 4%, respectively, 10 and 20 years after the diagnosis of 
chronic pancreatitis (Fig. 1).126 The risk of pancreatic car-
cinoma was significantly elevated in patients with chronic 
pancreatitis, so chronic pancreatitis has to be included in 
the precanceroses.126
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Unfortunately, it is very difficult to diagnose pancre-
atic carcinoma in chronic pancreatitis. Carcinoma of the 
pancreas should certainly be suspected in a patient with 
chronic pancreatitis if there is increasing abdominal dis-
comfort, progressive weight loss, jaundice, and radiologic 
evidence including nodularity of the duodenal sweep. 

Extrapancreatic carcinomas in chronic pancreatitis are 
not rare events and have been reported with varying inci-
dence, from 3.9% to 12.5%.6,7,17,125,127 In some of these and 
other studies,6,7,125,128 a considerable number of extrapan-
creatic carcinomas involving the upper respiratory tract 
(oral cavity, larynx, bronchial tree) have been observed. 
Since alcohol abuse is the dominating etiology of chronic 
pancreatitis and because many alcoholics probably smoke, 
extrapancreatic carcinomas involving the upper respiratory 
tract may reflect the consequences of another form of sub-
stance abuse.

Socioeconomic situation in chronic pancreatitis

Some attention has been paid to the socioeconomic situ-
ation of patients with chronic pancreatitis: Gastard et al.  
found that one out of two male patients continued to 
work normally, despite pain or diabetes, while one out of 
three was regarded as unfit for regular work, being totally 

incapacitated or absent from work for more than 3 months 
a year.129 The figures improved after 15 years due to the 
death of patients with severe disease; at this stage, 68% of 
the patients were working regularly, and 6% were totally 
incapacitated. Thorsgaard Pedersen et al. found a decline 
during an observation period of 5 years (median).17 Only 
15 (40%) of their 38 surviving patients still worked, 
whereas the remainder were either on prolonged sick-leave 
or retired. Miyake et al. reported that while 63 (71%) of 
their 89 patients continued to work, almost all the other 
patients, who were either retired or who suffered socioeco-
nomically, continued their alcohol abuse.6 The Göttingen 
group reported that the incidence of unemployed patients 
increased from 3% to 15% and the proportion of those 
retired from 3% to 25% during an observation period of 
about 11 years. Almost half of the retirements were due to 
chronic pancreatitis.7

Mortality in chronic pancreatitis

The question of whether chronic pancreatitis affects mor-
tality, and if so then how, was addressed by the Copenhagen 
Pancreatitis Study, a prospective study of patients admit-
ted to the five main hospitals in Copenhagen, Denmark, 
between 1977 and 1982. Follow-up data in 2008 comprised 
249 patients with definite chronic pancreatitis. These 
patients had a 4-fold higher mortality rate than the back-
ground population. Being unemployed or underweight had 
a significant impact on survival.130 Data on the mortality 
rate for chronic pancreatitis are difficult to interpret since 
etiology and mean observation times vary. Three studies 
with a similar observation period (median 6.3-9.8 years) 
revealed a general death rate of 28.8%-35%, but the death 
rate related to chronic pancreatitis was only 12%-19.8%.3,6,7 
Continued alcohol abuse after conservative treatment and/
or surgery has been associated with significantly lower sur-
vival rates (Fig. 2).3,6,7,51,52,81

Prognosis of chronic pancreatitis

The prognosis of chronic pancreatitis is independent of 
conservative or surgical treatment. A multicenter investi-
gation in seven hospitals of six countries including 2,015 
patients with chronic pancreatitis showed that the mortality 
rate was 3.6 times higher than in patients without pancreati-
tis. The 10- and 20-year survival rates were 70% and 45%, 
compared with 93% and 65%, respectively, in patients 
without pancreatitis.

The following factors were found:

1. Medium or high age at the time of diagnosis: the mor-
tality rates in patients of medium or high age were 2.3- 
and 6.3-fold, respectively, compared with patients with 

Figure 1. Cumulative incidence of pancreatic cancer in 1,552 
subjects with chronic pancreatitis with a minimum of 2 years’ 
follow-up. The vertical lines represent 95% confidence intervals. 
In parentheses are the numbers of subjects at risk. One additional 
case of cancer developed after 25 years of follow-up. From 
Lowenfels et al.126
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chronic pancreatitis in whom the disease was diagnosed 
before age 40.

2. Consistent alcohol abuse: hazard ratio 1.6.
3. Smoking: hazard ratio 1.4.
4. Liver cirrhosis: hazard ratio 2.5.

Neither sex nor surgical history had any influence on 
disease prognosis.131

Outlook

It will not have escaped the attention of the reader that to 
date there have been only a few well-performed and valid 
studies, and even some of these have produced partly diverg-
ing results. More controlled studies with larger numbers of 
patients than any one single center can provide are necessary. 
This means we have to consider our resources and develop 
common criteria for diagnosing chronic pancreatitis and fol-
lowing its course. Hence, this review is both an up-to-date 
survey of studies on the natural course of chronic pancreati-
tis and an appeal to the readership to take up this task.
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Introduction

Acute pancreatitis (AP) is a common clinical condition 
with significant morbidity and mortality. AP has many 
causes and can be multifactorial. The role of genetic factors 
appears to be complex, and is expanding as genetic muta-
tions and their interactions with environmental influences 
undergo further investigation. If not corrected, any causa-
tive factor is capable of producing relapsing pancreatitis, 
hence it is important to carefully evaluate the patient and 
address the underlying issue. 

The problem is compounded because multiple etiolo-
gies are present in at least 7% of patients, especially genetic 
predispositions plus another factor (toxic or obstructive). 
Establishment of the etiology of acute pancreatitis often 
requires expensive and sometimes invasive evaluation that 
may present risk of significant complications, including 
further pancreatitis.

From AP to CP

Increasingly, it is understood that a continuum exists 
between recurrent AP and chronic pancreatitis (CP). When 
thoroughly evaluated using newer, sensitive techniques 
such as secretin-enhanced magnetic retrograde cholangio-
pancreatography (S-MRCP), endoscopic ultrasound (EUS), 
and pancreatic function tests, many patients presenting 
with isolated recurrent acute episodes of pancreatitis, and 
a minority of those presenting with their first acute attack, 
are found to have morphologic evidence of CP, ranging 
from subtle “minimal change” disease to obvious disease 
with calcifications. Over time, some patients with AP and 
apparently normal morphology progress to obvious CP 
with calcifications and loss of endocrine and exocrine func-
tion.1-4 The exact mechanism by which acute pancreatitis 
progresses to chronic pancreatitis is not well understood. 

It is not clear whether a sentinel event starts an 
 inflammatory process that does not resolve (sentinel 

AP event = SAPE hypothesis) or the pathology simply 
represents accumulated damage from prior attacks that 
has not fully healed. It remains to be established why, after 
either a single or a few attacks of AP, some patients have an 
aggressive disabling course leading to CP with permanent 
structural changes of the gland, chronic abdominal pain and 
exocrine and endocrine dysfunction. Others have a harm-
less course without development of fibrosis or dysfunc-
tion. The etiology of AP is thought to have an influence 
on the course of the disease, as previous studies indicate 
that a majority of alcohol-induced AP seems to progress 
to CP, whereas this is only rarely occurs in biliary-induced 
AP. Necrotizing AP, however, can lead to pancreatic insuf-
ficiency and permanent ductal lesions.5 Impairment of exo-
crine and endocrine function has been described even after 
mild  non- alcoholic AP.6 In patients with acute recurrent  
pancreatitis and CP, a disconnect between symptoms and 
morphology is often seen, such that patients with obvious 
CP by morphology may have minimal chronic symptoms 
between attacks of AP. Patients with a normal-appearing 
pancreas between attacks of acute relapsing pancreatitis 
may suffer intractable chronic pain. In these patients, it is not 
clear whether the pain is from low-level chronic inflamma-
tion or has a functional cause unrelated to the pancreatitis. 
Data are limited on the natural history of acute pancreatitis. 
In one study evaluating the natural history after the first 
attack of AP, recurrent pancreatitis was seen in up to 16.5% 
of the patients at a mean follow-up of 7.8 years.7 

The annual relapse rates were higher for those with 
alcohol and gallstones as an etiology and about 1% per year 
or less for other etiologies, including those termed “idio-
pathic”. In other studies the recurrence rate of pancreati-
tis over 2 to 3 years of follow-up were up to 3 or 4 times 
this rate. Genetic mutations are thought to play a signifi-
cant role in recurrence or disease progression and may 
serve as a cofactor (multi-hit hypothesis). Various genetic 
mutations have been recognized as a cause. The interplay 
between genetics and environmental risk factors is not well 
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understood, and the utility of routine clinical testing for 
genetic mutations is unclear (8).

Several interventions are offered for the management of 
acute recurrent pancreatitis. Data to support the role of minor 
papillotomy for those with pancreas divisum and recurrent 
acute pancreatitis are limited, and long-term data are lack-
ing. Similarly, the role of sphincter of Oddi dysfunction as 
a cause of recurrent acute pancreatitis is very controversial. 
Evaluation by manometry and endosphincterotomy has not 
shown that addition of pancreatic sphincterotomy to biliary 
sphincterotomy provides any additional benefit.9

One should be careful when offering endoscopic thera-
pies for these entities, and when they are performed, they 
should be done in the setting of a carefully planned research 
study. Measurement of treatment success in a disease 
where multiple factors play a role is difficult, and defin-
ing the end-points is also difficult. There is also a concern 
of further, intervention-related damage, such as post ERCP 
pancreatitis. Stents can induce strictures in the pancreatic 
duct even when they are placed for a short time to prevent 
post-ERCP pancreatitis.10 When endoscopic procedures, 
such as ERCP for possible sphincter of Oddi dysfunction 

or pancreas divisum are done, one should carefully weigh 
the risk of complications. The procedures are best done in 
the setting of clinical research. In a disease with a natu-
ral history and significant interaction with other cofactors, 
determining the end points of therapy and measurement of 
outcomes are difficult.11

Mortality and Risk Factors for Progression to CP

In a Danish prospective study of 352 patients with AP and 
a full 30-year follow-up in the Danish registries, 24.1% of 
the patients progressed to CP after the first attack of AP 
(progressive AP).2 CP was diagnosed a mean of 3.5 years 
after first admission for AP. The mortality in patients with 
progressive acute pancreatitis was 2.7 times higher than the 
mortality in patients who did not progress to chronic pancre-
atitis. Compared with the background population, mortality 
was 5.3 to 6.5 times higher in patients with progressive PA. 
The risk of progression decreased with increasing age, and 
in a Cox regression analysis with age as a cofactor, smok-
ing was the most important variable associated with pro-
gression from AP to CP, and gallstone-induced AP showed 

Table 1. Etiology of acute relapsing pancreatitis (Based on TIGAR-O Classification).

Toxic–metabolic
Alcoholic—continued consumption
Smoking—possible risk factor/important cofactor*
Hypercalcemia/hyperparathyroidism
Hypertriglyceridemia 
Medications 
Toxins
Organotin compounds [e.g., di-n-butyltindichloride (DBTC)]

Idiopathic
Early onset
Late onset
Tropical

Genetic**
Anionic trypsinogen PRSS2 (rare)
Autosomal recessive/modifier genes
CFTR mutations
SPINK1 mutations
Cationic trypsinogen (codon 16, 22, 23 mutations)
α1-antitrypsin deficiency (possible)
Monocyte chemoprotectant protein (MCP-1)

Autoimmune 
Isolated/associated with other autoimmune disorders

Obstructive
Pancreatic divisum (controversial/often in conjunction with genetic causes)
Sphincter of Oddi disorders (controversial—no added benefit of pancreatic sphincterotomy)
Duct obstruction (e.g., tumor including periampullary lesions, parasite)
Choledochal cysts and abnormal pancreatobiliary unions
Inflammatory bowel disease/celiac sprue (rare) 

Adapted from the TIGAR-O classification system1. 
*Compounding effect in association with alcohol.
**Routine genetic testing not done in clinical practice.
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a trend towards significance. Gender and employment 
showed nonproportionality. Alcohol had no significant 
influence on progression.2,12 

Conclusions

Recurrent AP is a common clinical condition. After con-
firming that the attacks are truly pancreatitis, the etiology is 
easily determined in at least 70 to 80% of cases. Another 10 
to 15% of the etiologies can be found with more advanced 
testing, and up to 10% are idiopathic. However, certain 
etiologies identified by these tests are not universally 
agreed upon as being important or relevant. The role of 
empiric cholecystectomy is unclear. Genetic predisposi-
tion is a common cofactor, but the role of routine testing 
is still unclear, except in those with a family history and 
suspected PRSS1 mutation (which identifies a higher can-
cer risk). Evolving research in medical therapy of patients 
with CFTR mutation may change this, and expand the role 
of genetic testing. The natural history of the disease and 
the treatment effects are poorly understood. Recurrent AP 
is thus a syndrome of various causes, symptoms and out-
comes. Long term follow-up and well-designed, preferably 
randomized, studies with adequate sample size are needed. 
Invasive procedures, especially ERCP, performed solely 
for diagnosis (without manometry or divisum-targeted 
therapy) should be avoided. MRCP and EUS are recom-
mended after a complete history and physical evaluation, 
routine laboratory tests including evaluation of triglycer-
ides, and imaging studies, especially in recurrent disease. 
EUS is preferred in older patients and in those with a gall-
bladder, because of its superior performance for detecting 

small tumors and subtle gallbladder lithiasis (small stones 
or sludge in the gallbladder). 

Efforts to find subtle evidence of CP may be worth-
while in patients with intractable pain between attacks, and 
the role of aggressive resection in recurrent AP without CP 
is evolving. One should not rely on morphological features 
alone to diagnose chronic pancreatitis. A classification 
based on a combination of morphological features, tests of 
pancreatic exocrine function tests, and imaging procedures 
is recommended.7 

AP can progress to CP (Figure 1), and smoking is the 
strongest risk factor associated with progression. The mor-
tality is 5 to 6 times higher compared with the background 
population, indicating that patients with AP and risk factors 
for CP should be followed. As the disease is multifaceted, 
treatment for smoking dependency, alcohol dependency, 
and nutritional support is encouraged. Endoscopic investi-
gations and therapy should be carefully weighed against the 
risks and should preferably done in expert centers. There are 
no definitive guidelines and no consensus regarding clini-
cal follow-up for patients with recurrent AP. There is con-
sensus that such patients should avoid smoking to reduce 
the risk of progression of the disease. Any other triggering 
risk factors should be carefully avoided including alco-
hol and any suspected medicine. Triglycerides should be 
checked. Clinical follow-up and further evaluation of clini-
cal symptoms is appropriate. There are no data to support 
routine periodic surveillance with invasive procedures such 
as EUS or to carry out routine CT scans as radiation expo-
sure is a significant risk. There are currently no biomarkers 
available to monitor disease progression. If a patient devel-
ops a recurrent episode once the acute episode resolves, 

Figure 1. EUS image of a patient with idiopathic acute recurrent pancreatitis. No calcifications are seen but the gland shows 
lobularity and honeycomb structures suggestive of, but not definitive for, chronic pancreatitis.
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further evaluation, as appropriate, should be performed. It 
might not be unreasonable to repeat endoscopic ultrasound 
or in appropriate circumstances offer other endoscopic/sur-
gical interventions (Figure 2).
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Clinical and laboratory diagnosis of chronic pancreatitis
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Introduction

Chronic pancreatitis (CP) is still far too rarely diagnosed 
as symptoms are nonspecific and training of physicians 
in clinical pancreatology is minimal.1 With an inci-
dence of 3-4/100,000 inhabitants and a prevalence of 
10-40/100,000 inhabitants, CP is a relatively common 
disease in industrialized countries.2 CP represents the far 
end of a disease continuum that begins with acute pancre-
atitis.3 This chapter aims to cover the essentials of diag-
nosing CP and, at the same time, point to open issues for 
clinical research.

Clinical diagnosis

The clinical picture of CP can vary depending on the 
underlying etiology, the stage of disease, and the age of 
the patient.4 The typical clinical picture of CP is that of 
a patient who, after years of alcohol abuse and smoking, 
and a history of recurrent abdominal pain, develops stea-
torrhea and general malnutrition. Together with weight 
loss and bloating, these are the four cardinal symptoms 
of CP and pancreatic exocrine insufficiency (Table 1). 
In the late phase, a diagnosis is easy to establish, as mor-
phological changes can be readily seen with any kind  
of imaging.

The description of the clinical picture and the clinical 
diagnosis has not changed since the inaugural descriptions 
of Gülzow5 and Amman.6,7 Of the four cardinal symp-
toms, abdominal pain is the most prevalent, however it is 
a symptom common to a broad variety of diseases of the 
abdomen and beyond.4,8 At later stages, pancreatic pain 
can become independent of the inflammatory process in 
the pancreas.9

The most important issue for the clinician is to think of 
the pancreas as a source of these symptoms. Once this con-
nection is made, and appropriate laboratory tests (below) 
and imaging are done, the diagnosis of CP can be easily 
established – or disregarded.

In summary, there is no single symptom pathogno-
monic to CP, i.e., the diagnosis cannot be established 
solely on the basis of clinical symptoms. However, in 
the said enigmatic patient, the clinical diagnosis is still 
very likely.

On physical examination, signs may be subtle. Patients 
not reporting pain may have a tenderness of the abdomen 
to palpation. The head/body region of the pancreas can be 
easily palpated against the vertebrae. A special procedure 
involving deep palpation of the pancreas with the patient 
turned to the right side, more towards the spleen, (Mallet-
Guy maneuver) may yield the only positive finding.10 
Palpable resistance stemming from pancreatic pseudocysts 
can be a typical finding (after an acute episode). In the case 
of (isolated) splenic vein thrombosis, an enlarged spleen 
(splenomegaly) can be palpated (also best in a position to 
the right). A rare but typical sign in patients with longstand-
ing CP and pain may be marmorized skin on the abdomen, 
called erythema ab igne, which is the result of repetitive 
application of hot water bottles to the stomach in an effort  
to alleviate pain.11 Other nonspecific indicators supporting 
the diagnosis include signs of nicotine abuse (coloring of 
fingers and sometimes the beard) or alcohol abuse (poor oral 
hygiene, foetor ex ore) as well as any sign of malnourish-
ment pointing to malnutrition (e.g., low body mass index, 
thin skinfold, broken skin/nails, or perioral rhagadae).

Serum markers

Generic markers
The conventional markers of inflammation, i.e., elevated 
erythrocyte sedimentation rate and elevated leucocytes 
(WBC) are of no use in establishing the diagnosis of CP. 
Depending on the character of the respective disease form, 
stage, and time, these may or may not be elevated. As CP 
is a smoldering disease with subclinical inflammation 
 progressing in the pancreas, ordinary serum markers of 
inflammation will not be elevated.

*Corresponding author. Email: matthias.lohr@ki.se
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Table 1. Cardinal symptoms of CP

Abdominal pain
Loose stools/steatorrhea
Weight loss
Bloating

Pancreatic enzymes

Seventy-seven years ago, it was stated that “elevated 
amylase has become a cornerstone in the diagnosis of 
pancreatitis”.12 Although the specificity of both serum 
amylase and lipase for CP is acceptable, in the range of 
90%–95%, their sensitivity is extremely low, varying 
around 10%. As a consequence, serum markers cannot be 
used to establish the diagnosis of CP. There are many pos-
sible reasons for elevated serum amylase and lipase lev-
els, thus, elevated levels in patients with abdominal pain  
have a low specificity for chronic pancreatitis.13 Serum 
elastase-1 is useful in acute pancreatitis14 but has no better 
performance in CP.15

Plasma trypsin-like activity has been claimed to be a  
 sensitive and specific marker for early (mild) CP; how-
ever, the only study in this patient population comprised 
16 patients and had some methodological ambiguities.16 

Trypsinogen concentrations have also been suggested to  
be a good indicator for CP.17 While plasma trypsin-like 
activity and trypsinogen concentrations are elevated in a 
quarter of patients with established CP, they seem to remain 
normal in early CP. While we could not demonstrate sig-
nificant differences for absolute values of cationic (PRSS1) 
and anionic trypsinogen (PRSS2)18 in AIP, CP and healthy 
controls, we found a change in the PRSS1:PRSS2 ratio.  
In healthy individuals (ratio 1:3) and in AIP (ratio 1:2) 
PRSS2 dominates.18 In non-AIP CP.17 the ratio is shifted 
towards PRSS1 (ratio 2:1).

If one reflects on how amylase, like any other diges-
tive enzyme, reaches the circulation (serum),19 its low 
specificity and sensitivity are not surprising. After mas-
sive damage of exocrine pancreatic tissue, leakage through 
dead cells causes serum levels to rise significantly; how-
ever, this condition is not indicative of CP, but rather acute 
pancreatitis.

Pancreatic enzymes below the lower level of normal 
(LLN) are routinely detected in patients with CP. If such 
LLN amylase is detected, advanced CP with significant, 
if not severe pancreatic exocrine insufficiency can be 
expected (20). However, newer studies comparing pancre-
atic enzyme serum levels with fecal elastase-1 (see below) 
and other pancreatic function tests are lacking.

Other promising markers such as pancreatic stone pro-
tein21 and procarboxypeptidase B22 have also not fulfilled 
their promise as sensitive markers for CP. None of the avail-
able evidence supports either a generic marker or use serum 
levels of pancreatic enzymes to establish the diagnosis of CP.

Markers of malnutrition

CP cannot be diagnosed with blood tests, but the resulting 
malnutrition can be diagnosed in cases where the patient 
with CP has already developed pancreatic exocrine insuf-
ficiency (PEI). In the field of malnutrition, a variety of 
serum parameters are established as markers of malnutri-
tion (Table 2). They have proven useful in CP to predict 
PEI23 and are correlated with other symptoms of malnutri-
tion such as osteoporosis.24

Other markers

For the diagnosis of (chronic) pancreatitis, some other 
body fluids might be used. One would be pancreatic juice 
collected during ERCP or in the duodenum after stimula-
tion by secretin injection. We attempted to describe mark-
ers in pancreatic juice samples, but could not detect any 
differences with high-resolution 2D-PAGE.25 Cytological 
analysis does not reveal anything diagnostically relevant 
for establishing the diagnosis of CP, however, it may help 
in identifying individuals at risk of pancreatic cancer.26

Fecal elastase-1 (FE-1), a marker of PEI can also be 
measured. In itself, however, FE-1 is not specific, i.e., it can-
not be used to establish the diagnosis of CP, but represents 
a screening test.27 It is a rather crude marker, that if positive 
(below 200 ug/g), constitutes a diagnosis of PEI, and in so 
doing would confirm any sort of CP diagnosis. The threshold 
is under debate,28 especially in patients not undergoing pan-
creatic surgery. However, a result of < 100 ug/g can safely 
be considered indicative of a significant, if not severe PEI 
according to the latest European guidelines.29

Conclusion

There are clinical symptoms indicative of CP, however 
none of them are specific or even pathognomonic. They 
should make a physician think of the pancreas as a source 
of the patient’s symptoms. Laboratory tests are also indica-
tive at best, as there is no positive test to confirm the diag-
nosis of CP. Very low (LLN) pancreatic serum enzymes can 
be a sign of significant PEI with CP as a major etiology. 
The same holds true for low fecal elastase as an indicator 
of PEI and with CP being the most frequent cause.

Table 2. Decreased serum components that can serve as markers 
of malnutrition

Prealbumin
Hemoglobulin
Retinol binding protein
Vitamin D (25-OH cholecalciferol)
Vitamin E (alpha-tocopherol)
Magnesium
Zinc
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Introduction

Pancreatitis is the most common benign condition affect-
ing the pancreas, and it occurs in two forms—acute and 
chronic—characterized by different clinical, morphologi-
cal and histological features.1 Chronic pancreatitis (CP) is 
characterized by progressive inflammation and fibrosis of 
the pancreas leading to irreversible structural changes that 
cause both endocrine and exocrine dysfunction. The hall-
marks of CP include abdominal pain, malabsorption, mal-
nutrition, diabetes, and pancreatic calcification. Currently 
there is no effective medical treatment, especially when it 
is first recognized at a late stage. Early detection of this 
condition may prevent further progression of the disease 
process. Diagnosis and evaluation of CP can be quite chal-
lenging, and usually needs a battery of tests. Endoscopic 
retrograde cholangio-pancreatography (ERCP) was pre-
viously considered as the gold standard for the diagnosis 
of CP, but today other modalities such as ultrasonography 
(US), computed tomography (CT), magnetic resonance 
imaging (MRI) and endoscopic ultrasound (EUS) are used 
to evaluate the structural changes of the parenchyma and 
pancreatic duct. Furthermore, many indirect and direct 
methods are available to evaluate exocrine function. Fecal 
elastase 1 (FE 1) is a frequently used indirect assay that is 
easy to perform but has low sensitivity, and its utility in 
diagnosing CP is controversial.2-4 The tubed secretin test 
is a direct method that involves prolonged intubation and 
serial collection of pancreatic juice after hormonal stimula-
tion. In spite of many issues with this technique, it is consid-
ered as a reference standard for the evaluation of pancreatic 
exocrine function.5,6 Secretin-enhanced magnetic reso-
nance cholangio-pancreatography (S-MRCP), in which 
secretin is used to stimulate secretion of pancreatic juice 
is emerging as a one-stop-shop modality for the evaluation 
of both structural and functional status in CP.5 Advances 
in MRI technique allow using diffusion-weighted imaging 

(DWI) and apparent diffusion coefficient (ADC) to study 
the microscopic diffusion of water molecules. This gives 
a unique insight into the characteristics of pancreas tissue 
that will be discussed later in this chapter.7-9

Etiopathogenesis of CP

Alcohol abuse is a common causes of CP, accounting 
for up to 90% of cases in western countries.9 Other factors 
in addition to alcohol, such as cigarette smoking, genetic 
predisposition, and a high protein diet are also thought to 
play an important causative role.10 Pancreatic or periam-
pullary neoplasms, sphincter of Oddi dysfunction, amp-
ullary stricture, and congenital lesions such as abnormal 
pancreaticobiliary junction and pancreatic divisum are also 
important causes of CP. Hereditary pancreatitis is a rare 
form of CP caused by trypsinogen gene mutation. Other 
causes of CP include hypercalcemia, hyperparathyroidism 
and chronic renal failure.

Autoimmune pancreatitis (AIP) is an unusual and dis-
tinct form of CP which will be discussed later in the chapter.

Imaging Modalities

Various imaging modalities are available for the diagnosis 
of CP, each of which has unique advantages and limitations. 
No single modality provides all the desired information.

Abdominal Radiographs
Decades ago, before the advent of cross sectional modalities, 
the imaging diagnosis of CP was based on plain radiogra-
phy. CP is manifested on abdominal radiographs as mul-
tifocal calcifications in the epigastric region (Figure 1a). 
These calcifications are typically seen across the spine 
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along the course of pancreas. Since  calcifications are usu-
ally seen in advanced cases and only in certain types of CP, 
radiographs have low, sensitivity (30 to 70%).9 Although 
the calcifications are specific they have to be differentiated 
from calcifications due to other causes and in overlying 
organs. Because of these limitations, abdominal radio-
graphs are not routinely used to evaluate CP. Radiographs 
are often used in this setting to rule out other causes of 
abdominal pain.

ERCP
ERCP is considered as the gold standard for the diagno-
sis of CP because of its superior spatial resolution and its 
ability to depict side-branch abnormalities in early CP. It 
has an added advantage of therapeutic intervention when-
ever needed. Its limitations are the invasive nature of the 
procedure and procedure-related complications. Since  
the advent of MRCP, which is a noninvasive technique, 
the popularity of ERCP for diagnostic evaluation has con-
siderably decreased.11 However, ERCP has the advantage 
of showing the ductal system in a distended state, which 
is very helpful in detecting subtle lesions such as pancre-
atic divisum. The diameter of the normal main pancreatic 
duct (MPD) varies with the region of pancreas, from 3 to 
4 mm in the head to 2 to 3 mm in the body, and 1 to 2 mm 
in the tail region.9 Multiple side branches are seen to join 
the MPD at right angles in alternating fashion. The earliest 
features of CP may be seen only on ERCP as irregularity 

and dilatation of side branches. These changes can become 
more severe along with dilatation, loss of normal taper-
ing, and irregularity of the MPD as the disease progresses 
(Figure 1b). Alternate dilatation and stenosis of the MPD 
can give the appearance of a chain of lakes with intraductal 
calculi seen as filling defects. ERCP is also helpful in diag-
nosing other obstructive causes of CP such as ampullary 
lesions, intraductal neoplasms, and congenital anomalies 
such as pancreatic divisum. The Cambridge Classification 
of CP is based on ERCP and is used to group patients into 
equivocal, mild, moderate, or marked types. The status 
of the MPD and side branches, presence of calculi, and 
ductal strictures are taken in to account in the Cambridge 
Classification.12

AIP unlike other forms of CP shows focal, segmental, 
or diffuse narrowing of MPD and nonvisualization of side 
branches on ERCP.13 Narrowing can also be seen in the 
lower end of the common bile duct (CBD) causing biliary 
dilatation. AIP may be associated with primary sclerosing 
cholangitis, which is seen as multifocal narrowing in more 
proximal biliary ducts.

Ultrasonography (US)
Sonography of the pancreas is challenging because of its 
retroperitoneal location and overlapping bowel loops. It 
is also dependent on the body habitus of the patient and 
the skill of the operator. Various maneuvers such as chang-
ing the position of patient, distending the stomach with 

Figure 1. Abdominal radiograph in AP projection showing (a) multiple well defined calcific opacities (thin arrow) seen along the expected 
course of pancreas on either side of the spine and suggestive of pancreatic calcification. ERCP image of a different patient showing (b) 
dilated and tortuous MPD and its side branches (thick arrow). These findings are suggestive of chronic pancreatitis.
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water and using the spleen as a window to visualize the 
tail of pancreas may be necessary to image the pancreas 
in its entirety. In spite of the above limitations, US is still 
the first-line modality for the evaluation of abdominal 
pain because of its easy availability, relatively low cost, 
and lack of ionizing radiation. Pancreatic evaluation is 
done in the fasting state to avoid bowel gas obscuring the 
visualization. 

The normal pancreas is iso- or hyperechogenic com-
pared with the normal liver, and progressive fatty replace-
ment can occur with age.14 In the early stage of CP, the 
pancreas loses its hyperechogenicity and becomes het-
erogeneous because of focal inflammation. With progres-
sion from moderate to severe disease, the changes become 

more prominent, and they are appreciable in up to 70% of 
patients.15,16 In late-stage disease, changes in the form of 
an irregular, dilated MPD with pancreatic and intraductal 
calculi and associated atrophy of pancreas are striking, and 
are characteristic of CP.16,17 (Figure 2a,b). US can also 
show collections or pseudocysts around the pancreas and 
occasional focal pancreatic lesions that are responsible for 
the development of obstructive types of CP.

Elastography is a novel method to evaluate tissue 
hardness. It can be used to determine the extent of organ 
involvement in CP and also to evaluate the extent of fibro-
sis, which can be a prognostic indicator in patients under-
going surgical procedures. Elastography can be used along 
with transabdominal and endoscopic US. Two types of 

Figure 2. Transabdominal sonography images showing (a,b) calcification (thin arrow) in the head and tail of pancreas with dilated 
MPD (thick arrow). Axial contrast enhanced CT image showing (c) multiple intraductal calcifications (thin arrow) and dilated MPD 
(thick arrow). Heavily T2W thick-slab MRCP image showing (d) irregularly dilated MPD and its side branches (thick arrow). A small 
fluid collection is seen in the region of head of pancreas, and the common bile duct is dilated untill the lower end, with smooth tapering 
suggestive of benign stricture. The above findings are typical of chronic calcific pancreatitis (CCP).
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elastography are commercially available.14 The first is 
strain imaging, which qualitatively evaluates the tissue 
strain in response to an exogenous acoustic pulse. The sec-
ond is shearwave elastography, which quantitatively evalu-
ates tissue hardness based on the velocity of shear waves in 
the tissues. In both methods, an elastogram is represented 
as a color map superimposed over B-mode images.

Computed Tomography (CT)
Wider availability and technical advances in the past two 
decades have made CT the imaging modality of choice for 
the evaluation of CP. The pancreatic calcifications that are 
crucial for clinching the diagnosis of CP are best seen on CT 
(Figure 2c). CT is sensitive to even small punctate calcifi-
cations, which can be missed by other imaging modalities.

However, lack of information on the exocrine func-
tion of pancreas, limited contrast resolution, and exposure 
to radiation are the most important limitations of CT. The 
complete evaluation of CP on CT is optimally done using 
a multiphase protocol that includes an unenhanced scan, a 
pancreatic phase scan, and a venous phase scan.

Pancreatic parenchymal and intraductal calcifications 
are detected on unenhanced scans. Detection of arte-
rial complications and arterial mapping as a part of sur-
gical planning is done using the pancreatic phase scan. 
Evaluation of pancreatic parenchyma and ducts, pseudo-
cysts, and focal lesions is done on venous phase scans. 

On CT, normal pancreas is seen as a homogeneous 
structure with smooth, lobulated borders. Any inflamma-
tion of the pancreas leads to focal or diffuse hypodensity 
and stranding of surrounding fat. The characteristic fea-
tures of CP are atrophy of pancreas (54%), ductal dilatation 
(up to 68%), and multiple parenchymal and intraductal cal-
cifications (50%).18 The pancreatic head is the most com-
mon location of parenchymal calcifications. Calcifications 
can vary in size and morphology, and the degree of cal-
cification is directly proportional to the duration of the 
disease.9,19 Calcifications are seen earlier in alcoholic 
CP and some hereditary forms of pancreatitis compared 

with obstructive CP. Calcification appears in 20 to 40% 
of patients with alcohol-related CP, usually after 5 to 10 
years.20 The MPD shows segments of stenosis alternating 
with dilatations containing multiple calculi of varying size 
and irregular morphology. 

In patients with cystic fibrosis having CFTR mutations, 
calcifications appear late and are smaller than those seen 
in other genetic mutation-related CP.21 Stones in genetic 
mutation-related CP other than cystic fibrosis are usually 
round or oval in shape and measure more than 2 to 3 cm.20 
On CT they have a typical “bulls-eye” appearance with a 
hypodense center and hyperdense periphery due to a lack 
of calcium in the center.20,22,23 These stones are usually 
arranged linearly within the dilated MPD.24 The presence 
of multiple, large round-to-oval bulls-eye stones should 
point towards a diagnosis of CP secondary to genetic 
mutation. Tropical pancreatitis, which is predominantly a 
disease of developing countries, also presents with paren-
chymal atrophy (50%), ductal dilatation, and large calculi 
(80%) that can reach up to 5 cm in size and can extend into 
side branches.13,25,26 This finding contrasts with alcoholic 
CP, in which the calcifications are small and speckled. In 
this scenario, CT has an edge over MRI in giving a specific 
diagnosis.

In patients with obstructive CP the MPD is dilated, but 
parenchymal or intraductal calcifications are usually not 
seen, differentiating it from other nonobstructive causes.27 
Ductal dilatation is best seen on venous phase after admin-
istration of contrast that makes the hypodense MPD stand 
out against the enhanced parenchyma. In the early stage of 
CP, changes in the MPD and side branches are not notice-
able on CT, and the contrast enhancement is also relatively 
homogeneous. With disease progression, multifocal fibrotic 
changes lead to heterogeneity of enhancement. The normal 
parenchyma enhances earlier in the venous phase whereas 
the fibrotic areas show delayed enhancement. Progressive 
fibrosis causes atrophy of the parenchyma and ductal 
dilatation (Figure 3). Another important role of CT is to 
evaluate the cause of obstructive CP. Focal lesions such as 
pancreatic adenocarcinoma, periampullary carcinoma, and 

Figure 3. Contrast enhanced CT in axial (a,b) and coronal plane (c) in a patient with chronic pancreatitis show that the pancreatic 
parenchyma is atrophied and the MPD is dilated (arrow). In this patient, calcifications are conspicuously absent.
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rarely, nonfunctioning neuroendocrine tumors can lead to 
MPD obstruction and cause repeated attacks of pancreatitis 
that eventually present as CP. Cystic tumors of the pan-
creas, including serous, mucinous, and intraductal tumors, 
can also cause obstructive forms of CP. CT is very helpful 
in characterizing these solid tumors and, to some extent, 
cystic tumors. Pancreatic divisum is a common congeni-
tal cause of CP for which the imaging modality of choice 
is MRI. However, in advanced stages, CT can recognize 
the changes due to pancreatic divisum. The characteristic 
inflammatory, fibrotic and ductal changes are limited to 
the dorsal pancreas, whereas the ventral pancreas appears 
normal.28 Rarely, duodenal dystrophy, which is thought to 
be due to the presence of ectopic pancreatic tissue in the 
duodenal wall, can be the cause of CP. Recurrent inflam-
mation leads to fibrosis and cyst formation in the duodenal 
wall, leading to MPD compression and an obstructive type 
of CP that can be recognized on CT. On contrast enhanced 
CT (CECT), the fibrotic area enhances late in the delayed 
phase compared with the rest of the normal pancreas. If 
the lesion is predominantly solid, then it can mimic pan-
creatic adenocarcinoma. Since it is primarily a duodenal 
pathology, the mass effect causes shifting of gastroduode-
nal artery to the left. A mass in the primary head of pan-
creas, such as adenocarcinoma, causes the artery to shift 
to the right. In equivocal cases, sampling will clinch the 
diagnosis.29 

CT can be used to evaluate complications related to 
CP. One of the most important complications is the forma-
tion of pseudocysts, which are cystic lesions with a wall 
and are usually well defined. They occur in up to 25% of 
cases of CP,9 and they can be seen in the peripancreatic 
region, intraperitoneal or retroperitoneal, or even in remote 

locations such as the chest. In CP, pseudocysts are gener-
ally formed during the evolution of peripancreatic fluid 
that collects after an episode of pancreatitis. Pseudocysts 
are closely mimicked by retention cysts that occur in the 
pancreas as a result of MPD or side branch obstruction 
by calculi, or as a result of fibrosis.20 The resulting cystic 
lesions are seen on CT as nonenhancing, well defined 
lesions, and they are not usually associated with an acute 
episode of pancreatitis. Pseudocysts, along with peripan-
creatic inflammation, can involve venous structures in the 
vicinity, leading to phlebitis and thrombosis. These com-
plications can be seen in the splenic, superior mesenteric, 
and portal veins on contrast enhanced CT as filling defects 
or occlusions (Figure 4). The resulting portal hyperten-
sion, which is usually limited to left side, can lead to the 
development of multiple collaterals. When the inflamma-
tion involves arteries in the vicinity, it can cause pseudoa-
neurysm. In CP, the gastroduodenal, pancreaticoduodenal, 
and splenic arteries are the ones most often involved. The 
affected arteries can rupture and bleed into the peritoneal 
cavity, bowel, or biliary system, which may present as an 
acute emergency. Sometimes they are detected on routine 
imaging, in which case they have to be treated immediately 
to prevent catastrophic complications. Pseudoaneurysms 
are best seen on arterial phase CT scan when the concen-
tration of contrast in the arteries is at its peak. They can 
be missed on routine portal venous scan, which makes the 
arterial phase acquisition important in this situation. In 
CP, pancreatic fistula can develop within the peritoneal or 
even the pleural cavity30 secondary to rupture of a pseu-
docyst. On CT they are seen as ascites or pleural effusion, 
however the actual fistula site may not be demonstrated on 
CT scans. Biliary complications due to CP can manifest as 

Figure 4. Contrast enhanced CT images in axial plane (a) and thin maximum intensity projection in coronal plane (b) of a patient with CCP who 
presented with acute abdominal pain showing features of CCP as evidenced by the presence of multiple calcific densities distributed throughout 
the pancreas. In addition, there is marked fat stranding and fascial thickening (thin arrow) seen around the pancreas. There is pressure effect 
seen over the main portal vein (thick arrow) caused by the inflamed pancreas. These findings are suggestive of acute exacerbation of CCP.
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fistulae or inflammatory strictures that are better evaluated 
by MRCP. The risk of pancreatic adenocarcinoma, which 
is a dreaded complication, is increased in CP, especially 
in hereditary and tropical CP. In patients with CP, pan-
creatic carcinoma can mimic inflammatory mass-forming 
CP, focal AIP, or groove pancreatitis. Reliable distinction 
between these lesions on imaging is quite challenging and 
is not always possible. Advances in CT techniques in the 
form of perfusion CT have added another dimension to 
the diagnostic capability of CT scanners. Perfusion CT is 
a novel technique in which scans of a particular area are 
acquired in quick succession. The data collected is post 
processed and the contrast dynamics of the given area are 
depicted as color coded maps. Perfusion parameters such 
as blood flow and blood volume can be quantified. There 
are promising reports in which researchers have used per-
fusion CT to differentiate pancreatic carcinoma from mass 
forming chronic pancreatitis.31

Magnetic Resonance Imaging (MRI)
MRI is a noninvasive imaging modality for biliary and 
pancreatic pathology, and can accurately characterize vari-
ous pancreatic lesions. MRCP has replaced ERCP for the 
diagnostic imaging of biliary and pancreatic ducts. It is a 
specialized MR technique in which heavily T2 weighted 
sequences are used to image fluid filled structures without 
a need for contrast agent (Figure 2d). MR has the addi-
tional advantage of having excellent contrast resolution 
without using ionizing radiation. Normal pancreas appears 
hyperintense on T1 weighted sequences with or without fat 
saturation. It is the most T1 hyperintense structure in the 
abdomen with the exception of fatty liver.32 The hyperinten-
sity of the pancreas is due to the presence of proteinaceous 
secretions within the gland. T1 fat-saturated sequences are 
very sensitive for the identification of any focal lesions 
within the pancreas, as many of the focal lesions appear 
hypointense and are easily recognized. Similarly, any 
inflammation in the pancreas leads to a drop in signal on 
T1 weighted sequences. In the early stages of CP, because 
of the inflammation and onset of fibrosis there is a drop in 
the T1 signal.33 The gland may be heterogeneous because 
of focal areas of inflammation and fibrosis. There is het-
erogeneous and delayed enhancement in the post contrast 
images because of fibrosis, and this delayed enhancement, 
compared with the normal pancreas is considered as an 
early marker of CP.34

Ductal changes are better visualized on MRCP than on 
CT; however, subtle side branch changes can be missed.35 
The ductal findings of early disease can range from nor-
mal looking MPD to mild irregularity of the MPD and side 
branches. With progression of disease there is progressive 
glandular atrophy, poor enhancement in portal venous 
phase, and increased enhancement in delayed phase. 

Severe ductal changes in the form of irregular dilatation 
of both the MPD and side branches along with interposed 
strictures give the appearance of chain of lakes on MRCP. 
MR is also good at visualizing associated complications 
such as pseudocysts and fistulae. Intraductal calcifications 
are seen as filling defects against the hyperintense back-
ground of fluid. The sensitivity of MR for small calcifica-
tions is limited when compared to CT, but MR can also 
detect ductal abnormalities such as pancreatic divisum and 
any solid or cystic focal lesion causing obstructive type CP 
(Figure 5). 

MR can also differentiate CP from mimics such as 
intraductal papillary mucinous neoplasms (IPMN) and 
variants such as groove pancreatitis and AIP. 

Even on MRI, it is challenging to differentiate masses 
of chronic pancreatitis from pancreatic adenocarcinoma. 
Duct penetrating sign on MRCP indicating that a normal or 
smoothly stenotic MPD is seen to penetrate the mass, has 
been reported to be associated with inflammatory masses 
rather than carcinoma. It has a reported sensitivity of 85% 
and specificity of 96%.36 Recently, diffusion weighted 
imaging (DWI) has been used to accurately differentiate 
mass-forming pancreatitis from carcinoma.37 The role of 
flurodeoxyglucose-positron emission tomography (FDG-
PET) in this scenario is controversial.38,39

A major limitation of MRCP in the evaluation of CP is 
the lack of functional information and inability to image 
the ductal system when it is distended. This drawback can 

Figure 5. T2W thick-slab MRCP image of a young male patient 
who presented with multiple episodes of abdominal pain showing 
the dorsal pancreatic duct draining separately in to the minor 
papilla (thin arrow). There is no communication with the ventral 
duct, which is suggestive of pancreatic divisum. In addition, there 
is mild dilatation of the dorsal duct in the tail region and side 
branches in the head region (thick arrow). These findings favor 
the diagnosis of pancreatic divisum with chronic pancreatitis.
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be overcome by using secretin and acquiring serial MR 
images, which is known as secretin enhanced MRCP or 
secretin stimulated MRCP (S-MRCP). Secretin is an amino 
acid polypeptide normally secreted by the duodenal mucosa. 
It acts primarily on the pancreas and to some extent on the 
biliary tree,7 causing transient increase in the tone of the 
sphincter of Oddi and increased secretion of bicarbonate-
rich fluid. Secretin is a safe drug, and it can be administered 
easily without any serious side effects. Patients should be 
fasting for 4 to 6 hours, and are given oral negative contrast 
30 minutes before the study to suppress signals from pre-
existing fluid in the duodenum. Following baseline imag-
ing, secretin is injected as a slow intravenous injection to 
prevent side effects. After injection, T2 weighted images 
are acquired every 30 seconds for 15 minutes. This leads 
to the dilatation of MPD, which peaks at 2 to 5 minutes, 
after which the sphincteric tone decreases; the MPD diam-
eter returns to baseline after 10 minutes. The pancreatic 
secretions can be seen in the duodenum and can be graded 
quantitatively or semiquatitatively to indicate the exocrine 
function of the pancreas.6 The MPD should increase least 
1 mm in diameter compared to baseline in patients with 
a normal sphincter. Absence of increase implies impaired 
ductal compliance.7 In normal pancreas the side branches 
are not visualized after secretin administration, whereas in 
patients with early CP because of subtle fibrosis the side 
branches can show dilatation which are not otherwise seen 
on conventional MRCP.7 This is an important advantage 
of S-MRCP, as it distends the MPD, showing even subtle 
abnormalities better than ERCP can. For the same reason 
it is superior to conventional MRCP in delineating ductal 
anomalies such as pancreas divisum. Exocrine function 
can be graded as follows. Fluid confined to the duodenal 
bulb is grade 1. Fluid confined to first and second part of 
duodenum is grade 2, and fluid reaching into the third part 
is grade 3. Grade 3 is considered normal, grades 1 and 2 
are considered to result from impaired exocrine function. 
This grading is consistently correlated with fecal elastase 
1 values.6 Thus S-MRCP can provide both structural and 
functional information that is crucial for the manage-
ment of these patients. The apparent diffusion coefficient 
(ADC), derived from diffusion weighted imaging (DWI) 
is also used to evaluate CP. The ADC of the pancreas in 
patients with CP was found to be lower than that in normal 
patients. This occurs because decreased exocrine reserve 
of the pancreas leads to decreased water diffusion and 
because fibrosis can by itself restrict diffusion. ADC values 
can potentially be used as an indicator of fibrosis and its 
extent in patients with CP, and can be used to predict out-
comes of patients who undergo surgery. Furthermore, DWI 
has been combined with S-MRCP to study the increase in 
ADC following administration of secretin, which increases 
secretion and hence promotes water diffusion. In normal 
pancreas, the ADC is expected to increase in the early part 

of the S-MRCP procedure, but in high-risk patients and 
in those with CP, the expected ADC peak may either be 
delayed or not occur at all.40 This has potential for quanti-
fication of pancreatic exocrine function in clinical practice 
in the future.

Miscellaneous Types of Chronic Pancreatitis

Autoimmune Pancreatitis (AIP)
AIP is an unusual type of CP, also known as lymphoplas-
macytic sclerosing pancreatitis or chronic sclerosing pan-
creatitis, and is thought to reflect pancreatic involvement 
in IgG4 systemic disease. It is a systemic chronic fibro-
inflammatory disease that can affect other organs such as 
the biliary duct (primary sclerosing cholangitis), salivary 
glands, retroperitoneum (retroperitoneal fibrosis), mesen-
tery (sclerosing mesenteritis), and bowel (inflammatory 
bowel disease). AIP constitutes around 1.8 to 11% of all 
cases of chronic pancreatitis.13 On histology, lymphop-
lasmacytic infiltration is seen around the veins and ducts, 
sparing the arterioles.41,42 It can be differentiated from 
other types of pancreatitis and focal lesions by immu-
nostaining with IgG4. Because of variations in diagnostic 
criteria, the diagnosis of AIP is not uniform among differ-
ent countries. Based on the current understanding, AIP has 
two distinct subtypes.43,44 Type 1 is known as lymphoplas-
macytic sclerosing pancreatitis (LPSP), which is character-
ized by elevated serum IgG4 levels, abundant infiltration of 
IgG4-positive cells, and extrapancreatic involvement. Type 
2 is known as idiopathic duct-centric pancreatitis (IDCP), 
which is characterized by the presence of granulocyte epi-
thelial lesions (GEL). Unlike Type 1, IDCP usually does 
not have elevated serum levels of IgG4 and infiltration of 
IgG4-positive cells. In addition, extrapancreatic involve-
ment is not seen in IDCP, except for possible association 
with inflammatory bowel disease.

Imaging plays a crucial role in the evaluation of AIP 
and detection of associated extrapancreatic manifestations 
of IgG4 disease. The Japan Pancreatic Society criteria 
are often used to diagnose AIP, and are based on imaging 
features supported by either positive serology or histopa-
thology.45 The Mayo Clinic HISORt criteria are based on 
typical imaging features, histology, serology, involvement 
of other organs, and response to steroid therapy, are also 
widely accepted.46 In 2011, the international consensus 
diagnostic criteria (ICDC) were developed using various 
existing and commonly applied criteria.47 The ICDC is con-
sidered to be the most sensitive and specific scoring system 
for diagnosing AIP.48 It is based on the imaging features of 
pancreatic parenchyma, ducts, serology, involvement of 
other organs, histology, and response to steroid therapy. CT 
scan is the diagnostic modality of choice, three distinct pat-
terns (diffuse, focal, and multifocal) have been described 
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on imaging; the imaging features vary with the pattern. The 
diffuse pattern, which is the most common type, is seen as 
a featureless or sausage-like pancreas because of the loss 
of lobular architecture. The involved pancreas is homogene-
ous, and the MPD is either nondilated or diffusely narrowed, 
which is a characteristic finding in AIP. Calcification is rare, 
unlike other types of chronic pancreatitis. There can be a 
hypoattenuating rim with associated fat stranding and invo-
lution of the pancreatic tail. The rim shows a characteristic 
delayed enhancement. On ERCP, the characteristic finding 
is focal, segmental or diffuse narrowing, and irregularity 
of the MPD.13 MRI may show a mildly enlarged pancreas 
with loss of signal intensity on T1 weighted images and mild 
hyperintensity on T2 weighted images. After contrast admin-
istration, the involved part of the pancreas shows delayed 
enhancement (Figure 6). The rim around the pancreas is 

hypointense on both T1 and T2 weighted images and shows 
delayed enhancement.9 MRCP may show features similar to 
ERCP as well as associated strictures in the biliary tree that 
occur in primary sclerosing cholangitis. 

The diffuse form of AIP can mimic lymphoma and 
other diffuse infiltrative disorders. The focal type of AIP 
can present as a focal mass lesion on all imaging modali-
ties, mimicking carcinoma of the pancreas. Because of 
this morphological similarity, 2 to 6% of all resections for 
suspected carcinoma pancreas turn out to be AIP.49 Focal 
type AIP can also present with upstream dilatation of the 
MPD, in which case the dilatation is less severe than in 
carcinoma of the pancreas.50  Delayed enhancement in AIP 
is another feature that differentiates it from carcinoma of 
the pancreas. Corticosteriods are used to treat AIP, and the 
response is usually dramatic.

Figure 6. T1W axial MR image showing (a) hypointense and swollen pancreas with loss of normal peripheral lobulations (thin arrow). 
The tail of the pancreas shows a rounded contour. T2W image with fat suppression showing (b) a swollen pancreas with a hypointense 
peripheral rim. Intrapancreatic CBD is dilated with a stent in situ. Diffusion weighted image with b value of 800 showing (c) diffuse 
hyperintensity of pancreas. ADC map (d) at the same level shows hypointensity suggestive of diffusion restriction. Post-contrast image 
in pancreatic phase (e) shows diffusely hypoenhancing pancreas with a hypointense rim (thick arrow). In the delayed phase image (f) the 
peripheral rim is retaining contrast, suggesting its fibrous nature. Based on these findings and elevated serum IgG4 levels, a diagnosis 
of autoimmune pancreatitis was made, and the patient was treated with corticosteroids. The patient’s symptoms resolved, and follow-up 
images after three months (g, h) show both significant reduction in the size of the pancreas and normalization of diffusion.
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Groove Pancreatitis
Groove pancreatitis is a rare type of CP which is local-
ized to the pancreaticoduodenal groove, a potential space 
between the head of pancreas, duodenum, and CBD.51 The 
pathogenesis of this entity is not fully understood. Several 
factors such as penetrating duodenal ulcer post-gastric 
resection, duodenal wall cysts, pancreatic heterotopia, 
and obstructed flow of pancreatic secretions have been 
implicated.52 It is also unclear whether groove pancreati-
tis, cystic dystrophy of the duodenum, and paraduodenal 
wall cysts are different or related entities. These entities 
have many features in common, hence they are collectively 
categorized as paraduodenal pancreatitis.53 There are two 
forms of groove pancreatitis: pure and segmental. In the 
pure form, scar tissue is localized to the groove without 
involving the pancreas. In the segmental form, the head of 
pancreas is also involved. On CT, groove pancreatitis is 
characterized by a sheet of relatively hypoenhancing tis-
sue that usually shows delayed enhancement relative to 
normal pancreas (Figure 7). In the segmental form, scar 
tissue involves the pancreatic head and mimics pancreatic 
carcinoma. The displacement of the gastroduodenal artery 
toward the pancreatic head and cystic changes of the duo-
denal wall that occur in groove pancreatitis and the abrupt 
cut-off of the MPD that occurs in carcinoma of the pan-
creas can help in differentiation. On MRI, scar tissue is 
hypointense on T1, hyperintense on T2 weighted images, 
and shows delayed enhancement on contrast administra-
tion. Cystic lesions and associated thickening in the wall of 

the duodenum are better visualized on MR. These changes 
can cause tapering of the MPD and lower CBD.

Chronic Pancreatitis in Cystic Fibrosis
Cystic fibrosis is an autosomal recessive inherited disease 
that is associated with a mutation of the chloride channel 
gene. It is a common cause of pancreatic exocrine failure in 
young patients. The mutation causes inspissation of secre-
tions that obstructs flow and triggers the disease process. 
Patients presenting with frank acute pancreatitis are rare, 
and the ongoing low grade inflammation causes progressive 
fibrosis and calcification.54 Eventually, the parenchyma is 
replaced by fat, which is a characteristic feature. This fatty 
replacement correlates with exocrine dysfunction, and it is 
seen as hyperechogenicity on US and hypodensity on CT 
on the background of CP.

Parenchymal and intraductal calcification is unusual 
unlike other hereditary pancreatitis. Rarely, the entire 
pancreas is replaced by multiple cysts of varying sizes, 
which is a condition known as pancreatic cystosis. MRI 
is more sensitive than CT in detecting this abnormality. 
Pancreatic signal intensity on T1 weighted images can 
be variable depending on the extent of fatty replacement. 
Irregularity and dilatation of the ducts are better visualized 
on MRI. MRI has an additional advantage of not using 
ionizing radiation, which is all the more relevant in young  
patients.

Chronic Pancreatitis and Pancreatic Adenocarcinoma
Focal pancreatitis in the form of mass-forming chronic 
pancreatitis can closely mimic carcinoma of the pancreas 
on all imaging modalities, and CP itself predisposes to 
development of pancreatic carcinoma.

It is of paramount importance to detect the develop-
ment of carcinoma of the pancreas in the setting of CP and 
to differentiate mass-forming chronic pancreatitis from 
carcinoma of the pancreas. Any abnormal contour bulge 
or change in the morphology in the form of mass effect 
and alteration or disappearance of pre-existing calcifica-
tion should raise the suspicion of carcinoma of the pan-
creas (Figure 8). Advances in CT and MR imaging have 
enhanced the ability to differentiate an inflammatory mass 
from carcinoma. Smoothly stenotic or nonstenotic MPD 
on MRI (a duct penetrating sign) should favor the diag-
nosis of inflammatory mass (Figure 9) whereas abrupt cut 
off of grossly dilated MPD, and peripancreatic vascular 
invasion should favor the diagnosis of carcinoma of the 
pancreas. Pancreatic perfusion CT can generate perfusion 
parameters that help to make this distinction. Although 
blood flow and blood volume are reduced in both inflam-
matory masses and carcinoma, the values are much lower 
in carcinoma than in inflammatory masses (Figure 10).31 

Figure 7. Axial CECT image of a chronic alcoholic patient who 
presented with abdominal pain showing hypodense plaque-like 
soft tissue in the pancreatico-duodenal groove (thin arrow) with 
relative sparing of the uncinate process of pancreas. The rest 
of the pancreas (not shown here) is also normal. There is mild 
free fluid in abdomen and abnormal enhancement of liver which 
became homogeneous on portal venous phase (not shown here) 
suggestive of transient hepatic attenuation differences. Based on 
these findings a diagnosis of groove pancreatitis was made.
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Figure 9. Axial contrast-enhanced CT (a) in a patient with CCP shows a heterogeneous mass lesion in the head of the pancreas (thin 
arrow) with multiple calcific foci. Heavily T2W MR images (b,c) show the dilated tortuous MPD coursing through the mass lesion (thick 
arrow). Diffusion-weighted image (d) and ADC map (e) showing that there is no significant diffusion restriction in the mass. Based on 
the above findings, a diagnosis of mass-forming chronic pancreatitis was made. The patient was later subjected to EUS guided sampling, 
which confirmed the diagnosis. 

Figure 8. Axial noncontrast CT (a) of a patient with CCP who presented with worsening of pain showing calcification in the head of 
pancreas (thin arrow) with parenchymal atrophy. Axial CECT (b) showing a hypoenhancing mass lesion in the body of pancreas (thick 
arrow) causing contour bulge. Multiple peripancreatic collaterals are also seen (asterisk) due to narrowing of the splenic vein. Post-
contrast MRI (c) confirmed this hypoenhancing lesion (thick arrow). Diffusion-weighted MRI (d) using b value of 1000 with inverted 
grey scale showing profound hypointensity; the focal lesion (thick arrow) is hypointense on ADC mapping (e). These imaging features 
are suggestive of pancreatic carcinoma on a background of CCP, and this was confirmed on cytology.
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Diffusion-weighted imaging is emerging as a helpful tool 
to differentiate inflammatory masses from carcinoma, in 
which carcinoma is shown to restrict diffusion.37 FDG-PET 
CT has also been used for the same purpose with a varying 
degree of success.38,39
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Chapter 42

Endoscopic ultrasound for the diagnosis of chronic pancreatitis

Jintao Guo and Siyu Sun*
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Chronic pancreatitis (CP) is a consequence of various 
 disorders—primarily chronic alcoholism, biliary disease, 
and trauma—and is signaled by specific risk factors, 
known signs and symptoms, and distinct abnormalities on 
imaging and laboratory diagnostics. Pancreatic calcifica-
tion and dilatation of the pancreatic duct are characteris-
tics findings of CP on noninvasive imaging studies, such 
as computed tomography (CT) and magnetic resonance 
imaging (MRI).1 Although the latter are considered the 
modalities of choice, endoscopic ultrasound (EUS) is 
now also viewed as one of the most sensitive methods for 
detecting pancreatic lesions, given the close proximity of 
the transducer to the pancreas.2-5 Since 1986, numerous 
studies have reported on the use of EUS for the diagnosis 
of CP and compared it with noninvasive cross-sectional 
imaging and endoscopic retrograde cholangiopancreato- 
graphy (ERCP)6-12 for accurate diagnosis of CP (Table 1). 
EUS is able to demonstrate subtle alterations in pancreatic 
structure that escape traditional imaging and laboratory 
tests of pancreatic function. The sensitivity of EUS may 
be further heightened by limiting the core criteria required 
to diagnose CP. 

In EUS studies of the pancreas, nonhomogenous 
changes of parenchyma, particularly hyperechoic foci or 
strands, lobulation, calcifications, and cysts; ductal altera-
tions, including a hyperechoic wall, dilatation and/or tor-
tuosity of the main duct, intraductal hyperechoic foci, and 
ectatic side branches are grounds for a diagnosis of CP.2-5 
The severity of CP (mild, moderate, severe) may also be 
estimated by EUS,2 but standardized diagnostic guidelines 
have yet to be adopted.

The most frequently used classification, described 
by Wiersema et al. in 1993, includes 9 pancreatic cri-
teria: hyperechoic foci, hyperechoic strands, lobular-
ity, cyst, calcification, main pancreatic duct dilatation, 
side branch dilatation, pancreatic duct irregularity, and 
hyperechoic duct margins.13 A new classification was 

proposed as part of an international consensus  meeting 
in Rosemont, Illinois In April 2007. The new crite-
ria assigns different values to different features and 
establishes major and minor criteria depending on the 
features found.14,15 The Rosemont major criteria are 
hyperechoic foci with shadowing and main pancreatic 
duct calculi (Major A) and lobularity with honeycomb-
ing (Major B). Minor criteria include cysts, dilated 
ducts ≥3.5 mm, irregular pancreatic duct contour, 
dilated side branches ≥1 mm, hyperechoic duct wall, 
strands, nonshadowing hyperechoic foci, and lobular-
ity with noncontiguous lobules. These criteria define 4 
patient groups: normal pancreas, indeterminate, sugges-
tive, and consistent with CP.14 The EUS diagnosis of 
CP based on Rosemont criteria is shown in Table 2. 
Jimeno-Ayllón et al.,16 used both the Wiersema crite-
ria and the Rosemont classification for diagnosis of CP. 
They concluded that the new classification was useful 
in patients with high suspicion of chronic pancreatitis 
and with <4 of the standard  criteria, but with more sig-
nificance such as parenchymal lithiasis, lobularity, or 
ductal calcifications.

EUS provides high-resolution imaging of the entire 
pancreas, enabling detailed parenchymal and ductal assess-
ment. Normally, the parenchyma is homogeneous, with a 
finely reticular pattern, and the main duct has a smooth 
wall that is not dilated or hyperechoic. As a rule, the diam-
eter of pancreatic duct is <3 mm at the head, <2 mm at 
the neck, and <1 mm at the tail; and side branches are not 
visible.2,3 Allowing for anatomic variation, the ventral pan-
creas may be more hypoechoic and heterogeneous than the 
dorsal pancreas (Figure 1-3).

It is difficult to determine whether hypoechoic and 
cystic lesions are inflammatory or neoplastic via conven-
tional B-mode EUS imaging,17 but interpretation is aided 
significantly by fine needle aspiration (FNA).18 Pancreatic 
neoplasms may coexist as complications of chronic 
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Table 1. Published studies comparing EUS with other modalities in diagnosing chronic pancreatitis.

Study Comparison modality Criterion standard No. of patients Results

Uskudar, 2009 (6) ERCP Fecal elastase 24
EUS and ERCP comparable severity scores 
were 1 in 0-2 patients, 2 in 6-8 patients, and 
3 in 18-14 patients.

Pungpapong, 2009 (7) MRCP MRCP 99

Compared with MRCP, EUS was more 
sensitive but was equally specific, but only 
to diagnose CP. The combination of EUS 
and MRCP resulted in 98% sensitivity for 
either EUS or MRCP and 100% specificity 
for both EUS and MRCP.

Chong, 2007 (8) Pathology Pathology 71
Three or more EUS criteria provided the best 
balance of sensitivity (83.3%) and specificity 
(80.0%) for predicting abnormal histology.

Varadarajulu, 2007 (9) Pathology Pathology 42

EUS features associated with histopathologic 
noncalcific CP were as follows: hyperechoic 
foci, stranding, and lobulations of 
parenchyma; dilated or irregular main 
pancreatic duct, ectatic side branches, and 
hyperechoic duct margins.

Kahl, 2002 (10) ERCP ERCP 38

Of patients with EUS findings of CP and 
normal initial ERCP, 69% had CP confirmed 
by repeat ERCP (median follow-up time, 18 
months).

Iglesias et al, 2012 (11) EUS, CT, MRI Pathology

EUS, CT, and MRI may all provide 
valuable and complementary information 
for differentiating mass-forming chronic 
pancreatitis, autoimmune pancreatitis, and 
pancreatic adenocarcinoma. There is the 
unique opportunity to obtain specimens 
via EUS for histopathologic diagnosis, 
thus playing a pivotal role in patients 
with inconclusive findings on initial 
examinations. EUS-guided elastography and 
use of contrast agents with harmonic echo 
are also helpful in this setting.

Table 2. EUS diagnosis of CP on the basis of Rosemont criteria.

 I. Consistent with chronic pancreatitis 1 major A feature plus 3 or more minor features

1 major A feature plus 1 major B feature

2 major A features

 II. Suggestive of CP 1 major A feature plus 3 minor features

1 major B feature with or without plus 3 minor features

   5 or more minor features (any)

 III. Indeterminate for CP 3 to 4 minor features, no major features

Major B feature alone or with <3 minor features

 IV. Normal Less than 2 minor features, no major features
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Figure 1. Chronic pancreatitis (Case 1). A 45-year-old man presented with chronic pancreatitis of 5 years duration. EUS showed a 
heterogeneous echo pattern in the body (A) and neck (B) of the pancreas: hyperechoic foci (dots); hyperechoic strands (linear); lobulation 
(pancreatic parenchyma is lobulated by linear hyperechos); irregular hypoechoic areas. Multiple FNA results were negative (with no 
signs of malignancy).

Figure 2. Chronic pancreatitis (Case 2). A 37-year-old man presented with cholecystolithiasis and recurrent pancreatitis of 5 years 
duration. (A) Radial EUS showed that the main pancreatic duct in the neck of pancreas was dilated (6 mm). (B) EUS showed that the 
main pancreatic duct in the head of pancreas was dilated, while the main pancreatic duct near the ampulla was not dilated. No tumor was 
found in the pancreatic head, and combined with other clinical data, the lesion was finally diagnosed as chronic pancreatitis.

Figure 3. Chronic pancreatitis (Case 3). A 42-year-old man presented with cholecystolithiasis and chronic pancreatitis of 3 years 
duration. EUS showed heterogeneous, hyperechoic parenchyma in the head (A) and body (B) of pancreas, representing fibrosis.
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Figure 4. Quantitative EUS elastography based on strain ratio analysis of a solid pancreatic mass (pancreatic 
adenocarcinoma). Area A shows pancreatic parenchyma, and area B shows a soft area of the gut wall. The B/A ratio is 
displayed at the bottom of the image.

pancreatitis,19 and cysts or inflammation may result from 
neoplastic obstruction of the pancreatic duct.

In that context, the accuracy of EUS-guided FNA is 
quite high, and has a sensitivity of 80-85% and a specific-
ity near 100%.20,21 However, this technique is technically 
demanding, and often requires multiple passes to obtain 
enough tissue for a diagnosis.22,23 Furthermore, despite 
repeated sampling, cytohistologic preparations may be 
falsely negative in patients with advanced chronic pancrea-
titis who develop solid masses.24

Differentiating ductal adenocarcinoma from mass 
lesions of pancreatitis may be improved by spectral 
Doppler analysis owing to the curious absence of venules 
in adenocarcinomas (only arterioles are present). Venules 
are generally not a prominent component of tumors, pos-
sibly due to the accompanying desmoplasia. On the other 
hand, both arterioles and venules of inflammatory lesions 
are usually detectable by Doppler.25,26

New techniques have emerged to address this issue, 
namely contrast-enhanced EUS (CE-EUS) and EUS elas-
tography.27-37 CE-EUS is a novel approach where the 
 normal high-resolution of ultrasound is intensified by 
contrast agents.27 CE-EUS may help to recognize and 
delineate necrotizing foci of acute pancreatitis, which 
ordinarily are not enhanced at a very early stage.28 The 
lack of nephrotoxicity shown by these agents is of particu-
lar importance, because most patients who are severely 
ill with pancreatitis also develop renal failure. In such 
instances, CT contrast enhancement is contraindicated. 
Interestingly, focal uptake of contrast in pancreatitis.29 
or diffuse uptake in autoimmune pancreatitis.30 is often 

similar to or better than that seen in normal pancreatic 
parenchyma. This feature may be useful in differentiating 
ductal adenocarcinoma.

Elastography is a method for assessing tissue rigid-
ity in real time. Currently, elastographic evaluations of 
the gastrointestinal tract are done in conjunction with 
conventional EUS. The EUS probe is equipped with a 
processor and software that generate real-time elasto-
graphic data. Unlike first-generation technology, which 
is limited to qualitative estimates, the second generation 
tools now available allow quantitative analysis of tissue 
rigidity.31-37

In qualitative elastography, compression-induced struc-
tural deformation is quantified in B-mode images using the 
degree of deformation as an index of tissue rigidity.31,32 
As shown by Iglesias-Garcia et al,34 qualitative elastogra-
phy of patients with CP were irregularly colored, exhib-
iting green areas with predominantly blue heterogeneous 
strands. Analogous findings in control subjects without 
pancreatic disease were were predominantly green and yel-
low homogeneous patterns. 

Quantitative elastography offers two alternatives, the 
hue histogram and the calculated strain ratio. A hue his-
togram is a graphic representation of color distribution 
(hues) in a selected image field and is derived from quali-
tative EUS elastography data for a manually selected ROI 
within a standard elastographic image. The calculated 
strain ratio attempts to offset the comparative nature of 
qualitative elastographic patterns by analyzing the elas-
tographic image of a target lesion relative to surrounding 
tissues.33-37 Similar to a hue histogram, the strain ratio is 
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calculated from standard qualitative EUS elastographic 
data, selecting two differing areas (A and B) for quantita-
tive analysis. Area A encompasses as much of the target 
lesion as possible and excludes adjacent tissues. Area B is 
within a soft (red) reference area extraneous to the target 
lesion and preferably in the gut wall. The strain ratio is 
the quotient of B/A.34 The strain ratios of Rosemont cat-
egories significantly different, 1.80 (95% CI: 1.73-1.80) 
for normal pancreas, 2.40 (95% CI: 2.21-2.56) for inde-
terminate of CP, 2.85 (95% CI: 2.69-3.02) for suggestive 
of CP; and 3.62 (95% CI: 3.24-3.99) for consistent with 
CP (P < 0.001) (Figure 4). Dominguez-Muñoz’ et al,37 
used the strain ratio to predict pancreatic exocrine insuf-
ficiency (PEI) in patients with chronic pancreatitis. They 
found that the degree of pancreatic fibrosis as measured 
by EUS-guided elastography allowed estimation of the 
probability of PEI in patients with CP.
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Introduction

Pancreatic exocrine insufficiency (PEI) is defined as par-
tial or complete loss of digestive enzyme and bicarbonate 
secretion. In chronic pancreatitis this is caused by a pro-
gressive destruction of functioning pancreatic tissue. The 
overt clinical symptoms of PEI are steatorrhea, weight loss 
and abdominal discomfort due to maldigestion. Due to the 
large reserve capacity of the pancreas symptoms frequently 
become apparent in only advanced stages. However, 
patients with mild to moderate PEI also have an increased 
risk of nutritional deficiencies. Several direct and indirect 
function tests are available for assessment of pancreatic 
exocrine function, but until today diagnosis of PEI remains 
difficult because the available tests have either limited 
availability due to invasiveness and/or high cost or have 
limited sensitivity and specificity, particularly in patients 
with mildly impaired pancreatic exocrine function. 

Pathophysiology 
Progressive inflammatory destruction of pancreatic tissue 
in chronic pancreatitis leads to reduced synthesis and secre-
tion of pancreatic enzymes in response to food intake. With 
rare exceptions, clinically overt malabsorption only occurs 
when enzyme secretion is reduced by more than 90%.1,2 In 
alcoholic chronic pancreatitis, this usually takes 10 to 20 
years. Steatorrhea usually occurs earlier, and is more severe 
than malabsorption of other nutrients. This is explained 
by an earlier decrease in lipase secretion compared with 
amylase and proteases,3 higher susceptibility of lipase to 
acidic pH caused by concomitant impairment of bicarbo-
nate secretion, increased susceptibility of lipase to proteo-
lytic destruction during small intestinal transit, additional 
acidic denaturation of bile acids, and marked inhibition of 
bile acid secretion in states of malabsorption.4 Moreover, 
only gastric lipase can serve as an extrapancreatic source 
of lipolytic activity in humans, and this enzyme does not 

compensate for pancreatic lipase deficiency, although it 
may be elevated in patients with chronic pancreatitis com-
pared with healthy individuals.5 By contrast, more than 
80% of carbohydrates can be digested and absorbed in the 
absence of pancreatic amylase activity,6 and the colonic 
flora can further metabolize malabsorbed carbohydrates. 

Different natural courses suggest that pancreatic exo-
crine function is preserved longer, and consequently exo-
crine insufficiency may generally be milder, in “early 
onset” idiopathic chronic pancreatitis than in alcoholic 
and “late onset” idiopathic chronic pancreatitis.7 However, 
direct comparisons of pancreatic exocrine function in 
patients with varying etiologies of chronic pancreatitis 
have so far been few.8

In an unselected group of patients with chronic pan-
creatitis, mean pancreatic exocrine function is reduced by 
around 50 to 80% compared with healthy controls, and 80 
to 90% show some degree of PEI.4 In about 65 to 75% of 
patients, morphologic alterations and functional impair-
ment develop in parallel. PEI without morphologic altera-
tions is rare (<5% of patients) yet possible. 

In severe PEI with less than 5% of normal enzyme 
output, about 40% of nutrients from a readily digestible 
low-calorie meal are malabsorbed and enter the colon.9 
Maldigestion can be decreased by oral enzyme supplemen-
tation. However, even with clinically established doses of 
pancreatic lipase, duodenal enzyme delivery remains far 
below physiologic levels and lipid malabsorption is rarely 
normalized.10,11

Clinical Symptoms of PEI
Typical symptoms of PEI are abdominal discomfort, 
weight loss, steatorrhea, malnutrition and signs of vitamin 
deficiency.12 Steatorrhea and azotorrhoea, an excessive 
discharge of nitrogenous substances in the feces, occur 
when secretion of lipase and trypsin fall below 5 to 10% of 
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normal levels. Typical features of steatorrhea are volumi-
nous, fatty (“shiny” and “sticky”) stools. However, while 
it is important to evaluate these parameters, stool charac-
teristics are neither sensitive nor specific for detection of 
steatorrhea.13,14

Steatorrhea is conventionally diagnosed when daily 
stool fat excretion exceeds 7 g during ingestion of a diet 
containing 100 g fat per day.1 Often steatorrhea is accom-
panied by diarrhea. This is caused in part by accelerated 
gastric emptying and intestinal transit in patients with 
exocrine insufficiency that can be reversed by enzyme 
supplementation.9

As a consequence of fat malabsorption, fat-soluble 
vitamins are insufficiently absorbed so that patients may 
exhibit low vitamin D levels and develop osteopathy, i.e., 
osteopenia, osteoporosis and osteomalacia. Reduced fecal 
elastase is observed in significantly more individuals suf-
fering from osteoporotic bone fractures than in healthy 
controls (a 65% reduction). This study excluded patients 
with overt steatorrhea, suggesting that mild to moderate 
PEI is a risk factor for development of osteoporosis.15-18 
Moreover, there are reports of vitamin A deficiency causing 
night-blindness, visual impairment, and other ocular afflic-
tions. Neurologic symptoms or coagulopathy can occur as 
a consequence of vitamin E and K deficiency.12

Pancreatic Function Tests 

Exocrine function tests are either based on the measure-
ment of secreted enzymes and bicarbonate (direct tests) or 
they investigate secondary effects which are the result of 
lack of enzymes (indirect tests).19-21

Direct Tests
Stool Tests
The fecal excretion of pancreatic enzymes correlates 
with duodenal enzyme secretion.22 However, pancreatic 
enzymes are inactivated to different degrees during gas-
trointestinal transit. Chymotrypsin and elastase-1 are rela-
tively more stable enzymes and are therefore suitable for 
stool testing.

The activity of chymotrypsin in stool can be tested 
photometrically. To improve the sensitivity of the test, 
three different stool samples are necessary, and this par-
tially explains why chymotrypsin measurements have 
been largely replaced by measurement of fecal elastase-1, 
which only requires a single stool sample (compare below). 
Moreover, since the test does not differentiate human and 
substituted chymotrypsin, the test results are influenced by 
pancreatin supplementation. Thus, it is important that these 
enzyme supplements are discontinued at least 5 days before 
the examination. On the other hand, the chymotrypsin test 

can also be used to monitor compliance with enzyme sup-
plementation in refractory cases. The main drawbacks of 
this test are its low sensitivity and specificity in patients 
with mild or moderate PEI.23

Currently, measurement of fecal elastase-1 concen-
tration in a single stool sample is the preferred and most 
widely available pancreatic function test. The concentra-
tion of elastase-1 is by an enzyme-linked immunosorb-
ent assay (ELISA) using a specific antibody against the 
human enzyme, so that pancreatin supplements have no 
influence on the results and there is no need to discontinue 
them. Normal stool-concentration of elastase-1 exceeds 
200 μg/g stool, depending on the method, and a concen-
tration less than 100 μg/g stool usually means severe PEI.  
Measurement of fecal elastase-1 is more sensitive and 
specific than chymotrypsin testing.24 However, as a stand 
alone test in early chronic pancreatitis, the lack of sensitiv-
ity (50 to 93%) and specificity (62 to 93%) limit its diag-
nostic value.24,25 Moreover, in the differential diagnosis of 
diarrhea, specificity of the test is rather low since increased 
stool-water content leads to false positive results.26

Secretin Test
The secretin (or secretin-pancreozymin) test is an inva-
sive test that requires placement of a duodenal tube. It is 
regarded as the reference method for evaluation of pancre-
atic exocrine function. It can also detect mild and moderate 
PEI but has several disadvantages including invasiveness, 
high cost, need of special equipment and trained person-
nel,26 and lack of standardization among different centers. 

In order to achieve reliable test results, pancreatin prep-
arations have to be discontinued several days in advance. 
Nicotine and drugs with sedative or anticholinergic effects 
have to be discontinued at least 24 hours before the secre-
tin-test is performed, and the patient has to fast for at 
least 12 hours. The test is contraindicated in patients with 
acute pancreatitis for the first 8 to 12 weeks after the acute 
episode. 

A commonly applied test protocol requires that the 
tip of a double-lumen nasoduodenal tube be placed near 
the ligament of Treitz. One lumen is placed in the gastric 
antrum for continuous aspiration of gastric secretions, 
which are discarded. Duodenal contents are aspirated via 
the second lumen of the tube for 30 min under basal condi-
tions followed by a 60 min collection period with intra-
venous application of secretin. Subsequently, secretion 
volume, bicarbonate concentration, and activity of pancre-
atic enzymes (trypsin, chymotrypsin, lipase and amylase) 
are determined in duodenal juice samples.  Secretin stimu-
lation leads to maximal bicarbonate output but induces only 
moderate stimulation of pancreatic enzyme secretion. This 
is why a second stimulation period using a combination of 
secretin and cholecystokinin (CCK) or the CCK-analog 
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cerulein is usually performed. However, these substances 
are currently not available in many countries. To compen-
sate for incomplete aspiration of duodenal contents, a dilu-
tion marker can be added but this further complicates the 
procedure. 

Endoscopy based modifications are used by some spe-
cialized centers.27,28 The endoscopic secretin test includes 
aspiration of duodenal juice through the suction channel 
of the endoscope at 15, 30, 45, and 60 min after secretin 
stimulation. A bicarbonate concentration greater than 80 
mmol/L in any of the samples is considered normal. The 
endoscopic secretin test has demonstrated good sensitiv-
ity and specificity compared with conventional tube based 
stimulation tests; however, a considerable limitation is that 
it takes approximately 1 h to perform. Reducing the length 
to 45 minutes with fluid collections at 30 and 45 minutes 
provides 94% accuracy compared with the 1 hour test but 
further abbreviations appear to lead to inaccurate results, 
although it is feasible to inject secretin prior to endoscopy 
so that the duration of intubation can be limited.28,29 CCK 
alone or CCK in combination with secretin has also been 
used in endoscopic function tests.28

Lundh Test
The Lundh test30 also requires intestinal intubation for 
direct measurement of enzyme output in duodenal juice. 
However, in contrast to the secretin test, pancreatic exo-
crine secretion is stimulated by a standardized test meal. 
This consists of 300 ml of liquid composed of dried milk, 
vegetable oil and dextrose (67% fat, 5% protein, 15% car-
bohydrate). Accordingly, release of regulatory mediators 
from the intestinal mucosa is needed for stimulation of 
pancreatic secretion, and false positive results may occur in 
intestinal diseases such as celiac sprue or altered gastrodu-
odenal anatomy. Usually only trypsin activity is measured.

Indirect Tests
Fluorecein Dilaurate and NBT PABA Tests
The fluorescein dilaurate (pancreolauryl test=PLT) and the 
NBT-PABA test (N-benzoyl-L-tyrosyl-p-aminobenzoic 
acid test) are no longer commercially available in many 
countries. Briefly, for both tests, the patient ingests a sub-
strate that is metabolized into two or more products by 
pancreatic enzymes. At least one of the metabolites (fluo-
rescein or PABA) is absorbed from the gut, conjugated, and 
excreted in urine, where it can be measured. Increased fecal 
excretion of the unsplit molecule, and decreased absorp-
tion, blood levels, and urinary excretion of the metabolite 
will occur in patients with PEI. To account for inter-indi-
vidual variability of intestinal absorption and renal func-
tion, the fluorescein dilaurate test includes application of 
the absorbable metabolite (fluorescein) on a second day 

and the results of the test are expressed as the ratio of 
excreted fluorescein on the test and the control day in per-
cent. A ratio of less than 20% is clearly abnormal. A modi-
fied serum test eliminates the need for a second test day but 
does not increase sensitivity and specificity.24

13C-Breath Tests
Several breath tests using 13C-labeled substrates for meas-
urement of pancreatic function have been developed 
recently.26 Of these, tests using 13C-labeled lipids are the 
most promising because, in chronic pancreatitis, lipase 
synthesis and secretion tend to be impaired earlier than 
those of other pancreatic enzymes (compare above). The 
labeled lipids are ingested orally together with a test meal 
and need to be digested to monoglycerides and free fatty 
acids by pancreatic lipase prior to absorption. Hepatic 
metabolism of the absorbed lipids leads to production of 
13CO2 which is transported to the lungs and exhaled. Thus, 
the ratio of 13CO2/

12CO2 in the breath over time reflects 
intestinal lipolysis by pancreatic lipase as the rate-limiting 
step of lipid absorption. Available substrates include 1,3 
distearyl-2[13C]-octanoate, called 13C-mixed triglyceride, 
which has several advantages over other lipid markers and 
is the most commonly used. Other potential lipid markers 
are uniformly labeled Hiolein® (a mixture of long chain 
triglycerides) and cholesteryl-13C-octanoate.26 Sensitivity 
and specificity of certain test modifications have been 
reported to exceed 90%.31 Moreover, a modified version 
of the 13C-mixed triglyceride breath test has been shown 
to also detect mild to moderate PEI.32 A major disadvan-
tage of the test is the need for prolonged breath sampling. 
Retrospective comparison of test results in a large group of 
patients has shown that an abbreviated version requiring 
breath sampling for 4 hours still provides a high accuracy, 
but that shorter tests lack specificity.33 Apart from diagno-
sis of PEI 13C-breath tests can also be used to monitor the 
effect of enzyme replacement therapy.34

Fecal Fat Analysis
Quantitative measurement of fecal fat excretion over 72 h 
during ingestion of a diet containing 100 g fat per day is the 
reference method for diagnosis of steatorrhea. Under these 
circumstances, fecal fat excretion of more than 7 g/day is 
abnormal.35 The levels of steatorrhea seen in CP tend to be 
much higher (often > 20 g/day). Due to its numerous dis-
advantages including nonspecificity for pancreatic disease, 
need for prolonged abstinence from pancreatic enzyme 
preparations, and unpleasant sampling, storage and mix-
ing of stool, it is no longer performed in most centers for 
clinical reasons. Instead, Sudan staining of a random stool 
sample for fecal fat can be used but is relatively insensitive 
for fat malabsorption.36
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Combined Morphological and Functional 
Investigations

Secretin-enhanced magnetic resonance cholangiopan-
creatography (S-MRCP) reveals ductal morphological 
alterations and simultaneously gives semiquantitative 
information on functional changes by evaluation of the 
degree of duodenal filling.37 However, the number of rel-
evant studies is limited and the sensitivity of this tech-
nique for exocrine insufficiency is only about 70%. Thus, 
normal duodenal filling does not rule out its existence.38 
Endoscopic ultrasonography has recently also been com-
bined with secretin-stimulation. With that method, fluid 
filling in the descending part of duodenum was a predictor 
of pancreatic insufficiency.39

Clinical Role of Pancreatic Function Tests  
in Chronic Pancreatitis

Most experts agree that diagnosis of CP depends on a com-
bination of clinical, histological, imaging and functional 
criteria.38,40-42 Proof of impaired exocrine function by 
function testing is particularly important for diagnosis of 
CP in patients with inconclusive morphological findings. 
Moreover, staging of disease according to various classifi-
cations requires assessment of exocrine function. Function 
testing is generally recommended to screen patients with 
a new diagnosis of chronic pancreatitis for exocrine insuf-
ficiency. Some national guidelines recommend repetitive 
testing at annual intervals in patients with previously nor-
mal results.40 When symptoms of exocrine insufficiency  
persist in spite of adequate enyzme tretament, function tests 
(13C-breath test, measurement of fecal fat) are to be consid-
ered for evaluation of treatment efficacy. From a practical 
point of view, verification of PEI by a pathological pan-
creatic function test is a prerequisite for reimbursement of 
enzyme treatment in some countries. 
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Introduction

Hereditary pancreatitis (HP) is a rare genetic disorder 
characterized by recurrent acute pancreatitis (RAP) and 
chronic pancreatitis (CP) that runs in families.1-4 HP 
typically presents in childhood with attacks of acute pan-
creatitis (AP) that become more frequent, leading to the 
morphologic changes of chronic pancreatitis. Over time, 
patients may develop the common complications of CP, 
including pancreatic fibrosis, pancreatic exocrine insuf-
ficiency (PEI), diabetes mellitus (Type 3c; T3cDM),5 
chronic pain syndromes and pancreatic ductal adenocarci-
noma (PDAC). However, the age of onset, clinical course, 
and types of complications vary markedly between indi-
viduals and families, suggesting that modifier genes and 
environmental factors play an important role in individual 
patients.6,7

Historically, HP has functioned as a model to under-
stand the progression of AP to RAP and CP. The disease 
originates primarily from gain-of-function mutations in 
the cationic trypsinogen gene (protease, serine, 1; PRSS1; 
OMIM *276000), i.e., PRSS1 N29I and R122H.8-10 
Specifically, the identification of gain-of-function muta-
tions in the trypsinogen gene brought new insights into the 
field of pancreatology by indicating that (1) trypsin activity 
is the proximal cause of AP, (2) CP develops as a result of 
RAP, and (3) genetic and environmental factors modify the 
phenotype of RAP and CP.

Following the insights from HP and related advances, 
the concept of CP has been changed from diagnosing CP 
by end-stage features, to a new paradigm based on a pro-
gression model beginning with asymptomatic risk stage, 
and proceeding to inflammation (typically AP and RAP) 
and variable dysfunction of the relevant cell types that 

contribute to fibrosis, PEI, diabetes mellitus and pancre-
atic cancer. The new mechanistic definition highlights the 
essence of the disorder (mechanistic pathophysiology), as 
well as the characteristic features.11

 CP definition (essence): “Chronic pancreatitis is a 
pathologic fibro-inflammatory syndrome of the pan-
creas in individuals with genetic, environmental and/
or other risk factors who develop persistent pathologic 
responses to parenchymal injury or stress”. 

 CP definition (characteristics): “Common features of 
established and advanced CP include pancreatic atro-
phy, fibrosis, pain syndromes, duct distortion and stric-
tures, calcifications, pancreatic exocrine dysfunction, 
pancreatic endocrine dysfunction and dysplasia”.

This new approach to defining and identifying CP should 
facilitate a rational approach to early diagnosis, classifica-
tion, and prognosis for HP and other inflammatory disor-
ders of the pancreas.

Diagnosis and classification

The term “hereditary pancreatitis” is used with both broad 
and narrow definitions. Online Mendelian Inheritance 
in Man (OMIM) #167800 defines ‘PANCREATITIS, 
HEREDITARY; PCTT’ broadly to include multiple 
genes associated with RAP and CP including PRSS1, 
PRSS2, SPINK1, CFTR and CTRC. Clinical researchers 
and geneticists generally define HP as autosomal domi-
nant pancreatitis, and use the term “familial pancreati-
tis” to describe recessive or complex phenotypes in the 
absence of a recessive syndrome such as cystic fibrosis 
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(CF) or a cystic fibrosis transmembrane  conductance 
regulator gene (CFTR)-related disorder.12 In this chapter, 
we define HP as 2 or more individuals with RAP or CP 
in 2 or more generations of a family (i.e., an autosomal 
dominant pattern of inheritance) or pancreatitis associ-
ated with a known, gain-of-function germline  variant 
in PRSS1.13,14

Familial pancreatitis

Familial pancreatitis is a broader term to describe fami-
lies in which the incidence of pancreatitis is higher than 
expected compared with the frequency of pancreatitis 
in the general population. Since pancreatitis, especially 
CP, is rare, 2 first- or second-degree relatives with pan-
creatitis are sufficient for classification as a familial 
pancreatitis kindred. However, other causes of pancrea-
titis, including gallstones, and trauma, must be excluded. 
Furthermore, episodic abdominal pain from AP may not 
be diagnosed in stoic patients, and older members of the 
family with diabetes mellitus or PDAC may represent late 
stages of undiagnosed CP. Thus, collecting an accurate 
family history and identifying familial pancreatitis may 
be challenging.

The contribution of genetics to familial pancreatitis is 
often broad and complex. Known genetic contributors to 
familial pancreatitis include recessive inheritance of mild 
variable or borderline CFTR mutations, pathogenic vari-
ants in SPINK1, and variants in other genes with small but 
interacting or additive effects. Whitcomb et al. demon-
strated the complexity of gene-environment interactions 
that contribute to familial pancreatitis with a genome-wide 
association study (GWAS) carried out with next-generation 
sequencing.15 In this HP kindred, 2 key affected family 
members were found to have completely different complex 
combinations of genetic and environmental risk factors.15 
The classification of hereditary pancreatitis and familial 
pancreatitis and examples of genotype-phenotype correla-
tions are given in Table 1.

Clinical presentation

The penetrance for PRSS1 hereditary pancreatitis has been 
estimated at 80%.6,16-18 However, penetrance may vary by 
the presence of modifying risk factors and type of mutation. 
For example, one study reported a PRSS1 R122H kindred 
in Venezuela with low penetrance, as demonstrated by the 
presence of only 2 affected individuals in a large family.19

The complications of HP are similar to those of CP. 
Early on it was recognized that some patients had severe 
AP with portal vein thrombosis,4 but this does not appear 
to be the most common characteristic. The primary distin-
guishing features of HP from other forms of pancreatitis 
are an early age of onset and a family history in the absence 
of environmental risk factors (e.g., alcohol, tobacco). 
Furthermore, HP patients who progress to CP have higher 
cumulative risks for diabetes mellitus and exocrine insuf-
ficiency, and a higher overall risk for PDAC. This may 
be attributed to an early age of onset, resulting in longer 
lifetime exposure of the pancreas to injury and inflamma-
tion. As compared to the general population, lifespan is 
not reduced in HP patients who do not develop pancreatic 
cancer.20

Acute pancreatitis

HP typically presents in childhood at a median age of 10-12 
years (Figure 1).16,21 However, age at onset can vary dra-
matically by family, as demonstrated by one kindred where 
58% of PRSS1 R122H family members developed pan-
creatitis before the age of 5 years.18 A number of studies 
have shown that the age of onset is earlier in R122H PRSS1 
kindreds compared to N29I PRSS1 and mutation-negative 
patients.9,16,18 Severity, length, and frequency of attacks 
can also vary substantially between families. As with other 
forms of pancreatitis, epigastric abdominal pain is the most 
common and disabling symptom, affecting at least 83% of 
HP patients.21 Though attacks are typically 7 or less days 
in length,16 smoldering pancreatitis and/or persistent pain 
occur in some cases.22 Almost 90% of patients report more 

Table 1. Genotype-phenotype correlations of hereditary pancreatitis

Genotype (variants) Phenotype (syndromes) Comment

PRSS1 GOF
e.g., p.N29I, p. R122H, p.R122C

Autosomal dominant 
hereditary pancreatitis

Unregulated trypsin activity with premature activation
Genetic counseling recommended for families and predictive testing

PRSS1 LOF
e.g., p.D100H, p.C139F, p.K92N, 

p.S124F, p.G208A

Sporadic pancreatitis Unfolded protein stress response. 
Genetic counseling optional

PRSS1 regulation
e.g., rs10273639, rs4726576 A

Protection from trypsin-
associated pancreatitis 

Focus on non-trypsin-associated causes of pancreatitis

GOF, gain-of-function; LOF, loss-of-function.
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than 5 hospitalizations, with a higher reported hospital 
admission rate for PRSS1 R122H carriers than for N29I 
carriers (0.33 and 0.19 per year, respectively) (16). The 
same study found no significant difference in the number 
of attacks by type of mutation, suggesting that the R122H 
mutation may be associated with more severe attacks but 
not greater susceptibility.16

Chronic pancreatitis

The majority of HP patients with RAP progress to CP by 
the second or third decade of life. The degree of fibrosis 
is influenced by the number of attacks and other modify-
ing factors. Eventually, progressive inflammation and 
fibrosis lead to PEI in a significant amount of patients. 
The cumulative risk for exocrine failure at 50 years of 
age has been estimated at 37.2%, with a median age of 
53 years.16 Diabetes arising from destruction of the islets 
of Langerhans by exocrine pancreatic disease is classi-
fied as T3cDM. Destruction of insulin-secreting beta cells 
also leads to glucose intolerance, followed by pancreatic 
endocrine insufficiency. Furthermore, loss of glucagon-
secreting alpha cells reduces counter-regulatory hormones 
and places patients at risk for hypoglycemia and “brittle” 
disease. The cumulative risk for endocrine failure is 47.6% 
at 50 years of age, with a median age of diabetes mellitus 
onset of 53 years.16

Pancreatic cancer

Patients with HP have a >50-fold increased risk for pan-
creatic adenocarcinoma,16,20,23 with a cumulative risk of 
40-<54% at 70 years of age.16,21,24 Risk is further increased 
in the presence of smoking and diabetes mellitus.24,25 The 
increased risks of pancreatic cancer appear to result from 
prolonged pancreatic exposure to chronic inflammation26-29 

particularly in HP patients who develop pancreatitis in 
adolescence. However, the risk of PDAC does not tightly 
correlate with the severity of pancreatic inflammation and 
fibrosis.23,30 The presence of shared risk and/or protective 
factors likely modifies the risk for pancreatic cancer among 
families, as evidenced by extensive variations in pancreatic 
cancer incidence between HP kindreds.

Epidemiology

HP is rare and is primarily a disease of Caucasians. The 
majority of identified families originate from the United 
States and European countries, including Italy,8,31 England 
and Wales,17 Germany,32 France,21,33 Turkey,34 Denmark,7 
Spain,35 and others.16 Reports of HP from Asia are rare, 
though a few kindreds have been reported from Japan and 
China.36-39

In South America, 1 Brazilian family40 and 1 Venezuelan 
patient19 were reported to have HP originating from gain-
of-function PRSS1 mutations. In Mexico, single pancreatitis 
patients with PRSS1 V39E or N42S variants were identified, 
but no PRSS1, R122H, or N29I variants were observed.41

No reports of HP families or individuals of African 
ancestry have been published to date. A SPINK1 c.36G>C 
(p.L12F) variant has been observed in some African 
patients with pancreatitis, but functional analysis showed 
no detrimental effects from this common polymorphism.42

One HP family of Aboriginal descent was reported 
from New Zealand and found to carry the PRSS1 R122H 
variant.43 However, a number of this family’s ances-
tors were European, suggesting that the mutation may 
have been inherited from European ancestors rather than 
Aboriginals.

The frequency of HP seen in clinical practice var-
ies widely by geographic region. In the United States for 
example, there are large numbers of HP families throughout 

Figure 1. Historic data on the time from birth to detection of first symptoms (e.g. AP), malabsorption (e.g., PEI), Diabetes 
mellitus (e.g., T3cDM), and pancreatic cancer (i.e., PDAC). Figure based on models by Howes.16
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Appalachia, including Pennsylvania, Ohio, West Virginia, 
Kentucky, Tennessee, Georgia, Northern Florida, Oklahoma, 
Minnesota, and California44 (and personal observation). 
The elevated concentration of HP kindreds in these regions 
is believed to originate from early founders of the disease 
within large families who tended to remain within the pre-
viously described geographic regions. An early estimate of 
the prevalence of HP in the United States was about 1000 
cases,45 although the actual numbers are not known. A sam-
pling of cases from 30 centers in the United States in the 
North American Pancreatitis Study (NAPS2)46, and sam-
ples used in the first pancreatitis GWAS,15 found that 19 of 
1586 RAP and CP cases (excluding HP families) (1.2%) had 
PRSS1 gain-of-function mutations. Overall, among NAPS2 
cases the prevalence of PRSS1 N29I, R122H and R122C 
was 2.8%, with no gain-of-function mutations in unrelated 
controls, although referral bias for the cases in this cohort is 
also possible. The population prevalence in France is esti-
mated to be at least 0.3 per 100,000 according to a national 
series of HP patients.21

Pathogenesis and pathology

Molecular genetics
PRSS1 hereditary pancreatitis
The pathogenesis of HP was discovered by Whitcomb  
et al. to be caused by mutations in the cationic trypsinogen 
gene (PRSS1).47 Trypsinogen is the zymogen precursor to 
trypsin, a serine protease that hydrolyzes peptide bonds fol-
lowing an arginine or lysine, preferably in the small intes-
tine. Two gain-of-function mutations were identified, the 
first being R122H and the second, N29I (initially desig-
nated R117H and N21I using the chymotrypsin number-
ing system).9 These 2 mutations have been identified in 
the vast majority of HP kindreds in the United States and 
Europe, and comprise 90% of PRSS1-positive HP cases. A 
list of known PRSS1 variants can be found at http://www.
pancreasgenetics.org.

Analysis of trypsinogen’s crystal structure provides 
insight into the pathogenic mechanisms of gain-of-function 
mutations. Figure 2 is an x-ray crystallography figure of 
cationic trypsinogen illustrating 2 calcium-binding sites 
and 2 sites of trypsin-catalyzed hydrolysis. The trypsino-
gen activation peptide (TAP) at the N-terminus maintains 
the zymogen in an inactive form. First, trypsin can activate 
other trypsinogen molecules by cleaving the TAP [at resi-
due K12] in the process of autoactivation.48 This process is 
facilitated by calcium binding to the first calcium-binding  
pocket, which stabilizes the TAP. Once trypsinogen is 
activated, other trypsin molecules can induce autolysis by 
hydrolyzing arginine 122 on a flexible side chain (or autoly-
sis loop) that links the 2 globular domains of trypsin.49,50 The 
site is flexible, but protected from trypsin by calcium-binding 

to a second, adjacent pocket. Additional inhibitors of trypsin 
activity include CTRC, which cleaves the calcium-binding 
loop, and SPINK1, which binds to the trypsin active site 
as a suicide inhibitor. It has been observed that in the pres-
ence of elevated calcium concentrations (>1 mM Ca2+), the 
hydrolysis of trypsin by another trypsin or by chymotrypsin 
C (CTRC) is blocked.51 From a functional standpoint, the 
trypsinogen or trypsin molecule is susceptible to hydrolysis 
in low calcium concentrations, as seen inside the pancreatic 
acinar cell after synthesis, or in the distal intestine, but is 
resistant to hydrolysis when the calcium levels are high, 
as seen in the pancreatic duct duodenum and jejunum.52 
Thus, in high calcium concentrations, trypsin is more easily 
activated, whereas in lower trypsin concentrations, activa-
tion is minimized. The degradation of trypsin is a complex 
and well-orchestrated process involving both an additional 
trypsin molecule and CTRC. The interaction of these mol-
ecules under various conditions has been defined.53,54

Figure 2. Structural representation of cationic trypsin 
(PRSS1, blue and yellow) interacting with the suicide 
inhibitor, pancreatic secretory trypsin inhibitor, SPINK1 
(PRSST/SPINK1). The flexible side chain connecting the 2 
globular domains illustrates the location of R122 as an autolysis 
site, which is the amino acid substituted in the R122H gain-of-
function variant. The 2 calcium-binding sites are illustrated by the 
arrows from calcium, with the activation site of calcium binding 
being lost by activation and release of TAP. Figure constructed by 
William Furey and David Whitcomb.
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In the human trypsinogen family, anionic trypsinogen 
(PRSS2), meso trypsinogen (PRSS3) and 3 pseudogene 
paralogs exist that contain variants corresponding to the 
R122H mutation in PRSS1 (e.g., T6, Table 2). Pseudogenes 
are noncoding relatives of functional genes that have typi-
cally acquired mutations rendering them nonfunctional. 
Generally, pseudogenes are harmless, except in cases 
where sequence homology with its functional paralog leads 
to recombination and acquisition of a pathogenic variant 
in the expressed gene. In the first report of a gene conver-
sion event leading to a pathogenic PRSS1 allele, 2 patients 
were identified where recombination events between exon 
3 of PRSS1 and the pseudogene PRSS3P2 resulted in the 
accumulation of R122H within PRSS1.55 PRSS3P2 also 
contains variants corresponding to the known pathogenic 
A16V and N29T variants, which may also be acquired by 
PRSS1 in a gene conversion event.

In 1 HP family, a novel 9 nucleotide intragenic dupli-
cation (c.63_71dup) was identified.56 Functional studies 
supported this variant as a gain-of-function mutation, as 
evidenced by a ≥ 10-fold increase in both autoactivation 
and activation by human cathepsin B.56

In addition to gain-of function-mutations, trypsin 
activity can be markedly increased by copy number vari-
ations (CNVs). A variety of CNVs have been identified in 
HP families, and additional copies of PRSS1 act as gain-
of-function mutations by increasing trypsin expression, 
which predisposes to recurrent pancreatitis and hereditary 
pancreatitis.57,58

Additional mutations have been identified in the trypsin 
molecule that are associated with CP, but do not appear to be 
inherited as highly penetrant autosomal dominant variants. 
The most common one is the PRSS1 A16V variant, which 
appears to act as a secondary or modifier variant to increase 
risk of pancreatitis.59 Furthermore, not all trypsinogen muta-
tions found in pancreatitis patients are gain-of-function 
variants. At least a dozen PRSS1 variants that are rare and 
scattered throughout the molecule have been identified in 
case reports, and functional studies suggest that these vari-
ants are associated with misfolding of the mutant trypsino-
gen protein, triggering acinar cell stress through the unfolded 

protein response.60,61 Further genotype-phenotype and thera-
peutic response studies need to be conducted to fully under-
stand the implications of these findings for affected patients.

Other genes
Additional genes have been associated with recurrent acute 
and CP, a number of which regulate trypsin activity. Loss-
of-function mutations in chymotrypsinogen C (CTRC) and 
the serine protease inhibitor, Kazal-type 1 (SPINK1) reduce 
the protective functions of these trypsin inhibitors in the 
pancreas.51,53,62,63 Mutations in the CFTR that impair bicar-
bonate conductance are associated with RAP, CP and other 
CFTR-related disorders.64 Next-generation sequencing sug-
gests that more complex combinations of genes also play a 
significant role in the development and progression of CP.65

Histology

The pathogenicity of the PRSS1 R122H variant was sup-
ported in a transgenic mouse model. Mice expressing the 
R122H_mPRSS1 transgene presented with early pancreatic 
acinar cell injury and inflammation, as well as progressive 
fibrosis and acinar cell dedifferentiation.66 A later study 
examined pancreata from 10 PRSS1-mutation-positive 
(R122H, N29I, and IVS4-24 C>T) HP patients follow-
ing a total pancreatectomy. Inspection of pancreatic tissue 
revealed progressive lipomatous atrophy and fat replace-
ment, with thin and loosely packed fibrosis in comparison 
to alcoholic and obstructive CP.67

Genetic testing and counseling

The goals of genetic testing differ depending on the cir-
cumstances surrounding the patient. In general, asympto-
matic subjects are not tested, especially if they are not in 
an HP family. However, testing may be indicated when a 
mutation has been previously identified in the family and/
or for reproductive decision making. In patients with RAP 
or early signs of CP, genetic testing is medically indicated 
to make a diagnosis, and to develop a management plan. In 
established CP, genetic testing may be useful for anticipat-
ing and managing complications of CP. In end-stage dis-
ease, genetic testing is most useful for establishing risk to 
family members and for research purposes.

HP should be suspected in cases of idiopathic pancrea-
titis, early onset pancreatitis, and in families with multiple 
affected individuals. At least a 3-generation pedigree should 
be ascertained and evaluated for pancreatitis, pancreatic can-
cer, diabetes mellitus, PEI, CF, and exposures to smoking and 
alcohol to establish a HP kindred.68 Risk calculation should 
always be taken in the context of the family history, particu-
larly genotype (if known), inheritance pattern, environmental 
exposures, penetrance, ages of onset, and severity.

Table 2. 

Trypsin AA# 16 29 122

PRSS1 A N R
PRSS2 A I R
PRSS3 V T R
T6 A N H

Conversion Mutations between trypsinogen genes and pseudogenes. 
Comparison of amino acid sequences in PRSS1 with PRSS2, PRSS3  
and T6. A alanine; H, Histidine; I, isoleucine; N, asparagine; R, arginine; T, 
threonine.
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Following careful evaluation of the patient’s personal 
and family history, targeted genetic testing of members of 
an established HP family may be considered in cases of 
unexplained RAP and/or CP, an affected individual with 
a first or second-degree relative with pancreatitis, unex-
plained pancreatitis in a child requiring hospitalization 
and/or when there is a known mutation in the family.69 
The patient should be provided with both pre- and post-
test counseling to ensure that they understand the benefits, 
implications, and limitations of testing.70,71 Insurance dis-
crimination is a major concern for genetic testing in HP 
patients. Patients in the United States should be informed 
of the Genetic Information Nondiscrimination Act of 2008 
(GINA, Pub. L, 110–233), which protects against genetic 
discrimination in health insurance and employment, but 
affords no protection for life, disability, or long-term care 
insurance.

Commercial genetic testing is currently available for 
PRSS1*, SPINK1, CFTR, and CTRC. As noted above, the 
trypsinogen gene family is complex, and both genes and 
pseudogenes are highly homologous. Therefore, specially 
designed genetic tests are required, and next-generation 
sequencing approaches such as whole exome sequencing 
or whole genome sequencing should not be used for PRSS1 
testing because of challenges in sequence alignment. 

If a mutation is not identified from sequencing or a 
targeted mutation analysis, a deletion/duplication analy-
sis can be considered. When a PRSS1 mutation is identi-
fied, patients can be counseled on a 50% or 1 in 2 chance 
for each child to inherit the deleterious allele from a car-
rier parent. If the deleterious allele is inherited, the risk 
to develop HP is about 80%. Notably, these calculations 
should always be provided in the context of family history, 
as many HP families demonstrate significant differences in 
penetrance and severity.

Symptomatic patients

When genetic testing is indicated in a family, testing should 
always begin in a symptomatic individual. Test results may 
identify a genetic etiology in a family, thereby accelerat-
ing the diagnosis of other affected family members. Results 
may also have implications for risk to develop other com-
plications, risk to other family members, and family plan-
ning. Not all families meeting clinical criteria for HP 
have an identifiable PRSS1 mutation. Therefore, negative 
genetic test results in the affected proband of a family does 
not preclude the diagnosis of HP.

*  Testing for hereditary pancreatitis has been patented (US 
6406846 B1) owned by Dr. Whitcomb and licensed initial to 
Ambry Genetics, but now licensed to Arial Precision Medicine 
(www.arielmedicine.com). 

Asymptomatic patients

In families where a deleterious variant has been identified, 
predictive genetic testing may be considered in close fam-
ily members. Single-site testing for this mutation can pro-
vide information on risk and risk to descendants. Generally, 
risk of pancreatitis in an asymptomatic, mutation-positive 
adult decreases with age.

A family member who tests negative for the familial 
mutation has a significantly reduced, but not absent, risk for 
HP. Family members may have other unknown risk factors 
and are still at risk of pancreatitis of nongenetic etiology.

Genetic testing of asymptomatic family members in a 
family without an identifiable mutation is uninformative. 
As always, genetic counseling for risk should be provided 
in the context of family history.

Children

Genetic testing may be indicated in a child with diag-
nosed or suspected pancreatitis. Parents or legal guardians 
are responsible for the decision to pursue genetic testing. 
However, children 7 years of age and older should pro-
vide consent for the testing. Predictive genetic testing for 
asymptomatic patients less than 16 years of age is not rec-
ommended and does not have clear benefits.69 The lifestyle 
practices that may be relevant to at risk carriers, such as a 
healthy low-fat diet and avoidance of alcohol, tobacco, and 
stress, are recommended for all children.72

Management and treatment

HP represents a complex syndrome, and studies on manage-
ment are limited. Acute pancreatitis episodes are managed 
identically to AP from other etiologies, with attention to 
intravascular fluid status, oxygenations and pain control.73

Once the diagnosis is established, the focus is on minimiz-
ing recurrence and complications. Generally, patients should be 
counseled to avoid alcohol and tobacco, and referral to special 
programs for alcohol and/or smoking cessation in active users 
is advised. Alcohol lowers the threshold for attacks of AP and 
contributes to progression to CP. Smoking further increases 
the risk for pancreatic cancer by two-fold.25 A low-fat diet in 
the form of multiple small meals a day and good hydration 
is often recommended but remains unproven. Stress reduction 
with activities such as running has been reported to be of major 
benefit in some patients (unpublished communication).

Pain

Pancreatic pain is complex and multifactorial.74 Analgesics 
are commonly required to help control pain, ranging from 
acetaminophen and NSAIDs to narcotics. In some patients, 
antioxidants may also reduce pain by reducing oxidative 
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stress in acinar cells.75,76 As with other forms of pancre-
atitis, endoscopic or surgical interventions may also be 
indicated to alleviate pain. There is growing use of total 
pancreatectomy with islet autotransplantation (TP-IAT) in 
the United States, and this appears to be an effective (and 
radical) treatment in some patients.77,78 (see below).

Pancreatic exocrine insufficiency

About a third to a half of the patients with HP will develop 
PEI in their lifetime.21,79 PEI is a complex condition of 
insufficient pancreatic enzymes for digestion and absorp-
tion of nutrients. The threshold between sufficiency and 
insufficiency is vague because it depends on the meal, 
the diet and the capacity of the intestines in addition to 
the capacity of the pancreas to deliver enzymes.80 If PEI 
is suspected because of symptoms of maldigestion and/or 
malnutrition, then function testing or a trial of pancreatic 
enzyme replacement therapy should be initiated. 

Pancreatic endocrine insufficiency

Patients with CP should be monitored for development of 
T3cDM.81 Diminished insulin secretion resulting from loss 
of beta islet cells may be further reduced by declines in 
proximal gut digestion and incretin secretion. Due to loss 
of glucagon and pancreatic polypeptide secreting alpha and 
polypeptide producing (gamma) cells, patients are at risk 
to develop “brittle” diabetes, characterized by difficult to 
control swings in blood glucose levels.

Total pancreatectomy

Total pancreatectomy with islet autotransplantation may 
be considered in younger patients for unmanageable 
pain.77,82 Older patients with longstanding CP may benefit 
from total pancreatectomy without islet autotransplanta-
tion for pain alleviation and to reduce the risk of pancre-
atic cancer.82,83

Clinical trials

Calcium-channel blockers are being investigated as a 
therapy to reduce symptoms in individuals with HP. A 
pilot study demonstrated that amlodipine does not increase 
risk for an acute attack, cause pain, or significantly reduce 
quality of life.84 The small trial also demonstrated a trend 
toward pain alleviation and reduction in quality of life.84
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Introduction

The major causes of chronic pancreatitis (CP) include toxic 
injury due to alcohol and smoking, hereditary and nonhe-
reditary genetic predisposition, metabolic derangements in 
the form of hypercalcemia and hypertriglyceridemia, ana-
tomical abnormalities such as pancreas divisum, obstruc-
tive pathology such as tumors, and idiopathic. The cause of 
idiopathic CP has long been unclear. Initial thinking regard-
ing the pathogenesis of idiopathic CP revolved around mul-
tiple environmental factors such as diet and toxins, but such 
hypotheses were never proven in well-designed case-con-
trol studies.1 During the last decade, attention has dramati-
cally shifted toward underlying genetic susceptibility as a 
risk factor in developing CP. With regard to alcohol as the 
cause of CP, it is not known why only a minority of patients 
who abuse alcohol develop CP, again suggesting that 
genetic predisposition as a significant risk factor. Indeed, 
intense research has revealed a strong genetic influence in 
CP pathogenesis and has renewed interest in the study of 
gene-environment interactions, similar to other common 
polygenic and poorly understood diseases such as diabetes. 

Historical perspective
The role of genetic susceptibility in CP has been consid-
ered for over 30 years. Initial efforts were directed toward 
the association of human leukocyte antigen (HLA) genes 
with CP. In 1979, Faucet et al. studied 90 patients and 523 
controls and showed that HLA B40 was associated with 
chronic alcoholic pancreatitis (P<0.01).2 In 1981, Homma 
et al. showed HLA B5 to be associated with idiopathic CP 
but not alcoholic pancreatitis.3 Abnormal class I and class 
II major histocompatibility complex antigen expression 
was shown in pancreatic ductular epithelial cells in 57% 
of patients with CP (mainly alcohol-related) along with 

T lymphocyte infiltration.4 HLA association study results 
are summarized in Table 1. The limitations of these studies 
were (i) a lack of consistency among studies with many 
different loci associated with both idiopathic and alcohol-
related CP; (ii) small sample sizes in most studies, although 
they did show significant differences between cases and 
controls; and (iii) the basic concept of autoimmunity as 
an underlying cause for CP was flawed to a large extent. 
The current concept of autoimmune pancreatitis had not 
been established when these studies were conducted. 
Nevertheless, the findings did point toward a possible 
genetic predisposition for CP development.

We will review various studies dealing with genetic 
predisposition to different types of CP. There is mount-
ing evidence of strong genetic susceptibility in different 
types of CP with increasing numbers of identified genetic 
mutations. 

Hereditary pancreatitis
Hereditary pancreatitis (HP) is a type of CP that affects 
multiple members of a family. It is transmitted as an auto-
somal dominant disease with penetrance as high as 80% 
(lower for some of the mutations) and variable expressiv-
ity. HP offered itself as a perfect model to identify causal 
genetic mutations. Indeed, in a landmark study, a muta-
tion in the cationic trypsinogen gene (PRSS1) was found 
in a large kindred of HP with multiple affected members 
through genetic linkage analysis. Whitcomb et al. reported 
arginine to histidine substitution at residue 122 (p.R122H, 
p. designates protein coding; originally named R117H in 
the chymotrypsin numbering system) in PRSS1 on the long 
arm of chromosome 7 (7q35).5 Subsequent studies con-
firmed this exciting finding and revealed many more muta-
tions in the PRSS1 gene. The second-most common PRSS1 
mutation is p.N29I mutation in exon 2 with a change of 
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isoleucine to asparagine at position 29.6 HP is covered in 
another chapter in more detail.

Idiopathic CP
The pathogenesis of idiopathic CP has long been shrouded 
in mystery. Different hypotheses such as immune-mediated 
injury and environmental toxins were proposed but subse-
quently discarded. However, there has been tremendous 
advancement in the field of genetic mutations in the patho-
genesis of idiopathic CP, leading to numerous studies on 
this subject. It is now generally accepted that genetic muta-
tions are the most important risk factor for idiopathic CP; it 
is thought to be a polygenic disorder with strong environ-
mental influence. Mutations in two important genes (i.e., 
CFTR and SPINK1) have been strongly implicated in idi-
opathic CP.

CFTR mutations and idiopathic CP 

In 1998, two groups simultaneously showed that CFTR gene 
mutations were significantly associated with idiopathic CP. 
Sharer et al. showed that the frequency of minor CFTR muta-
tions was increased 2.5 times in patients with idiopathic CP 
compared with healthy controls in an English population.7 
Similarly, Cohn et al. reported that the frequency of minor 
CFTR mutations was 11 times more common in patients 
with idiopathic CP compared with controls in an American 
population of predominantly northern European ancestry.8 
These groups introduced the concept of pancreas sufficiency 
in such patients with minor CFTR mutations who have no 
overt manifestations of cystic fibrosis (CF) but with isolated 
pancreatitis, a situation akin to absent vas deferens, which is 
also associated with some minor CFTR mutations. In con-
trast, patients with classical CFTR mutations have pancreatic 
insufficiency and atrophy but no pancreatitis. A recent study 
confirmed this concept of pancreas sufficiency and pancrea-
titis. Of 505 Israeli patients with CF, 139 (27.5%) were found 
to be pancreas sufficient, and none of them harbored the two 

mutations associated with severe disease; 20 (14.3%) of the 
139 patients developed pancreatitis versus none of the 366 
pancreatic insufficient patients.9 Other groups subsequently 
confirmed the observations that minor mutations in the 
gene are common in patients with idiopathic CP compared 
with the general populations (Table 2). A German study 
revealed that the frequency of minor CFTR gene mutations 
was two times more common in patients with idiopathic 
CP as compared to controls.10 In another large study of 381 
patients from the USA, 32% (122/381) of patients had 166 
mutated CFTR alleles, including 12 novel CFTR variants: 
c.4243-20A>G, p.F575Y, p.K598E, p.L1260P, p.G194R, 
p.F834L, p.S573C, c.2657+17C>T, 621+83 A>G, p.T164S, 
c.489+25A>G, and c.3368-19G>A.11 [The CFTR gene 
mutations in intronic regions are expressed as c. (coding 
DNA sequence) ### (position of the last nucleotide in the 
adjacent exon) +/- ## (position of the change in the intron) 
followed by nucleotide change.]12 In a study of Brazilian 
patients, CFTR gene mutations were found to be com-
mon in patients with idiopathic CP.13 However, in a study 
of 92 children with CP or recurrent acute pancreatitis from 
Poland, there was no definite association with CFTR gene 
mutations.14 The natural history of patients with CFTR gene 
mutation-associated pancreatitis was analyzed in a study, 
which showed that it is characterized by recurrent attacks of 
pancreatitis over many years, finally leading to CP develop-
ment, but endocrine and exocrine insufficiencies are rare or 
delayed.15

Association of CFTR mutations with idiopathic CP in 
non-Caucasian populations
As CF is generally more common among Caucasians, it is 
important to find out if CFTR mutations/polymorphisms are 
associated with idiopathic CP in non-Caucasian patients. In 
a Japanese study of 65 patients with CP, high associations 
of p.Q1352H (12.3% in CP patients vs. 3.7% in controls) 
and p.R1453W (6.2% vs. 3.1%) were found, suggesting an 
association of CFTR variants with CP in Japan where CF is 

Table 1. Summary of the studies on the association of HLA with CP

Author Year Cases, n Controls, n Gene of interest P value

Faucet2 1979 90 523 HLA B40 <0.01
Homma3 1981 46 120 HLA B5 <0.05
Gullo73 1982 64 425 HLA B13 <0.02
Wilson88 1984 HLA Bw39 <0.02
Forbes89 1987 50 HLA Cw5 (alcoholic CP) <0.05

A25, Cw1 (idiopathic CP) <0.05
Anderson90 1988 88 344 HLA B21 (alcoholic CP) <0.01

HLA A1 (idiopathic CP) <.002
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very rare.16 In this study, none of the common CF-causing 
mutations found in Caucasian populations were detected. 
Very recently, Nakano et al. reported a comprehensive anal-
ysis of CFTR variants in Japanese patients with CP by aid of 
next-generation sequencing.17 They found 10 non-synony-
mous CFTR variants (p.R31C, p.R31H, p.I125T, p.K411E, 
p.V470M, p.I556V, p.L957fs, p.L1156F, p.Q1352H, and 
p.R1453W) in patients with idiopathic CP. The frequency of 
the p.L1156F variant was higher in patients with idiopathic 
CP than that in controls (10/121 vs. 46/1136, P = 0.033). 
A report from South Korea showed that the haplotype con-
taining p.Q1352H showed the strongest association with 
bronchiectasis and CP (P = 0.02 and 0.008, respectively).18 
Another study from Japan showed the association of poly-
thymidine tract 5T splicing variants of the intron 9 acceptor 
splice site [c.1210-12T(5_9)] with CP.19 In a study from 
China, the occurrence of abnormal CFTR alleles was found 
to be thrice as frequent in idiopathic CP patients as in con-
trols (22/156 vs. 19/400, P<0.0001).20 The 5T allele was 
associated with early onset of idiopathic CP. The haplotype 
containing c.125G/c.1001+11C, (TG)12 repeats, p.470M, 
c.2694T, and c.4521G haplotype was associated with an 
increased risk of idiopathic CP (odds ratio [OR] 11.3; 95% 
confidence interval [CI] 2.3–54.6, P = 0.008) in Chinese 
patients. In a study of Indian patients with idiopathic 
CP, we found that minor CFTR variants were five times 
more common when compared with healthy controls, and 
six novel variants c.2280G>A, c.2988+35A>T, c.3718-
41C>G, c.473G>A, c.1680-99C>T, and c.1392+4G>T) 
were detected.21

Mechanism of CFTR gene mutation in pancreatitis
The mechanism(s) involved in pancreatitis in patients with 
minor CFTR mutations is not known. A study showed that 
ion channel transport measured by sweat chloride and nasal 
transepithelial potential difference varied in patients with 
pancreatitis and minor CFTR mutations, but ion channel 

measurements worsened with increasing number and sever-
ity of CFTR mutations.22 Another study showed abnormal 
ion transport in patients with two minor CFTR mutations 
and pancreatitis, which suggested that quantitatively the 
loss in CFTR function lies between that observed in CF 
patients and in normal carriers.23 A recent study has shown 
that p.M348V minor CFTR mutation resulted in decreased 
chloride and bicarbonate fluxes across the Xenopus oocyte, 
indicating the possibility of similar defects in the pan-
creas.24 However, whether such a putative defect in ionic 
fluxes operates across acinar or ductal cells is not known, 
and how such an effect leads to the initiation of pancreatitis 
is also not understood. It could be a result of different ion 
concentrations in the pancreatic juice within the ducts due 
to the defect in ductal cells, which leads to protein precipi-
tation and obstruction, or a defect in acinar cells could per-
turb the internal milieu, resulting in disturbance in enzyme 
activation or secretion. As CF is a disease associated with 
overt bacterial infections, studies on the role of intestinal 
flora in CP progression are also warranted.

In summary, major and minor mutations in the CFTR 
gene are associated with idiopathic CP in both Caucasians 
and non-Caucasian patients. 

Serine Protease Inhibitor Kazal Type 1 (SPINK1) 
gene and idiopathic CP

SPINK1 is an acute phase reactant protein. It is a natural 
protease inhibitor and inhibits active trypsin within the aci-
nar cells of the pancreas. Thus, it provides protection against 
prematurely activated trypsin in acinar cells. In 2000, three 
important studies reported significantly higher frequencies 
of the p.N34S mutation in exon 3 of the SPINK1 gene in 
patients with idiopathic CP.25–27 Subsequently, many other 
studies described SPINK1 gene mutations in patients with 
idiopathic CP of different ethnic origins. Studies from India 
showed that SPINK1 gene mutations were quite common 
in patients with idiopathic (tropical) CP.28,29 In addition to 

Table 2. Summary of studies on the association of CFTR mutations with idiopathic CP

Author Year cases, n Controls Gene of interest P value*

Sharer7 1998 134 600 CFTR (13.4% vs. 5.3%) <0.001
5T allele (10.4%) 0.008

Cohn8 1998 27 CFTR (37% cases) <0.001
Truninger91 2001 82 CFTR (21.4%, 4.8 times) <0.05
Audrezet92 2002 39 CFTR (20%) <0.05
Fujiki16 2004 65 121 CFTR (12.3% vs. 3.7%) <0.05
Weiss10 2005 67 60 CFTR (25/134 vs. 11/120) <0.05
Chang20 2007 78 200 CFTR 22/156 vs. 19/400) 0.001
Zoller93 2008 133 CFTR (12.7% vs. 3.2% controls) <0.05
Aoyagi94 2009 20 110 5T in intron 8 (20% vs. 4.5%) <0.05
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N34S mutation, another mutation p.P55S in the SPINK1 
gene is also common in patients with idiopathic CP.30 
Other rare variants include p.D50E, p.Y54H, p.R65Q, 
and p.R67C. A meta-analysis in 2007 of all the studies on 
SPINK1 mutations in CP found that the P.N34S mutation 
was detected in 469 of 4,842 patient alleles and in 96 of 
9,714 control alleles, yielding a pooled OR of 11.00 (95% 
CI 7.59–15.93) based on allelic frequency for all CP etiolo-
gies.31 The OR was higher for idiopathic CP compared with 
that for alcoholic CP [14.97 (95% CI 9.09–24.67) vs. 4.98 
(95% CI 3.16–7.85)]. A comprehensive list of the studies 
included in the meta-analysis is available.31

In a more recent study of patients with idiopathic CP 
from Taiwan, SPINK1 mutations were found in 32.4% of 
patients with early-onset and 2.1% of those with late-onset 
CP.32 The most common mutation was the intronic variant 
IVS3+2T>C (c.194+2>C) rather than p.N34S as reported 
in other studies. The association of the IVS3+2T>C with 
CP was first reported in Japanese patients with CP.33 This  
study showed a clear distinction between early- and late-
onset CP with regard to genetic mutation, suggesting that 
mutation leads to early onset and more severe pancreatitis. 

In Korea, SPINK1 mutations p.N34S and IVS3+2T>C 
were identified in 3 and 11 out of 37 patients with idi-
opathic CP, respectively, including one with compound 
p.N34S/IVS3+2T>C heterozygote. The prevalence of 
SPINK1 IVS3+2T>C mutation was 26.8% in patients with 
idiopathic CP.34

In a Japanese study, the frequencies of p.N34S and 
IVS3+2T>C in the SPINK1 gene were significantly higher 
in patients with idiopathic CP (10.6% and 11.6%, respec-
tively) than in controls (0.4% and 0%).35

The highest frequency of SPINK1 p.N34S mutation was 
found in Indian patients with idiopathic CP. Three studies 
reported that SPINK1 p.N34S mutation was present in 42% 
to 47% of patients with idiopathic (tropical) CP.21,28,29

Mechanism of SPINK1 mutation and pancreatitis
The mechanism as to how SPINK1 p.N34S mutation 
causes CP is not well understood.36 One study showed that 
p.N34S mutation was not associated with alternative splic-
ing.37 Two other studies almost simultaneously showed that 
the common p.N34S and p.P55S polymorphisms involve 
amino-acid substitutions with similar physicochemical 
properties but do not cause any significant reduction in 
terms of mature SPINK1 peptide expression.38,39 On the 
other hand, the IVS3+2T>C mutation caused skipping 
of the entire exon 3, including the region containing the 
trypsin binding site. This leads to production of a mutated 
protein and lowered expression (62% of that observed 
in healthy controls).40 The p.R65Q missense mutation 
involves substitution of a positively charged amino acid 

by a neutral one and causes a ~60% reduction in protein 
expression.38 Other rare polymorphisms p.G48E, p.D50E, 
p.Y54H, and p.R67C involve charged amino acids and lead 
to complete or nearly complete loss of SPINK1 expression, 
possibly due to intracellular retention and degradation.39 

In summary, SPINK1 gene mutations, particularly 
P.N34S and IVS3+2T>C, are associated with idiopathic CP 
although geographical differences might exist.

Mutations in other genes and idiopathic CP

Since mutations in the cationic trypsinogen gene (PRSS1) 
were significantly associated with hereditary pancreatitis, 
mutations in anionic trypsinogen (PRSS2) were also tested 
in patients with CP. PRSS2 p.G191R might actually confer 
protection against CP in Europeans; however, its protective 
role has been questioned in other populations.41,42 

Chymotrypsinogen C (CTRC) degrades trypsinogen, 
and loss-of-function variants have been found in European 
patients with CP. In Indian and Japanese patients with idi-
opathic CP, no significant association with CTRC variants 
was found initially,43 but a unique loss-of-function p.R29Q 
variant was identified in Japanese patients, and significant 
association has been shown for Indian patients with CP as 
well.43–45

A mutation in the calcium-sensing receptor (CASR) 
gene has been suggested to play a role in idiopathic CP in 
German patients.46 In a US population, the CASR exon 7 
p.R990G polymorphism was significantly associated with 
CP (OR, 2.01, 95% CI, 1.12-3.59, P = 0.015).47 The associ-
ation between CASR p.R990G and CP was stronger in sub-
jects who reported moderate or heavy alcohol consumption 
(OR, 3.12, 95% CI, 1.14-9.13, P = 0.018). An association 
with the CASR gene mutation was also observed in Indian 
patients with idiopathic CP.48 

Pancreatic stone protein (PSP) is a stress secretory 
protein considered to be a major component of pancreatic 
stones in CP.49 The human PSP or Reg protein is encoded 
by the reg1a gene (regenerating gene). However, polymor-
phisms in reg1a, including the regulatory variants, were not 
found to be associated with idiopathic CP.50

Angiotensin-converting enzyme (ACE) activity might 
be related to pancreatic stellate cell activation and pan-
creatic fibrosis. However, no significant differences were 
found in the prevalence of the ACE-deletion genotype 
frequencies when patients with alcoholic (27.5%), nonal-
coholic (26.4%), and acute pancreatitis (32.7%) were com-
pared with controls (26.9%) in a recent European study.51

The hemochromatosis (HFE) gene is a major risk fac-
tor for hereditary hemochromatosis, but whether it might 
increase susceptibility to CP is not known. No significant 
differences were found in heterozygosities for p.C282Y 
and p.H63D among patients with alcoholic (8.0, 21.5%), 
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idiopathic (7.3, 24.5%), or familial (9.8, 23.0%) pancrea-
titis, or pancreatic adenocarcinoma (5.4, 28.6%) or among 
healthy (6.2, 24.8%) and alcoholic (7.0, 25.0%) controls in 
a recent study.52

In a study from Taiwan, polymorphism of the tumor 
necrosis factor (TNF)-alpha gene was shown to be a risk 
factor for CP. The 2863A allele of the TNF-alpha promoter 
was associated with an increased risk for CP (OR 4.949, 
95% CI 2.678–9.035). In multivariate analysis, 2863A and 
21031C were independently associated with higher suscep-
tibility to CP (P<0.0001).53

Genome-wide association studies

It has been recognized that hypothesis-driven investi-
gations might take a long time and still not produce sat-
isfactory results. In more complex polygenic diseases 
such as CP, multiple genes contribute to the pathogenesis 
through quantitative rather than qualitative change. Thus, 
a hypothesis-independent approach through genome wide 
association studies (GWAS) was initiated to find genes that 
influence disease risk.54 Applying the GWAS approach, 
Whitcomb et al. identified two loci at PRSS1-PRSS2 and 
X-linked CLDN2 as robustly associated with recurrent 
acute pancreatitis and alcohol-related CP in subjects of 
European ancestry.55 Subsequent studies have confirmed 
the association of these loci with idiopathic CP in patients 
of different ancestry (i.e., Chinese, Europeans, Japanese, 
and Indians).56–59 Another GWAS recently showed a novel 
association between alcoholic CP and polymorphisms in 
the genes encoding fucosyltransferase 2 nonsecretor status 
(FUT2 locus rs632111 and rs601338) and blood group B 
(ABO locus rs8176693).60

Is idiopathic CP a genetic disease? 
In a study of 381 patients with CP, 32% had 166 mutant 
CFTR alleles, including 12 novel CFTR variants: c.4243-
20A>G4375-20 A>G, p.F575Y, p.K598E, p.L1260P, 
p.G194R, p.F834L, p.S573C, c.2657+17C>T2789 + 17 
C>T, 621+83 A>G, p.T164S, c.489+25A>G 621+25 A>G, 
and c.3368-19G>A3500-19 G>A. SPINK1 mutation was 
seen in 14.5% (55/381), and PRSS1 mutation was present 
in 8.1% (31/381) of patients.11 Thus, 49% (185/381) of 
the patients had one or more mutations. In Indian patients 
with idiopathic CP, up to 51% of patients had SPINK1 and/ 
or CFTR mutations.21 These observations lend strong 
support to the concept that the majority of idiopathic CP 
pattents have an underlying genetic predisposition. In 
addition, there must be environmental influences modu-
lating the overt presentation and phenotype of the disease. 
Thus, it seems that the term “idiopathic CP” may no longer 

be justified, and a more meaningful term such a “CP-G” is 
proposed, where “G” denotes genetic susceptibility. 

Genetic mutations/polymorphisms and 
alcoholic pancreatitis

The discovery of a variety of gene mutations in idiopathic 
and hereditary CP led to considerable enthusiasm, and it 
was thought that the same might hold true for alcohol-
related CP. However unlike idiopathic CP, genetic muta-
tions in the usually suspected genes (i.e., SPINK1, PRSS1, 
and CFTR) are not common in patients with alcoholic CP. 

A study in European patients did not find any significant 
association with any of the three genes (i.e., CFTR, PRSS1, 
and SPINK1).61 Neither CFTR nor cationic trypsinogen 
mutations were found to be predisposing risk factors for 
alcohol-related pancreatitis in a study from the US.62 CFTR 
mutations did not seem to play an important role in alco-
holic CP.63 Another American study did not find SPINK1 
p.N34S mutation more commonly in alcoholic CP than in 
controls (6.3%, vs. 1.1% controls; P>0.05).64 Studies from 
other parts of the world reported similar results. A Korean 
group did not find any association of chronic alcoholic pan-
creatitis with CFTR or SPINK1 gene mutations.65

Polymorphisms at the known loci in the TNF-alpha, 
transforming growth factor (TGF)-beta(1), interleukin 
(IL)-10, and interferon (IFN)-gamma genes involved in 
inflammation were not found to be associated with alco-
holic CP.66 It was initially thought that pancreatitis-associ-
ated protein (PAP) might be involved in CP pathogenesis. 
However, there was no evidence for polymorphism of the 
PAP gene in patients with alcoholic pancreatitis.67

Polymorphisms of the genes related to the metabolism 
of the oxidative compounds such as NADPH-quinone oxi-
doreductase 2 (NQO2), multidrug resistance 1 (MDR1), 
and lipoprotein lipase (LPL) were analyzed in alcoholic 
CP. No significant differences were found between patients 
and controls with regard to these genes.68 Similarly, poly-
morphisms in genes encoding other metabolizing enzymes 
such as glutathione-S-transferase P1 (GSTP1) and man-
ganese-superoxide dismutase (MnSOD) and detoxifying 
phase II biotransformation enzymes such as the UDP-
glucuronosyltransferases have not been found to be asso-
ciated with susceptibility to alcoholic CP. 69,70 However, 
one study did find a significant association between 
UDP-glucuronosyltransferases and CP with an increased 
risk with the UGT1A7*3 allele (K129-K131-R208) 
(OR 1.76, 95% CI 1.26–2.46, P = 0.0009). Moreover, 
the UGT1A7*3 allele was specifically associated with 
the subgroup of patients with alcoholic pancreatitis, of 
whom 89% were smokers (OR 2.24, 95% CI 1.46-3.43,  
P = 0.0001).71
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Polymorphisms in the monocyte chemotactic protein-1 
(MCP-1) and heat-shock protein 70-2 (HSP70-2) were not 
found associated with alcoholic CP.72

Since alcohol is considered to cause toxic pancreas 
injury, polymorphisms in alcohol-metabolizing enzymes 
have been studied as a basis of individual susceptibility to 
pancreatitis. In the alcohol dehydrogenase 1B (ADH1B) 
gene, the ADH1B*1 wild-type allele frequency was sig-
nificantly lower in alcoholic CP compared with alcoholics 
without CP.73 No significant difference was found between 
the patient and control groups for aldehyde dehydrogenase 
enzyme ADH2 genotypes, but another study did report a 
significant difference between the two groups in the acet-
aldehyde dehydrogenase enzyme ALDH2 locus.74 The 
frequency of the ALDH2*1 wild-type allele was found 
to be 0.681 and that of the ALDH2*2 allele (p.E504K) 
was 0.319 in controls, while the corresponding values in 
patients were 0.935 and 0.065. The ALDH2 isoenzyme 
exists in two isoforms (1 and 2 code for active and inac-
tive subunits, respectively). It is expressed as ALDH2*1 
or ALDH2*2. A person can be homozygous or heterozy-
gous (i.e., ALDH2*1/*1 or ALDH2*1/*2). Most of the 
patients (27 of 31) were ALDH2*1/*1; only four were 
ALDH2*1/*2, and none of the patients were ALDH2*2/*2. 
Thus, genetic polymorphism of the ALDH2 gene might 
influence the risk of developing alcoholic pancreatitis.74 
In another study, the frequencies of ADH3 and CYP2E1 
c1c2 genotypes did not differ among CP patients, alcohol-
ics, and healthy controls.75 In a Polish study, ADH2*1, 
ADH3*1 alleles and ADH2*1/*1, ADH3*1/*1 genotypes 
were statistically more frequent among patients with alco-
holic CP compared to controls.76 In an Australian study, 
alcoholic cirrhosis but not alcoholic CP was associated 
with ADH3*2/*2 and perhaps with ADH2*1/*1.77 Thus, 
there are contradictory and variable reports, and the data 
so far do not suggest any definite association with poly-
morphisms in either alcohol-metabolizing or detoxifying  
enzymes.

Genetic mutations in other types of CP

Some of the specific causes of CP are related to metabolic 
derangements or anatomical defects, and it is generally 
believed that these abnormalities are the sole cause for pan-
creatitis. However, recent studies have assessed the role of 
genetic predisposition in such patients. 

In a study of patients with primary hyperparathy-
roidism, 4 (16%) of 25 patients with pancreatitis carried 
the p.N34S mutation in SPINK1, while none of 50 controls 
(hyperparathyroidism without pancreatitis) had SPINK1 
or PRSS1 mutations (P<0.05 vs. controls, P<0.001 vs. 
general population).78 In addition, CFTR mutations were 
present in four patients (P<0.05 vs. general population), 

while one patient carried a 5T allele. One patient was 
transheterozygous (SPINK1: p.N34S/CFTR: p.R553X). 
Importantly, the mean serum calcium level in pancrea-
titis patients did not significantly differ from that of 
patients without pancreatitis, thus questioning the value 
of serum calcium levels in pancreatitis causation or initia-
tion. The authors concluded that genetic mutations sig-
nificantly increase the risk of pancreatitis in patients with 
hyperparathyroidism. 

In hypertriglyceridemia (HTG)-related CP, Chang 
et al. reported a higher frequency of CFTR gene muta-
tions, suggesting that the mechanism of pancreati-
tis may be related to genetic predisposition.79 In their 
study of 126 HTG patients, 13 (10.3%) carried a CFTR 
mutation (all p.I556V), the CFTR mutation rate was 
significantly higher in those with than those without pan-
creatitis (26.1% [12 of 46] vs. 1.3% [1 of 80]; P<0.0001).  
A multivariate analysis of HTG patients indicated that 
triglycerides, CFTR 470Val, and TNF promoter 863A 
were independent risk markers for HTG-associated  
pancreatitis.

There is considerable controversy whether or not 
pancreas divisum causes recurrent pancreatitis.80 In 
patients with pancreas divisum presenting with recur-
rent pancreatitis, a study showed lower nasal transepithe-
lial potential difference, suggesting a functional defect in 
the CFTR gene to account for the risk of pancreatitis in 
pancreas divisum.81 Another case report identified minor 
CFTR mutations in two patients with pancreas divisum 
presenting with recurrent pancreatitis.82 Another study 
showed that SPINK1 gene mutations were present in 
38% of patients with pancreas divisum and recurrent 
pancreatitis compared with 2% in healthy controls, sug-
gesting that pancreas divisum alone is unlikely to cause 
pancreatitis and that pancreatitis may be a result of both 
genetic predisposition and anatomical defect, a two-hit  
theory.83

Genetic mutations not associated with CP
Polymorphisms in the TNF promoter region and the 
entire coding region of the corresponding TNF receptor 1 
(TNFR1) gene were not associated with hereditary, famil-
ial, or idiopathic CP.84

Functional polymorphisms in the TGF-beta1, IL-10, 
and IFN-gamma genes were not found to be associated 
with hereditary, familial, or sporadic pancreatitis.85

Mutation in the genes coding for glutathione s-trans-
ferases (MGST1) and GSTM3 genes or common deletions 
in the GSTT1 and GSTM1 genes were also not associated 
with hereditary pancreatitis.86

Keratin 8 gene mutation was not found to be associated 
with either hereditary or idiopathic CP.87
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Future prospects

Although there have been significant gains in our under-
standing of genetic predisposition in CP, there are equally 
significant gaps in our knowledge. Currently known 
genetic mutations are associated with 50%-60% of cases 
in idiopathic CP.11,21 Furthermore, the causative roles of 
genetic mutation in pancreatitis initiation and progression 
are not clear. For example, the SPINK1 p.N34S mutation, 
which is the commonest mutation reported in patients with 
CP, does not result in any functional loss of protein activ-
ity. How this leads to pancreatitis is unknown. Whether it 
is just a bystander or modifier and not the causal mutation 
remains to be determined. In alcohol-related pancreatitis, 
it is not known why only <5%-10% of alcoholics develop 
pancreatitis. The genetic predisposition to alcohol-related 
pancreatitis has so far not yielded much information. 

The modest effect of common variations, which is the 
basis of current GWAS screening technology, on many 
human diseases and related traits is helping shift interest to 
studies on rarer variants with larger effects on disease out-
come. Thus, stringent selection of clinical phenotypes and 
prioritization of smaller patient cohorts for direct whole 
genome sequencing might be the best solution to identify 
putative causative variants.
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Introduction

Chronic pancreatitis (CP) is an inflammatory process of the 
pancreas characterized by fibrosis and progressive destruc-
tion. In most patients, the early phase is dominated by pain 
or recurrent episodes of pancreatitis and complications. In the 
advanced phase, symptoms related to exocrine and/or endo-
crine insufficiency are also seen.1 Hence, apart from local 
complications the three major clinical features of CP are pain, 
maldigestion, and diabetes. Pain can affect the complications 
of CP. For example, if postprandial pain results in patients 
refraining from eating, then enzyme treatment may not be 
very helpful against malnutrition. Eating habits can also 
influence diabetes regulation, immune system function, and 
quality of life. Therefore, pain can be regarded as the most 
severe complication of CP, especially as it is poorly under-
stood and difficult to treat. 

Characterization of pain
Abdominal pain is present in most patients and is the pri-
mary cause of hospitalization.2 Pancreatic pain is charac-
teristically described as a constant, severe, dull, epigastric 
pain that often radiates to the back and typically worsens 
after meals. However, many different pain patterns have 
been described. The pain has previously been thought to 
decrease over time, the so-called “burn-out” hypothesis. 
However, evidence against this hypothesis was provided 
by two large prospective studies that found no association 
between the duration of CP and the quality or frequency of 
pain.3 Today the “burn-out” hypothesis is regarded as obso-
lete, and most patients have a chronisc pain pattern with 
exacerbations of variable frequency. The economic burden 
is also of major importance. CP has a profound impact on 
social life and employment patterns mainly due the compli-
cations, pain being the most severe.4 In the year 2000 in the 

USA, the disease accounted for 327,000 hospitalizations, 
200,000 emergency room visits, and 532,000 physician 
visits costing $2.5 billion.5 

Pain pathogenesis
Even though the pain can be caused by a variety of factors, 
obstruction of the flow from acinar cells and destruction of 
the nerves are thought to be of major importance. This has 
led to a dispute between supporters of the so called “plumb-
ing” and “wiring” hypotheses.2 Advocates of the plumbing 
hypothesis cite findings that indicate pain is generated by 
increased pressure in the pancreatic duct or in the pancre-
atic parenchyma. This mechanistic understanding of pain 
has been the most widely accepted explanation and it is the 
theoretical basis of most interventions including surgical 
and endoscopic drainage procedures. However, endoscopic 
manometry has not documented ductal hypertension in CP, 
and no difference in pressure has been observed in patients 
with or without pain.6 In a recent study, our group found no 
association between the degree of pathology–fibrosis, atro-
phy, and ductal abnormality on magnetic resonance cholan-
giopancreatography with diffusion weighted imaging and 
pain.7 However, pancreatic atrophy and ductal pathology 
were associated with diabetes and phosphate and hemo-
globin levels. Hence, the plumbing hypothesis may not be 
relevant for pain in pancreatitis in general, although relief 
of obstruction is undoubtedly helpful in selected cases. 

Other potential mechanisms resulting in pain are micro-
structural changes caused by the histopathological changes 
during evolution of the disease. There is increasing evidence 
that pancreatic stellate cells are key mediators of fibrosis, 
the formation of extracellular matrix in the interstitial space, 
leading to areas where acinar cells have disappeared or duct 
cells have been injured. This ultimately leads to progressive 
loss of the lobular morphology and structure of the pancreas. 
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The process can lead to ischemia and local changes in the 
gut, which by themselves can cause pain. There is also 
destruction of nerves, and the accompanying features of the 
neuropathic pain that are likely to occur have been reviewed.8 
As discussed later in this chapter, upregulation of signalling 
molecules involved in inflammation, pronociceptive media-
tors, and neurotropic factors may occur in the pancreatic 
parenchyma in patients with CP.9 Increased neural density 
and hypertrophy, sprouting, and neuritis of the intrapancreatic 
nerves, as well as activation of glia and immune cells have 
also been reported in pancreatic tissue from CP patients.10 
Finally, and also described in detail later, several studies have 
reported CP findings compatible with central sensitization. 
In addition to other findings, this was manifested as increase 
in areas of referred pain, decreased pain threshold, and neu-
roplastic changes in the brain.8,10 Malnutrition following the 
development of exocrine and endocrine insufficiency further 
aggravates the situation as changes in the immune system and 
brain-gut axis are likely consequences.12 Many CP patients 
are alcoholics with a certain “addiction potential”, which 
complicates treatment, especially the treatment of pain. 

It is important not to overlook pain due to the disease 
complications and to the adverse effects of treatment. 
These additional sources of pain are often easier to treat 

on a permanent basis. The many causes of pain are shown 
in Figure 1. Each of these must be thoroughly investigated 
and treated if possible. The new neurobiological view of 
pain following CP is somewhat in opposition to the tradi-
tional view of pain etiology, where pain was assumed to 
arise from pathology in, or in close proximity to, the pan-
creatic gland. However, these theories are not mutually 
exclusive, and aspects of both may contribute in the gener-
ation and perpetuation of pain. In addition, adverse effects 
and complications of medical and interventional therapies 
may account for substantial morbidity in many patients 
and should be considered as additional sources of pain. 
Therefore, it is important to consider the appropriate mech-
anisms when evaluating the origin of pain in pancreatitis 
patients. It is plausible that the “collective” abdominal pain 
is a result of a complex interplay of several mechanisms.

In conclusion, the novel and improved understanding of 
pain pathophysiology in CP advocates a paradigm shift in 
pain management. Hence, modern mechanism-based pain 
treatment, where the cause of pain is thoroughly investi-
gated, and drug therapy tailored to the findings, may replace 
the usual “trial and error approach”. Furthermore, each indi-
vidual patient should undergo careful evaluation as shown 
in Figure 1 to determine the most likely source(s) of pain. 

Figure 1: Various factors and mechanisms that may be responsible for pain in patients with CP
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Notably, invasive therapies (surgery or endotherapy) 
should be reserved for special, carefully selected cases 
demonstrating pathology suitable for interventions and 
with a clear temporal relationship between the appearance 
of pathology and symptoms. In this chapter, we highlight 
recent evidence for a neuropathic source of pain in many 
patients with CP and propose a theoretical framework for 
treatment.

Peripheral pain mechanisms in CP

Pain sensation in CP includes a complex interaction 
between the peripheral and central nervous systems.1 
Both arms of the nervous system undergo “neuroplastic” 
alterations during chronic inflammation of the pancreas, 
and this neuroplasticity seems to contribute considerably 
to the chronic and intensive character of the neuropathic 
pain syndrome in CP.13 It is widely acknowledged that the 
central nociceptive circuits involved in chronic neuropathic 
pain are independent of input from the periphery, However, 
there is also evidence of amelioration of neuropathic pain 
following removal of the source of a noxious, painful input 
from the periphery.14 A prime example is the significant 
reduction or even disappearance of pain following pancre-
atic resection for CP.15 Therefore, it is reasonable that many 
of the peripheral neuropathic alterations that occur during 
CP may be not only be an adaptive mechanism, but also the 
origin of and reason for severe pain in CP patients. In the 
following discussion, the peripheral pain mechanisms in CP 
are divided into morphological and functional alterations.

Morphological alterations
The characteristic features of pancreatic neuropathy in CP 
are 1) increased neural density, 2) neural hypertrophy, and 
3) pancreatic neuritis.16 Increased neural density and neu-
ral hypertrophy have been recently summarized as “pan-
creatic neuroplasticity” and “pancreatic hyperinnervation”. 
Systematic analysis of human CP tissues revealed that intra-
pancreatic nerves are enlarged in the resected inflammatory 
mass, regardless of the etiology of CP.17 These neuroplastic 
alterations during pancreatic neuropathy seem to have an 
impact on the clinical course of CP because the extent of 
neuroplasticity is closely correlated to the severity of pain.9 
On the other hand, neuro-inflammation is a characteristic 
feature of neuropathic pain syndromes.18 The intrapancre-
atic equivalent of neuro-inflammation during CP is pan-
creatic neuritis, which is characterized by targeted peri- or 
endoneural immune-cell infiltration.19 Pancreatic neuritis 
was reported to be independent of the etiology of CP, i.e., 
having a similar severity in alcoholic, tropical and idiopathic 
pancreatitis.17 Recently, immunophenotyping revealed that 
infiltrating perineural immune cells from CP patients with 

pancreatic neuritis immune cell infiltrations are mainly 
composed of macrophages, cytotoxic T lymphocytes, and 
mast cells. However, only mast cells were specifically 
enriched around the intrapancreatic nerves of patients who 
experienced more severe pain.20 Indeed, mast cells are typi-
cally localized in proximity of peptidergic nerve fibers con-
taining substance P (SP) and calcitonin-gene-related peptide 
(CGRP). Mast cells can secrete numerous neuro-excitatory 
agents including histamine, serotonin, nerve growth factor 
(NGF), and proteases including mast cell tryptase. These 
agents can bind to their corresponding receptors present 
on neurons [H1-4, 5HT-3, tyrosine kinase receptor (Trk)A, 
and protease activated receptor (PAR-1)] to trigger pain and 
neuronal over activation. This recent evidence indicates that 
CP patients show mast-cell induced hypersensitivity similar 
to patients with irritable bowel syndrome (IBS), ulcerative 
colitis, migraine, or interstitial cystitis.20 

The most likely molecular mediators of pancreatic neu-
ropathy in CP have been considered to be neurotrophic fac-
tors and neuronal chemokines. The tissue levels of NGF and 
glial-cell-line derived neurotrophic factor (GDNF) family 
members artemin and neurturin in CP tissues are correlated 
with the extent of neural hypertrophy and the degree of 
pain sensation in these patients.9,21 Similarly, overexpres-
sion of the neuronal chemokine fractalkine in CP tissues 
and pancreatic nerves is correlated with pancreatic neuritis 
and with the severity and duration of the pain syndrome 
in CP.22 However, study of the relation of morphological 
alterations and function is limited by the lack of animal 
models that exhibit similar neuroplastic-neuropathic altera-
tions. Nonetheless, in recent in vitro models, stimulation of 
dorsal root ganglia neurons with extracts of tissue resected 
from CP patients mimicked the increased neural density 
and neuron hypertrophy seen in CP.23 Blockade of the neu-
rotrophic factor neurturin, similar to the blockade of NGF 
or TGF-beta-1, suppressed the neurotrophic potential of CP 
extracts.24 Studies of neurturin as a potential analgesic tar-
get in CP are lacking.

Functional alterations
Understanding pancreatic neuropathy in CP at a functional 
level is even more likely to provide clues about the actual 
pathomechanism of the neuropathic pain syndrome in CP. 
From the perspective of autonomic innervation, CP has been 
reported to exhibit “neural remodeling”, i.e., decreased sym-
pathetic innervation, particularly with increasing degree of 
pain sensation or pancreatic neuritis.10,16 Hence, it seems 
that the generation of pain in CP is coupled with the sup-
pression of pancreatic adrenergic input. This observation 
also seems to be in line with the clinical ineffectiveness of 
thoracic splanchnectomy involving transsection of sympa-
thetic and sensory nerves.16 At the same time, nerves in CP 
tissues provide indicators of glial activation, as they contain 
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reduced amounts of Sox10-immunoreactive peripheral glia 
and nestin-expressing cells in their interior.10 Therefore, at 
a functional level, both sympathetic suppression and glial 
activation seem to significantly contribute to the generation 
of neuropathic pain in CP.

Although human-like neuroplasticity has yet not 
been demonstrated in animal models of CP, the models 
do allow study of molecular agents that may trigger pan-
creatic nociception during CP. Agents such as protons, 
bradykinin, hydrogen sulfide, serotonin, and calcium are 
released after acinar cell damage, and can activate nocicep-
tive fibers via the respective receptors.13 In the pancreas, 
proteinase- activated receptor 2 (PAR-2) and transient 
receptor potential vanilloid 1 (TRPV1) are the two lead-
ing receptor subtypes that can be directly stimulated by 
those agents.25-27 Hoogerwerf et al. showed that infu-
sion of trypsin into the pancreatic duct of rats increased 
Fos immunoreactivity within sensory dorsal root ganglia 
(DRG) neurons by binding to PAR-2.25 In a similar model, 
infusion of trinitrobenzene sulfonic acid (TNBS) into the 
pancreatic duct, resulted in more depolarized resting poten-
tials and increased suppression of A-type potassium current 
density were recorded in pancreas-specific DRG neurons.26 
In a follow-up study in the same rat model, intraperitoneal 
injection of NGF-blocking antibodies was found to reverse 
these alterations.28 Importantly, reactive changes in central 
glia, particularly microglia, have been studied in the same 
animal model of CP.29 In the preclinical animal models, 
NGF suppresses A-type potassium currents in pancreas-
specific DRG neurons and triggers neuronal hyperexcit-
ability. However, studies that target NGF in clinical studies 
of CP patients are still lacking.

Summary

Peripheral neuropathic-neuroplastic alterations, together 
with the abundance of nociceptive/noxious agents in pan-
creatic tissue during CP suggest that pain may be induced 
and maintained by the interaction of both neuropathic and 
nociceptive mechanisms. Therefore, as stated in the intro-
duction, pain due to CP should be considered “mixed-type” 
pain.13 Understanding the peripheral component of the 
CP-associated pain syndrome may provide valuable clues 
to help understand the generation of pancreatic neuroplas-
ticity and mechanisms of visceral pain in several other gas-
trointestinal disorders.

Central pain mechanisms in chronic pancreatitis

Central sensitization
An increased input of peripheral pain signals to the spi-
nal cord may result in increased responsiveness of central 
pain-transmitting neurons. This phenomenon is known as 

central sensitization and refers to an increased synaptic 
activity of sensory neurons in the dorsal horn of the spinal 
cord following stimulation by intense peripheral noxious 
stimuli, tissue injury, or nerve damage.30,31 Ultimately, 
this results in a state where pain processing is uncoupled 
from the presence, intensity, or duration of noxious periph-
eral stimuli. Various mechanisms have been associated 
with central sensitization, which comprises two temporal 
phases. 1) The first is an early phosphorylation-dependent 
and transcription-independent phase that results primarily 
from rapid changes in the properties of glutamate recep-
tors and ion channels. 2) The second is a later, longer last-
ing transcription-dependent phase that drives synthesis 
of new proteins responsible for the longer-lasting form 
of central sensitization observed in various pathological 
conditions.32 One of the best characterized mechanisms in 
the early phase of central sensitization is activation of the 
N-methyl-D-aspartic acid (NMDA) receptor, revealing the 
key involvement of glutamate in this process.33 In an exper-
imental model, blocking the NMDA receptor by ketamine 
reversed the hyperalgesia associated with CP.34 

Central sensitization manifests as hyperalgesia (extreme  
sensitiveness and prolonged after effects of painful stimuli), 
allodynia (pain in response to a non-noxious stimulus), and 
secondary hyperalgesia (a receptive field expansion that 
enables input from noninjured tissue to produce pain).30 
Several studies have reported findings compatible with 
central sensitization in CP. In one, increased area of referred 
pain in response to electrical stimulation of the esophagus, 
stomach, and duodenum, which share spinal segmental 
innervations with the pancreas and thus act as proxies of 
true pancreatic simulation, was reported in CP patients 
compared with controls.35 Other studies have reported 
decreased pain thresholds in CP patients in response to vis-
ceral stimulation of the rectosigmoid or somatic stimula-
tion of muscle and bone,36,37 and the hyperalgesia seemed 
to be linked to disease severity.38 Taken together, these 
findings characterize a generalized hyperalgesia in the pain 
system that most likely reflects widespread sensitization of 
the central nervous system, as seen in many other chronic 
pain disorders.30 

Cortical reorganization and hyperexcitability
Several experimental and clinical studies have reported 
that deafferentation, chronic pain, and hyperalgesia in CP 
patients are associated with a functional reorganization of 
the cerebral cortex.39 For example, in people with arm or 
hand amputations, the mouth to hand representation in the 
primary somatosensory cortex shifts, with a correlation of 
the extent of cortical reorganization and subjective pain rat-
ings.40 In patients with CP, damage to the peripheral nerves 
in the pancreas may, to some degree, mimic the peripheral 
nerve pathology seen in patients following amputation.  



428 S. S. Olesen et al. 

In this context, experimental pain studies of somatic 
stimulation of the epigastric skin area, which shares spi-
nal segmental innervation with the pancreas, and visceral 
stimulation of the upper and lower gut, with concomitant 
recording of evoked brain potentials and brain source 
localization, found that chronic pain and hyperalgesia were 
associated with functional reorganization of the cerebral 
cortex.35,41,42 Compared with healthy controls, reorganiza-
tion of the brain areas involved in visceral pain process-
ing, including the insula, secondary somatosensory cortex, 
and cingulate cortex parallel to what is seen in phantom 
pain, occurred in CP patients. In addition to reorganiza-
tion of brain areas involved in visceral pain processing, the 
excitability of those neural networks was abnormal, with 
evidence of impaired habituation to noxious stimuli, pos-
sibly reflecting cortical neuronal hyperexcitability (i.e., 
cortical sensitization.43 Finally, the thalamus, a key relay 
site in the pain system, has been implicated in chronic pain. 
Disturbance of thalamocortical interplay, seen as global 
changes in the rhythmicity of the cerebral cortex, has been 
observed in patients with neuropathic pain of mixed ori-
gin.44 Parallel findings were observed in CP patients by 
spectral analysis of visceral evoked brain potentials and 
resting state electroencephalography.45,46

Structural correlates of functional cortical reorganization 
and hyperexcitability are shown in studies using advanced 
magnetic resonance imaging (MRI). Microstructural 
changes in the insular and frontal brain regions found on 
diffusion weighted MRI, were associated with clinical pain 
intensity and function scores.47 Patients with a constant 
pain pattern had more severe microstructural abnormalities 
than patients with an attack-related pain pattern. This trans-
lates well to the clinic, where patients with constant pain 
were recently reported to have the most reduced quality 
of life.3 In another MRI study of cortical volumetry, brain 
areas involved in visceral pain processing were shown to 
have a reduced thickness.48 This finding suggests a central 
neurodegenerative response to severe and chronic pain.

Impaired pain modulation
The pain system has several inherent mechanisms to modu-
late inflowing pain signals. Among these, descending path-
ways from the brain stem and higher cortical structures 
play a key role in modulating endogenous pain and con-
trolling the input of afferent pain signals at the spinal level. 
This process can lead to either an increase in the spinal 
transmission of pain impulses (facilitation) or a decrease in 
transmission (inhibition). The balance between these states 
ultimately determines the quality and strength of the pain 
signals perceived by the brain.49 Alterations in the state of 
descending modulation from inhibition towards facilitation 
have been implicated in the transition of acute to chronic 
and neuropathic pain. Studies in both animals and humans 

have documented the involvement of brainstem structures 
in the generation and maintenance of central sensitiza-
tion and hyperalgesia.50,51 In the context of pain and CP, 
impaired descending inhibitory pain modulation has been 
reported in experimental models of human pain.37,38 In 
addition, brainstem facilitation was reported to maintain 
pancreatic pain in an animal model of CP.52

Central pain mechanisms in chronic pancreatitis: 
chicken or egg? 
As can be seen in the above sections, several lines of evi-
dence indicate that central pain processing is abnormal in 
CP. However, from the current evidence, it is difficult to 
determine whether these central abnormalities are an epi-
phenomenon maintained by a sustained nociceptive drive 
from the pancreas or have become independent of periph-
eral input.53 However, as outlined in the following section, 
there is evidence that generalized hyperalgesia, independ-
ent of the initial peripheral nociceptive drive, is the cause 
of pain in many patients. In that case, treatment should 
be directed toward the mechanisms involved in neuronal 
sensitization. 

Theoretical framework for treatment

Although not well documented, it seems likely that preven-
tion of recurrent clinical or subclinical pancreatitis attacks 
by risk-factor modification, translates into a slowing of dis-
ease progression, less exocrine and endocrine insufficiency, 
and most important, decreased abdominal pain. Therefore, 
pain treatment is a sine qua non in the clinical approach 
to the patient. A comprehensive review of pain treatment 
deserves some comments on the framework suggested 
here. As mentioned previously, extrapancreatic causes of 
pain should always be considered, and any complications 
that can give rise to pain should be treated as well as pos-
sible. For example, peptic ulcers are reported to have an 
increased prevalence in CP. This could result from a reduc-
tion of blood flow to the mucosa following attacks of acute 
pancreatitis as well as deterioration of pancreatic exocrine 
function, and an increased prevalence of H. pylori.54 The 
resulting reduction of bicarbonate concentration contrib-
utes to acidification of the milieu. Pseudocysts are also an 
important source of pain and should be evaluated by an 
appropriate radiological work-up and treated accordingly. 
Some patients may have pain as a consequence of obstruc-
tion of adjacent viscera (e.g., the duodenum or common 
bile duct). Other factors that should always be considered 
and treated are bacterial overgrowth (seen in up to 40% 
of the patients), mesenteric ischemia, and side-effects of 
medications such as opioids.55 As the pain experienced by 
most patients is multifactorial and neuropathic, that should 
always be considered. Although the neurobiological view 
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of pain following CP is novel and somewhat in opposition 
to the traditional view of pain etiology, these theories are 
not mutually exclusive, and aspects of both may contribute 
in the generation and perpetuation of pain. Therefore, it is 
important to consider a number of different mechanisms 
when evaluating the origin of pain (Figure 1). It is plausi-
ble that “collective” abdominal pain is a result of a complex 
interplay of several mechanisms. In addition, establishing 
a stable doctor-patient relationship as well as collaboration 
with other professions helps achieve a successful treat-
ment outcome.56 The reader can also refer to the chapter 
“Medical therapy for chronic pancreatitis: Diet, enzymes, 
and analgesics” by Joachim Mössner.

An improved understanding of pain mechanisms in CP 
will undoubtedly pave the way for new treatments, and 
future strategies should be based on up-to-date mechanisms 
and personalized pain treatment. In the clinical setting, 
many patients with chronic abdominal pain suffer from 
comorbidities, such as nausea, narcotic addiction, physi-
cal and emotional disability, and malnutrition. Therefore, a 
detailed characterization of pain symptoms is often difficult 
to obtain, and is often blurred by symptoms of the associated 
comorbidities and medications. This is particularly prob-
lematic when underlying pain mechanisms are investigated. 
To avoid this problem, experimental pain models based on 
quantitative sensory testing can be used.57,58 Quantitative 
sensory testing provides information on sensory function 
at the peripheral and central levels of the nervous system 
by subjective or objective recording of subject responses 
to various external stimuli of controlled intensity. The pri-
mary advantages are that a pain stimulus can be controlled, 
delivered repeatedly, and modulated, and that the responses 
can be assessed qualitatively and quantitatively using psy-
chophysical, neurophysiological, or other imaging meth-
ods (Figure 2). As outlined in the previous sections these 
methods have proven to be important instruments to char-
acterize basic physiology as well as mechanisms underly-
ing pathological pain disorders in CP. A major problem in 
pain medicine is the lack of knowledge of the best treatment 
for a specific patient. We recently investigated the ability of 
quantitative sensory testing to predict the analgesic effect 
of pregabalin and placebo in patients with CP.59 A positive 
pregabalin effect was associated with pretreatment sensitiv-
ity to electric tetanic stimulation of the upper abdominal 
area, which shares spinal segmental innervation with the 
pancreas. Hence, patients expressing lower pain thresholds 
in the “pancreatic viscerotome” were more likely to benefit 
from pregabalin treatment than were patients with normal 
sensitivity. These findings suggest sensitization of spinal 
neurons in the segment innervated by pancreatic visceral 
afferents are an important predictor of pregabalin efficacy in 
these patients. This method may be used to tailor pain medi-
cation based individual sensory profiles and thus represents 
a significant step towards personalized pain medicine. 

Importantly, surgeons and gastroenterologists often 
overlook pain mechanisms because they have limited 
expertise. Hence, they often treat the patient with either 
surgery or endoscopy, and in case of failure, the patient is 
left with symptomatic treatment at the general practitioner. 
This is unsatisfactory, as modern pain treatment is based on 
a thorough knowledge of pain mechanisms and the variety 
of available treatment modalities. In many centers, pain is 
still treated according to the macrostructural appearance 
of the pancreas as briefly outlined above. However, as the 
procedures are neither evidence nor mechanistically based, 
the outcome is variable and often unsatisfactory. Even 
though studies have compared endoscopy and surgery,60 no 
placebo-controlled studies have been performed, and this 
calls the effectiveness of invasive treatments into question. 
Surgery has been described as the most effective treatment 
of pain in CP, and recent studies suggest early surgery for 
CP may actually increase the likelihood of long-term com-
plete postoperative pain relief.61 For example, total pan-
createctomy with islet cell transplantation is an emerging 
approach to treat patients with pancreatic pain. However, 
there has been no documentation that such advanced sur-
gery is better than placebo as no studies have included sham 
surgery or sham endoscopy of the pancreas. As pain often 
resolves during the natural course of disease, future stud-
ies should try to better characterize pain pathogenesis in 
order to select the right patients. In patients with pain of 
neuropathic origin, surgical or endoscopic procedures may 
do more harm than good and deteriorate several hormonal 
systems regulating metabolism, gut motility, and related 
functions.

Surgical procedures to treat phantom pain in amputees 
have been abandoned by most centers, and here has been a 
shift towards a more complex neurobiological understand-
ing of pain generation and treatment. The inflammation 
and fibrosis of CP are invariably linked to damage of the 
pancreatic nerves along with peripheral and central sensi-
tization of the pain system. An important outcome of such 
neural-generated pain is that once the disease has advanced 
and the pathophysiological processes are firmly estab-
lished, the generation of pain become self-perpetuating and 
independent of the initial nociceptive drive. This is in line 
with a small cross-sectional study that found generalized 
hyperalgesia, as a clinically measurable proxy of central 
sensitization, was associated with failure of thoracoscopic 
splanchnic denervation.62 The authors proposed that in 
hyperalgesic patients, the generation of pain was independ-
ent of the initial peripheral nociceptive drive, consequently 
denervation of peripheral nerves was ineffective. 

Conclusion

The improved understanding of pain mechanisms focusing 
on neuropathic pain may pave the way for new treatments. 
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Analgesics specifically targeting neural or humoral media-
tors of pain, such as NGF and TRPV1 antagonists, are cur-
rently being tested in clinical trials and hold promise for the 
future, although these drugs have yet to be tested in patients 
with pancreatitis. Recently, a NGF antagonist (Tanezumab) 
was shown to relieve pain in patients with knee pain due to 
gonarthrosis.63 As mentioned in the chapter about peripheral 
pain mechanisms, NGF is upregulated in CP patients, and is 
known to play a pivotal role in the process of peripheral sensi-
tization. It may prove to be effective for pain relief in patients. 

Patients referred for pain treatment should, under ideal 
circumstances, be offered an extensive work-up of the pain 
system to avoid failures relating to irreversible central sen-
sitization and phantom-like pain. Unfortunately, such pain 

assessment can only be done in the most advanced laborato-
ries. Future studies should focus on identification of simple 
biomarkers to identify effective bedside treatments and ensure 
a framework for personalized pain medicine in pancreatology.
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Introduction

Medical treatment of chronic pancreatitis is based on the 
3 main characteristics of the disease, pain and exocrine 
and endocrine insufficiency. Pain is the leading symptom 
of chronic pancreatitis. Patients may suffer from continu-
ous pain or relapsing pain in parallel with relapses of the 
chronic inflammatory process or complications. Pain may 
decrease over time because of what is called “burn out” 
disease. Treatment of pain should be based on its pathogen-
esis. However, in many instances the pathogenesis of pain 
remains unclear. Pain may be caused by an inflammatory 
mass of the pancreatic head that doesn’t resolve with time 
and is best treated by resection surgery; e.g. duodenum pre-
serving pancreatic head resection. Pain due to obstruction 
of the main pancreatic duct by calcified protein plaques 
may be treated by ESWL (extracorporeal shock wave litho-
tripsy) with or without endoscopic placement of a stent into 
the pancreatic duct. These options are discussed in other 
chapters. Complications of chronic pancreatitis such as 
development of pseudocysts, bleeding of a pseudoaneurysm 
of the splenic artery, obstruction of the bile duct leading 
to cholestasis are generally not amenable to conservative, 
medical treatment. Cholangitis because of obstruction of 
the bile duct is primarily treated by endoscopic drainage 
with sphincterotomy and placement of a biliary stent, usu-
ally in addition to antibiotics. Development of pancreatic 
cancer may require surgical resection and chemotherapy. 
Pain not responding to medical treatment may be treated 
by endoscopic ultrasound-guided celiac plexus blockade. 
Again, interventional endoscopic possibilities will not be 
discussed in this chapter. This review on medical treatment 
of chronic pancreatitis is based on two recent publications 
of the author.1,2 Thus, some degree of overlap is inevita-
ble. However, some new clinical studies on treatment are 
included as well.

Treatment of a severe, acute inflammatory relapse 
of chronic pancreatitis is similar to treatment of acute 

pancreatitis. Thus, medical treatment of SIRS (systemic 
inflammatory response syndrome), MODS (multiorgan 
dysfunction syndrome), including treatment of renal insuf-
ficiency or sepsis are discussed in the section on “Acute 
Pancreatitis”. The role of enteral nutrition in acute relapses 
is similar to nutrition in acute pancreatitis as well.

Pain syndrome

Clinical symptoms are often unspecific. Symptoms such 
as belt-like upper abdominal pain and vomiting, together 
with a more than 3-fold rise in serum amylase or lipase 
levels above normal, point the way to the diagnosis of 
either acute pancreatitis or a relapse of chronic pancreatitis. 
Initially, it may not be possible to differentiate acute alco-
hol-induced pancreatitis with the potential for full recov-
ery from an attack of previously unrecognized, yet already 
established chronic pancreatitis. The pain syndrome –
either acute relapses of pain, chronic pain, or relapses of 
pain with decreasing pain severity during the course of the 
disease – has been extensively described by Ammann and 
Melhaupt.3 According to a long-term study, the course of 
early-stage chronic pancreatitis is characterized by epi-
sodes of relapsing pain. Chronic pain is often associated 
with local complications such as pseudocysts. According 
to the Ammann study in advanced chronic pancreatitis, all 
patients achieved complete pain relief. This observation 
has not been completely confirmed by others. However, in 
some patients, pain may remit spontaneously because of 
the chronic inflammatory destruction of the pancreas (i.e., 
“burn out”).

Pain score
A validated pain score, such as that published by Bloechle 
et al. in 1995, or the visual analog scale (VAS), should be 
used as a tool for quantifying pain.4 Rated on a scale from 
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0 to 100 are frequency of pain attacks (0 never, 100 daily), 
intensity of pain (1 to 100), use of analgesics (100 mor-
phine, 1 acetylsalicyclic acid), and pain-related absence 
from work (100 permanent, 0 not in the last year). The 
review of Pezilli et al. describes measurements of qual-
ity of life comparing the SF-12 with the SF-36.5 Both the 
SF-12 and the SF-36 have been validated, albeit only for 
the assessment of quality of life. The pain score published 
in 1995 is therefore the only validated score explicitly for 
pain in patients with chronic pancreatitis.

Pain medications
Analgesics
Analgesics are indicated to treat patients with pain from 
chronic pancreatitis in order to achieve pain relief or reduc-
tion of pain until spontaneous improvement resulting 
from cessation of a relapse or definitive treatment (e.g., 
endoscopy or surgery). Pain management in chronic pan-
creatitis follows the World Health Organization (WHO) 
three-step analgesic ladder. However, because of a lack 
of studies in chronic pancreatitis, the effectiveness of 
the WHO pain management plan cannot be answered at  
present.

Adequate pain management is essential. Patients with 
an acute exacerbation of pancreatitis often suffer from 
severe visceral pain. Analgesia is therefore one of the most 
important and often most urgent, aims of treatment. The 
argument that morphine or its analogs may cause contrac-
tion of the duodenal papilla, thus creating an additional 
obstruction for pancreas secretion, is obsolete. This effect 
either does not occur with the majority of analgesics of this 
group, or is so inconsequential that it is not clinically sig-
nificant.6-8 Some morphine analogs are successfully used 
for pain control both in acute and chronic pancreatitis. The 
question whether oxycodone is a stronger analgesic than 
morphine has to be proven by a large study.9 One small 
study found that transdermal fentanyl is useful, but not the 
ideal first-choice analgesic.10 Tramadol is generally not 
preferred because it often causes nausea and vomiting in 
patients with acute pancreatitis. However, the use of trama-
dol is associated with fewer gastrointestinal side effects.11 
Some centers have achieved good results with the use of 
thoracic epidural analgesia (EPA).12,13 This does not only 
lead to rapid analgesia, but also prevents or treats paralytic 
ileus. A prerequisite for the use of EPA is an alert patient; 
coagulopathy is a contraindication.

The duration of medical therapy with various combina-
tions of pain relievers can be decided on a case-by-case 
basis. However, re-evaluation should be made regularly 
in unsuccessful cases in order to augment the treatment 
with either an endoscopic or surgical procedure. There 
are no data to guide the duration of pain therapy using 

conservative means or when endoscopic or surgical treat-
ment is indicated.

Weaning patients from pain medication again can fol-
low the WHO three-step analgesic ladder in reverse order. 
Conservative pain management follows the WHO three-
step analgesic ladder, although its effectiveness has not 
been specifically tested in chronic pancreatitis.

Somatostatin
Inhibition of exocrine pancreatic secretion by somatosta-
tin in order to decrease intrapancreatic ductal pressure has 
not been shown to be successful in decreasing pain. Thus, 
octreotide should not be used to treat pain associated with 
chronic pancreatitis. Apart from single case reports and ret-
rospective case series, there are only a double blind crosso-
ver study14 and an unblinded crossover study comparing 
octreotide with octreotide long-acting release (LAR).15 In 
both studies, pain was measured by the VAS. The double 
blind crossover study comparing octreotide with saline 
administration was unable to detect reduction in pain or 
analgesic requirement while effectively blocking pancre-
atic secretion. The unblinded crossover study showed no 
difference between octreotide and octreotide LAR for pain 
reduction. The effects of somatostatin in acute pancreatitis 
are controversial as well as its claimed effect in reducing 
the complication rate after pancreatic surgery.

Pancreatic enzymes
Inhibition of exocrine pancreatic secretion by porcine pan-
creatic extracts (negative feedback inhibition) has not been 
successful in treatment of pain. Thus, pancreatic enzymes 
should not be used to treat pain associated with chronic 
pancreatitis.16-18 The rationale behind pancreatic enzyme 
therapy for pain relief is based on the assumption of a nega-
tive feedback mechanism for the release of cholecystokinin 
releasing peptides. This in turn leads to a reduced release of 
cholecystokinin and, by this mechanism, reduced exocrine 
pancreas secretion. A systematic review published by the 
Cochrane Collaboration in 2009, identified 10 randomized 
controlled trials with a total of 361 patients and evaluated 
various aspects of the effectiveness of pancreatic enzyme 
supplements.18 Six of the studies compared enteric encap-
sulated preparations with placebo, one compared an unen-
capsulated preparation with placebo, 2 examined  different 
preparations, and one study examined different dosage 
regimens. The heterogeneity of the selected dependent 
variables and the lack of statistical characteristic variables 
did not allow the data to be pooled. Three of 5 studies  
using a pain score showed a significant reduction in pain; 
2 did not. One of 4 studies that quantified analgesic usage 
reported a reduction in the consumption of analgesics. No 
study evaluated long-term effects of the various types of 
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treatment. Thus, one may conclude that the use of pancre-
atic enzyme supplements has no proven positive effect on 
pain symptoms. Furthermore, no improvement in the qual-
ity of life was detected. Because of different inclusion cri-
teria, which often are not clearly explained in the studies, 
it was not possible to clarify whether the cause of pancrea-
titis, the presence of exocrine pancreatic insufficiency, or 
a particular formulation of the preparations that were used 
was responsible for the lack of therapeutic success. Finally 
negative feedback inhibition of exocrine pancreatic secre-
tion may either not exist in humans or not play a role in the 
pathogenesis of pain.19

Antioxidants
Increased levels of free oxygen radicals have been detected 
in the serum and pancreatic juice of patients with chronic 
pancreatitis. Thus, treatment with antioxidants could help 
to prevent and treat pain by reducing cellular damage from 
pancreatitis. An initial study involving patients with recur-
rent acute and chronic pancreatitis demonstrated a signifi-
cant improvement in the number of acute exacerbations 
as well as in chronic pain. However, only 20 of the initial 
28 patients were assessed in the per-protocol analysis.20 In 
another study, an improvement of pain was also be dem-
onstrated. However, the number of patients who could be 
analyzed was much too low to allow any conclusions.21 
In a double blind placebo-controlled study from India, 71 
patients were treated with antioxidants and 56 with placebo 
over a period of 6 months. There was a reduction of the 
days with pain in the treatment arm,22 but these results were 
not confirmed in a recent controlled trial carried out in the 
U.K.23 A later study, again from India, found a reduction 
of serum surrogate markers of fibrosis and a reduction of 
pain in patients treated with antioxidants.24 A combination 
of pregabalin (see below) and antioxidants ameliorated 
pain recurrence in patients who were still free of narcot-
ics and whose pancreatic duct had been cleared of stones.25 
A recent meta-analysis recommended antioxidant supple-
ments for patients with low blood antioxidant levels.26 
Another meta-analysis concluded “that antioxidants can 
reduce pain slightly in patients with chronic pancreatitis. 
The clinical relevance of this small reduction is uncertain, 
and more evidence is needed”.27 However, “adverse events 
in 1 of 6 patients may prevent the use of antioxidants. 
Furthermore, the effects of antioxidants on other outcome 
measures, such as use of analgesics, exacerbation of pan-
creatitis, and quality of life remain uncertain because reli-
able data are not available”.27 The pathogenesis of pain in 
chronic pancreatitis is rather complex and often not under-
stood in the individual patient to be treated. Pain may be 
caused by inflammatory infiltration of sensory nerves, 
ductal hypertension because of ductal scars or protein 
precipitates, an inflammatory mass, or pseudocysts with 

compression of adjacent organs. Duration of the disease, 
concomitant smoking or alcohol abuse, prior therapy such 
as interventional endoscopy or surgery, need for narcotics 
for pain medication, and numerous additional factors may 
have influenced the studies that tested the effect of addi-
tional supplementation with antioxidants.28 In summary, 
convincing evidence that antioxidants have a role in the 
treatment of pain from chronic pancreatitis is still lacking. 
Furthermore, in most of the studies mentioned, antioxidant 
medication contained beta-carotene. Application of beta-
carotene may be associated with the development of bron-
chial carcinoma in smokers, who comprise the majority of 
patients with alcoholic chronic pancreatitis.29,30

Electro-acupuncture and transcutaneous 
electrical nerve stimulation
Electro-acupuncture and transcutaneous electrical nerve 
stimulation (TENS) are not effective for treatment of pain 
in chronic pancreatitis.31

Inhibition of leukotrienes, radiotherapy
Treatment with a leukotriene receptor antagonist was not 
effective in chronic pancreatitis. A 3-month treatment with 
montelukast did not result in a significant reduction in 
pain.32 Radiotherapy cannot be recommended for treatment 
of pain. In a pilot study, a significant reduction in pain, and 
avoidance of acute exacerbations, were achieved with one 
session of radiotherapy in 12 of 15 patients.33 However, in 
view of an increased risk of developing pancreatic cancer 
in chronic pancreatitis, radiation may have the potential to 
increase this risk.

Pregabalin
Pregabalin has effects similar to gamma aminobutyric acid 
(GABA). However, it does not bind to GABA receptors.
Rather, pregabalin binds to a subunit of voltage-dependent 
calcium channels in the central nervous system (CNS). Pain 
processing by the CNS seems to be abnormal in patients 
with chronic pancreatitis. The additional role of alcohol in 
pain processing is only partly understood. In a randomized, 
double blind, placebo-controlled trial in 64 patients with 
pain of chronic pancreatitis, pregabalin, as an adjuvant 
analgesic, was superior to placebo after 3 weeks of treat-
ment.34 The same group found that these inhibitory effects 
on central sensitization may have resulted from inhibition 
of spreading hyperalgesia.35

Exocrine and endocrine insufficiency

With ongoing destruction of pancreatic acini and pancreatic 
ducts, inhibition of outflow of digestive enzymes because 
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of scars or protein plaques and the destruction of the islets 
of Langerhans, exocrine and endocrine insufficiency will 
develop. The destruction of exocrine acini and endocrine 
islets does not always proceed in parallel. Thus, exocrine 
insufficiency may precede the development of diabetes 
or vice versa. However, most patients with long lasting 
chronic pancreatitis develop so-called type 3c diabetes.

Definition of exocrine insufficiency
Exocrine pancreatic insufficiency develops when the 
decrease of digestive enzyme and bicarbonate secretion 
no longer allows full digestion of dietary intake. The main 
causes of exocrine pancreatic insufficiency in adults are 
chronic pancreatitis, pancreatic carcinoma, and a previous 
pancreas resection. Cystic fibrosis is the main cause of mal-
digestion that develops in childhood. A functional impair-
ment of digestion, so called pancreato-cibal asynchrony, 
may be a consequence of (sub-)total gastrectomy, and some 
forms of bariatric surgery. as well as in patients with atro-
phy of the duodenal/jejunal mucosa because of celiac dis-
ease. Rare causes include Shwachman-Diamond syndrome, 
Johanson-Blizzard syndrome, and congenital enzyme defi-
ciencies such as trypsinogen, amylase, lipase, enteropepti-
dase (enterokinase), or α1-antitrypsin deficiency

Clinical features of exocrine pancreatic insufficiency
Typical symptoms of exocrine insufficiency are abdomi-
nal symptoms such as cramps, gas, bloating, flatulence, 
steatorrhea, and signs of malnutrition. The development 
of steatorrhea and other symptoms of exocrine pancre-
atic insufficiency are to be expected once the diagnosis of 
chronic pancreatitis has been made. In patients with alco-
holic chronic pancreatitis, clinically manifest exocrine pan-
creatic insufficiency usually appears approximately 10 to 
15 years after appearance of the first symptoms, such as 
abdominal pain. In patients with early onset of idiopathic 
or hereditary chronic pancreatitis, exocrine pancreatic 
insufficiency may develop after even longer periods. The 
relatively late manifestation of exocrine insufficiency, 
well after pancreatic tissue destruction has begun, reflects 
the large functional reserve capacity of the pancreas. It is 
widely agreed that decompensation associated with steator-
rhea and creatorrhea (abnormal excretion of muscle fibers 
in the feces) does not occur until secretion of the corre-
sponding enzymes has been reduced by more than 90% to 
95%.36 However, this study has not been reproduced. There 
is no clinical symptom that either unequivocally confirms 
or excludes exocrine pancreatic insufficiency. Clinically, 
steatorrhea cannot be reliably detected. Inspection of stools 
is also unreliable, even when performed by an experi-
enced practitioner.37 Exocrine pancreatic insufficiency, 

even without symptomatic steatorrhea, can have a nega-
tive effect on nutrition parameters such as body weight.38 
Further studies substantiate reduced absorption of fat-
soluble vitamins in patients with only mild to moderate 
exocrine insufficiency.39-41 In patients with osteoporotic 
fractures. reduced fecal elastase levels have been observed. 
This finding correlates with low vitamin D3 levels.37 In the 
majority of patients with chronic pancreatitis, there is a 
correlation between the extent of morphological and func-
tional disturbances.42

Therapy of exocrine pancreatic insufficiency
The indication for pancreatic enzyme replacement therapy 
is weight loss of more than 10% of body weight, steatorrhea 
with fecal fat excretion of more than 15 g/day, and dyspep-
tic symptoms with severe gas or diarrhea. Pancreatin should 
also be supplemented even when the increase in fecal fat 
excretion is modest (7 to 15 g/day) if there are signs of 
malassimilation (e.g. weight loss) or the patient presents 
abdominal symptoms that can be attributed to maldiges-
tion and malabsorption. As the quantitative measurement 
of fecal fat is often no longer performed, the indication for 
replacement is also presenting with a pathological pan-
creatic function test in combination with clinical signs of 
malabsorption. This includes weight loss and abdominal 
pain with dyspepsia, severe gas, or diarrhea. Therapy with 
pancreatin as an empiric trial for up to 4 to 6 weeks may 
also be beneficial if the source of symptoms is uncertain.1,2

The majority of enzyme supplements contain pancrea-
tin, a pulverized extract from porcine pancreas with lipase, 
amylase, trypsin, and chymotrypsin as the main compo-
nents. Pancreatin is not absorbed from the gastrointestinal 
tract, but is inactivated by enteric bacteria and digestive 
juices and eliminated in the feces.43-46 Encapsulated micro-
sphere formulations, which protect against gastric acid, 
clearly improve the effectiveness of pancreas enzyme 
replacement.47-50 The measure of treatment success is 
improvement of the disease symptoms. Pancreatic enzyme 
replacement therapy improves quality of life.51 Several 
studies that compared enteric coated porcine pancreatic 
extracts with placebo showed their superiority.52-55

Complete normalization of digestion and absorption of 
nutrients is usually not attainable. A rapid release of pan-
creatic enzymes from encapsulation may be hampered by a 
low pH in the duodenum because of a decrease of bicarbo-
nate secretion in chronic pancreatitis. The success of pan-
creatin replacement therapy should be monitored primarily 
using clinical parameters (weight gain, long-term normali-
zation of vitamin status, and disappearance of abdominal 
symptoms). If there is any doubt whether persistence of 
symptoms can be explained by a lack of efficacy of enzyme 
replacement, then fecal fat excretion or pancreatic func-
tion tests to measure nutrient digestion under therapy (e.g., 
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breath tests with 13C-labelled lipids) should be performed. 
The disappearance of clinical signs of malabsorption is 
the most important criterion for the success of pancreatic 
enzyme therapy.

Pancreatin should be taken with meals. The effective-
ness of pancreatic enzyme supplements presupposes mix-
ing of pancreatin and chyme. If more than 1 capsule/tablet 
per meal is to be taken, it may be beneficial to take one 
part of the dose immediately at the beginning of, and the 
rest distributed throughout, the meal.56 Because mixing of 
chyme and pancreatin is required for optimal effectiveness, 
preparations that consist of acid-protected particles with a 
diameter of ≤ 2 mm should be chosen. This critical value 
is in principle only relevant for patients with a preserved 
pylorus.57 However, there are no double blind, prospective 
randomized trials comparing the efficacy of acid-protected 
microtablets or microspheres with larger acid-protected 
tablets/capsules. In a randomized study of patients with 
chronic pancreatitis and steatorrhea the coefficient of fat 
absorption was measured after application of either acid-
protected minimicrospheres (> 90% diameter < 1.25 mm, 
range 0.7-1.6 mm) with minispheres (> 70% diameter 
> 1.25 mm, range 1-2 mm). Both preparations were effec-
tive and at least equivalent.58 The number of patients 
studied was not large enough to determine whether min-
imicrospheres were superior to minispheres. The adminis-
tered pancreatin dose should contain adequate enzymatic 
activity for the digestion of 1 meal. The dose of pancreatin 
preparations is based on lipase activity. From 20,000 to 
40,000 units (Ph. Eur.) should be administered as an initial 
dose at each meal, and 10,000 to 20,000) lipase units for 
the digestion of smaller amounts of food eaten between-
meals. The enzyme dose should be doubled, if necessary 
tripled, if the effect is inadequate. Previous studies showed 
an improvement of the efficacy of pancreatic enzymes 
by adding a H2-receptor blocker.59-61 Adding a PPI (pro-
ton pump inhibitor) may be more effective.61 However, a 
complete resolution of steatorrhea may not be achieved. 
Thus, pancreatin powder or granulate should be combined 
with a PPI if the effect is still inadequate. The clinical 
efficacy of pancreatin preparations is determined by the 
administered dose, the time when taken, acid protection 
and size of the pancreatin particles, specific biochemical 
properties of the preparation, which depend on its origin, 
and past and concomitant disorders of the patient to be  
treated.

Almost all available pancreatic enzyme supplements 
contain porcine pancreatin. Preparations with fungal 
(Rhizopus oryzae, Aspergillus oryzae) enzymes have less 
favorable biochemical properties (higher acid stability, 
but rapid deactivation in the presence of low bile acid 
concentrations) and are therefore of only limited clinical 
value. Bacterial enzymes and human lipase produced using 
gene technology are not yet of relevance in the treatment 

of exocrine pancreatic insufficiency. However, microbial 
lipase may be efficacious and seems to be safe.62 As some 
religions prohibit the consumption of pork, the patient 
should be told of the origin of the preparations.

Long-term treatment with porcine pancreatic extracts 
is generally safe.63,64 Minor side effects such as abdomi-
nal symptoms in < 10% of patients (abdominal pain, bowel 
movement changes, nausea/vomiting) are possible, as 
well as allergic reactions (in < 1% of patients). Very high 
doses of enzymes (> 10,000 to 20,000 units of lipase/kg/
day) should be avoided if possible. Fibrosing colonopathy, 
a rare disorder, has been reported to occur after the admin-
istration of extremely high doses of pancreatin in children 
with cystic fibrosis. Causality has not been established 
and is rather unlikely.65-69 One may consider that ingre-
dients of the encapsulation itself rather than enzymes are 
responsible.

In patients with diabetes mellitus and newly initiated or 
increased pancreatic therapy, blood glucose levels should 
be monitored more closely than usual for a short time 
because the improved uptake of carbohydrates can result in 
hyperglycemia. Patients with chronic pancreatitis and asso-
ciated diabetes mellitus may encounter more significant 
problems with controlling their blood sugar levels if pan-
creatin therapy is initiated or discontinued. This includes 
emergency situations requiring treatment. In a study by 
O’Keefe et al. symptomatic hypoglycemia developed dur-
ing placebo treatment and ketoacidosis after recommenc-
ing pancreatic therapy.70

Therapy of endocrine insufficiency
Endocrine insufficiency in chronic pancreatitis has been des-
ignated diabetes type 3c. Endocrine insufficiency will even-
tually develop in most cases as the inflammatory processes 
progress. There is some correlation with the development 
of exocrine insufficiency. Therapy of this type of diabetes 
is often more difficult for several reasons. 1) In addition to 
a lack of insulin because of the inflammatory destruction 
of islets, there is also a lack of counter regulatory islet hor-
mones such as glucagon and somatostatin. 2) Postprandial 
serum glucose levels depend on the sufficiency of food 
digestion, which is dependent on the effectiveness of treat-
ment with porcine pancreatic enzymes. 3) Compliance, 
especially in alcoholics, may play a major negative role 
to control metabolism. Thus in patients whose daily food 
intake varies because of their life style or abdominal pain, 
treatment with insulin needs cautious supervision. The risk 
of late complications as a consequence of insufficient treat-
ment of diabetes has to be counterbalanced by the risk of 
severe hypoglycemia. Intensified insulin therapy by patient 
measurements of preprandial serum glucose and individual 
selection of the appropriate dosage of insulin may not be 
possible in many of these patients. However, in patients 
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with good adherence, as is usually the case in patients with 
hereditary and idiopathic chronic pancreatitis and patients 
with a rather stable disease course, may be managed with 
an intensified diabetic regimen. Unfortunately, there are no 
evidence-based data regarding treatment of diabetes type 
3c in patients with alcohol-induced chronic pancreatitis.

Nutrition in chronic pancreatitis

Nutrition during acute relapses of chronic pancreati-
tis is discussed under “Acute Pancreatitis”. The value of 
“pancreas diets” or “bland diets” for pancreas patients is 
unproven. Indeed, a randomized trial led to initial fasting 
for mild acute pancreatitis no longer being recommended.71 
Thus, a reduction in the length of hospital stay and a more 
rapid recovery can be achieved with oral refeeding.72 
Malnutrition in patients with chronic pancreatitis may not 
only be the result of exocrine pancreatic insufficiency, but 
also result from reduced food intake secondary to pain 
or continued alcohol consumption. Nutritional treatment 
should provide an adequate supply of nutrients, vitamins, 
and trace elements. Usually, patients should receive a 
normal isocaloric diet together with adequate pancreatic 
enzyme replacement. To improve the response, food intake 
should be distributed over appropriately 4 to 6 small meals. 
There is no established specific pancreas diet. Data from 
animal studies indicate that diets with a high fat and protein 
content plus adequate enzyme replacement can improve the 
effectiveness of fat absorption.73 A low fat diet cannot be 
generally recommended. Only when clinical symptoms of 
fat maldigestion occur with further progression of exocrine 
pancreatic insufficiency despite adequate oral enzyme 
replacement, should the amount of oral fat be reduced, 
depending on tolerability. Fat is important as a central 
source of energy for avoiding and treating catabolism. If 
dietary fat must be reduced for reasons of intolerability, 
despite adequate enzyme replacement therapy, it is neces-
sary to ensure that the compensatory oral supply of other 
sources of energy (carbohydrates, proteins) are appropri-
ately increased to maintain isocaloric nutrition. Medium-
chain triglycerides (MCT) can be absorbed without prior 
digestion by lipase. MCT may improve fat absorption in 
patients with exocrine insufficiency and not receiving 
enzyme replacement therapy. However, MCT should not be 
recommended in conjunction with enzyme administration. 
In a small study of patients with severe steatorrhea, MCT 
alone were not superior to regular fat intake together with 
pancreatic enzyme administration.74 Diet counseling is very 
important and is as efficient in malnourished patients as 
supplementation with MCT.75 Alcohol consumption should 
be avoided in chronic pancreatitis. Alcohol consumption 
is an important pathogenetic factor for the progression of 
exocrine pancreatic insufficiency.76 There are numerous 

studies demonstrating that continuous smoking accelerates 
the progression of the disease course.77 Deficits of vita-
mins and trace elements should be specifically replaced. 
Patients with chronic pancreatitis and exocrine pancreatic 
insufficiency usually have a daily intake of vitamins and 
trace elements that is less than recommended. Thus defi-
ciencies of the fat-soluble vitamins A, D, E, and K, as well 
as calcium, magnesium, zinc, thiamine, and folic acid are 
often detected.78 A reduced intake has also been reported 
for riboflavin, choline, copper, manganese, and sulfur. The 
indication to replace vitamins and trace elements should be 
established in adults, primarily according to clinical symp-
toms of deficiency.
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Introduction

Chronic pancreatitis is an ongoing fibro-inflammatory 
process that causes patchy loss of acinar cells while at 
the same time favoring the formation of intraductal cal-
cium carbonate stones. It often presents as an attack that 
is indistinguishable from acute pancreatitis, representing 
paralysis of apical exocytosis in acinar cells, “pancreasta-
sis”,1-3 which in animal experiments is tied in with a burst 
of electron transfer reactions (loosely called free radical 
activity, FRA).2,4 Until all secretory parenchyma is oblit-
erated, agonizing pain is usually the predominant symp-
tom, whether accompanying recurrent attacks, or constant 
and disabling. Its treatment is largely empirical, such that 
addiction to narcotic analgesics is a compounding menace, 
because there is no consensus on disease pathogenesis.3 
The concept that electrophilic stress is the detonator and 
inflammatory motor5,6 offers the opportunity for corrective 
micronutrient therapy,7-12 and thereby, pain control.13 This 
usage of micronutrients exploits more than “antioxidant”  
properties.

Stresses and stressors

Electrophilic stress
The phrase indicates the threat realized when electrophilic 
compounds (i.e., with a relative electron deficit) steal 
electrons from nucleophiles, which most biological mac-
romolecules are. Xenobiotics (i.e., exogenous lipophilic 
substrates) are the major pathological source of electro-
philes, by way of reactive xenobiotic species (RXS) that 
are inadvertently generated upon processing by cytochrome 
P450 monooxygenases (CYP). Highly reactive carbonyl 
products derived from oxidation of polyunsaturated fatty 
acids in cell membranes are the most relevant endogenous 
source.14

Oxidative stress
This descriptor points to the threat from an unusually high 
concentration of reactive oxygen species (ROS), of which 
many are free radicals (i.e., having an unpaired electron).15 
The best known—leaving aside products of interaction with 
nitric oxide—are superoxide (O2

−•), which is quenched by 
superoxide dismutase; hydrogen peroxide (H2O2), which is 
removed by catalase and glutathione (GSH) peroxidase; and 
the highly reactive hydroxyl radical (OH•).16,17 About 10% 
of molecular oxygen undergoes ROS-yielding stepwise 
reduction during such physiological processes as mito-
chondrial respiration, CYP-mediated processing of endog-
enous lipophilic compounds, phagocytosis, and synthesis 
of disulfide (S-S) bonds from cysteine that are needed for 
proper protein folding in the endoplasmic reticulum (ER).18 
Evidently, cells can tolerate the burden, deliberately allow-
ing low-grade oxidative stress for the cited and many other 
vital roles including signal transduction, calcium homeo-
stasis, membrane turnover, redox control and genomic sta-
bility. A pathological excess of ROS, as is associated with 
CYP induction,19 ultraviolet irradiation, xanthine oxidase 
activity under conditions of ischemia-reperfusion, and the 
like, threatens cell viability by jettisoning just those home-
ostatic mechanisms that physiological oxidative stress 
secures.14 Transition metals, iron in particular, promote 
electron transfer reactions.20 Insofar that ROS are integral 
to CYP function, the degree of electrophilic stress might be 
thought to mirror oxidative stress, but studies in the context 
of ageing show that the level of electrophilic stress can be 
disproportionately greater than that of its oxidative drive.21

Reductive stress
This idiom describes abnormally high electron (reducing) 
pressure behind a blockade of an enzymic step in the ATP 
energy production staircase. The blockade may be due to 
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absence of an enzyme or to its malfunction. When elec-
tron pressure is sufficiently high, some of the electrons may 
react with O2 directly to generate ROS. Swings in electron 
pressure (redox potential) mimic, and are reciprocally 
linked to, swings in pH (proton pressure).9,22,23 In fact, just 
as alkalosis is rarely if ever a problem unless deliberately 
induced, because all metabolic processes tend to be acid-
generating, reducing pressure/reducing stress seems to be 
the main route to oxidative stress, at least in the long term. 
The problem is epitomized by alcoholism, hypoxia, redox 
cycling compounds such as doxorubicin that cause elec-
tron dislocation, and uncouplers of electron flow, such as 
NSAIDs, cyclosporine, and cytokines.

ER stress
If not quickly rectified, any of the above stresses activates 
ER stress. The unfolded protein response (UPR) is an ER 
stress response that exacerbates oxidative stress and elic-
its inflammation by activating stress response genes such 
as NF-κB.24,25 The exocrine pancreas, with its huge rate 
of protein synthesis, is particularly vulnerable when sub-
jected to congestion in the busy protein-trafficking lanes. 
That is an inevitable consequence of pancreastasis episodes 
despite the acinar cell’s best efforts to compensate by endo-
crine rerouting of newly synthesized enzymes; removal of 
zymogen granules via the three-pronged strategy of cen-
tripetal dissolution, crinophagy and basolateral redirection; 
and down-regulation of enzyme synthesis.2,3,9,26 The close 
integration of oxidative, electrophilic, ER, and inflamma-
tion stress is now regarded as the basis for many chronic 
diseases27 and, increasingly, for chronic pancreatitis.28-30

Electrophilic stress template

Component clauses
Since it was first mooted in 1983,31 this disease model has 
evolved in line with new observations.5,32 The 1998 version6 
views the acinar cell as the site of mounting electrophilic 
stress that steadily erodes methyl (CH3) and thiol (SH)—
principally glutathione (GSH )—moieties, as a result of CYP 
induction, concurrent exposure to a toxicant that yields RXS, 
and insufficiency of refurbishing micronutrients (Figure 1). 
A fourth factor must now be built into the equation, namely 
gene mutations that might favor the cytoplasmic presence of 
trypsin.28 This enzyme, as also chymotrysin, is readily inhib-
ited by GSH via SH–SS exchange6 should it break loose of 
constraint by SPINK1 (serine protease inhibitor Kazal 
type 1).33 Less GSH is then available for control of electro-
philic / oxidative stress and other vital roles.6,9,34

The qualifying clauses help to explain why patients on 
CYP-inducing anticonvulsant drugs rarely develop chronic 
pancreatitis, or why profound electrophilic/oxidative stress 

but with low CYP activity in children with kwashiorkor 
results in painless loss of acini, not chronic pancreati-
tis.35 The concept does allow for a steady buildup of ROS 
alone, as in elderly people36 and patients with hereditary 
pancreatitis.34,37,38

Within this framework, each burst of electron transfer 
reactions hinders apical exocytosis to trigger an attack of 
pancreatitis by interfering with the methionine-to-GSH 
metabolic pathway, which interacts closely with ascor-
bate and selenium. The diversion of free radical oxidation 
products (FROP) into the interstitium causes mast cells 
to degranulate (Figure 1),3,39 thereby provoking inflam-
mation, the activation of nociceptive mechanisms that 
promote a chronic pain syndrome,13 and profibrotic inter-
actions. It is worth noting here that RXS (including those 
from opiates), bile salts and radiocontrast media evoke a 
non-IgE anaphylactoid response.39 Meanwhile, the acinar 
cell generates its own proinflammatory mediators under 
the influence of redox-sensitive signaling cascades,17 but 
pancreatitis is said not to ensue when basolateral exocyto-
sis is prevented.26

Cystic fibrosis, usually due to severe mutation in both 
alleles of the cystic fibrosis transmembrane conductance 
regulator (CFTR) gene, causes an accelerated noncalcific 
form of chronic pancreatitis that begins in utero: oxidative 
stress and inflammation are now regarded as integral fea-
tures of the disease, driven by unfolded CFTR via the ER 
stress-UPR system.27,40 This is not the position depicted in 
Figure 1, which instead seeks to understand the increased 
frequency of CFTR mutation(s), with or without mutation 
in SPINK1, among patients with idiopathic chronic pan-
creatitis,28 especially the tropical variant.41

Thus, neonatal hypertrypsinogenemia in CFTR carriers, 
and the enhanced susceptibility to experimental pancreatitis 
so conveyed, suggests hindrance to CFTR-facilitated apical 
exocytosis in the acinar cell under conditions of excessive 
FRA.9 Moreover, as predicted,6 CFTR is easily inacti-
vated by oxidants,9 which would have the same impact as 
pancreas-selective mutations in CFTR,42 compromising 
the delivery, via ductal cells, of bicarbonate into pancre-
atic juice, and thereby contributing to lithogenicity.3,43 The 
ability of the antioxidant curcumin to rescue DF508-CFTR 
localization in cell lines44 suggests that oxidants might be 
responsible for the cytoplasmic mislocalization of CFTR 
observed in alcoholic, idiopathic, and autoimmune pancre-
atitis.43 Of interest, the CFTR channel also transports the 
antioxidants GSH9,40 and thiocyanate.45

The framework shown in Figure 1 envisages permuta-
tions and combinations among the aforesaid factors plus 
oxidant attack on CFTR in ductal epithelium as determin-
ing outcome of recurrent acute pancreatitis, small-duct 
chronic pancreatitis or large-duct disease with or without 
calculi; regardless of age at onset and rate of progres-
sion. The worst combination appears to be in patients with 
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tropical pancreatitis.9,41,46 The popular notion of pancreatic 
autodigestion by prematurely activated trypsin in acinar 
cells has no part in the philosophy,1,33,39,47 and is increas-
ingly challenged by its former proponents.48 Although not 
in the schema, it is conceivable that RXS via CYP might be 
involved in the genesis of autoimmune pancreatitis, as it is 
in autoimmune hepatitis.49 This becomes plausible with the 
finding from studies in hepatocytes that newly synthesized 
CYP enters the secretory pathway to arrive at the outer sur-
face of the plasma membrane.50 As for a connection with 
ER stress, many xenobiotics have been shown to influence 
the UPR signaling route, with either prosurvival or pro-
death features, which is not surprising given that resident 
CYP straddles ER membranes.51

CYP induction/concurrent toxicants
Although the liver is the primary site of xenobiotic process-
ing by CYP, since around 1986 it has become increasingly 

evident that many organs including the pancreas possess 
this archaic, dormant, but inducible machinery.14,32 The 
detoxification of xenobiotics and excretion of hydrophilic 
metabolites is brought about by an initial oxidative step 
that utilizes ROS followed by conjugation of the intermedi-
ate metabolite with glucuronic acid, inorganic sulfur, acetyl 
groups, or GSH via GSH transferases (GST).12,52 The phe-
nomenon of “enzyme induction” ensures increased avail-
ability of the particular CYP isoform that is appropriate for 
the substrate in question. This is accomplished by increased 
synthesis of heme for incorporation into CYP and heme 
oxygenase.53 The latter degrades excess toxic heme with 
release of ferritin, bilirubin (via biliverdin), and carbon 
monoxide. Heme oxygenase is upregulated by numerous 
other stressors that share a capacity to decrease tissue GSH. 
The enzyme is carried in blood and is a potent antioxidant, 
as are the catalytic end-products. Moreover, it strongly 
inhibits mast cells.54 Membrane lipids are  integral to proper 
CYP function.14 So too is the trace element selenium, 

Figure 1. A framework for the pathogenesis of chronic pancreatitis, showing how risk factors interact to generate electrophilic/
oxidative stress while also promoting lithiasis. Note that the supply of critical micronutrients might be subnormal in absolute terms 
due to unaffordability of source foodstuffs (e.g., in Soweto), problems associated with senility,36 hostile culinary practices (e.g., as in 
India, resulting in destruction of ascorbic acid),or relative to increased oxidant load. Abbreviations: C18:2, oils rich in bi-unsaturated 
fatty acids; CYP, cytochrome P450 monooxygenases; PRSS1, SPINK1, CFTR, mutation(s) in genes for cationic trypsinogen, the serine 
protease inhibitor Kazal type 1, and the cystic fibrosis transmembrane conductance regulator; ROS reactive oxygen species; RXS reactive 
xenobiotic species; GSH, glutathione in bioactive form; CH3, activated methyl groups; Vit C (AA), the bioactive ascorbic acid form of 
vitamin C; GP-2, secreted component of zymogen granule membranes analogous to the renal cast protein;3 PAP, pancreatitis associated 
protein activated by electrophilic stress.3 Circled plus and minus symbols represent increases and decreases.
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a deficit of which causes hepatic heme to be wasted down 
the bilirubin route.55

The information in Table 1 is a distillate of many stud-
ies in patients with chronic pancreatitis that were itemized 
in earlier reviews,3,5,32,56 plus more recent observations in 
patients mainly with alcoholic disease.57,58 The findings 
are readily rationalized by the electrophilic stress concept 
(Figure 1), but not by any other theory on pathogenesis.3 
The information reveals that induction of the xenobiotic 
processing machinery in liver and pancreas is not innocu-
ous despite mobilization of several natural antioxants.15,20 
Studies on surgically resected specimens afford direct evi-
dence of CYP induction,59-61 and also on-going oxidative 
stress: structural aberrations by microscopy (Table 1),6 
FRA signals,62 increased FROP with decreased GSH,58,63 
increased concentrations of pro-oxidant metals (copper, 
iron) but decreased levels of antioxidant metals (zinc, 
selenium);58 and markers of the ER stress-UPR.30 The last 
finding might be expected to involve disrupted calcium 
homeostasis,27 but studies in isolated rat acini indicate that 
this is not a factor in toxicity from induced CYP.64 As to 
whether oxidative stress contributes to the sclerosing ductal 
lesions, its involvement in primary sclerosing cholangitis is 
worth noting,65 in that similar lesions are not infrequently 

present in patients with ordinary chronic pancreatitis.56 
Moreover, pancreatic juice,66 bile,67 and duodenal aspi-
rates68,69 from patients with chronic pancreatitis have high 
concentrations of irritant lipid oxidation products.

The key point is that the pancreas falls clinical victim 
while liver injury is generally silent—but why? The best 
explanation is that xenobiotics hit the gland directly via the 
arterial route, whereas ingested toxicants first encounter 
the liver which is best equipped to deal with RXS, via its 
huge complement of both GSH and GST.14,70 This is illus-
trated by experimental studies in the 1950s using a subcu-
taneous dose of carbon tetrachloride, which is processed by 
CYP, to yield RXS-mediated damage in advance of liver 
injury. These lesions could be “produced at will” by vary-
ing the dose, ranging from patchy lesions of early chronic 
pancreatitis, with or without concretions, to “pancreatic 
cirrhosis” or a cystic fibrosis-like appearance.71 The theme 
is reinforced by more recent studies with nitriles akin to 
those in dietary cassava (manioc, tapioca), and the occupa-
tional chemical dibutyltin.70 Prior induction of CYP2E1 by 
a small dose of ethanol augments dibutyltin injury,72 as is 
also true for hepatotoxicity from volatile hydrocarbons.73,74 
As for chronic exposure to ethanol, laboratory studies show 
that increased FRA precedes pancreatic injury.75 In the 

Table 1.

Hepatocyte Acinar cell

Compatible with CYP induction ↑ Cell size 
Ground glass hepatocytes
↑ SER mass
↑ Phospholipids in bile

↑ Drug metabolism
BSP-K1 [= ↑ ligandin]
Antipyrine clearance [= ↑ CYP overall]
Theophylline clearance [= ↑ CYP1A
Urinary D-glucaric acid [= ↑ phase-2]

↑ CYP by immunochemistry

↑ Cell size

↑ RER mass
↑ Protein in pancreatic juice
↑ Calcium in pancreatic juice

? Pancreatic contribution

↑ CYP by immunochemistry
Compatible with electrophilic / 

oxidative stress
Microvesicular steatosis

Dilated SER
↑ Lipofuscin in tissue [= ↑ lipid peroxidation]
↑ FROP in bile

↑ Bilirubin in bile [= ↑ haem oxygenase in liver]
↑ Copper in bile

↑ serum caerulopalmin [= ↑ ferroxidase 1]
↑ serum ferritin
Sclerosing cholangitis-like lesions

Microvesiculation
Pancreastasis episodes
Tubular complexes
Dilated RER
↑ Lipofuscin in tissue
↑ FROP in pancreatic juice
↑ Lysosomal enzymes in pancreatic juice
↑ Mucin and PAP/reg111 in pancreatic juice
↑ Lactoferrin in pancreatic juice
↑ Albumin in pancreatic juice
↑ serum PAP

Sclerosing ductal lesions

Abbreviations: SER = smooth endoplasmic reticulum; RER = rough endoplasmic reticulum; BSP-K1 = first-phase corrected disappearance curve after 
injection of sulphobromophthalein; CYP = cytochrome P450; CYP1A = the isoform inducible by polycyclic and other hydrocarbons; FROP = free 
radical oxidation products; PAP/reg111 = secretory stress, pancreatitis- associated protein subtype. Upward arrows indicate increases.
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drug metabolism studies from Manchester, UK (Table 1), 
heightened theophylline clearance was the predominant 
finding in patients with idiopathic or alcoholic disease,56 
indicating induction of CYP1A52—as by C18:2 fatty acids 
(e.g., in corn, peanut, or linseed oil), polycyclic aromatic 
hydrocarbons, and halogenated hydrocarbons.76

Since a proportion of arterial blood first enters islets 
cells, it is likely that RXS generated in CYP-induced islets 
are delivered to some acini by the insulo-portal conduit, 
thus adding to their RXS burden, and potentially explain-
ing the patchy distribution of lesions.6,60,71 The abundance 
of GST in islet cells affords insurance against injury in the 
short term, whereas a dearth of GST in acinar cells,whether 
absolute,77 or relative to increased need from CYP induc-
tion,59-61 renders them vulnerable.9 Moreover, relatively 
long-lived FROP and RXS generated in the CYP-induced 
liver (Table 1) could aggravate pancreatic injury if they 
find their way there via refluxed bile78 or the bloodstream.56

Of all the findings in Table 1, the increase in bilirubin 
is most revealing because it indicates induction of heme 
oxygenase to combat severe oxidative stress. A further 
surge accompanies a pancreatitis relapse,56 mimicking the 
abrupt enzyme rise when phenobarbitone-treated rats are 
exposed to RXS from halothane gas.79 The combination 
of induced CYP1A, increased copper, and induced heme 
oxygenase is a unique exposé of environmental toxicol-
ogy in humans.80,81 The 3 findings cannot be dismissed 
as a consequence of impaired pancreatic function because 
there was no correlation with its degree as measured by 
secretin-pancreozymin tests.56 However, the normaliza-
tion of copper and bilirubin data by long-term treatment 
with pancreatic extracts56 is of the utmost interest now 
that a paper documenting the antioxidant potential of such 
extracts has been found (see below). Both bile and pancre-
atic juice inhibit copper absorption in experimental models, 
but studies using radioisotopes did not show any difference 
in copper absorption by healthy volunteers, patients with 
untreated chronic pancreatitis, or those taking pancreatic 
extracts (unpublished data).

Reports from the UK (Manchester),82,83 southern India 
(Madras),84 and South Africa (Soweto),57,85 have revealed 
repetitive exposure to volatile hydrocarbons among patients 
with chronic pancreatitis, whether in a occupational envi-
ronmental or domestic settings (e.g. kerosene or paraffin 
lamps and/or cookers in confined spaces). In the first UK 
study, patients noted freedom from attacks when away 
from the workplace.82 The 6-fold decline between 1962 
and 1987 in annual hospital admissions with the disease in 
Kerala province, southern India, coincides with the intro-
duction of electricity, which removed the dependence on 
traditional lighting.3 An investigation in Soweto concluded 
that exposure to occupational chemicals distinguished 
patients labelled as having “alcoholic chronic pancreatitis” 
from alcoholic controls with similar cigarette usage and 

an equally poor diet.57 These observations add weight to 
case reports cited in previous reviews.14,86,87 Although the 
direct pancreatic toxicity of petrochemicals is documented 
in lower species,14 and hepatotoxicicity from kerosene was 
reported some time ago,88 the field of inhalation toxicology 
to the pancreas has been neglected until recent evidence of 
injury from cigarette smoke in rodents.3

This should soon be rectified, scepticism notwithstand-
ing,89 because the health risk from volatile petrochemicals 
is currently under intense scrutiny.90-92

Methyl/thiol insufficiency
In theory, there are many ways in which a burst of electron 
transfer reactions can impede apical exocytosis in acinar 
cells,14 but the evidence in patients with chronic pancrea-
titis points to a breakdown in the delivery of CH3 and SH 
moieties (Figure 2).5,14,39 The concept of methionine-
dependent exocytosis was enunciated in the 1950s.71,93,94 
and is now known to depend on methylation of membrane 
components, probably of a prenylated cysteine residue.95

The supply of CH3 moieties depends on de novo syn-
thesis from S-adenosylmethionine (SAM) via a folate-
dependent enzyme which catalyzes the production of 
S-adenosyl homocysteine (SAH), or by remethylation of 
the next metabolite, homocysteine, via choline-betaine and 
vitamin B12-folate cycles that need ATP and are facilitated 
by ascorbic acid, the bioactive from of vitamin C.9 Hence 
lack of folic acid also inhibits secretion.96 GSH derived 
from homocysteine by the transsulfuration pathway is 
another absolute requirement for apical exocytosis, not 
least by protecting participating enzymes in the methionine 
metabolic route6 while also sparing critical protein thiols.97 
Furthermore, in vitro studies identified the need of CFTR 
for exocytosis,98 while in vivo experiments showed that a 
surfeit of magnesium stabilizes the exocytosis machinery 
by antagonizing calcium.99

Both steps in the onward route from homocysteine to 
cysteine are powered by vitamin B6 (pyridoxine)-depend-
ent enzymes. Pyridoxal-5’-phosphate is also a cofactor for 
2 other enzymes involved in the synthesis of the gaseous 
mediator hydrogen sulfide (H2S) from homocysteine and 
cysteine,100 seemingly provoked when the progression to 
GSH is impeded. Cysteine is pluripotent – the rate-limiting 
component in GSH synthesis, source of taurine and inor-
ganic sulfate that facilitate the removal of RXS (Figure 2), 
key to proper protein folding in the ER,18 and seemingly 
even more important than GSH for redox control.101 The 
same is true for GSH, which not only facilitates exocyto-
sis and inhibits proteases, but also helps in redox control, 
serves as a reservoir for cysteine, mops up hydrogen and 
lipid peroxides, detoxifies RXS, and contributes to the 
extracellular antioxidant shield. Whereas its utilization in 
peroxide control is soon made good via interlocking GSH 
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peroxidase-GSH reductase, NADPH-NADP, and glucose 
6 phosphate-ribose 5 phosphate shuttles, it is permanently 
excreted from cells in conjugates with RXS (Figure 2).14,70 
In these circumstances, the ability of ascorbic acid to 
substitute for GSH by redox and nonredox pathways is 
invaluable,9 as is heightened activity of gamma glutamyl 

transpeptidase (γGT) in the plasma membrane that enables 
the uptake of reconstituting amino acids from the plasma 
GSH pool.57,70 However, these resources are finite.

The pathway of methionine metabolism also impacts 
on the correction of reductive stress by biomolecules 
with electrophilic methyl groups. These include SAM, 

Figure 2. The pathway of methionine metabolism. Key metabolites are SAM, sulfadeosnsyl methionine; SAH, sulfadenosyl 
homocysteine; and GSH, glutathionine. Other abbreviations: MTA, methylthioadenosine; ATP, adenosyl triosephosphate; Pi, activated 
phosphate; iSO4, inorganic sulfate; B2, B6, B12, riboflavin, pyridoxine and cobalamin; GSH. Px, glutathione peroxidase; GSH. Rx, 
glutathione reductase; Se, selenium; GSSG, oxidized glutathione on engaging with peroxides; GSSR, conjugates of glutathione with 
electrophiles from xenobiotics; NADPH and NADP, the reduced and oxidized forms of nicotinamide adenosine phosphatase; DP, 5-OP 
and GCT, enzymes involved in the synthesis of glutathione.70 Asterisks indicate enzymes that are known to be vulnerable to electrophilic/
oxidative stress. Reproduced from Braganza39, with kind permission from S. Karger AG, Basel, Germany.



Chronic Pancreatitis 449

phosphatidylcholine, betaine and carnitine.22 They appear 
to act by binding to positively charged nitrogen or sulfur 
moieties, a poising mechanism that is demonstrable in vitro 
when the reaction mix includes catalytically active iron, 
H2O2 and ascorbic acid. Carbon dioxide and carbon mon-
oxide are formed from the ascorbate molecule in parallel 
with generation of methane gas. It is now recognized that 
albumin acts as a sacrificial antireductive protein that emits 
a signal for proteolytic degradation and elimination when 
modified by OH• radicals.102

In patients with chronic pancreatitis, there is clear 
evidence of oxidant-associated breakdown in methionine 
metabolism. Thus, during a relapse, neutrophils show low 
GSH but an increase in the oxidized form,103 while urine 
and/or blood analysis point to a metabolic block in the trans-
sulfuration pathway distal to cysteine, leading to surges in 
cysteine and more proximate metabolites,103,104 and a fall 
in inorganic sulfur. By the third day, subnormal methionine 
and a further decline in sulfur levels hint at poor premor-
bid intake of sulfur amino acids.9 These twin problems, of 
hindrance to methionine metabolism within an oxidative 
environment and methionine insufficiency, are evident in 
studies of patients with quiescent disease, whether alco-
holic or idiopathic. (a) Peripheral blood displays a strong 
tendency to produce ROS.105-107 (b) Plasma/serum con-
tains excessive amounts of both protein carbonyls107 and 
lipid-based FROP as reported in papers that are too numer-
ous to cite individually. (c) Erythrocytes have subnormal 
levels of certain antioxidant enzymes, and GSH.108-110 (d) 
Transmethylation and transsulfuration pathways remain 
fractured.111 (e) 11C methionine scanning demonstrates 
good pancreatic uptake of the amino acid but then its regur-
gitation coupled with impaired enzyme secretion into the 
duodenum.112,113 (f) Subnormal plasma concentrations are 
reported of sulphur amino acids114 and thiols derived via the 
transsulfuration route,107, 115 including GSH.57, 107 Plasma 
homocysteine level may remain normal107 or increase in 
conjunction with subnormal folic acid,111 vitamin B6,

116 or 
vitamin B12.

57 (g) H2S appears in exhaled air.117 It is not 
known whether any of these aberrations has a bearing on 
displacement of Munc18c into the cytosol of intact acinar 
cells as noted in a resected specimen of a patient with stable 
disease: this “SM protein” is involved in pathological baso-
lateral exocytosis.26

Toward treatment

Clues for a prescription
Nonenzymic endogenous defenses against electrophilic/
oxidative stress are already upregulated in patients with 
chronic pancreattis (Table 1), and it is known that the aci-
nar cell has little copper-superoxide dismutase.9 The infer-
ence is that micronutrient antioxidants fall short in the face 

of the persisting assault from RXS/ROS.55,118 Many trace 
elements, the sulfur amino acids, and several, perhaps all, 
vitamins contribute in 1 or more ways to the antioxidant 
repertoire of tissues.35 Analysis of habitual diets is the only 
way to glean which items might be crucially lacking in the 
face of an increased oxidant load, not merely less than in 
healthy controls. The axiom – which extends to blood levels –  
cannot be overstated, while appreciating the difficulty 
in estimating that load.14-15 Low blood levels reflect the 
net result of intake, absorption, tissue sequestration and 
excretion.

Studies in Manchester, UK, identified lower habitual 
intakes of selenium, vitamin C, riboflavin and vitamin E in 
patients with idiopathic chronic pancreatitis than in age and 
gender-matched controls. Selenium was the best discrimi-
nator on stepwise analysis, and when examined in relation 
to theophylline clearance as a marker of CYP1A-related 
oxidant load,52 effectively distinguished between patients 
and controls.119 When the studies were extended to a control 
group with a similar, high theophylline clearance—patients 
with epilepsy on anticonvulsant CYP inducers—a second 
discriminant function emerged that was equally weighted 
on lower methionine and vitamin C in the chronic pancrea-
titis group.120 This is in line with in vitro studies showing 
heterosynergism between ascorbic acid and sulfur antioxi-
dants.121 Moreover, whereas the epilepsy group was in a 
care center insulated from environmental toxicants, regular 
exposure to volatile hydrocarbons was noted in 4 others 
who were employed and developed chronic pancreati-
tis.120 There are no comparable studies of habitual diets in 
patients with chronic pancreatitis.

The antioxidant role of selenium is generally linked to 
its presence at the active site of enzymes that are redox cat-
alysts. The best known are GSH peroxidase which removes 
H2O2 and lipid peroxides, and thioredoxin reductase which 
is homologous to GSH reductase and is critical for redox 
regulation of protein function and signaling.122 However, 
there is evidence that the element serves other important 
roles in the detoxification of xenobiotics.118 Ascorbic acid 
is pluripotent in combating electrophilic/oxidative stress. 
It can substitute for GSH, facilitates the homocysteine 
remethylation cycle (Figure 2), scavenges electrophiles, 
acts as a “Michael donor” in reactions with acrolein and 
genotoxic FROP,9 protects against OH• in plasma,20 and 
quenches mast cell histamine,123 which generates H2O2.

124 
Not only does the last factor rationalize the virtual absence 
of ascorbic acid in plasma samples from patients admitted 
with a pancreatitis attack,125,126 but it also underlines the 
involvement of mast cells.39,47,54

Lower concentrations of selenium have been noted 
in the serum/plasma of groups with chronic pancreati-
tis compared with control groups in diverse geographic 
regions,57,58,118,127-131 with subnormal GSH peroxidase 
activity when selenium level is very low.129 In Manchester 
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the lowest selenium values accompanied painful disease, 
and levels fell progressively over 4 days upon repeated 
exposure to CYP substrates used for drug kinetics studies.118 
There is debate as to whether128 or not131,132 malabsorp-
tion contributes to the decrease. However, treatment with 
pancreatic extracts is expected to augment the intake of 
selenium, zinc, magnesium, and methionine because the 
gland is a repository of those metals that should, and sul-
fur amino acids that might, survive the purification proce-
dure. However, the vitamins could be lost. This deduction 
is supported by a hitherto undiscovered study in patients 
with cystic fibrosis, in whom increases in plasma selenium 
and erythrocyte GSH peroxidase activity were attributed 
to substantial amounts of selenium in commercial prepa-
rations.132 The finding has obvious repercussions on the 
usage of pancreatic extracts to ease pancreatic pain in 
patients with small-duct chronic pancreatitis, and indicat-
ing micronutrient antioxidant therapy by proxy.133

Spectrophotometric assays of vitamin C do not indicate 
the percentage present in the bioactive ascorbic acid form, 
but it is revealed when an HPLC assay is run in parallel. 
Thus, the control levels of plasma vitamin C reported from 
Madras,134 Delhi,108 and Cochin109 in India are misleading 
if the Madras results can be generalized. Here the samples 
contained very little ascorbic acid, the discrepancy likely 
due to hostile culinary practices that might also destroy 
β-carotene. By contrast, among controls in Soweto the low 
level of ascorbic acid in plasma was proportionate to that of 
vitamin C, reflecting unaffordability of fresh fruit and veg-
etables, and fell further in the oxidizing milieu of chronic 
pancreatitis.57 In Manchester, ascorbic acid values were 
negligible in patients with calcific disease or cysts/pseudo-
cysts.8 Against this background, the good value for ascor-
bic acid reported in French patients seems anomalous,128 
and begs the question as to what fraction of total vitamin C 
this represented.

The triple whammy in the genesis of pancreatic electro-
philic stress—CYP induction, concurrent exposure to volatile 
toxicants, and insufficiency of particular micronutrients—
was highlighted by a report from Manchester on patients 
with idiopathic disease.78 Low protein intake, as in Madras 
and Soweto, impairs CYP induction. Consequently the rate 
of theophylline clearance in Madras controls was lower than 
in Manchester controls, yet significantly increased in local 
non-alcoholic patients,135 alongside regular close exposure 
to kerosene fumes and little ascorbic acid.46,134 At the time 
the studies were conducted in Soweto, it was not known 
that chlorzoxazone is a probe of CYP2E1 induction, as by 
ethanol.136 In those patients, predominantly with alcoholic 
disease, theophylline clearance was similar to that in healthy 
controls, but the impact of RXS was evident from a fall in 
plasma GSH, increased oxidation of plasma ascorbic acid, 
decreased urinary inorganic sulfate and increased D-glucaric 
acid.57 A subnormal concentration of zinc in serum57,58 and 

erythrocytes,109,128 correlates with reduced exocrine secre-
tory capacity109 rather than poor intake, and has no bearing 
on CYP function.

Potential benefit
Treatment with a combination of methionine, vitamin C 
and selenium should, in theory, help patients with painful 
chronic pancreatitis by several means. These include pro-
tecting the acinar exocytosis machinery, controlling rogue 
trypsin, removing RXS from halogenated hydrocarbons94 
and petrochemicals,137 shielding CFTR,9 curbing NF-κB 
activation and cytokine production,138 rectifying reductive 
stress, as by cyclosporine,139 inhibiting ER stress and acti-
vation of the UPR,140-142 and reducing the oxidative drive 
to stellate cells.143 Moreover, antioxidants stabilize mast 
cells,13,47 mediators from which are not only profibrotic, 
but also implicated in converting peripheral pain sensitiza-
tion into unrelenting pain from central sensitization.13

Insofar as recurrent acute pancreatitis (i.e., with histo-
logical restitution 6 or more weeks after the last episode 
as gauged by normal secretory and imaging studies),32 and 
chronic pancreatitis are now regarded as a disease con-
tinuum,3 some areas of overlap and subtle differences are 
interesting. Genetic studies show an increased frequency 
of CFTR with or without SPINK1 mutation in patients with 
pancreas divisum, type-1 hyperlipidemia, or hyperparathy-
ropidism.9 A pilot study reported regular exposure to vola-
tile hydrocarbons in patients without gallstones,82 and drug 
disposal studies indicated induction of CYP and ancillary 
systems in several of them.56 Analysis of secretin-stimu-
lated duodenal aspirates identified increased lipid peroxi-
dation, albeit less than in chronic pancreatitis.69 Dietary 
inventories showed that data points were on or close to 
the aforementioned discrimination line based on sele-
nium intake versus theophylline clearance.144 Oxidative 
stress has been implicated in the pathogenesis of recurrent 
pancreatitis due to a deficiency of lipoprotein lipase.145 
Plasma/serum profiles of micronutrients were found to be 
within normal limits, in contrast to the deficiency profiles 
seen in chronic pancreatitis.127 In other words, there seems 
to be a better match between the availability of micronutri-
ent antioxidants and the degree of electrophilic/oxidative 
stress in patients with recurrent acute pancreatitis, despite 
the need to protect a larger mass of functional parenchyma. 
However, this might not be the only explanation for why 
recurrent acute pancreatitis does not always progress to 
chronic pancreatitis.9,30,127,145,146

Pilot studies
In the 1980s there was no commercial preparation that could 
deliver methionine, vitamin C, and selenium simultaneously. 
Methionine tablets were available from Evans Medical 
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Ltd, Horsham, UK to treat paracetamol poisoning, which is 
caused by CYP-derived RXS, A nutraceutical from Wassen 
International, Leatherhead, UK provided the other 2 micronu-
trients along with β-carotene and α-tocopherol (vitamin E). The 
total daily doses that most often reduced attack frequency 
and/or background pain were identified by trial and error in a 
group of 23 patients.8 The group included 5 patients described 
in case reports of small-duct chronic pancreatitis or large-
duct disease without or with huge calculi.78,120 The doses 
were 2 gm methionine—although patients exposed to occu-
pational chemicals tended to need twice as much—600 μg  
organic selenium, 0.54 gm vitamin C, and, invariably with 
9000 IU of β-carotene and 270 IU of vitamin E. Side effects 
were usually minimal (e.g. nausea, or skin discoloration from 
β-carotene). Schizophrenia has been reported with methio-
nine doses exceeding 10 gm/day, but a patient with a strong 
family history developed symptoms on 4 gm/day.

A number of exclusion criteria for future placebo- 
controlled clinical trials were delineated. They include 
suspected pancreatic cancer; over-the counter vitamins/
antioxidants; children; pregnant women; pain that could be 
explained by concurrent illness such as gallstones, peptic 
ulcer, or somatic causes that are neither expected to nor 
respond to micronutrient therapy (unpublished data); large 
pseudocysts or bile duct stones that need invasive interven-
tion; advanced disease in which oxidants no longer have 
a target,105 as evidenced by steatorrhea, secretin tests or, 
nowadays, assay of fecal elastase;3,109,133 family history of 
schizophrenia; chronic renal or liver failure; and addiction 
to narcotic analgesics—because the associated pain mim-
ics that of chronic pancreatitis and because addicts might 
have ulterior motives for sickness behavior.13 Clearly, the 
earlier that micronutrient therapy is started in patients with 
relapses, and without gallstones, the greater the chance of 
success. These exclusion criteria can be relaxed outside of 
clinical trials when regular clinical and biochemical moni-
toring is possible.147

Assessing outcome
The goal of treatment is to correct electrophilic/oxidative 
stress and thereby to control pancreatic pain.13 Hence it 
stands to reason that there must be evidence of stress before 
recruitment, or the confident expectation of stress based 
on numerous published reports, provided that ineligible 
patients are excluded and that patients do not change their 
lifestyles for the duration of the trial. Furthermore, any 
reduction in pain while on active treatment should ideally 
be shown to occur pari passu with correction of such stress, 
so as to distinguish true improvement from the expected 
20% rate of amelioration by placebo.148 Low plasma/serum 
levels of 1 or more micronutrients in isolation merely indi-
cates a propensity to oxidative stress. Likewise, increases 
in plasma levels upon supplementation without reference 

to oxidant load are not only meaningless, but without 
benefit in healthy controls,149 and could be harmful by 
abolishing low-grade oxidative stress that is so essential 
physiologically.

In order to assess oxidant load, clinical investigators 
seek biochemical “fingerprints” of persisting stress. The 
choice, from the immense library,15 must be guided by the 
perceived primary target of attack, and by practicality. If 
lipids are the all-important target, the best current markers 
are F2 isoprostanes67 and thiobarbituric acid reacting sub-
stances (TBARS) the least specific albeit most popular. 
These are products of the classical lipid peroxidation path-
way, but there is another route that accounts for the bulk of 
so-called “diene conjugates” in biological fluids. This is the 
isomerization pathway, and it is easily mimicked in vitro by 
irradiating linoleic acid (LA, 9 cis, 12 cis) in the presence 
of albumin. Moreover, the route seems to be controlled by 
a selenium-dependent enzyme, as only 1 isomer (9 cis, 11 
trans) is present in bile, duodenal juice, and serum even 
though 4 are possible.150,151 Another reason is that serum 
selenium when viewed alongside the percent molar ratio of 
the isomer to the parent fatty acid (%MRLA) allowed dis-
tinguishing between data from patients with cystic fibro-
sis and controls.152 The isomer’s stability under ordinary 
freezing conditions and ease of batch analysis by auto-
mated HPLC makes it an attractive marker, but potential 
invalidation by food sources and bacterial contamination 
must be considered.

As argued recently,13 the triggering attack in pancre-
atitis is on enzymes and receptors that are protected by 
ascorbic acid interacting with GSH. Hence, useful meas-
ures in plasma/serum might include the percent oxidized 
ascorbic acid relative to total vitamin C;57 GSH coupled 
with γGT activity;57 protein carbonyls;107 and allan-
toin, signifying oxidation of uric acid which, along with 
albumin, glucose and bilirubin constitute the bulk anti-
oxidants. Convenient tests that measure “total plasma 
antioxidant activity” by commercial kits, so-called 
“TRAP” and “FRAP” assays that have been used in 
clinical trials,108,153 are misleading when used to monitor 
micronutrient therapy. They are strongly influenced by 
ascorbic acid which contributes 20% to the FRAP read-
ing, vitamin E which contributes 5%, β-carotene which 
contributes very little, and thiols which have no effect.9 
If a nomogram is available to monitor treatment,104,152 
so much the better. Since dysregulated methionine 
metabolism due to RXS seems to underlie most cases of 
chronic pancreatitis, an index of its repair by treatment 
(e.g., by metabolite assay(s)104,111 and/or 11C methionine 
scanning112,113) would be very helpful. These resources 
are scarce, but a sustained increase in erythrocyte GSH 
upon micronutrient therapy appears to be an indirect 
pointer.108 It is generally accepted that the identification 
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of oxidative stress and its correction should involve 
more than a single index of attack on a single target.14

As for clinical recording, exclusion criteria as well 
as criteria for diagnosing chronic pancreatitis should be 
specified, recognizing that minimal changes on endo-
scopic pancreatography or endoscopic ultrasonography 
are insufficient without a test of secretory capacity.3 The 
frequency of attacks, pain scores using visual analogue 
scales for the most common local descriptors of pain, the 
best available quality-of-life measure that befits pancre-
atic pain,154 and analgesic usage are indices of therapeutic 
efficacy, or lack of it. Questionnaires should be kept to a 
minimum and administered by the same clinician, given 
that patients cooperate voluntarily although they may be 
in much pain. Monitoring of compliance is best achieved 
by an objective measure, and since the detection of ascor-
bic acid by urinary dipstick is not quantitative, compliance 
might only be determined retrospectively when the results 
of blood analysis become available after completion of 
active treatment. The wide individual variability in disease 
pattern favors a switch-over trial design, which is limited 
by the carry-over effect of today’s high potency materi-
als such as Antox (Pharmanord, Morpeth, UK), although 
the average daily dose of selenium is half that used  
initially.155

Clinical trials

Meta-analyses
The first independent appraisal of antioxidant therapy for 
pain control in patients with chronic pancreatitis covered 
reports on randomized controlled trials (RCT) up to 2009, 
and concluded that the identified micronutrient combina-
tion (Section 3) improved outcome in each of 3 placebo-
controlled studies,108,153,156 but that meta-analysis was 
impossible because different instruments were used to 
measure pain.157 In the past 12 months, 3 meta-analyses 
have appeared that include studies to October 2012158 

December 2012,159 and February 2014.160 Despite the 
indiscriminate inclusion of RCTs judged satisfactory on 
mechanistic grounds, without considering the basis for 
treatment or legitimacy, each report concluded that active 
treatment reduced pain, especially using a micronutrient 
combination,159 and that although side effects (e.g., head-
ache, nausea, allergy, constipation, diarrhea) occurred in up 
to 19% of patients, and were usually mild, they did cause 
some patients to withdraw from the trials. The first trial, 
published in 1990,156 was unique in ticking all the boxes in 
the report under the Cochrane banner.158 The questionnaires 
used to gauge patient quality-of-life were based on studies 
of chronic backache, which were inappropriate in retro-
spect but the best tools available at the time. Interestingly, 
reports that were deemed fit for inclusion were not the 

same in these meta-analyses. All authors called for further 
large-scale studies.

Since the raison d’être for a micronutrient prescription 
is to boost the supply of CH3 and SH moieties (Section 3), 
the ineffectiveness of the micronutrient curcumin (despite 
curbing lipid peroxidation and being a potent inhibitor of 
mast cells) and allopurinol (an inhibitor of xanthine oxi-
dase) in clinical trials indicates that these substances did 
not achieve the desired goal, notably that curcumin did not 
increase GSH in erythrocytes. Yet, the curcumin trial161 
was included in each meta-analysis, and the allopurinol 
trial162 was included in 2.158,159 The Cochrane report158 cor-
rectly separated a study showing the benefit of allopuri-
nol or another antioxidant, dimethylsulfoxide, in patients 
with a pancreatitis relapse,163 wherein many other factors 
such as pancreatic ischemia come into play,5,39 but was 
included in the other 2 appraisals.159,160 However, that anal-
ysis included 2 studies published only as abstracts158 and a 
Polish-language report of vitamin C/E treatment versus no 
treatment, i.e., not the full micronutrient package,164 which 
was also included in another meta-analysis.160

Subjective assessments during this period concluded 
that micronutrient antioxidant therapy was convincing,7,12 
had potential10,11 could be useful as adjuvant therapy,165 was 
poor and based on very limited experience,166 or useless.167

Micronutrient combination

Table 2 summarizes information on studies of the micro-
nutrient combination, whether104,108,153,156,168,169 or not34,170 
placebo-controlled and excluding studies reported only as 
abstracts. In the original cross-over trial, clinical improve-
ment was accompanied by migration of data points toward 
the control zone in the nomogram relating serum levels 
of a lipid oxidation marker and selenium (Figure 3).104 
Amelioration of oxidative stress concurrently with clini-
cal improvement was shown in 2 other trials,108,168 one of 
which also noted reduction in markers of fibrosis.168 Clear 
benefit from active treatment accrued in all but 1 trial,169 
although its authors argued strongly in favor just 2 years 
earlier (Table 2), in a cross-sectional study, of patients 
already on micronutrient supplements versus no supple-
ments under a later policy (see below).154 Unfortunately, 
serious flaws render the second report invalid,13 while 
diluting the value of micronutrient therapy in each  
meta-analysis.

Of special note in Table 2 is the observation that the 
combination of SAM (instead of methionine) (Figure 2), 
plus vitamins A, C, E, and magnesium was beneficial in 
3 children with hereditary pancreatitis.34 Combination 
therapy was also highly successful in abolishing attacks 
in patients with lipoprotein lipase deficiency,145 which is 
interesting because in this instance xanthine oxidase rather  
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than induced CYP is the likely source of increased FRA.5 
Intravenous treatment with N-acetylcysteine in lieu of 
methionine, as a more immediate precursor of GSH 
(Figure 2), plus the other micronutrients by appro-
priate routes, resulted in rapid pain relief and con-
traction of the inflammatory calcific head mass in an 
emaciated patient with impedance to gastric outflow and 
silent hemochromatosis.171

Two RCTs are currently in progress, NCT01528540 
testing the micronutrient cocktail plus pregabalin (a pre-
synaptic voltage-gated blocker of the calcium channel) or 
placebo in all-comers, and EUROPAC-2 a 3-armed trial 
involving a potent commercial preparation of the antioxi-
dant combination (Antox version 1.2; Pharmanord, UK), 
versus magnesium, versus placebo in patients with heredi-
tary or idiopathic disease.

Other observations
(a) SAM alone, or with selenium and vitamin E, was inef-
fective in double-blind placebo-controlled RCTs from the 
UK.172 (b) This was also true for selenium and vitamin C in 
a single-blind RCT from India, which reported no diagnos-
tic criteria, stated gall stones/common bile duct stones as 
the most frequent etiological factor, did not specify if these 
problems were on-going, and administered proton pump 
inhibitors plus pancreatic extracts—both with antioxidant 
potential—to treatment and no treatment groups.173 (c) By 
contrast, in an open, observational study from the Czech 
Republic, vitamin C (0.5 gm/day) plus vitamin E (100 mg/
day) for 12 months resulted in substantial pain reduction, 
to the point of abolition in 44% of 70 patients mainly with 
alcoholic disease. This was largely attributable to vitamin 
C, in that vitamin E levels were inexplicably unchanged by 
treatment, and with the greatest decrements in ROS genera-
tion and lipid peroxides among patients with the most func-
tional parenchyma, judging by pancreatogram abnormality 
grade.105 (d) A study reported in Polish164 is cited in 2 meta-
analyses.158,160 The prescription (vitamin C 0.4 gm/day, 
vitamin E 300 mg/day) or no treatment was administered in 
an open RCT for 6 months in 91 patients with alcoholic dis-
ease, while blood antioxidant levels were monitored. The 
English-language abstract reports that 68% of the group 
of 46 on active treatment became pain free versus 31% of 
45 untreated (p=0.002). The treated group also had fewer 
pancreatitis relapses (p=0.03) and their weight improved 
(p=0.001), as did pancreatic exocrine (p=0.001) and endo-
crine function (p=0.015). (e) An anecdotal account from 
the USA showed impressive improvement in 3 patients 
treated with a grape-seed extract.174

Clinical improvement in the latter 3 studies suggests 
that methionine intake in those patients was adequate, such 
that ascorbic acid or potent antioxidants in the grape-seed 
extract protected enzymes in the methionine metabolic 

Figure 3. Discriminant analysis of serum selenium and the 
%molar ratio of the 9 cis 11 trans isomer of linoleic acid to 
the parent compound in controls and patients with recurrent 
pancreatitis. Discriminant function: selenium=8.76 x %MR + 
75.74. Note that this function also applies to data from placebo-
treated patients but fails to distinguish between controls and 
antioxidant-treated patients. Moreover, the discriminant function 
is not dissimilar to that recorded in patients with cystic fibrosis.152 
Reproduced with kind permission from Uden et al.104



Chronic Pancreatitis 455

route (Figure 2). Moreover, the Czech study shows that it 
is illogical to expect relief from oxidative stress-induced 
inflammatory pain in patients whose exocrine pancreatic 
function is severely compromised.

Long-term treatment
The long-term value of combination micronutrient ther-
apy has been documented in reports from Delhi41 and 
Manchester.147,175 However, the importance of correct-
ing reductive stress is illustrated by the finding that in 3 
Manchester patients with recurrent acute pancreatitis, who 
were referred after the trial, standard treatment failed. The 
addition of folate to provide more methyl groups did not 
help, but a choline supplement did (unpublished data). 
This is in tune with the experimental observation that poly-
enylphosphatidyl choline protects against pancreatic oxida-
tive stress in alcohol-treated rats.176 When choline intake 
falls short, this phospholipid can be synthesized from 
phosphatidyl ethanolamine, but incurs severe pressure on 
SAM, “the universal methyl donor”177 (Figure 2). There 
is now a convergence of thought on mechanisms of liver 
and pancreatic damage from a protracted excess of alcohol. 
The combination of 3 methyl donors—SAM, folate, and 
betaine—(Figure 2) alleviated alcoholic liver injury, while 
at the same time lowering the elevated SAM/SAH ratio 
and homocysteine level,178 but the aforesaid evidence also 
points to the critical importance of ascorbic acid in pro-
tecting the exocrine pancreas, as shown by its ameliorating 
effect in animal models of mild and severe pancreatitis.9 
The inescapable conclusion is that the choline-deficient 
ethionine-supplemented dietary model of acute pancreati-
tis, which is easily modified to cause inflammatory fibro-
sis, is highly relevant to clinical pancreatitis.

A surgical audit was conducted in 1992 of 94 patients 
attending the Manchester Pancreato-Biliary Unit, with a 
mean follow-up of 30 months on micronutrient therapy, 
and more than 5 years in 22% of cases.147 Imaging studies 
revealed that 85% had “large-duct disease”, i.e., moderate 
or advanced change pancreatitis by endoscopic pancreatog-
raphy, with or without calculi, and 15% had “small-duct 
disease”, usually identified by secretin-pancreozymin tests. 
No patient needed duct decompression or resective pan-
creatic surgery during 248 patient-years of follow-up. The 
total number of days spent in hospital while on treatment 
was significantly lower than in the preceding year; 78% of 
patients became pain free, and a further 7% had a substan-
tial reduction in pain (although several continued to take 
simple analgesics as fearful of an attack). Only 2 patients 
had continuous pain compared with 29 before micronu-
trient therapy. Of the 76 patients previously unemployed, 
88% were back at work, and 80% were doing the same 
job. Of the 42 patients who drank alcohol excessively, a 
third continued to drink as previously, half had abstained 

altogether, and the others had reduced their intake to “safe” 
limits.147

This excellent result, which was continued through to 
1998, such that surgery to treat the pain of chronic pan-
creatitis was virtually obsolete, accrued through strict 
guidelines. Patient-controlled devices to deliver morphine 
were forbidden. Routine endoscopic sphincterotomy, pan-
creatic duct stents, or attempts at clearance of pancreatic 
calculi were firmly rejected. Psychiatric help was sought 
early when dependence on narcotic analgesics or despair at 
social upheaval loomed. Input of primary care practitioners 
was solicited, and nutritionists, social workers, and phar-
macists were engaged from the outset. The prescription of 
opiates in patients who were already dependent at referral 
was devolved to the pain team. A weekly medical-surgical 
clinic was preceded by an interdisciplinary discussion on 
patients to be seen that day and coordinated by a medical 
registrar, nurse specialist, and biochemist. Each doctor had 
a printout of previous antioxidant and %MRLA data, so 
that selenium dosage could be adjusted with reference to 
the nomogram (Figure 3). Whole blood GSH helped to 
assess methionine adequacy and adequacy of vitamin C 
was assessed by reference to the percentage oxidation of 
ascorbic acid (unpublished data).

The full prescription was usually needed for 6 months, 
during which dietary advice was given on antioxidant-
rich foodstuffs.147 Negotiation with executives from 
Pharmanord, UK, resulted in a combination tablet, Antox, 
that reduced the number to an average of 4 per day com-
pared with 14 per day in the original trial. Further improve-
ments were made by the company so as with Antox version 
1.2 to increase the daily dose of methionine, while limiting 
β-carotene to the shell, because of cosmetic distress from 
a yellow hue. Treatment failure occurred in approximately 
10% of about 300 patients, and was associated with large 
cysts/pseudocysts, noncompliance in unreformed alcohol-
ics, undiagnosed neoplasia in 2 (adenocarcinoma, papillary 
mucinous) and in the previously described patients with 
recurrent acute pancreatitis (unpublished data).

After 1998, new physicians brought their previous 
experience to bear such that patient-controlled pumps to 
deliver morphine were introduced, morphine prescriptions 
soared, invasive intervention increased, and the micronutri-
ent prescription ceased. The change in practice was linked 
to an increased daily dose of morphine and a 54% prior 
intervention rate reported in the recent negative trial of 
combination micronutrient therapy (Table 2),169 compared 
to none on either count in the 1990 report.156

Conclusion

Chronic pancreatitis seems to represent “hepatization” of 
the gland—a reversion to its ancestral roots—as a result of 
chronic exposure to xenobiotics that strike parenterally.32, 71 
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Choline intake and status in patients consuming their habit-
ual diet were unfortunately not assessed in the Manchester 
studies, but are urgently needed. In the meantime, the addi-
tion of a choline supplement to the successful micronutrient 
cocktail is judicious, and probably should take precedence 
over calls to prescribe zinc, folate, or magnesium. The per-
ception of electrophilic/oxidative stress in acinar cells as 
the “obligate intermediate phenotype” in the pathogenesis 
of chronic pancreatitis (Figure 1) fulfils a set of postulates 
derived from Koch’s classical work on tuberculosis, as mod-
ified for a polygenic disease.5,6 Hence, it is difficult to see 
the need for “a new framework for 21st century medicine”.179

Addendum

The result of NCT01528540 has recently been published 
on-line. “Narcotic-naive” patients with chronic pancreati-
tis, and pain despite clearance of ductal calculi, received 
either a combination of pregabalin plus the Manchester anti-
oxidant prescription or placebos for 2 months; wherepon 
pregabalin was stopped and all patients had open micronu-
trient antioxidant therapy for 4 months. Not only did active 
treatment lower pain compared to placebo when assessed 
in several ways at 2 months, but also pain was further low-
ered by 6 months in the first set. Moreover, the mitigating 
effect of micronutrient therapy was evident at this stage in 
the set that initially received placebo [Taludkar R et al. J 
Gastroenterol Hepatol. 2016. DOI: 10.1111/jgh.13332].
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Introduction

The natural history of chronic pancreatitis (CP) includes 
progressive loss of exocrine and endocrine function. 
Endocrine failure occurs because of progressive destruc-
tion of the gland by the ongoing inflammatory events of CP, 
and results in diabetes which is termed pancreatogenic or 
type 3c diabetes (T3cDM). The pathophysiology of T3cDM  
includes loss of secretion of the principal glucoregulatory 
hormones produced by the islets (insulin, glucagon, and 
pancreatic polypeptide), and is contributed to by abnormal 
secretion of the incretin hormones glucagon-like peptide 1 
(GLP-1) and glucose-dependent insulinotropic polypep-
tide (GIP), which are adversely affected by the loss of 
exocrine function. T3cDM is therefore a complex form of 
secondary diabetes, and it requires careful assessment and 
management.

Pathophysiology of T3cDM

Definition and Classification of 
Pancreatogenic or T3cDM
Diabetes caused by agenesis, destruction, or loss of the exo-
crine pancreas has been termed pancreatogenic diabetes. In 
1979, the National Diabetes Data Group of the National 
Institutes of Health formulated a classification system that 
defined secondary diabetes caused by pancreatic disease 
as a third type of diabetes, after type 1 and type 2.1 The 
classification was subsequently endorsed by the American 
Diabetes Association (ADA) and other groups. In 1997, 
the ADA published a table of diabetes classifications in 
which pancreatogenic diabetes was listed as T3cDM.2 The 
ADA classification table was subsequently republished as 
an annual supplement from 20023 to 2014.4 In 2015, the 
classification table included pancreatogenic diabetes as 
a form of “diabetes due to other causes” without further 

description or guidelines for diagnosis or therapy.5 The 
term T3cDM has been used repeatedly by investigators and 
clinicians to refer to the diabetes that results from, or is 
associated with, pancreatitis, trauma/pancreatectomy, neo-
plasia, cystic fibrosis, hemochromatosis, or fibrocalcific 
pancreatopathy. 

It is uncertain whether pancreatogenic diabetes due 
to CP is identical to other forms of T3cDM having other 
causes such as pancreatectomy, pancreatic cancer, or cystic 
fibrosis, or whether these various causes of T3cDM have 
similar etiologies. T3cDM caused by CP most closely 
resembles the form of diabetes associated with pancreatic 
resection, in that beta cell mass is reduced according to the 
extent of the resection or disease. A deficiency of pancreatic 
polypeptide (PP), a regulator of the expression and availa-
bility of hepatic insulin receptors, is a consequence of both 
advanced CP and proximal (or total) pancreatectomy.6 In 
diabetes that is a consequence, and frequently a harbinger, 
of pancreatic ductal adenocarcinoma (PDAC), impaired 
insulin secretion is believed to be a para- neoplastic phe-
nomenon,7 and insulin sensitivity is impaired.8 The impair-
ment in (hepatic) insulin sensitivity may be a consequence 
of the loss of PP secretion associated with PDAC localized 
to the pancreatic head.9 In diabetes associated with cystic 
fibrosis, the progressive destruction of the pancreas due to 
impairment in bicarbonate secretion caused by mutations 
in the cystic fibrosis transmembrane receptor, is associated 
with insulin deficiency as well as a loss of hepatic insulin 
sensitivity,10 which may also be a consequence of impaired 
PP secretion.11

Prevalence of T3cDM
The prevalence of pancreatogenic or T3cDM was believed 
to be quite low until recent studies by Hardt et al12 and 
Ewald et al13 showed that T3cDM accounted for 8% to 
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9% of the total population of over 1900 diabetic patients 
referred to an academic center in Germany (Figure 1). 
No such prevalence study has been published for North 
America or elsewhere because of uncertainly of the criteria 
for the designation of T3cDM and its differentiation from 
type 1 (T1DM) and type 2 diabetes (T2DM). In the German 
series, half of the patients with probable or definite T3cDM 
had been previously misdiagnosed as having either T1DM 
or T2DM. The largest percentage of patients classified as 
having T3cDM (76%) had antecedent CP.

Natural History of CP-associated T3cDM
The prevalence of diabetes in patients with CP has been 
reported to range from 20% to 70%.14,15 Longitudinal stud-
ies of 500 patients with (alcohol-induced) CP showed that 
after 25 years, 83% of patients had developed diabetes, and 
most required insulin treatment.16 The morbidity of the dia-
betes due to small vessel disease (retinopathy and nephrop-
athy) has been shown to be similar for T3cDM as for other 
types17, and the mortality of T3cDM from hypoglycemia 
and other diabetic complications appears comparable to 
that of diabetes of other causes.

Pathophysiology of T3cDM
Severe T3cDM secondary to complete loss of islet hor-
mone secretion is associated with a form of disease termed 
“brittle diabetes” because of a loss of both insulin and 
glucagon secretion. Insulin deficiency results in an increase 
in peripheral insulin sensitivity and the potential for over-
medication despite small doses of insulin. Glucagon defi-
ciency results in a loss of hypoglycemia awareness and 

responsiveness with resulting neuroglycopenia. A 1981 
series of 117 patients treated with partial and total pancrea-
tectomy for CP revealed that half the late deaths after sur-
gery were due to hypoglycemia.18

Hyperglycemia in T3cDM results from insulin defi-
ciency, and persistent endogenous glucose production due 
to the loss of hepatic insulin sensitivity.6 In laboratory and 
clinical studies, persistent hepatic glucose production was 
seen to be associated with the loss of PP secretion,19,20 and 
was reversed by PP administration in PP-deficient patients 
with CP.21

Progressive exocrine dysfunction results in lipase defi-
ciency and a failure to digest fats. This results in impaired 
absortion of the fat-soluble vitamins A, D, E, and K,22 
and is associated with a high prevalence of metabolic 
bone disease and fractures in CP.23 The loss of fat diges-
tion also results in impaired incretin-mediated insulin 
release because of altered GLP-1 and GIP secretion from 
the proximal and distal small bowel. Pancreatic enzyme 
replacement therapy (PERT) has been shown to restore 
incretin secretion and improve nutrient-induced insulin 
release.24,25 The clinical and laboratory characteristics that 
differentiate T1DM, T2DM and T3cDM are compared  
in Table 1.

Differentiation of T3cDM from T1DM and T2DM
The diagnosis of T3cDM due to CP was addressed in 
a consensus conference held at the annual meeting of 
PancreasFest in 2012.26 A definition of the major and 
minor criteria for diagnosis of T3cDM was described, 
and included the documentation of antecedent pancreatic 
exocrine disease established by radiology and exocrine 

Figure 1. Distribution of types of diabetes (a) and causes of type 3c (pancreatogenic) diabetes (b) based on studies of 1,922 
diabetic patients referred to an academic medical center.6 Used with permission.12
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secretory testing. In addition, the absence of anti-islet anti-
bodies (to rule out T1DM) and PP deficiency (to rule out 
T2DM) were included as criteria. These criteria have also 
been used by Ewald et al. in their studies of T3cDM.27 As 
the majority of patients with CP will develop diabetes later 
in their disease course, the most common misdiagnosis is 
that of T2DM. A proposed set of criteria for the diagnosis 
of T3cDM is shown in Table 2.

PP secretion is increased in obesity associated with dia-
betes,28 normal aging, and age-related diabetes.29 PP secre-
tion is increased in these diabetes groups, presumably as a 
compensatory response to a progressive decline in insulin 
sensitivity. However, PP secretion is impaired in T3cDM 
caused by CP, pancreatic resection, pancreatic carcinoma, 

and cystic fibrosis6 (Table 1). Therefore, a failure of PP 
secretion in response to oral nutrients is a useful test to 
discriminate T3cDM from the more prevalent T2DM. PP 
secretion is stimulated by glucose, protein, and fat; but 
glucose alone is a relatively weak stimulant of PP release. 
This is probably a consequence of the normal enteric 
stimulation of PP release by cholecystokinin (CCK)30 and 
GIP.29,31 Because oral glucose is a weak stimulant of PP, it 
is recommended that a mixed meal test be used to docu-
ment PP levels.26 Eight ounces of a liquid nutritional sup-
plement such as Boost or Ensure serve as suitable nutrient 
stimuli for PP release and are usually well tolerated. PP 
levels normally increase 3- to 5-fold within 30–60 minutes 
after ingestion of the liquid meal. Plasma levels obtained 

Table 1. Clinical and laboratory findings in types of diabetes mellitus.

Parameter
T1DM  

(IDDM)
T2DM  

(NIDDM)
T3cDM  

(Pancreatogenic)

Ketoacidosis Common Rare Rare
Hyperglycemia Severe Usually Mild Mild
Hypoglycemia Common Rare Common
Peripheral insulin sensitivity Normal or increased Decreased Increased
Hepatic insulin sensitivity Normal Normal or decreased Decreased
Insulin levels Low High Low
Glucagon levels Normal or High Normal or high Low
PP levels Normal or low (late) High Low
GIP levels Normal or low Variable Low
GLP-1 levels Normal Variable Variable
Typical age of onset Childhood or adolescence Adulthood Any
Typical etiology Auto-immune Obesity or Aging CP, Post-op, PDAC

T1DM, type 1 diabetes mellitus; T2DM, type 2 diabetes mellitus; T3cDM, type 3c diabetes mellitus; IDDM, insulin dependent diabetes mellitus; 
NIDDK, non-insulin dependent diabetes mellitus; PP, pancreatic polypeptide; GIP, glucose-dependent insulinotropic polypeptide; GLP-1,  
glucagon-like peptide-1; CP, chronic pancreatitis; PDAC, pancreatic ductal adenocarcinoma.
Modified, and used with permission.6

Table 2. Proposed criteria for the diagnosis of type 3c diabetes in CP.

Major Criteria (All must be present)

Pancreatic exocrine deficiency (based on FE1 level < 200 ug/g or direct exocrine testing)
Abnormal pancreatic imaging (EUS, MRI, or CT)
Absence of anti-islet antibodies (to rule out T1DM)
Deficient PP response to oral nutrient challenge (to rule out T2DM)

Minor Criteria (Suggestive but non-specific)

Impaired beta cell function (by oral or intravenous GTT, HOMA-B*, or C-peptide/glucose ratio51)
No excessive insulin resistance (by HOMA-IR52)
Impaired Incretin secretion (e.g., GIP levels)
Low serum levels of lipid-soluble vitamins (e.g., A, D. E, K) 

CP, chronic pancreatitis; FE1, fecal elastase-1; EUS, endoscopic ultrasound; MRI, magnetic resonance imaging; CT, computer-assisted tomography; 
T1DM, type 1 diabetes mellitus; T2DM, type 2 diabetes mellitus; GTT, glucose tolerance testing; HOMA-B, homeostasis model of assessment for beta 
cell function; HOMA-IR, homeostasis model of assessment for insulin resistance; GIP, glucose-dependent insulinotropic polypeptide.
Modified, and used with permission.27
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before (fasting) and at 30 and 60 minutes after ingestion are 
sufficient to detect a failure (less than 2-fold increase) in  
PP secretion.

Practical Importance of Differentiating  
T3cDM from T2DM
T3cDM differs from T2DM in having a high prevalence 
of metabolic bone disease and nutritional deficiencies, and 
an increased risk of pancreatic cancer. Pancreatic exocrine 
insufficiency is present in most patients with T3cDM, and 
frequently exists despite the absence of the classic symp-
tom of steatorrhea. When T3cDM is diagnosed or sus-
pected, it is appropriate to assess exocrine function in all 
patients. The most commonly used test is the fecal elastase 
1 (FE1) level.27 Levels of FE1 above 200 µg/g are con-
sidered normal, whereas levels below 100 µg/g indicate 
significant exocrine impairment.32 Low FE1 levels or a 
history suggestive of exocrine insufficiency are indications  
for PERT.

Metabolic bone disease because of a loss of vitamin 
D absorption is common in patients with CP and T3cDM. 
Vitamin D supplements along with PERT are believed to be 
useful to reduce the risk of osteopenia and bone fractures,22 
and should be considered in all patients.

CP associated with diabetes carries a 12- to 33-fold 
increased risk of pancreatic cancer.33–35 Therefore, all 
patients with T3cDM due to CP should be regularly evalu-
ated for the presence of this malignancy. Indications of 
the presence of PDAC include unexplained weight loss 
or a sudden worsening of glycemic control in a patient 
with known diabetes. Surveillance studies might include 
CA19-9 levels, although this has not been shown to 
be a useful marker of early-stage (resectable) PDAC. 
No published criteria have yet been formalized for the 
screening of CP patients other than periodic pancre-
atic imaging. Although CT scanning is the most widely 
imaging technique, endoscopic ultrasound is more use-
ful for the detection of early-stage disease. Patients with 
stable CP who suddenly develop diabetes are candidates 

for pancreatic imaging studies to rule out the possibility  
of PDAC.

Management of T3cDM

Screening for Diabetes
All patients with CP should be periodically evaluated for the 
presence or development of T3cDM.26 Surveillance should 
include hemoglobin A1C (Hgb A1C) levels or fasting glu-
cose levels as recommended by the ADA (Table 3). Values 
that are suspicious or nondiagnostic for diabetes should 
be followed by oral glucose tolerance testing (OGTT) to 
confirm the presence of diabetes. Repeat testing should be 
performed every 6 months if equivocal or nondiagnostic, 
or every 3 years if normal.5 Differentiation of T3cDM from 
T2DM should include the criteria shown in Table 2 with the 
measurement of PP responsiveness to a liquid test meal, as 
described above.

PP deficiency may be the earliest indication of endo-
crine dysfunction in CP. Because PP-secreting cells are 
localized predominantly in the pancreatic head and unci-
nate process, inflammation localized to the pancreatic 
head may affect PP secretion before global beta cell fail-
ure results in hyperglycemia. PP deficiency is associated 
with impaired hepatic insulin sensitivity, but may not 
result in diabetes if sufficient residual islet function is  
present.20

Algorithm for Management of Hyperglycemia
The goal of therapy is to lower the HbA1C level to less than 
7%. No evidence-based recommendations are available to 
guide treatment specific to T3cDM. Therefore guidelines 
that pertain to the management of T2DM are usually fol-
lowed.36 Oral therapy beginning with metformin is rec-
ommended, although use of this drug may be problematic 
in patients with CP because of gastrointestinal irritabil-
ity. A schedule of graduated increases in metformin dose 
has been recommended to lessen side effects (Table 4). 

Table 3. Diabetes surveillance of CP.

Hemoglobin A1C level (HbA1C) (normal < 5. 7%; impaired 5.7-6.5%)
Fasting plasma glucose (FPG) (normal < 100 mg/dL or 5.6 mmol/L; impaired 100-126 mg/dL or 5.6-7.0 mmol/L)
Oral glucose tolerance test* (OGTT) (normal 2 h plasma glucose level < 140 mg/dL or 7.8 mmol/L; impaired 140-200 mg/dL or 

7.8-11.1 mmol/L)
Random plasma glucose** (normal <200 mg/dL or 11.1 mmol/L)

*75 g glucose ingested within 5 minutes.
Impaired values for HbA1C or FPG indicate the need for OGTT testing.
Impaired values for OGTT indicate the need for repeat testing in 6 months.
Normal values indicate repeat testing in 3 years.
**Abnormal value sufficient for diagnosis of diabetes when accompanied by classic symptoms.
Used with permission.26
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Periodic HbA1C testing may be used to assess the effective-
ness of therapy.

If metformin is not tolerated or is ineffective, additional 
or alternative medications include alpha glucosidase inhib-
itors (αGIs),37 thiazolidinediones (TZDs),38 and sodium-
glucose cotransporter-2 inhibitors (SGLT2Is).39 TZDs 
have been shown in one study to be effective in reversing 
the hepatic insulin resistance of T3cDM due to CP,40 but 
SGLT2Is have been associated with euglycemic acidosis 
in insulin deficient patients41 so they should be used with 
caution.

Insulin secretagogues and incretin-based therapy 
should be avoided or delayed when possible, because of 
the increased incidence of hypoglycemia associated with 
sulfonylurea therapy, and the suspected (but unconfirmed) 
risk of pancreatitis and pancreatic malignancy associated 
with incretin-based therapy. It is recommended that until 
studies of incretin-based therapy are found safe in patients 
with T3cDM, that these agents be avoided.26 In CP patients 
with impaired glucagon secretion, the risk of hypoglycemia 
is increased. Metformin, TZDs, and αGIs have not been 
shown to increase the risk of hypoglycemia compared with 
other therapies.42 Patients with a history of hypoglycemia 
might better be managed with a therapeutic goal of main-
taining an HbA1C level less than 8%.

When hyperglycemic crises occur, or when HbA1C 
levels are persistently above 7%, insulin treatment is 
indicated for the management of T3cDM.6 Patients with 

T3cDM frequently require low doses of insulin because of 
increased peripheral insulin sensitivity. A usual approach is 
to begin with 10 units of Lantus insulin once per day with 
subsequent assessment of HbA1C levels and surveillance of 
hypoglycemia. Additional doses of insulin may be neces-
sary; twice daily administration or greater. Patients with 
brittle diabetes may be better managed with a program-
mable insulin pump coupled with a continuous glucose 
monitor.

Importance of PERT
Pancreatic exocrine insufficiency is present in virtually 
all patients with T3cDM, and may not be accompanied by 
the classic symptom of steatorrhea43, so PERT is recom-
mended for consideration in all cases. Oral enzyme supple-
ments vary in formulation and dosage, and their availability 
is affected by healthcare coverage and distribution issues. 
Therefore, multiple formulations of pancreatic enzyme 
supplements are potentially useful, with selection based on 
availability (Table 5).

In general, 90,000 USP units of enzyme are required 
for complete digestion and absorption of a normal meal. 
The amount of enzymes required by an individual patient 
will depend on residual endogenous exocrine function, 
and may be limited by side effects. It is recommended that 
therapy begin with a dose of 50,000-60,000 USP units, or 
1,000 USP units of lipase/kg, per meal, taken in divided 

Table 4. Metformin graduated dose schedule.

1. Begin with low dose (500 mg) metformin taken once or twice a day (before breakfast and/or dinner) or 850 mg once a day 
(before breakfast).

2. After 5-7 days, if gastrointestinal side effects have not occurred, advance dose to 850-1,000 mg twice a day.
3. If gastrointestinal side effects appear as dose is increased, drop back to previous dose and wait an additional 2-4 weeks before 

increasing dose again.
4. Maximum effective dose is 1,000 mg twice a day, although dose increase to 2,500 mg/day may have greater effectiveness if 

gastrointestinal side effects do not intervene.
5. Generic metfomin is preferred because of cost considerations, but a longer-acting formulation available in some countries may 

allow once-a-day dosing. Metformin is contraindicated in patients with renal failure or when glomerular filtration rate falls to 
< 30 ml/min.

Modified, and used with permission.36

Table 5. Pancreatic enzyme formulations.

Product formulation Manufacturer Lipase content (USP)/pill or capsule

Zenpep Enteric-coated porcine capsule Aptalis 3000, 5000, 10,000, 15,000, 20,000
Creon Enteric-coated porcine capsule Abbott/AbVie 3,000, 6,000, 12,000, 24,000
Pancreaze Enteric-coated porcine capsule Ortho-McNeil-Janssen 4,200, 10,500, 16,800, 21,000
Pertzye Enteric-coated porcine plus bicarbonate capsule Digestive Care 8,000, 16,000
Ultresa Enteric-coated porcine capsule Aptalis 13,800, 20,700, 23,000
Viokase Non-enteric coated tablet Aptalis 10,440, 20,880

Modified, and used with permission.44
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doses before and after eating, with subsequent assessment 
of effectiveness and symptoms.22 Pancreatic enzyme bio-
availability is affected by acid inactivation of lipase, so an 
antacid medication is usually prescribed to improve effi-
cacy.44 Multivitamins or vitamin D supplements are also 
appropriate to consider in patients with T3cDM because of 
the high prevalence of metabolic bone disease in CP.

Role of Early Intervention in Delaying or Preventing 
Progressive Endocrine Failure
Progressive endocrine dysfunction is a sign of progressive 
pancreatic destruction caused by CP. Therefore, therapeu-
tic interventions that halt or delay the continued inflam-
mation may prevent or delay the development of T3cDM. 
These interventions may include therapeutic endoscopy 
or surgery to prevent persistent inflammation, in addition 
to abstinence from toxic agents (e.g., alcohol and nico-
tine) that are associated with recurrent attacks. The relief 
of obstructive pancreatopathy by surgical decompres-
sion has been shown to prevent or delay the progression 
of CP by more than 24 months.45 However, the develop-
ment and progression of subsequent T3cDM in the 5 years 
after resectional and hybrid surgical procedures have been 
found to be similar.46 The risk of T3cDM after surgical pro-
cedures is less in the near-term post-operative period with 
hybrid procedures (e.g., Beger or Frey procedures) than 
with proximal pancreatectomy.47

Role of Total Pancreatectomy With Islet  
Auto-transplantation (TPIAT) in  
Preserving Endocrine Function in CP
The principal symptom that usually prompts treatment of 
CP is pain. Most patients with recurrent or chronic pain 
because of CP can be successfully managed with therapeu-
tic endoscopic or surgical resection and/or decompressive 
approaches. A significant number of patients have persis-
tent symptoms despite prior treatment, and/or are not con-
sidered appropriate candidates for decompressive or hybrid 
procedures. Many of these patients are disabled by their 
symptoms, and are usually dependent on opioid treatment 
for relief. For this subset of CP patients who still have 
endocrine function, an alternative consideration for man-
agement is TPIAT.

Total pancreatectomy (alone) is a potentially devas-
tating procedure because of the risk of complete exocrine 
and endocrine insufficiency. Although such patients can be 
managed with meticulous attention to nutritional and glyce-
mic homestasis, the requirements of this care are very high. 
In some patients with disabling symptoms, total pancrea-
tectomy may be a feasible option if endocrine function can 

be preserved by autologous islet transplantation. TPIAT has 
been performed since 1977, when it was developed at the 
University of Minnesota.48 Currently, there are 15 centers 
in the United States that offer TPIAT, with 150-200 pro-
cedures being performed each year. About 30% of TPIAT 
patients are insulin-independent 3 years after their proce-
dure, 32% have partial islet function, and more than 85% 
report significant pain relief and an improved quality of life 
after recovery.49 In recent years, TPIAT has been carried out 
in an increasing number of pediatric patients with heredi-
tary or idiopathic CP, whose disease is often completely 
disabling. In children 5–12 years of age who have received 
TPIAT, 56% are insulin-independent and virtually all have 
returned to normal activities 1 year after the procedure.50 
In adolescent patients 13–19 years of age, 41% of patients 
are insulin-independent and 90% report relief of symptoms 
and a return to normal activities 3 years after the procedure.

Summary

Endocrine failure is a common complication of CP, and 
indicates severe or worsening disease. The development of 
T3cDM may be hastened by pancreatic resection or pre-
existing diminished pancreatic reserve. T3cDM is a result 
of the combined deficiency of insulin, glucagon, and PP, 
and is worsened by an impaired incretin effect, due to exo-
crine deficiency-related deficits in the secretion of GLP-1 
and GIP. T3cDM is virtually always accompanied by exo-
crine insufficiency, which results in vitamin D deficiency 
and metabolic bone disease. Pancreatic enzyme replace-
ment is therefore indicated in almost all cases. The man-
agement of T3cDM requires careful attention to the risks 
of hypoglycemia, and should begin with a trial of therapy 
with metformin. New onset T3cDM is an indication to con-
sider the possible presence of pancreatic cancer as a cause. 
Reducing the risk of T3cDM through interventions which 
delay or prevent its occurrence are important considera-
tions in the treatment of CP.
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Introduction

Chronic pancreatitis is a debilitating disease with high 
socio-economic relevance; it accounts for an increasing 
number of hospital admissions, on average 16 to 20 days 
in hospital per year, with 34% of patients constantly taking 
pain medication, 57% requiring enzyme supplementation, 
and 29% with diabetes mellitus. One-third of all patients 
suffering from chronic pancreatitis can no longer work 
in their original profession. The number of unemployed 
patients with chronic pancreatitis due to prolonged stays 
in hospital or continued alcohol abuse is as high as 40%. 
Continued alcohol abuse, smoking, and liver cirrhosis 
carry hazard ratios of 1.6, 1.4, and 2.5, respectively, and 
negatively affect chronic pancreatitis prognosis. Belt-like 
upper abdominal pain is regarded as a cardinal symptom 
of chronic pancreatitis, together with weight loss, stea-
torrhea, and diabetes mellitus. An estimated 30%-60% of 
patients develop disease complications such as strictures 
of the common bile duct (CBD), inflammatory space-occu-
pying masses, pancreatic pseudocysts, or pancreatic ductal 
stones, which require interventional or surgical treatment. 
In the absence of causal therapeutic options, treatment is 
restricted to symptom control by means of pain therapy, 
enzyme replacement, treatment of jaundice, strictures, fluid 
collection, and optimal control of endocrine insufficiency. 
We will discuss the indications and options for treatment. 
The evidence presented is graded according to the Oxford 
grading system (www.cebm.net) as displayed in Table 1.

Indication for endoscopic therapy

Interventional or surgical treatment should be under-
taken for long-lasting severe pain requiring analgesics 
[Evidence 2b]. Severe pain can be effectively treated 
by both endoscopic as well as surgical procedures 
[Evidence 2b/3b], depending on the pathogenic cause.1 
Surgical procedures (drainage) are superior to endoscopic 

procedures with regard to long-term pain reduction; they 
are, however, associated with higher mortality but lower 
morbidity. There are several level of evidence grade 2b or 
3a studies dealing with the treatment of chronic pancrea-
titis pain by endoscopy, extracorporeal shockwave litho-
tripsy (ESWL), thoracoscopic splanchnicectomy, surgical 
resection, and draining procedures. A direct comparison 
between surgery and endoscopy was carried out in only two 
level of evidence grade 1b studies.2-4 Both demonstrated a 
long-term advantage for the surgical procedure. 

If a resectable pancreatic carcinoma is suspected, then 
surgery should be performed. [Evidence 2b]. If a space-
occupying lesion of the pancreas is present and suspected 
(resectable) pancreatic carcinoma cannot be excluded, then 
surgical resection should be performed. Without surgery, 
life expectancy for patients with pancreatic carcinoma is 
less than 1 year; after successful resection it may be more 
than 5 years in 20%-25%. [Evidence 1a].5-7

Surgical or interventional treatment should be car-
ried out for persistent clinical symptoms of gastric outlet 
obstruction or duodenal stenosis secondary to chronic pan-
creatitis. Unfortunately, there are no comparative studies 
available to answer whether resection surgery, bypass sur-
gery, and/or endoscopic insertion of self-expanding metal 
stents are superior.8 The natural course of chronic pancrea-
titis predicts that between 30% and 60% of all patients will 
require intervention. In at least 30% of cases, conserva-
tive management supplemented by endoscopic therapeu-
tic interventions appears to be sufficient for an adequate 
quality of life. CBD stenosis will develop in 10%-40% of 
cases, requiring intervention. In the presence of an inflam-
matory tumor of the pancreatic head, primary endoscopy 
for bile duct obstruction with stent insertion into the bile 
duct should be performed followed by duct dilatation. 
However, if symptoms or cholestasis persist after tem-
porary endoscopic therapy, surgical resection should be 
performed [Evidence 2b]. A retrospective analysis of all 
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patients treated with an average observation period of 45 
months revealed that stent therapy for bile duct obstruction 
due to chronic pancreatitis does not produce effects beyond 
1 year.9 A prospective study showed a clearly poorer 
long-term effect of stent management of distal bile duct 
obstruction if calcifications were associated with chronic 
pancreatitis.10,11 A clinical example of a patient with calci-
fying chronic pancreatitis in the head of the pancreas and 
subsequent bile duct obstruction that was managed by tem-
porary stent insertion is shown in Figure 1 A-C.

A further complication is the development of stenosis 
of the pancreatic duct (Figure 1 D-F). The indication for 
the insertion of an endoprosthesis (stent) has not been fully 
clarified. Just one prospective controlled study has dem-
onstrated a positive effect of stent drainage of a dominant 
stenosis in the duct of Wirsung. Some studies suggest that 
the insertion of a stent into the pancreatic duct can induce 
secondary changes due to the stent with subsequent fibrosis 
and stricture.12,13 However, removal of the main pancreatic 
duct (MPD) obstruction is often effective for pain manage-
ment in shorter terms, with reported success rates between 
37% and 94%.14 Metabolic side effects of stenting the pan-
creatic duct over a longer period have not been reported. 

A further endoscopic/interventional procedure for treating 
chronic pancreatitis is extracorporeal shock wave lithotripsy 
(ESWL) for pancreatic duct stones. Before its introduction in 
1989, surgery was often the only option for removing pan-
creatic duct stones that could not be removed endoscopically. 
Several retrospective studies have addressed the question of 
the clinical benefit of ESWL for pancreatic duct stones. 

In the following sections, we will discuss the benefits 
and drawbacks of interventional endoscopic options in 
more detail. For further reading see Lee & Conwell.15

Endoscopic therapy for pseudocysts

The prevalence of pancreatic pseudocysts in chronic pan-
creatitis is between 20% and 40%.16 They occur most 

often in patients with alcoholic chronic pancreatitis (70%-
78%).17 The second most common cause is idiopathic 
chronic pancreatitis (6%-16%), followed by biliary pan-
creatitis (6%-8%).16 Within the first 6 weeks after an acute 
bout of pancreatitis, 40% of the pseudocysts resolve spon-
taneously, while in 20% complications such as infection, 
obstruction of adjacent organs, cystic rupture, or persistent 
pancreatitis necessitate intervention. Spontaneous remis-
sion of pseudocysts after 12 weeks is very rare, and com-
plications are observed in up to two-thirds of such cases. 
The increase in pseudocyst size to >5 cm in diameter is 
associated with an increased risk of complications. Patients 
with pseudocysts that have resulted in complications such 
as gastric outlet obstruction, hemorrhage, pain, cholestasis, 
or vascular stenosis should undergo endoscopic or surgi-
cal treatment regardless of size [Evidence 2a]. The surgical 
procedures to treat pseudocysts tend to have higher success 
rates but a somewhat higher mortality rate than endoscopic 
pseudocyst drainage into either the duodenum or more usu-
ally the stomach. The decisions regarding on whom, when, 
and by which procedure pancreatic pseudocysts should 
be treated has been very controversial. Either surgery or 
percutaneous or endoscopic drainage can be performed for 
symptomatic pseudocysts. 

The literature on interventional therapy of pancreatic 
pseudocysts as a form of pain management is very lim-
ited. Most data are based on retrospective case series,18-23 
but there are three systematic reviews.24-28 Pain relief will 
be achieved in a large number of patients either by sur-
gical, endoscopic, or percutaneous drainage techniques. 
Given that a high rate of pain relief was achieved in these 
retrospective series (about 80%), all three systematic 
reviews conclude that although conservative management 
of chronic pancreatitis also results in pain relief, percuta-
neous, endoscopic, or surgical drainage is still the more 
effective form of pain management in a certain percentage 
of patients. It is not possible to identify significant differ-
ences in the comparison of the three procedures from the 

Table 1. Oxford grading system for level of evidence

Level of  
evidence grade Description

1a “Evidence” from a systematic review of randomized controlled trials (RCTs)
1b “Evidence” from suitably planned RCTs
1c All-or-none principle studies
2a “Evidence” from a systematic review of well-planned cohort studies
2b “Evidence” from a well-planned cohort study/low-quality RCT [e.g., <80% follow-up)
2c “Evidence” from outcome research studies
3a “Evidence” from a systematic review of well-planned case-control studies
3b “Evidence” from an individual case-control study
4 “Evidence” from case series/poor-quality cohort and moderate case-control studies
5 Expert opinion without explicit critical appraisal, or based on physiology, bench research, or “first principles”
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Figure 1. Complications of chronic pancreatitis that could warrant endotherapy are stenosis of the CBD, stricture and subsequent 
upstream dilatation of the pancreatic duct, and pancreatic pseudocysts. A) ERC image of a patient with alcoholic calcifying groove 
pancreatitis and initial endoscopic therapy for cholangitis and jaundice. The patient was known to be a heavy smoker B) Unenhanced 
computed tomography (CT) scan showing an enlarged pancreatic head and calcifications. C) Sagittal view with a fully covered self-
expandable metal stent (FCSEM) in the same patient D) Atrophic pancreas in a patient with alcoholic chronic pancreatitis and dilated 
pancreatic duct, as well as calcifications. E and F) Patient with idiopathic chronic pancreatitis due to a chymotrypsin C mutation, jaundice, 
FCSEM and grossly dilated and atrophic pancreatic duct, no calcification. G) CT scan with oral contrast media of a 45-year-old female 
patient depicting a cystic lesion in the tail of the pancreas. H) EUS picture of the same patient illustrating the differential diagnosis between 
a mucinous cystic neoplasm and pancreatic pseudocyst in the absence of EUS-guided FNA for cyst fluid analysis. EUS FNA revealed 
grossly elevated lipase levels, while carcinoembryonic antigen level was normal, suggesting the lesion to be pancreatic pseudocyst.
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published data. In cases of obstruction of the bile or pancre-
atic duct by pancreatic pseudocysts, they should be treated. 
When cholestasis does not improve after pseudocyst drain-
age alone, stent placement into the bile duct or resection 
may be indicated.

Further complications that render endoscopic or sur-
gical treatment of the pseudocyst necessary include com-
pression of large abdominal vessels, clinically relevant 
gastric outlet obstruction or duodenal stenosis, infection of 
the pseudocyst, and pancreatico-pleural fistula formation. 
Nausea and vomiting are common symptoms of pancreatic 
pseudocysts. Endoscopic interventional therapy of a hem-
orrhagic pseudocyst is associated with a high risk of bleed-
ing. Thus, these pseudocysts should be treated surgically.

Initial therapy for symptomatic pancreatic pseudocysts 
can be endoscopic drainage of the pseudocyst followed 
by surgery should the pseudocyst recur [Evidence 3a]. 
The choice between endoscopic and operative pseudo-
cyst drainage should be decided based on the cyst loca-
tion and type of additional pathomorphological changes 

[Evidence 3b]. Endoscopic procedures for draining a pan-
creatic pseudocyst are less prone to complications than 
surgical procedures. However, not all pseudocysts are 
successfully treated by endoscopic drainage alone in the 
long term. Studies comparing endoscopy with surgery are 
not available. An interdisciplinary therapeutic concept is 
intended (Table 2).29

Asymptomatic pancreatic pseudocysts that have 
reached a size >5 cm in diameter and do not resolve within 
6 weeks can be treated [Evidence 2a]. Pancreatic pseudo-
cysts that show a fibrous wall >5 mm on imaging are par-
ticularly suited for endoscopic or surgical drainage. In a 
multivariate analysis a pseudocyst size <4 cm in diameter 
was the only favorable factor for spontaneous resolution.30 

Untreated cysts >5 cm may have a higher risk of complica-
tions such as rupture, infection, jaundice, or hemorrhage.31

Drainage of pseudocysts can be carried out by transgas-
tric, transduodenal, or transpapillary approaches.29,32 
Percutaneous drainage is also possible but is associated 
with the risk of external fistula formation [Evidence 4]. 

Table 2. Summary of endoscopic pseudocyst/walled-off pancreatic necrosis drainage

Number of 
patients Success rate

Complete cyst 
drainage Recurrence rate Complications

Kozarek et al., 198575 4 2 (50%) 2 (50%) 0 (0%) 1 (25%) dead
Cremer et al., 198976 33 28 (85%) 30 (91%) 4 (12%) 3 (9%)
Sahel et al., 199177 37 31 (86%) 36 (97%) 2 (5%) 5 (14%)
Kozarek et al., 199146 14 11 (79%) n.a. 2 (14%) 3 (21%)
Bejanin et al., 199378 26 19 (73%) n.a. 4 (15%) 4 (15%)
Funnel et al., 199479 5 5 (100%) 5 (100%) 0 (0%) 0 (0%)
Deviere et al., 199580 12 10 (87%) 10 (87%) 0 (0%) 0 (0%)
Vitale et al., 199981 36 31 (86%) 31 (86%) 5 (14%) 1 (3%)
White et al., 200082 20 20 (100%) 20 (100%) 0 (0%) 2 (10%)
Giovannini et al., 200183 15 15 (100%) 15 (100%) 0 (0%) 1 (6.6%)
Libera et al., 200084 25 21 (84%) 20 (80%) 1 (4%) 6 (28%)
Norton et al., 200185 17 14 (82.4%) 13 (76.5%) 1 (7.1%) 3 (17.6%)
Sharma et al., 200286 38 37 (97%) 37 (97%) 7 (16%) 5 (13%)
Binmoeller et al., 199547,87,88 53 43 (81%) 47 (89%) 11 (23%) 6 (11%)
Smits et al., 199589 37 24 (65%) 24 (65%) 3 (12.5%) 6 (16%)
Barthet et al., 199537 30 23 (77%) 26 (87%) 3 (11.5%) 4 (13%)
Baron et al., 200290 64 52 (81%) 59 (92%) 7 (12%) 11 (17%)
Catalano et al., 199591 21 16 (76%) 17 (81%) 1 (6%) 1 (5%)
Antillon et al., 200692 33 31 (94%) 24 (82%) 1 (3%) 2 (6%)
Hookey et al., 200693 116 102 (87.9%) 108 (93.1%) 19 (16.4%) 13 (11%)

6 (5.2%) dead
Kruger et al., 200694 35 33 (94%) 30 (88%) 4 (12%) 0 (0%)
Weckman et al., 200695 165 142 (86.1%) 142 (86.1%) 8 (5.3%) 16 (10%)
Kahaleh et al., 200696 99 93 (94%) n.a. n.a. 19 (19%)
Cahen et al., 200597 92 89 (97%) 79 (86%) 4 (5%) 31 (35%)

1 (1%) dead
Varadarajul et al., 201198 154 154 (100%) 144 (93.5%) 1 (1.5%) 8 (5.2%)
Will et al., 201299 32 31 (97%) k.A. 5 (15.4%) 3 (9.6%)
Total 1,213 1,077 (88.8%) 919 (70%) 93 (7.7%) 161 (13.3%)
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One should select the access route for endoscopic trans-
mural drainage of pseudocysts by endoscopic ultrasound 
(EUS) assessment. It depends on the size, vessels in the 
vicinity, and location of the pseudocyst. There are no com-
parative studies showing superiority of the endoscopic 
access route, either through the stomach or duodenal wall. 
Transcutaneous drainage carries the risk of persistent cuta-
neous fistula formation. Furthermore, an existing transcu-
taneous drain can adversely affect patient quality of life. 
Thus, endoscopic transmural drainage is preferred.29

Transmural drainage should be done under EUS guid-
ance [Evidence 3]. This procedure can best assess the 
appearance of the pseudocyst wall, content, location and 
relationship to adjacent blood vessels. EUS guidance will 

possibly reduce the rate of failed puncture attempts and 
complications.29,32 A direct comparison of the complica-
tion rate for transmural needle drainage without ultrasound 
guidance is not available. The success rate in 1,213 pub-
lished patients with transmural drainage of a pancreatic 
pseudocyst was 82.2% (Table 2), with more recent stud-
ies reporting success rates significantly over 85%. These 
results are comparable with surgery. The mortality rate in 
larger case series involving over 30 patients was 0.2%. The 
recurrence and complication rates are reported to be around 
8.5% and 14.4%, respectively.33 Figure 2 illustrates a case 
of a pancreatic pseudocyst in the tail of the pancreas due to 
pancreatic duct leak, which was managed by using a mod-
ern fully covered self-expandable metal stent (FCSEM) 

Figure 2. Endoscopic management of pancreatic fluid collection by a combined approach. A) ERC picture of a patient with recurrent 
acute pancreatitis due to alcohol abuse and a walled-off pancreatic necrosis (WOPN) in the tail of the pancreas. ERC shows a normal 
cholangiogram and tailored distal CBD in the absence of cholestasis. B) ERP with distal leak of the MPD classified as Cambridge IV. 
C) Treatment with a 15-cm 8.5-Fr stent reaching the leak. D) Radiograph of the subsequent EUS-guided drainage of the collection in the 
tail employing a hot AXIOS stent. E) EUS picture of the WOPN in the tail of the pancreas before drainage with a lumen opposing stent 
(hot AXIOS, Boston Scientific®).
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system mounted on an electrocautery-enhanced delivery 
system in addition to conventional pancreatic duct stenting. 

Diagnostic needle aspiration of the cyst may be per-
formed for suspected infection or neoplasm [Evidence 4]. 
If diagnostic needle aspiration of the cyst confirms an 
infection of the content, then drainage is indicated. Surgical 
treatment should be carried out if malignancy is suspected. 
Diagnostic needle aspiration of a pseudocyst with the aid 
of EUS helps differentiate between mucinous cystic tumors 
and pseudocysts, as those entities might be difficult to 
distinguish on modes of imaging alone (Figure 1 G, H). 
When EUS-guided needle aspiration of a cyst reveals a 
carcinoembryonic antigen level >400 ng/mL, variably 
increased or low amylase or lipase, high viscosity, mucin, 
or epithelial cells in the cyst contents, then the presence of 
a mucinous neoplasm must be assumed.34-36 If a connection 
to the pancreatic duct is excluded, the final diagnosis of a 
mucinous cystic neoplasm can be made. 

Visualization of the pancreatic ducts can be performed 
before endoscopic or surgical drainage of a pseudocyst 
[Evidence 3b]. Whether endoscopic retrograde cholangio-
pancreatography (ERCP) with the attempt of draining the 
pseudocyst via the papilla should be performed instead of 
a primarily transgastric or transduodenal drainage is still 
a matter of controversy. On one hand, drainage of the 
pseudocyst via a stent in the pancreatic duct is the “most 
physiological” form of drainage. According to one study, 
22%-57% of pancreatic pseudocysts have a connection 
with the pancreatic ductal system.21 Thus, an ERP can 
precede endoscopic transmural drainage to detect a con-
nection with the duct or exclude a rupture of pancreatic 
ducts (8% after acute necrotizing pancreatitis). Transmural 
drainage in the presence of an undetected rupture of the 
pancreatic duct or a connection of the pancreatic pseudo-
cyst with an obstructed pancreatic duct is less promising 
with regard to long-term therapeutic outcome. On the other 
hand, the success rate of an attempted transpapillary drain-
age is usually <60%. Furthermore, these attempts impose 
a risk of ERCP-induced pancreatitis. Direct transgastric 
or transduodenal cyst drainage is very effective and usu-
ally associated with few complications.29 The procedure-
related incidence of infection of a pseudocyst and the risk 
of development of a pancreatic abscess increase without 
antibiotic prophylaxis.37 In patients with advanced pancre-
atic duct changes, especially pancreatolithiasis, any pseu-
docyst treatment should be part of a general therapeutic 
concept [Evidence 2b]. A relative indication to treat pseu-
docysts is the presence of chronic pancreatitis with respec-
tive pancreatic duct anomalies or pancreatic ductal stones 
because in these cases, the rate of spontaneous regressions, 
even of small cysts, is at most 10%-26% due to constant 
inflammatory irritation.30 Treatment of pancreatic duct 
obstruction can be undertaken in patients with a pancreatic 
pseudocyst, prestenotic duct dilatation, or fistula formation 

[Evidence 4]. Pancreatic pseudocysts are maintained by 
pancreatic duct obstruction in the presence of prestenotic 
duct dilatations or fistulae if these stenoses are responsible 
for a blockade of drainage. Removal of the pancreatic duct 
obstruction is recommended in these cases.

Therapy of pancreatic duct stenosis and ductal stones

In patients with chronic pancreatitis, the pressure in the 
pancreatic duct is initially increased, regardless of the eti-
ology or whether dilation of the duct of Wirsung is seen.38 
An important role in the pathogenesis of pain is ascribed 
to ductal and interstitial hypertension and possible relative 
pancreatic ischemia. The aim of endoscopic and surgical 
decompression therapy in patients with chronic pancreatitis 
and pain and/or clinical episodes of acute pancreatitis is 
to remove the obstruction preventing outflow of exocrine 
pancreatic juices. Techniques such as sphincterotomy, dila-
tation, ESWL, and stent insertion have been modified for 
the pancreatic duct. Endoscopic decompression of the duct 
can precede a surgical procedure to predict whether surgical 
decompression of the pancreatic duct might alleviate pain 
or reduce acute bouts of chronic pancreatitis. Endoscopy 
represents an alternative to surgery and is associated with 
low morbidity and mortality. Endoscopic interventions 
do not interfere with surgery that might still be necessary 
later in the disease course. Furthermore, clinical success 
after endoscopic reduction of the intraductal pressure does 
provide some indication of the ultimate result of surgical 
drainage or a resection procedure.

Pancreatic ductal stones may cause pain by obstructing 
pancreatic juice outflow, inducing recurrent exacerbations, 
maintaining a pseudocyst or fistula, or causing other com-
plications. Stones can be treated by endoscopic or surgi-
cal means [Evidence 4]. Pancreatic ductal stones are the 
result not the cause of chronic pancreatitis; however, they 
can lead to consecutive obstruction of the outflow of pan-
creatic secretions in the duct and duodenum and thus cause 
pseudocyst or fistula development. They can also cause 
recurrent exacerbations or contribute to the pathogenesis 
of pain. Under these conditions, treatment of pancreatic 
ductal stones appears appropriate, but no available studies 
have compared the treatment of pancreatic ductal stones 
with a sham intervention. Case series and one meta-anal-
ysis show pain improvement after treatment of pancreatic 
ductal stones; however, comparative studies involving the 
spontaneous course or randomized studies have not been 
published. Endoscopic treatment appears particularly suit-
able for treating solitary stones and obstructions near the 
papilla, while surgical drainage procedures are superior 
for distal obstructions. There are no comparative studies 
for either endoscopic or surgical procedures with untreated 
cohorts or directly comparing the natural course of the 
disorder. In two studies in which endoscopic treatment 
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was compared with surgery (i.e., drainage operation), the 
results after surgery were significantly better with respect 
to long-term pain reduction.2-4

Pancreatic duct strictures, which may be responsible 
for pain, recurrent exacerbations, maintenance of a pseu-
docyst, fistula, or other complications, can be treated by 
endoscopic dilatation and stent placement [Evidence 4]. In 
a prospective non-randomized study, rapid improvement of 
symptoms was achieved by insertion of a pancreatic stent in 
non-operable patients, although further interventions were 
frequently necessary.39 Some studies report that the inser-
tion of a stent into the pancreatic duct can induce second-
ary changes due to the stent with subsequent fibrosis and 
strictures.12-14 Removal of the obstruction of the pancreatic 
duct is effective for the treatment of pain in the short term. 
Success rates between 37 and 94% have been reported. In 
the largest hitherto examined cohort of 1,021 patients, a 
long-term reduction of pancreas-related pain was achieved 
in 84% of cases.40 However, in 79% of the patients stent 
therapy for control of pain had to be repeated within one 
year and in 97% within two years. Long-term metabolic 
side effects have not been examined. The only randomized 
study recruited 41 consecutive patients with chronic pan-
creatitis with a dominant stricture of the main pancreatic 
duct to either receive pancreatic duct stenting or serve as 
control. Recurrences of pain and pancreatic function were 
recorded as outcome measures over 3 years. During a mean 
follow-up period of 62.5 months, pain recurred in 15% of 
patients with pancreatic duct stenting (3/20) and 50.0% of 
control patients (11/22) (p<0.05). Progression of exocrine 
insufficiency in the stent group was significantly slower 
than in the control group (p<0.05), while endocrine func-
tion was not different between groups.41

The endoscopic placement of a stent into the pancreatic 
duct may be performed if pancreatic ductal stones or steno-
sis of the pancreatic duct near the papilla obstructs flow. No 
general recommendations can be made about the necessary 
duration of stent therapy [Evidence 4]. Benign strictures 
of the duct of Wirsung can develop as a complication of 
an impacted stone or due to acute inflammatory parenchy-
mal changes with compression or stricture of the duct;42 
examples of different etiologies are displayed in Figure 1, 
D-F. The success rate of stent insertion was examined con-
sidering the rise in pressure due to the stone as a cause of 
pain development and of chronic pancreatitis exacerba-
tions.43-51 Pancreatic stent placement is technically suc-
cessful in about 70% of patients, especially those in whom 
a pancreatic fistula or a pseudocyst are maintained by an 
obstruction. Endoscopic drainage with stone extraction 
and stent therapy is an effective measure to control pain 
in some patients with a dilated duct of Wirsung.23 Better 
pain management, however, was achieved by pancreati-
cojejunostomy in two randomized controlled studies.2-4 
Endoscopic therapy led to pain reduction or complete pain 

relief in 32%4 and 65%,2,3 respectively, whereas pancreati-
cojejunostomy led to pain reduction or relief in 75%4 and 
86%,2,3 respectively. The different success rates of endo-
scopic therapy in both studies are possibly due to the longer 
duration of stent therapy in the study by Díte et al.4

There are currently no reliable data available regarding 
the necessary duration of stent therapy. Some authors rec-
ommend treatment over 1 year with stent exchange at least 
every 3 months.

When surgery is not possible, a FCSEMS can be  
inserted into the duct of Wirsung for pain control 
[Evidence 4]. Some case reports and series suggest that cov-
ered self-expandable metallic stents may be inserted into 
the pancreatic duct to treat pain. Their potential advantage 
versus plastic stents is their longer period of patency. Long-
term results of their benefit are not available. Uncovered 
self-expandable metallic stents are not recommended due 
to the rapid proliferation of duct epithelium as a reaction to 
the metal mesh.52,53

Pancreatic ductal stones, which cause pain by obstruc-
tion may be treated by ESWL. There is some evidence that 
the subsequent endoscopic removal of the pancreatic ductal 
stones or their fragments is not a prerequisite for proce-
dure effectiveness.54 ESWL treatment of pain in patients 
with diffuse calcifications has not been substantiated in 
any studies [Evidence 2b]. A meta-analysis demonstrated a 
significant effect on pain reduction, but there was remark-
able result heterogeneity.55 The publications included in the 
meta-analysis were case studies without untreated or sham-
operated control groups. To date, only one randomized 
controlled study has compared ESWL with and without 
subsequent ERP to remove fragments from the MPD. In 
this study, the subsequent endoscopic stone extraction had 
no influence on pain relief after 2 years.54

Endoscopic therapy for biliary stricture

In 10% to 44.6% of cases, obstruction of the CBD will 
develop in patients with chronic pancreatitis and require 
intervention. Indications for endoscopic intervention 
include significant cholestasis, exacerbations of cholangi-
tis, prevention of secondary biliary cirrhosis, and for dif-
ferentiation of the cause of pain (obstruction of the CBD 
vs. chronic pancreatitis). Several studies have assessed 
the efficacy and cost-effectiveness of endoscopic drain-
age of the CBD. A long-term success rate was achieved in 
only one-third of patients, so endoscopic therapy is usu-
ally only indicated as an interim procedure until definitive 
surgery (e.g., as an acute intervention in septic patients, 
in non-operable patients, or in those unwilling to undergo 
surgery). In principle, there is a risk of developing cholan-
gitis after endoscopic drain placement. The administration 
of prophylactic antibiotics together with ursodeoxycholic 
acid has not proven effective in various clinical studies.56-61 
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Commonly occurring complications include stent occlu-
sion by cellular detritus, microcolonies of bacteria, or 
extracellular fibrillar material.

If chronic pancreatitis causes bile duct obstruction and 
there are clinical signs of cholangitis, immediate endo-
scopic drainage of the obstruction should be carried out. 
There are no published studies comparing endoscopic ther-
apy of cholangitis secondary to mechanical cholestasis to 
observation without therapy. Treatment of mechanical chol-
estasis as part of cholangitis therapy is important and well 
substantiated by clinical experience. If chronic pancreatitis 
causes distal obstruction of the bile duct with cholestasis 
or jaundice, then either surgical treatment or endoscopic 
stent therapy should be performed; the later is illustrated in 
Figure 1. If calcifications are present in the pancreas, sur-
gical treatment should be favored [Evidence 4]. Cholestasis 
due to obstruction may be treated by either endoscopic or 
surgical means, although endoscopic stent therapy has last-
ing success beyond 12 months in only one-third of patients. 
A prospective study showed an even worse long-term 
effect of stent management of distal bile duct obstruction 
in patients with calcifying pancreatitis (long-term effect 
9%).10,11 Therefore, surgical treatment is clearly preferred 
in these cases. A retrospective analysis of all patients 
treated with an average observation period of 45 months 
demonstrated that stent therapy for CBD obstruction in 
patients with chronic pancreatitis has no additional effect 
beyond 1 year.9 Surgical treatment should therefore be pur-
sued for recurrence of CBD obstruction after 1 year of stent  
therapy.

Treatment by insertion of several plastic stents for distal 
bile duct obstruction can be recommended [Evidence 3b]. 
The placement of multiple plastic stents to treat bile duct 
obstruction in patients with chronic pancreatitis is superior 
to both insertion of solitary plastic stents and uncovered 
metal stents. In a prospective, nonrandomized single-
center study the long-term success rate after insertion of 
four to five stents into the CBD was higher than after a 
single stent.62 The insertion of FCSEMS can be undertaken 
for distal bile duct obstruction [Evidence 4]. The insertion 
of covered metal stents has demonstrated good results in 
case series. A recent nonrandomized study at 13 centers in 
11 countries treated 187 patients with benign biliary stric-
tures by FCSEMS. Removal was scheduled at 10 to 12 
months. The rate of stricture recurrence was 14.8% (95% 
confidence interval, 8.2%-20.9%). In a large prospective 
multinational study, successful removal of FCSEMS after 
extended indwell and stricture resolution were achieved for 
approximately 75% of patients. While FCSEMS might be 
an attractive option to treat CBD stenosis in patients less fit 
for surgery, what remains unsolved is the role of calcifica-
tions on the long-term treatment effect, as well as a ran-
domized head-to-head comparison between plastic stents 
versus FCSEMS in benign strictures.63-66

There are no randomized studies comparing FCSEMS 
with single or multiple plastic stents.67-69 Endoscopic treat-
ment for distal CBD obstruction should not be pursued 
longer than 12 months. Stent exchange should be under-
taken at least every 3 months [Evidence 4] because stent 
occlusion may cause cholangitis. The exchange interval 
is less critical with the insertion of multiple stents and is 
unnecessary if fully coated metal stents are used as they are 
patent for up to 9 months.70

Management of chronic bile duct obstruction after 
unsuccessful endoscopic treatment attempts should be sur-
gical [Evidence 1b]. Resecting surgical procedures to treat 
bile duct obstruction in patients with chronic pancreati-
tis are effective and have lasting success. The long-term 
results of the various surgical procedures such as “Beger,” 
“Büchler,” “Kausch-Whipple,” and “Frey” do not differ 
from each other with regard to quality of life, exocrine pan-
creatic insufficiency, endocrine pancreatic insufficiency, 
pain, or recurrence rate.71-74 If there is an indication to treat 
cholestasis by surgery, a preoperative endoscopic insertion 
of a stent into the bile duct should only be undertaken if 1) 
surgery cannot be done promptly or 2) cholangitis is present 
[Evidence 2a]. A multicenter prospective randomized study 
examined the effect of preoperative endoscopic stent inser-
tion into the CBD for mechanical cholestasis secondary 
to carcinoma of the head of the pancreas before pancreas 
resection. Preoperative drainage significantly increased the 
complication rate.74 A short individual life expectancy; high 
comorbidity; and difficult, foreseeable technical feasibility 
of an operation (e.g., marked collateral circulation second-
ary to portal hypertension) all favor endoscopic treatment 
of bile duct obstruction.

Conclusion

In a patient cohort burdened with a high comorbidity 
load, endoscopic therapy can provide short-term symp-
tom relief. In many instances, the benefit of endoscopy 
therapy is transient, and repeated interventions are neces-
sary. Endotherapy is the first-line management in chronic 
pancreatitis with symptomatic pancreatobiliary ductal 
obstruction. Further studies are required in key areas such 
as the use of FCSEMs for pancreatic ductal and biliary 
strictures and EUS-guided pancreatobiliary drainage after 
failed ERCP. However, as endoscopic therapy puts the 
patient at minimal risk for long-term morbidity or mortal-
ity, it plays a major role in an interdisciplinary treatment  
context.
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Introduction

Chronic pancreatitis (CP) is a benign inflammatory disease 
that leads to progressive and irreparable destruction of the 
pancreatic parenchyma, resulting in fibrosis and conse-
quent loss of exocrine and endocrine function.1,2 This may 
cause steatorrhea, malabsorption, diabetes, and unbearable 
pain.3 Pain – often in combination with obstruction (duo-
denum, bile duct, pancreatic duct, portal vein) –is the main 
indication for surgical intervention.

The incidence of CP varies among countries. European 
studies commonly have incidence rates around 7 per 
100,000,4-6 whereas higher incidence rates of 14.4 per 
100,000 have been reported in Japan.7 The leading cause 
of CP in Western industrialized countries is alcohol over- 
consumption (between 65% and 90%) followed by idi-
opathic (20% to 25%) and other, rare etiologies (5%).5-7

Patients typically present with deeply penetrating 
and dull epigastric pain, which classically radiates to the 
back.8 The pathophysiological mechanisms for pain in CP 
are incompletely understood. An increasingly discussed 
hypothesis is that neural inflammatory cell infiltration 
leads to pancreatic neuritis with enlarged nerves, changes 
in neural plasticity, and formation of a dense intrapancre-
atic neural network. These neural alterations are thought 
to cause the characteristic pancreatic neuropathy and con-
sequent neuropathic pain.9-13 Since the underlying pain 
mechanisms are just beginning to be understood, treatment 
of chronic unbearable CP pain is often empirical and insuf-
ficient, with surgery remaining the treatment of choice.

Indication for surgery: wait, operate or scope?

Making the correct diagnosis is the initial challenge in the 
treatment of painful CP, which can be difficult, especially 
in patients with early forms of CP, lacking the structural 
changes frequently seen in advanced disease. Most patients 

require long-term analgesic medications for pain control 
once the diagnosis is confirmed. Moreover, patients should 
be advised to maintain strict abstinence from alcohol and 
tobacco. Pain medication should be employed according to 
the step up approach of the WHO analgesic ladder. Despite 
a low level of evidence for efficacy in pancreatic pain, non-
narcotic adjunctive medications such as selective seroto-
nin reuptake inhibitors (SSRIs) or pregabalin have become 
increasingly popular in CP treatment since they were 
proven effective in other chronic pain states.14,15 Pancreatic 
enzyme supplementation is also used, although evidence 
concerning pain reduction is conflicting.16-21 If medical 
therapy proves insufficient, and there is no sign of pancre-
atic or biliary duct obstruction, more invasive nonopera-
tive strategies like coeliac nerve block may be considered. 
In this context, endoscopic ultrasound-guided techniques 
have proven safer, more effective, and longer lasting 
than fluoroscopy-guided or CT-guided techniques.22-24 
However, coeliac nerve block usually has a transient effect, 
with only 10% of patients still experiencing pain relief after 
24 weeks.25 Therefore, this option seems more reasonable 
in patients with malignant disease and an anticipated short 
life span.

In patients with CP and pancreatic duct obstruction, 
endoscopic treatment for ductal decompression includ-
ing papillotomy, stone removal, and/or stent implantation 
is another widely used treatment option. Classical indi-
cations for surgery in CP are pancreatic duct obstruction, 
vascular obstruction, suspicion of neoplasm, and abdomi-
nal pain with failure of conservative treatment options. So 
far, only two prospective randomized clinical trials have 
compared endoscopic with surgical drainage to treat symp-
tomatic pancreatic duct obstruction. Dite and colleagues 
were the first to address this controversial issue in a ran-
domized controlled trial that randomized 72 patients to 
surgery vs. endoscopy.26 Resection was the most common 
surgical procedure (80%) whereas surgical drainage was 
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performed in 20% of patients. On the other hand, sphinc-
terotomy and stenting in 52% and/or stone removal in 23% 
of patients were the most commonly performed interven-
tion in the endoscopy arm. While the initial success rates 
for pain relief were similarly high (> 90% of patients with 
at least a partial pain relief after 1 year follow-up) for both 
groups, these clinical outcomes changed noticeably after 
3 and 5 years follow-up. In the surgical treatment group, 
42% of patients had persisting, complete pain relief after 
1 year, which only slightly decreased to 41% after 3 and to 
37% after 5 years. Initially, an equally good clinical out-
come was seen in patients in the endoscopic treatment arm, 
where 52% of patients showed a complete pain relief after 
1 year. But this effect substantially decreased to 11% after 
3, and to 14% after 5 years. Accordingly, the percentage 
of nonresponders was disappointingly high, with 33% to 
35% in the endoscopy arm versus only 12% to 14% in the 
surgical treatment arm after 3 and 5 years. Results were 
similar for the patients’ body weight. Therefore, Dite and 
colleagues concluded that surgery seems to be superior to 
endoscopic treatment for long-term pain relief and body 
weight gain in CP patients. It should be noted however, that 
endoscopic drainage techniques in this study did not meet 
current standards as they did not include extracorporeal 
shockwave lithotripsy, and for some patients only consisted 
of a sphincterotomy. 

In 2007, Cahen et al. published the second randomized 
trial on this subject,27 which was updated with long-term 
outcomes in 2011.28 In this trial, 39 patients were rand-
omized to either endoscopic (n=19) or surgical drainage 
by a pancreaticojejunostomy (n=20). The study was termi-
nated early following an unscheduled interim analysis at a 
median of 24 months that found a significant difference in 
the mean Izbicki pain score (11 vs. 34) favoring the surgi-
cal treatment arm (p<0.001). Even more striking were the 
vast differences in percentage of patients with complete or 
partial pain relief at the end of the first follow-up. Only 
32% of patients in the endoscopic treatment group, but 
75% in the surgical treatment group had at least partial pain 
relief. Furthermore, at long-term follow-up of up to 7 years, 
these numbers did not change considerably (38% vs. 80%). 
Additionally, endoscopically treated patients underwent 
significantly more re-interventions than surgically treated 
patients (8 vs. 3 at first follow-up and 12 vs. 4 at the second 
follow-up). Based on these results, the authors concluded 
that surgical drainage is superior to endoscopic treatment 
and should be regarded as the preferred treatment option in 
patients with advanced disease.

Based on these two randomized trials, it can be con-
cluded that surgical therapy is more effective and longer 
lasting than endoscopic treatment. There may be a role for 
endoscopic drainage early in the disease course. However, 
surgical treatment for pain in CP should also be consid-
ered early in disease history especially in patients with 

pancreatic calcifications. Current data on the optimal tim-
ing of surgical intervention are not sufficient to make final 
recommendations. Nealon and colleagues suggested that 
early operative duct decompression may delay progressive 
functional destruction of the pancreas.29 While similar con-
clusions were drawn by Ihse et al.,30 others have described 
progressive functional impairment despite surgery,31 mean-
ing that to date, the question of optimal timing of surgery 
remains unclear. From the study by Cahen et al., we know 
that the large group of patients with surgery following 
endoscopic failure (47%) also did not do well after sur-
gery (27). This suggests that early intervention may to be a 
key factor for success in the treatment of CP regardless of 
the type of intervention. Current guidelines suggest that if 
endoscopic therapy is insufficiently effective after 1 year, 
the patient should be referred for surgery.

Surgical options: how to operate – drain or resect?

Two main forms of surgical intervention are currently per-
formed for CP patients with the aim of improved drainage 
of the pancreatic duct: drainage and resection procedures. 
Any surgical intervention should aim to relieve pain, while 
at the same time preserve as much of the pancreatic paren-
chyma and be as safe as possible. In the early 19th cen-
tury, the first surgical attempts to relieve pancreatic pain 
in CP attempted to drain the pancreatic duct by pancreato-
stomy32 or pancreatic left resection.33 Surgical procedures 
for the treatment of chronic pancreatitis have continu-
ously evolved since then. Puestow and Gillesby were the 
first to perform a modification with combined pancreatic 
left resection, longitudinal opening of the pancreatic duct, 
and an anastomosis to the small intestine (pancreaticoje-
junostomy).34 In 1960, Partington and Rochelle published 
what they called the modified Puestrow-Gilles procedure, 
a spleen-preserving longitudinal pancreaticojejunostomy, 
where they preserved the tail of the pancreas and extended 
the opening of the pancreatic duct.35 This surgical tech-
nique is currently known as the Partington-Rochelle proce-
dure and has been the favored surgical drainage procedure 
for treatment of CP for many years. These draining proce-
dures preserve a maximum of pancreatic tissue, however 
the major disadvantage of these procedures is that the fre-
quently associated inflammatory mass in the pancreatic 
head, and therefore the underlying cause of the disease, is 
not addressed. Nowadays the only suitable indication for a 
simple drainage procedure and for longitudinal pancreati-
cojejunostomy is in patients with isolated pancreatic duct 
pathology (a dilated duct of > 7 mm; “chain of lakes”), 
without an inflammatory mass in the pancreatic head. For 
a select group of patients, the long-term pain relief of this 
drainage operation has been shown to be around 60% to 
70%, and up to 98%, with low mortality and morbidity 
(approximately 3% and 20%, respectively).36,37
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Pain in patients without pancreatic duct dilation is 
thought to evolve from neuropathic changes within the 
pancreatic head, as described earlier. The pancreatic head 
has been identified as the derivation of the disease, long 
before the underlying neural alterations were discovered.38 
Therefore, within the last century, several surgical tech-
niques have been developed for the resection of the pan-
creatic head. The first resection of the pancreatic head was 
performed 1909 in Berlin by Walther Carl Eduard Kausch 
on a patient with periampullary cancer. It was the intro-
duction of a technique, nowadays known as the standard 
Kausch-Whipple procedure, which encompasses the radical 
resection of the pancreatic head, the duodenum, the gastric 
antrum with the pylorus and the gallbladder. While it was 
initially developed for the treatment of malignancies, it sub-
sequently became used for the resection of inflammatory 
pancreatic head masses. Because of relatively high rates 
of gastrointestinal complications and diabetes mellitus, 
the classic Kausch-Whipple procedure has been replaced 
by the pylorus preserving Whipple procedure, introduced 
by Traverso and Longmire in 1978.39,40 The Traverso-
Longmire procedure has been shown to result in long-term 
pain relief in around 90% of patients with painful CP.40,41

In the early 1970s, Beger introduced the duodenum-
preserving pancreatic head resection (DPPHR), with the 
rationale that resection of the gastric antrum, duodenum 
and common bile duct seemed overtreatment in benign 
pancreatic disease.42 For the Beger procedure, a subtotal 
resection of the pancreatic head prior to a transection of 
the gland above the portal vein is performed, sparing the 
duodenum and the intrapancreatic bile duct. The drain-
age of the remaining pancreatic tail is then achieved by an 

end-to-end or end-to-side pancreaticojejunostomy using a 
Roux-en-Y loop.

Frey et al. modified the established procedures to a 
more limited and organ-preserving resection, which is per-
formed by coring out the head of the pancreas and leaving 
a small remnant along the duodenal wall.43 Frey et al. then 
combined this procedure with a longitudinal incision of the 
left-sided main pancreatic duct for optimal drainage, compa-
rable to the earlier mentioned Partington-Rochelle drainage 
procedure. For reconstruction, a longitudinal pancreaticoje-
junostomy using a Roux-en-Y loop is used for drainage of 
the pancreatic head cavity and the left-sided main duct. The 
Frey procedure is commonly regarded as technically easier 
than the Beger operation, as the head resection is more lim-
ited, dissection of the pancreas above the portal vein is not 
required, and the reconstruction is less complex.

The Beger technique of DPPHR has also been fur-
ther modified and described by Gloor et al. in 2001, often 
referred to as the Bern procedure.44 The idea was to com-
bine the advantages of both the Beger and the Frey proce-
dures. For the Bern procedure, a deep duodenum- preserving 
resection of the pancreatic head for optimal decompression 
is performed, without transection of the pancreas above 
the portal vein. In contrast to the Frey procedure and the 
Hamburg procedure, no drainage of the main pancre-
atic duct in the body and tail of the organ is performed. 
Drainage of the resection cavity of the pancreatic head is 
achieved as in the Beger procedure, by creating a pancrea-
ticojejunostomy using a Roux-en-Y loop.

When it comes to the question as to which of these 
procedures one should choose, evidence is limited to some 
monocentric trials (Table 1). Klempa et al. compared the 

Table 1. Randomized controlled trials comparing surgical techniques in the treatment of CP

Techniques compared Publication No. of patients Outcome

Classic Whipple vs. Beger Klempa et al. (45) 43 Beger procedure: less pain, greater weight gain, 
shorter hospital stay

Pylorus preserving Whipple vs. Beger Büchler et al. (46) 40 Beger procedure: less pain, greater weight gain, 
a better glucose tolerance, and a higher insulin 
secretion capacity

Pylorus preserving Whipple vs. Frey Izbicki et al. (47) 61 Equally effective for pain relief and definitive 
control of complications; Frey procedure 
provides a better quality of life 

Pylorus preserving Whipple vs. 
modification of Frey

Farkas et al. (48) 40 Equally effective for pain relief; Frey superior in 
morbidity, hospital stay, and weight gain

Beger vs. Frey Strate et al. (49) 74 Both procedures provide adequate pain relief and 
quality of life after long-term follow-up with no 
differences of exocrine and endocrine function

Beger vs. Bern Köninger et al. (50) 65 No differences in quality of life, significantly 
shorter operation times and hospital stay for the 
Büchler procedure 

Pylorus preserving Whipple vs. 
DPPHR (Beger or Frey or Bern)

Diener et al. (51) recruiting
aim=200

Expected 2016
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classic Whipple procedure (n=21) with the Beger proce-
dure (n=22) in the first randomized controlled trial on the 
type of surgical treatment for painful CP in 1995. Here, 
patients with a Beger procedure had less pain, a better 
gain in body weight, and a shorter hospital stay.45 A simi-
lar study was published by Büchler et al., comparing the 
DPPHR (n=20) with the pylorus preserving Whipple pro-
cedure (n=20). Again, the duodenum-sparing resection 
had better pain, weight gain, glucose tolerance, and insu-
lin secretion capacity outcomes.46 Two randomized trials 
compared the pylorus preserving Whipple procedure with 
the Frey procedure, and both showed that these procedures 
were equally efficient for pain relief, but that the Frey 
procedure provided better quality of life.47,48 Strate et al. 
could not show any difference regarding mortality, qual-
ity of life, pain, or exocrine and endocrine function when 
comparing the Beger procedure (n= 38) with the Frey 
procedure (n=36).49 The most recent randomized trial, by 
Köninger et al., was published in 2008, and shows that the 
Bern procedure can be performed significantly faster and 
leads to a shorter hospital stay than the Beger procedure.50 
In 2010, Diener and colleagues published the protocol for 
the ChroPac Trial, which is the first large randomized con-
trolled multicenter trial comparing DPPHR versus pancrea-
toduodenectomy, with the primary outcome being patient 
quality of life 24 months after surgery.51 The first results 
of this trial are expected in late 2016. The current evidence 
is best summarized in a recently published meta-analysis, 
where DPPHRs (including the Beger, Frey, and Büchler 
procedures) and pancreatoduodenectomy were shown 
to be equally effective for pain relief, overall morbidity, 
and incidence of postoperative endocrine insufficiency.52 
However, the DPPHRs seems to be superior in terms of 
postoperative weight gain and long-term quality of life. 
Similar results were obtained for the Beger and Frey pro-
cedures. Therefore, despite the lack of clear, multicenter 
randomized controlled trial evidence, it seems that any of 
these duodenum-preserving resection techniques is appro-
priate for the surgical treatment of painful CP, and that to 
date, these should be preferably performed over pancreato-
duodenectomy (Whipple procedure).

Conclusion

Long-term pain relief, resolving complications in organs 
near the pancreas, and improvements in patient pain and 
quality of life are the primary goals in treating CP. This 
should be approached by an interdisciplinary team of 
radiologists, pain specialists, gastroenterologists, and 
surgeons. Endoscopic drainage may have a role in early 
disease. However, if persisting pain reduction and conse-
quent improvement in patient’s quality of life cannot be 
achieved by conservative therapy within 1 year, surgery 

is the treatment of choice. Surgery is superior to endo-
scopic treatment in the long-term. Pancreatic resections 
for CP have low morbidity and mortality rates in high-
volume centers and promise long-term pain relief for the 
vast majority of patients with painful chronic pancreatitis. 
When it comes to surgical techniques, drainage operations 
are safe and efficient for short-term pain relief, especially in 
patients without an enlarged pancreatic head, but often fail 
in the long-term. The Kausch-Whipple operation has been 
the standard of care for decades, but was steadily replaced 
by the pylorus-preserving modification of Longmire and 
Traverso. Consistently high morbidity and insufficient 
long-term effects after these extensive resections have 
led to the development of tissue preserving techniques. 
Currently, the duodenum-preserving resection techniques 
offer the best outcomes for patients with painful CP and 
an inflammatory mass in the pancreatic head and should 
therefore be considered as the current standard of care. The 
different variants of this technique seem to achieve similar 
results.29-31
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Introduction 

Surgical management of chronic pancreatitis is in a con-
stant state of evolution. The trials of management reflect the 
inherent complexity of the organ’s function and closeness to 
neighboring organs. As the irreversible process of chronic 
pancreatitis progresses, patients are subjected to varying 
degrees of endocrine and exocrine loss, as well as pain. 
Management of this process is multifaceted. Endoscopic 
and surgical drainage procedures can be used to attempt 
decompression of dilated ducts. Celiac ganglion blocks, 
narcotic analgesics, and enteral or parenteral nutrition are 
therapies directed at the recurring or continuous pain of 
recurrent acute pancreatitis (RAP) or chronic pancreatitis 
(CP). Patients refractory to these therapies frequently find 
themselves on escalating doses of narcotics due to intracta-
ble pain, and can be faced with countless days of lost time 
at school or work, depression, and financial burden.

History

Total pancreatectomy was first proposed to relieve pain in 
patients where other therapies had failed.1 Islet autotrans-
plantation was added to this procedure to preserve beta-cell 
mass in an effort to prevent development of brittle diabetes.1,2 
Mirkovitch and Campiche were the first investigators to 
successfully transplant autologous islets in large animals by 
injection into the spleens of pancreatectomized dogs.3,4 The 
first human total pancreatectomy with islet autotransplanta-
tion (TPIAT) in the world was performed at the University 
of Minnesota in 1977. The patient was insulin-independent 
and pain-free until her death 6 years later from unrelated 
causes.5,6 This success helped to shed light on the etiology of 
antecedent allograft efforts; failure likely resulting from low 
viability, poor preservation of deceased donor pancreases, or 
rejection.1,6 A small number of other centers began utilizing 
IAT after TP with variable initial success in the 1980s and 
modest program expansion occurring in the 1990s-2000s.4 

Complications initially occurred at some centers not using 
anticoagulation.7-9 As of 2014, the published literature 
included reports of over 900 IATs worldwide as several cent-
ers developed their programs.10-23 Advancements in surgical 
technique, islet isolation, patient selection, and perioperative 
care are steadily improving the outcomes of this therapy. 

Patient Selection

Patient selection for TPIAT is difficult. The primary focus 
for surgery is to alleviate pain, however, the pathogenesis 
of pain in chronic pancreatitis is incompletely understood. 
There are multiple theories based on observational studies 
that attempt to explain the multifactorial features of this 
prominent symptom. In the presence of strictures, stones, or 
disrupted ducts; increased intraductal pressure, interstitial 
hypertension, and ischemia are thought to be the culprits 
of pain. The neuropathic theory is based on observation of 
abnormal intrapancreatic nerves and increased numbers of 
perineural inflammatory cells.24-26 

Additionally, pain levels do not correlate well with 
severity of fibrosis or impairment of organ function.27 These 
inconsistencies contribute to the complexity of patient 
selection for TPIAT. Individualized evaluation is critical 
for optimal pairing of appropriate therapy. Patients with 
dilated large ducts or expanded head may be candidates for 
endoscopic or surgical drainage procedures. Those with a 
focal stricture, disrupted duct, or tail-only disease may find 
relief when treated with distal pancreatectomy.28 However, 
there are a growing number of patients who are not candi-
dates for classical surgical therapy or endoscopic drainage, 
including those with small duct pancreatitis and minimal 
change disease. Additionally, adults and children with 
genetic causes of chronic or recurrent pancreatitis should 
be given special consideration for TPIAT given the likeli-
hood of persistent disease, and increased risk of pancreatic 
malignancy in some patients.27
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Preoperative Evaluation Criteria 

Given the gravity of removing the entire pancreas, the cor-
rect diagnosis of CP is paramount to the success of this 
operation. Criteria for patient selection has evolved over the 
years as outcomes and better understanding of the disease 
process help match patients to the appropriate surgical man-
agement. Patients should be evaluated at a well- established 
center with a multidisciplinary approach including sur-
geons, gastroenterologists, endocrinologists, pain manage-
ment physicians, and nurse coordinators. Patients should 
have abdominal pain >6 months duration with impaired 
quality of life such as inability to attend work, school, or 
ordinary activities; repeated hospitalizations; and a con-
stant need for narcotics. Their symptoms must have failed 
to respond to medical or endoscopic therapies. 

The criteria for the diagnosis of chronic pancreati-
tis developed at the University of Minnesota are shown 
in Table 1. They include 1) pancreas calcifications on 
CT scan, or obviously abnormal ERCP including pan-
creatic stones, strictures and/or main duct/sidebranch 

abnormalities, or greater than or equal to 6 of 9 criteria on 
endoscopic ultrasound (EUS). 2) Two of the 3 following 
criteria—ductal or parenchymal abnormalities on secretin-
stimulated magnetic resonance cholangiopancreatography 
(MRCP), EUS with 4 of the 9 criteria positive, abnormal 
endoscopic pancreatic function tests with peak bicarbo-
nate <80 mmol/L)—are present. 3) They have a histo-
pathologically confirmed diagnosis of CP from previous 
operations or biopsy. 4) They have hereditary pancreatitis 
(PRSS1, SPINK1, or CFTR gene mutation) with a com-
patible clinical history; or 5) a history of recurrent acute 
pancreatitis with >3 episodes of pain associated with imag-
ing diagnostic of AP and/or elevated serum amylase or 3 
times normal lipase.19,29 EUS evaluation features include 
the “Rosemount Criteria”: hyperechoic parenchymal foci, 
strands, hypoechoic lobules, cysts, main-duct irregular-
ity, ductal dilation, hyperechoic duct walls, visible side 
branches, and calcifications or stones.30 

Contraindications include active alcoholism, pancreatic 
cancer, use of illegal drugs, poorly controlled psychiatric 

Table 1. University of Minnesota Criteria20 To be considered for TPIAT, patients must meet criteria in sections I and II and have no 
contraindications.

I. Definitions (must have one of the following: a, b, or c)
a. CP (must have one of i, ii, or iii) Patients with chronic abdominal pain, lasting > 6 months, features consistent with that of 

pancreatitis, and evidence of CP as evidenced by at least one of the following:
i. Morphologic/functional evidence of CP [CT of abdomen with evidence of CP (calcifications), or ERCP evidence of 

pancreatitis] 
or

ii. EUS of ≥ 6/9 criteria positive of CP 
or

iii. At least 2 of the following 3 findings: 
1. Secretin MRCP or ERCP, with findings suggestive of CP (abnormal duct/side branch) or MRI T2 evidence of fibrosis
2. EUS with ≥ 4/9 criteria positive for pancreatitis
3. Abnormal exocrine pancreatic function tests (peak bicarbonate < 80) 

or
b. Relapsing AP (must have both 1 and 2)

i. Three or more episodes of documented AP with ongoing episodes over > 6 months.
ii. No evidence of current gallstone disease or other correctable etiology such as autoimmune pancreatitis 

or
c. Documented hereditary pancreatitis with compatible clinical history.

II. Indications for TPIAT (must have each of the following: 1-5)
a. Documented CP or relapsing AP with chronic or severe abdominal pain, directly resulting in at least one of the following:

i. Chronic narcotic dependence (patient requires narcotics on a daily or nearly daily basis for > 3 months)
ii. Impaired quality of life, defined by at least one of the following:

1. Loss of job
2. Inability or significantly reduced ability to work or attend school
3. Frequent absences from school
4. Frequent hospitalizations
5. Loss of ability to participate in usual age-appropriate activities

iii. Complete evaluation, with no reversible cause of CP or relapsing AP present or untreated
iv. Unresponsive to maximal medical therapy and endoscopic therapy, with ongoing abdominal pain requiring routine 

narcotics for CP or relapsing AP
v. Adequate islet cell function (non-diabetic, or non-insulin-requiring diabetes with C-peptide positive)
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illness, predictable inability to comply with the postopera-
tive regimen, or end-stage cardiopulmonary disease.19,27 
Patients with C-peptide-negative diabetes do not benefit 
from the IAT portion of the procedure. Therefore it is not 
recommended at this time.1 Additionally, preoperative 
assessment for liver disease; including portal hypertension, 
portal vein thrombosis, or cirrhosis is important as these are 
relative contraindications to any major pancreatic resection 
or islet embolization into the portal vein.27

Metabolic Testing

After determining that RAP or CP is the primary diagnosis, 
and the pain is of pancreatic origin, evaluation of meta-
bolic function should be undertaken prior to surgery. This 
may include fasting and postprandial blood glucose and 
HbA1c, glucose tolerance test, and baseline and stimulated 
C-peptide levels. Studies have demonstrated that fasting 
and mixed meal test glucose and HbA1c were inversely 
correlated with IEQ/kg, and that the other factors also have 
modest correlation with islet isolation outcomes.31-33 

Other Testing

Immunization status should be assessed and updated to 
include encapsulated organisms due to the high likelihood 
of splenectomy associated with removal of the pancreas. 
Additionally, assessing nutritional status and identifying 
comorbidities that may impact postoperative management, 
such as gastroparesis, is important. Exocrine dysfunction is 
common in preoperative CP patients, however, no routine 
quantitative preoperative testing is performed at this time. In 
patients with cystic fibrosis mutations, a pulmonary consult 
for evaluation and preoperative optimization is appropriate.

Technique

TPIAT is most commonly performed via open laparot-
omy, although reports of laparoscopic and robotic assisted 
resection are increasing.34-39 Surgery involves resection of 
the entire pancreas, duodenum, distal common bile duct, 
and typically the spleen. Pylorus preservation is surgeon 
dependent. During mobilization of the pancreas, preserving 
the blood supply as long as possible is an important consid-
eration to minimize the duration of warm ischemia of the 
islet cells. For this, the gastroduodenal artery and the origin 
of the splenic artery and splenic vein are ligated only after 
full pancreatic mobilization. The distal pancreas should not 
be separated from the splenic vessels.1 In cases of difficult 
mobilization, the body and tail can be resected and sent sep-
arately to the islet processing lab, while the head is removed 
and sent later.19,40 After resection, the specimen is placed in 
cold preservation solution and prepared for processing by 
removing nonpancreatic tissue before being sent to the lab.41 

Biliary and enteric reconstruction occur while the islets are 
being processed. Choledochojejunostomy is typically per-
formed in the end-to-side fashion. Gastrojejunostomy or 
duodenojejunostomy can be performed in the antecolic or 
retrocolic fashion. Variations of reconstruction have been 
described when the patient’s anatomy or sequela of chronic 
pancreatitis necessitate alternative resections.20

Spleen resection rates are variable across centers, but is 
necessary the majority of the time due to disruption of the 
blood supply.19,21 After the hilar vessels are taken, the spleen 
can at times survive off collateral circulation. However, 
leaving the spleen has risks, including variceal formation, 
splenomegaly, and both early and late GI bleeding.1,13

After processing the pancreas for islet isolation, the 
islets are returned to the operating room for infusion. The 
majority of centers perform this infusion through the por-
tal vein with embolization of islets to the liver. There are 
multiple options for the endovascular access site to the por-
tal vein, such as a recanalized umbilical vein,42 mesenteric 
vein,21,43,44 or splenic vein.45 Islets are typically infused 
intraoperatively, or less commonly by interventional radiol-
ogy after surgery. This is done via percutaneous transhe-
patic access to the portal vein.20,45 Heparin is administered 
at 70 U/kg prior to infusion to minimize thrombotic compli-
cations from tissue thromboplastin present in the islet prep-
aration.1,7 Most centers also measure portal pressures before 
and during infusion. If there is a persistent increase in portal 
pressure >25cm H20 with islet infusion, it is advisable to 
consider an alternative site such as intraperitoneal, beneath 
the renal capsule, or the submucosal layer of the stomach.1

Preoperative Care 

Continuous insulin infusion is initiated immediately after 
resection of the pancreas to maintain euglycemia and pre-
vent glucose toxicity to the islets as they engraft.31,40 This 
is continued postoperatively until the patient has initiated 
enteral nutrition and can be transitioned to an outpatient 
regimen. A gastric or jejunal feeding tube may be placed 
at the discretion of the surgeon at the time of operation. 
Exocrine supplementation may be administered upon ini-
tiation of enteral feeding as well by either route. At the 
discretion of the surgeon, prophylactic heparin/lovenox 
should be initiated in the postoperative period when bleed-
ing risk allows. It is the practice of the author’s institution 
to perform a screening right upper quadrant ultrasound at 1 
week postoperatively to evaluate portal vein thrombosis. If 
positive, patients are kept on Coumadin for three months.

Islet Isolation

Islet isolation and purification must be performed at 
a facility that meets good medical practice standards and 
has expertise in islet isolation. The basic method of islet 
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preparation will be reviewed, however, enzyme type varies 
across institutions. First, intraductal infusion of enzyme is 
performed either manually or via automated pump perfu-
sion. Interstitial perfusion is performed in cases of severe 
fibrosis or incomplete enzyme dispersion. Next, semi-
automated digestion at 34 to 37°C in a Ricordi chamber 
facilitates tissue dissociation. From 1994 to 2007, Liberase 
HI was universally used for enzyme digestion, but then it 
became clinically unavailable and centers now utilize a 
range of enzyme protocols.46,47 

After digestion, purification is performed to minimize 
exocrine cell contamination without compromising islet 
numbers. Islet purification is performed using isopycnic 
density gradient centrifugation.46,47 The islets can also be 
partially purified or transplanted as an unpurified prepara-
tion. The decision to purify is multifactorial, balancing the 
benefit of avoiding islet exposure to harsh solutions and 
additional mechanical stress and the desire to minimize 
increases in portal pressure during islet embolization to the 
liver. Currently, the author’s institution allows up to 0.25 
ml/kg for intraportal infusion. Quantities above this are 
considered for purification.47,48 

The extent of fibrosis plays a large role in enzymatic 
digestion of the extracted pancreas. Additionally, age, pan-
creas weight, and fat infiltration can lead to discrepancies in 
islet release. Variations in length of enzyme exposure, enzyme 
dose, digestion chamber size, temperature, circulation speed, 
and level of mechanical shaking are needed in order to 
accommodate the discrepancies found in each organ.47

Outcomes

The majority of TPIATs reported to date have been per-
formed at the University of Minnesota, encompassing 
over 500 patients.20 Other reports of current or past TPIAT 
programs include centers at the University Hospitals of 
Leicester, University of Cincinnati, University of Arizona, 
University of Alabama, Medical University of South 
Carolina, Digestive Disease Institute Cleveland, and Baylor 
Research Institute.12-14,18,21-23 TPIAT for small numbers of 
patients with benign and malignant tumors are being per-
formed at San Raffaele Scientific Institute in Italy,10,11 and 
benign tumors in Korea15-17 and Geneva.49 

Examining the demographics (Table 2) in the largest 
series with comprehensive data of TPIAT for CP, patients 
undergo surgery at a mean 35 to 44 years of age after suf-
fering symptoms of pancreatitis for a range of 5.4 to 9.2 
years.13,19,21 The most common etiology prior to surgery is 
idiopathic, followed by alcoholic pancreatitis. Anywhere 
from 12 to 80% of study populations have undergone prior 
pancreatic resections before TPIAT. This has been shown 
in multiple studies—particularly for lateral pancreaticoje-
junostomy or distal pancreatectomy—to have deleterious 

effects on islet cell harvest, which in turn may confer 
decreased success of the transplanted beta cell mass.19,41,45 
Starting with the earliest reports of TPIAT done in the 
late 1970s, centers such as the University of Minnesota 
are amassing follow-up data on patients spanning dec-
ades, which helps to continually improve treatment of this 
patient population.

The predominant goal of surgery is mitigation of intrac-
table pain. The overall clinical experience of pancreas cent-
ers (Table 3) has demonstrated that TPIAT can successfully 
alleviate pain in the majority of CP patients.12-14,18,19,21-23 
Nearly all patients undergoing TPIAT are narcotic depend-
ent at the time of surgery, and studies show rates of nar-
cotic independence at 1 year postop of 55 to 71%.13,14,19,23 
This success shows continued improvement over time, 
likely due to the effect of tapering long-term narcotic users. 
Additionally, these same studies demonstrated significant 
improvement in pain scores postoperatively when com-
pared to the preoperative state.

The addition of islet autotransplantation to attenuate the 
otherwise complete insulin and glucagon deficiency is also 
proving positive. Insulin independence rates range from 10 
to 47% across studies, though the attrition rate increases 
over time (Table 3). The patients who become insulin 
dependent but retain partial islet function demonstrated 
by C-peptide positivity gain a benefit by ameliorating the 
potentially severe glycemic swings seen in pancreatogenic 
diabetes, thus improving diabetes management.31 The cent-
ers at Minnesota and Leicester report C-peptide positivity 
rates of 90% and 100% respectively, demonstrating high 
success rates in islet autotransplantation.13,19 Additionally, 
studies have shown that postoperative insulin use did not 
negatively impact quality of life scores.50 

Postoperative Management

It is important to maintain postoperative follow-up of 
TPIAT patients, as aspects of their anatomy and physiol-
ogy may be foreign to centers and practitioners not expe-
rienced with this treatment. Avoidance of corticosteroids 
is paramount to avoid harm to the islets.51 In addition, 
TPIAT patients with infusion of islets into the liver may 
have abnormal imaging findings. After infusion, the islets 
engraft into the hepatic sinusoids. Subsequent blockage of 
terminal portal vein branches and local insulin release may 
result in hepatic structural changes.52 This in turn may lead 
to an increase in echogenicity with a nodular appearance 
on ultrasound. A UK study showed 25% of patients had 
these characteristics, and were stable on imaging at 6 and 
12 month follow-up. There was no associated significant 
loss of liver function or increase in insulin requirements.52 
These changes have also been reported as seen on MRI and 
are thought to be associated with periportal steatosis.53



492 S. Muratore et al .

Ta
bl

e 
2.

 S
tu

dy
 D

em
og

ra
ph

ic
s

FA
C

TO
R

S
M

in
ne

so
ta

20
Le

ic
es

te
r13

C
in

ci
nn

at
i23

C
le

ve
la

nd
22

A
riz

on
a^1

4
A

la
ba

m
a^1

2
B

ay
lo

r *2
1

S.
 C

ar
ol

in
a^1

8

ST
U

D
Y

 D
AT

ES
19

77
-2

01
1

19
96

-2
00

6
20

00
-2

01
3

20
07

-2
01

0
20

09
-2

01
3

20
05

-2
01

2
20

06
-2

00
9

20
09

-2
01

0
N

U
M

B
ER

 O
F 

PA
TI

EN
TS

40
9

50
11

2
20

61
 (5

2 
TP

, 8
 C

P,
 

1 
pa

rti
al

)
91

 (5
7 

TP
, 4

 
C

P,
 8

 D
P,

 2
2 

w
hi

pp
le

)

17
33

 (2
1 

TP
, 1

1 
C

P,
 

1 
D

P)

M
EA

N
 A

G
E

35
.3

43
37

.3
43

42
.2

44
40

.1
42

B
M

I
24

.5
21

24
.2

N
R

26
.6

23
.8

26
.1

27
SE

X
74

%
 F

 (3
03

)
52

%
 F

 (2
6)

67
%

 F
 (7

5)
40

%
 F

 (8
)

63
.9

%
 F

 (3
9)

54
%

 F
 (4

9)
75

%
 F

 (1
3)

76
%

 F
 (2

5)
FO

LL
O

W
U

P 
(m

ed
ia

n)
N

R
8 

yr
s

74
 m

o
25

 m
o

N
R

 (1
-2

4 
m

o)
19

 m
o

7.
3 

m
o

9 
m

o

D
U

R
AT

IO
N

 o
f p

re
op

 n
ar

c
3.

6 
yr

s
N

R
N

R
N

R
N

R
N

R
N

R
N

R
Y

EA
R

S 
of

 p
ai

n 
sy

m
pt

om
s

9.
2

5.
4

N
R

N
R

N
R

N
R

7
N

R
D

IA
B

ET
IC

 p
re

op
8%

 (3
3)

0%
12

.5
%

 (1
4)

N
R

0%
N

R
5.

8%
 (1

)
21

%
 (7

)
ET

IO
LO

G
Y

Id
op

at
hi

c
41

%
 (1

68
)

48
%

 (2
4)

75
%

 (8
4)

55
%

 (1
1)

73
%

 (4
5)

N
R

53
%

 (9
)

24
%

 (8
)

A
lc

oh
ol

7%
 (2

9)
36

%
 (1

8)
2.

7%
 (3

)
25

%
 (5

)
11

%
 (7

)
23

%
 (2

1)
N

R
12

%
 (4

)
D

iv
is

um
17

%
 (7

0)
0%

8.
9%

 (1
0)

10
%

 (2
)

0%
N

R
N

R
9%

 (3
)

B
ili

ar
y

9%
 (3

7)
10

%
 (5

)
0%

0%
0%

N
R

N
R

42
%

 (1
4)

G
en

et
ic

14
%

 (5
7)

0%
13

.4
%

 (1
5)

10
%

 (2
)

16
%

 (1
0)

N
R

N
R

9%
 (3

)
O

th
er

12
%

 (4
9)

6%
 (3

)
0%

0%
0%

0%
47

%
 (8

)
3%

 (1
)

PR
IO

R
 S

U
R

G
21

%
 (8

6)
12

%
 (6

)
38

%
 (4

3)
25

%
 (5

)
80

%
 (4

9)
25

%
 (2

3)
17

%
 (3

)
54

%
 (1

8)
W

hi
pp

le
/B

eg
er

6%
 (2

5)
6%

 (3
)

20
.5

%
 (2

3)
N

R
N

R
N

R
N

R
15

%
 (5

)
D

P/
D

uv
al

8%
 (3

3)
6%

 (3
)

7.
1%

 (8
)

N
R

N
R

N
R

N
R

12
 %

 (4
)

Pu
es

to
w

/F
re

y
9%

 (3
7)

0%
7.

1%
 (8

)
N

R
N

R
N

R
N

R
6%

 (2
)

O
th

er
8%

 (3
3)

N
R

N
R

N
R

N
R

N
R

N
R

6%
 (2

)

*e
xt

ra
po

la
te

d 
da

ta
; ^

st
ud

ie
s i

nc
lu

di
ng

 p
ar

tia
l a

nd
 to

ta
l p

an
cr

ea
te

ct
om

ie
s;

 D
P,

 d
is

ta
l p

an
cr

ea
te

ct
om

y;
 T

P,
 to

ta
l p

an
cr

ea
te

ct
om

y;
 C

P:
 c

om
pl

et
io

n 
pa

nc
re

at
ec

to
m

y;
 N

R,
 d

at
a 

no
t r

ep
or

te
d.



Chronic Pancreatitis 493

Ta
bl

e 
3.

 C
om

pa
ris

on
 o

f s
tu

dy
 re

su
lts

 a
cr

os
s c

en
te

rs

FA
C

TO
R

S
M

in
ne

so
ta

20
Le

ic
es

te
r13

C
in

ci
nn

at
i23

C
le

ve
la

nd
22

A
riz

on
a^1

4
A

la
ba

m
a^1

2
B

ay
lo

r *2
1

S.
 C

ar
ol

in
a^1

8

ST
U

D
Y

 D
AT

ES
19

77
-2

01
1

19
96

-2
00

6
20

00
-2

01
3

20
07

-2
01

0
20

09
-2

01
3

20
05

-2
01

2
20

06
-2

00
9

20
09

-2
01

0
IE

Q
/k

g
3,

05
0

2,
24

5
6,

02
7

3,
84

6
3,

04
8

1,
95

5
5,

27
8

N
R

IN
SU

LI
N

1y
r/3

yr
5y

r
1y

r/5
yr

at
 fo

llo
w

-u
p

1-
24

 m
on

th
s

at
 fo

llo
w

-u
p

at
 fo

llo
w

-u
p

1 
yr

in
de

pe
nd

en
t

28
%

, 3
0%

10
%

38
%

, 2
7%

20
%

19
%

15
%

47
%

24
%

pa
rti

al
49

%
, 3

3%
N

R
38

%
, 3

5%
 <

20
U

/d
N

R
27

%
 <

10
U

/d
N

R
53

%
15

%
 <

10
U

/d
de

pe
nd

en
t

23
%

, 3
7%

N
R

24
%

, 3
8%

80
%

54
%

N
R

0
N

R
IN

SU
LI

N
/D

AY
 p

re
op

N
R

0
1

N
R

0
N

R
N

R
N

R
IN

SU
LI

N
 U

/d
 p

os
to

p 
N

R
5 

yr
: 1

6*
5 

yr
: 1

8.
1

11
.6

N
R

N
R

N
R

N
R

H
bA

1c
 p

re
op

N
R

N
R

N
R

6.
04

N
R

N
R

N
R

N
R

H
bA

1c
 p

os
to

p
82

%
 <

7.
0

N
R

5 
yr

: 6
.9

7.
72

N
R

N
R

N
R

N
R

N
A

R
C

O
TI

C
 IN

D
EP

EN
D

EN
C

E
2 

yr
: 5

9%
1 

yr
: 6

0%
, 

5 
yr

: 8
4%

1 
yr

: 5
5%

;  
5 

yr
: 7

3%
30

%
1 

yr
: 7

1%
N

R
35

%
23

%

PA
IN

 S
C

O
R

E
SF

-3
6 

in
te

gr
at

ed
 p

ai
n 

sc
or

e
VA

S
SF

-3
6 

B
O

D
LY

 
PA

IN
 S

C
O

R
E.

VA
S 

%
m

ild
/m

od
/

se
v

SF
-3

6 
pa

in
 

sc
or

e.
SF

 M
cG

ill
 P

ai
n

VA
S

0-
10

 sc
al

e

pr
eo

p
54

10
 fo

r b
ot

h
9.

3
0%

 m
ild

, 4
5%

 m
od

, 
55

%
 se

ve
re

25
.2

A
P:

 2
5.

2,
 N

A
P:

 
23

.2
7.

8
7

po
st

op
1 

yr
: 3

1,
 2

 y
r: 

30
3 

fo
r s

ev
er

ity
, 

2 
fo

r 
fr

eq
ue

nc
y

1 
yr

: 5
3.

2,
 

5 
yr

: 5
9.

4
80

%
 m

ild
, 

15
%

 m
od

, 
5%

 se
ve

re

1 
yr

: 5
7.

4
A

P:
 1

yr
 2

0.
1,

 2
yr

 
15

.2
; N

A
P:

 1
yr

 
17

.5
, 2

yr
 1

2.
8

N
R

6 
m

o:
 5

, 6
+ 

m
o:

 4

N
A

R
C

O
TI

C
 U

SE
pr

eo
p 

(M
E/

d)
N

R
12

0
11

8.
9

89
.2

N
R

N
R

29
3

35
7

po
st

 (M
E/

d)
N

R
62

5 
yr

: 2
1.

1
78

1 
m

o:
 1

91
N

R
76

12
8

Q
O

L 
SC

O
R

ES
SF

-3
6

SF
-3

6
D

A
SS

/P
D

I
SF

-3
6

SF
-1

2
pr

eo
p

29
 P

C
S,

 3
8 

M
C

S
N

R
N

R
se

e 
st

ud
y

N
R

30
.4

 P
C

S 
37

.1
 

M
C

S
N

R
25

 P
C

S,
 3

2 
M

C
S

po
st

op
1 

yr
: 3

9 
PC

S,
 4

7 
M

C
S;

 2
yr

: 3
8 

PC
S,

 
49

 M
C

S

N
R

1 
yr

: 9
2%

 
im

pr
ov

ed
 fr

om
 

ba
se

lin
e

79
-9

0%
 im

pr
ov

ed
 

ac
ro

ss
 a

ll 
do

m
ai

ns

N
R

1 
yr

: 3
7.

6 
PC

S,
 3

7.
9 

M
CS

; 2
yr

: 4
4.

4 
PC

S,
 4

5.
5 

M
CS

N
R

1 
yr

: 3
6 

PC
S,

 
44

 M
C

S

SU
RV

IV
A

L
1y

r: 
97

%
, 5

 y
r: 

90
%

, 
20

yr
: 6

2%
N

R
5y

r: 
94

.6
%

N
R

N
R

N
R

N
R

N
R

M
O

R
B

ID
IT

Y
15

%
15

%
N

R
45

%
N

R
N

R
N

R
48

%
M

O
RT

A
LI

TY
1.

2%
2%

0%
0%

0%
N

R
N

R
0

LO
S 

(d
ay

s)
N

R
20

14
12

12
.4

N
R

N
R

O
R

 ti
m

e 
(h

rs
)

N
R

8
9.

1
N

R
N

R
5.

9
N

R
4.

1
EB

L 
(m

L)
N

R
N

R
54

9
N

R
N

R
41

3
N

R
67

9
B

LO
O

D
 T

R
A

N
SF

U
SI

O
N

N
R

N
R

33
.9

%
N

R
N

R
N

R
N

R
24

%
IS

LE
T 

H
A

R
EV

ES
T 

TM
E 

(h
rs

)
4.

5
2-

4
N

R
N

R
+

N
R

N
R

N
R

4.
6

SP
LE

N
IC

 P
R

ES
ER

VA
TI

O
N

30
%

96
%

ro
ut

in
e 

sp
le

ne
ct

om
y

N
R

ro
ut

in
e 

sp
le

ne
ct

om
y

N
R

N
R

N
R

*e
xt

ra
po

la
te

d 
da

ta
; ^

st
ud

ie
s i

nc
lu

di
ng

 p
ar

tia
l a

nd
 to

ta
l p

an
cr

ea
te

ct
om

ie
s;

 D
P,

 d
is

ta
l p

an
cr

ea
te

ct
om

y;
 T

P,
 to

ta
l p

an
cr

ea
te

ct
om

y;
 C

P:
 c

om
pl

et
io

n 
pa

nc
re

at
ec

to
m

y;
 N

R,
 d

at
a 

no
t r

ep
or

te
d;

 Q
O

L:
 q

ua
lit

y 
of

 
lif

e;
 A

P:
 a

lc
oh

ol
ic

 p
an

cr
ea

tit
is

; N
AP

: n
on

-a
lc

oh
ol

oi
c 

pa
nc

re
at

iti
s;

 V
AS

: v
is

ua
l a

na
lo

gu
e 

sc
al

e;
 D

AS
S/

PD
I:

 d
ep

re
ss

io
n 

an
xi

et
y 

st
re

ss
 sc

al
e/

pa
in

 d
is

ab
ili

ty
 in

de
x;

 S
F-

36
/1

2:
 sh

or
t f

or
m

 h
ea

lth
 su

rv
ey

;  
PC

S/
M

C
S:

 p
hy

si
ca

l c
om

po
ne

nt
 sc

or
e/

m
en

ta
l c

om
po

ne
nt

 sc
or

e;
 re

su
lts

 w
ith

ou
t t

im
e 

la
be

l s
pe

ci
fie

d 
w

er
e 

re
po

rte
d 

in
 o

rig
in

al
 st

ud
y 

at
 “

tim
e 

of
 fo

llo
w

-u
p”

.



494 S. Muratore et al .

Conclusion

Thirty-seven years after the first procedure was performed 
for CP, TPIAT is proving to be a safe and effective treat-
ment strategy for this difficult and complex disease pro-
cess. Growing experience is allowing earlier and improved 
selection of patients for TPIAT, which may improve their 
postoperative endocrine function, pain relief, and quality 
of life. Ongoing research in islet processing, preoperative 
patient assessment and selection, as well as islet engraft-
ment will likely contribute to refining outcomes in future 
patients.
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Introduction

Chronic pancreatitis (CP) is a disease that remains without 
specific treatment and carries with it substantial morbid-
ity. The disease is a chronic inflammatory disease of the 
pancreas with the key hallmark of progressive fibrotic 
destruction of the pancreatic secretory parenchyma 
resulting in loss of acinar and islet cells and subsequent 
exocrine and endocrine insufficiency.1,2 There has been 
significant variation in CP epidemiology among world-
wide studies over the last 40 years, mainly concentrated 
in the western world, indicating a range in incidence 
from 2.1-13.4/100,000,3 with a 20-year mortality rate of 
35.8%-62%.4,5 Numerous etiological factors have been 
identified: alcohol, nicotine, nutrition, hereditary/genetic, 
efferent duct/obstructive, and autoimmune.1 Autoimmune 
pancreatitis, while recognized as a form of CP, is char-
acterized by infiltration of lymphocytes and immuno-
globulin G4-positive plasma cells within the pancreatic 
parenchyma. Unlike other forms of CP, it responds signifi-
cantly to steroid treatment and so will not be considered 
further in this review; nor will the management of pancre-
atic exocrine and/or endocrine insufficiency. While alco-
hol remains the most common etiological factor in most 
studies,6 only a small proportion of alcoholics develop 
CP,5 suggesting a multifactorial etiology. Our under-
standing of the interplay and contribution of risk factors 
has been greatly enhanced by genetic discovery, starting 
with the discovery nearly 20 years ago of mutations in 
the cationic trypsinogen gene (PRSS1) causing heredi-
tary pancreatitis,7 to the recent identification of common 
genetic variants in CLDN2 conferring an increased risk of 
 alcohol-related CP, particularly in men.8 

The demand for novel treatments for CP has never been 
greater and this is based upon a number of factors. [1] The 
variation in epidemiology may be attributable to problems 
with long-term follow-up, especially in chronic alcohol-
ics, as well as common delays in obtaining a formal and 

standardized diagnosis. As a result, the disease burden is 
likely to be higher than previously reported.3 [2] No treat-
ments are available to halt disease progression, and current 
treatment options for CP are limited to supportive and pal-
liative care; patients with advanced disease can be managed 
with endoscopic and/or surgical pancreatic decompression, 
denervation, resection, bypass, or transplantation.9,10 [3] The 
patient impact of CP is significant both directly, with recur-
rent severe pain, which is the primary clinical complaint,11 
and repeated hospital admissions leading to a poor quality 
of life, as well as indirectly, through the complications of 
malnutrition and diabetes mellitus that result from exocrine 
and endocrine insufficiency. [4] The health resource burden 
as a result of the disease is sizeable, with estimated costs 
for both acute and chronic pancreatitis in the U.S. in 2004 
amounting to $3.8 billion.12 [5] A considerable number of 
patients presenting with acute pancreatitis (AP) may pro-
gress on to CP and risk factor control, be it from a heredi-
tary etiology to a predominant alcoholic etiology, remains 
difficult. Population-based studies report that 20%-45% 
of patients have a recurrence of AP, with the highest rates 
among those with alcohol-related AP.13 Progression to CP 
after recurring AP has been reported in 4%-24% of patients, 
again more commonly amongst those with alcoholic recur-
rent AP.14 Interestingly, a long-term prospective study 
(1976-1992) of patients with recurring AP who continued to 
consume alcohol reported progression to CP in as many as 
78%,15 with a 30-year Danish follow-up study finding that 
AP (alcohol-related and idiopathic) progressed to CP with a 
mean interval of 3.5 years.16 [6] CP carries a substantial risk 
of progression to pancreatic ductal adenocarcinoma (PDA). 
Patients with CP have a higher incidence of PDA,17 and 
individuals with hereditary pancreatitis have a 40% cumu-
lative risk of developing PDA in their lifetime.18

These crucial clinical characteristics of CP highlight 
the need for targeted novel treatment strategies to halt 
 disease progression and thus improve patient outcomes. 

*Corresponding author. Email: R.Sutton@liverpool.ac.uk
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If novel drugs are combined with better standardized early 
diagnosis, a potentially significant impact on disease out-
come may result. The identification of such putative treat-
ment pipelines rests on a clear understanding of disease 
pathogenesis and mechanisms so that appropriate targets 
can be identified for drug discovery programs, as well as 
open options for drug repositioning.

Pathogenesis of CP and potential treatment strategies

The sentinel acute pancreatitis event (SAPE) hypothesis, 
first described by Whitcomb in 1999, provides a unified 
model for CP pathogenesis.19 After studying cases of 
hereditary pancreatitis, Whitcomb et al. found that 50% 
of patients with gain-of-function trypsinogen mutations 
experienced repeated episodes of AP that later developed 
into CP.20 Regardless of the cause of the sentinel event 
of AP, recurrent episodes of AP can progress to CP. This 
complex multifactorial disease requires the interaction 
of various environmental factors (e.g., alcohol consump-
tion), recurrent injury (e.g., trypsin activation and autodi-
gestion) and the immune response.21 AP is characterized 
by acinar and ductal cell injury, premature acinar zymogen 
activation, recruitment of inflammatory cells, autodiges-
tion and necrosis of acinar and ductal cells, and subsequent 
reparative and anti-inflammatory responses; repetitive 
episodes drive pancreatic stellate cell (PSC) activation 
and PSC-dependent fibrosis.22 Recurrent and/or sustained 
pancreatic parenchymal injury and inflammation lead to 
progressive irreversible fibrosis,22 the pathological hall-
mark of CP. Pain, however, does not correlate well with 
morphological features of CP,23 and the extent to which 
primary parenchymal injury contributes to the progression 
of established CP is unclear. Nevertheless, any strategy 
to modulate outcomes in CP must be based on a detailed 
understanding of the pathological process of destruction 
of the pancreatic parenchyma and resultant fibrogenesis.

Our understanding of fibrogenesis in the pancreas of 
patients with CP improved with the finding that PSCs 
regulate the synthesis and degradation of the extracellu-
lar matrix (ECM) proteins (particularly fibronectin and 
fibrillary collagen types) that comprise fibrous tissue.24 
Under normal homeostatic conditions, PSCs remain in 
their quiescent form, but they can be activated by a vari-
ety of toxic factors such as ethanol and its metabolites 
or inflammatory cytokines and chemokines, which are 
upregulated in pancreatic tissues of patients with CP. 
Such factors induce PSCs to proliferate and transform 
into myofibroblast-like cells.25 Thus, novel therapeu-
tic strategies could target one of three potential areas in 
the disease process: treatments to reduce primary paren-
chymal injury,  immunomodulation or PSC inhibition 
(Figure 1).

Immunology of CP

How immune factors contribute to disease pathogenesis 
and specifically PSC activation is an area of pivotal under-
standing that may produce numerous potential treatment 
pipelines. Immune cells play a key role in CP pathogen-
esis with a variety of changes observed in the condition 
(Table 1). Infiltrating myeloid cells have previously been 
demonstrated to play a crucial role in PSC activation with 
activated macrophages previously shown to stimulate col-
lagen and fibronectin synthesis by cultured PSCs,26 and 
furthermore by the requirement of myeloid (rather than aci-
nar cell) nuclear factor-κB p65 subunit to promote fibrosis 
in experimental CP.27 

An increasing number of studies have focused on the 
role of T cells in CP. An early study demonstrated pancreas 
samples to have significant increases in CD4+ and CD8+ 
T-cell infiltrates and perforin messenger RNA–expressing 
cells in CP lesions compared with healthy pancreatic tis-
sue, indicating cell-mediated cytotoxicity.28 Another study 
demonstrated no differences in total leukocyte or T-cell 
populations; however, samples from patients with CP had 
increased numbers of CD4+ and CD8+ central memory 
T-cell subsets (CCR7+) compared with controls.29 

A more recent study investigated pancreas-specific 
T cell responses to antigens from lysates of human CP 
lesions obtained during surgical resection.31 T cells from 
CP patients had higher levels of interleukin (IL)-10-based 
responses to pancreatitis-associated antigens compared to 
normal controls and patients with pancreatic ductal ade-
nocarcinoma, supporting the association between CP and 
changes in tissue- and disease-specific memory and regula-
tory T-cell responses.31 The tragedy remains, however, that 
even in the light of these significant advances in our under-
standing of the pathoimmunology of CP, there remains 
no immune-based therapies for the disease, but this could 
change in the future with significant recent advances in our 
understanding of the roles of PSCs and their interactions 
with immune and other pancreatic cells.

PSCs: key to CP fibrosis

Among all pancreatic parenchymal cells, PSCs comprise 
4%-7%,32 and have been clearly established over the last 
20 years as the key executors of pancreatic fibrogenesis. 
Indeed, numerous in vitro and in vivo studies clearly dem-
onstrate the central role of activated PSCs in CP-associated 
fibrosis. PSCs are activated by a variety of toxic factors 
or by inflammatory cytokines and chemokines produced 
in CP, resulting in PSC proliferation and transformation 
into myofibroblast-like cells25 that produce the pancre-
atic fibrosis that characterizes CP. The intracellular sign-
aling mechanisms regulating PSC activation include the 
mitogen-activated protein kinase (MAPK) pathway, which 
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Table 1. Summary of the key pathoimmunological responses observed in CP

Key immunological changes in CP Reference

↑ Myeloid cell pancreatic infiltrates, particularly macrophages Treiber et al., 201127 
↑ Inflam. cytokines (IL-6, IL-1β, TNF-α, TGF-β, PDGF, ROS) Mews et al., 200230

↑ CD4+ and CD8+ T cell pancreas infiltrates Hunger et al., 199728

↑ Circulating memory T cells Grundsten et al., 200529

Changes in memory and regulatory T cell responses Schmitz-Winnenthal et al., 201031

↑ Activation of PSCs Apte et al., 200525

Changes predominantly are observed in macrophage and T cell infiltrates, an increase in inflammatory cytokines, and increased 
activation of quiescent PSCs. Increasing evidence exists demonstrating changes in the number and function of circulating memory 
and regulatory T cells.

Figure 1. Potential therapeutic strategies for CP. The main areas that novel treatment strategies focus on are risk factor modification, 
the restoration of normal ductal function in circumstances where this may be altered (i.e., in CP with a predominant obstructive efferent 
duct etiology, primary parenchymal protection, immunomodulation), and pancreatic stellate cell (PSC) inhibition, applicable to all causes 
of CP. There is a significant overlap between strategies targeting the immune system and PSCs cells with agents often affecting both.

plays a major role in ethanol- and acetaldehyde-dependent 
activation of PSCs, phosphatidylinositol-3-kinase, and 
protein kinase C.33 The transition to the myofibroblast-
like phenotype is associated with increased expression 
of specific smooth muscle genes such as α smooth mus-
cle actin (ACTA2) and transgelin (SM22α) and of specific 
markers such as cytoglobin/PSC activation associated 
protein (Cygb/STAP) in fibrotic lesions of the pancreas.34 

PSCs can be activated directly by alcohol consumption35 
or by cytokines derived from the immigrating inflamma-
tory cells.36,37 Platelet-derived growth factor is the major 
promoter of PSC migration, whereas transforming growth 
factor A (TGFA) affects ECM production via a Smad-
associated pathway. Upon phosphorylation by the TGFA 
receptor, Smad3 enters the nucleus to modulate the tran-
scription of target genes.38 Smad3 links TGFA signaling 
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directly to the serum response factor (SRF)-associated 
regulatory network that controls the expression of smooth 
muscle-specific genes.39

Although the earliest studies tended to primarily focus 
on the role of PSCs in pathological fibrosis, recently the 
maintenance of homeostasis within the pancreas by PSCs 
has been further explored.32 Roles in a number of physi-
ological processes have been identified including the 
maintenance of normal ECM turnover, a role in cholecys-
tokinin-mediated pancreatic exocrine secretion, recogni-
tion of pathogen-associated molecular patterns (PAMPs) 
via Toll-like receptors, a role in innate immunity by phago-
cytosing necrotic acinar cells and neutrophils, and the 
expression of stem cell markers with capacity to function 
as progenitor cells.40

It is generally agreed that the PSCs in CP are mainly 
derived from the resident cells with some contribution from 
bone marrow-derived pluripotent cells.41 Increasing evi-
dence highlights the role of PSCs in CP toward both exo-
crine and endocrine dysfunction. Increased PSC numbers 
have been detected in fibrotic areas around and within the 
islets of Langerhans in the pancreas of Goto-Kakizaki rats 
(a model of type 2 diabetes), and in vitro work has shown 
that PSCs inhibit insulin secretion by beta cells and cause 
apoptosis of those cells. Recent studies have reported that 
hyperglycemia aggravates the detrimental effects of PSCs 
on beta cell function,42 and that in hyperglycemic mice, 
cerulein-induced CP is significantly aggravated when 
 compared with normoglycemic mice.43

Utilizing the understanding gained from these stud-
ies about the role of PSCs in CP, many subsequent studies 
aimed at developing novel therapeutic approaches to mini-
mize or reverse the fibrosis have been performed. These 
treatments have mostly been applied in established experi-
mental models of pancreatic fibrosis, frequently utilizing 
histopathological assessment and assays of PSC activation. 
Improvements in methods to isolate PSCs have allowed 
previously difficult in vitro methods to be applied to assess 
drug efficacy. A variety of therapeutic strategies have been 
tested with promising results in a range of experimental CP 
models over the last 10 years: antioxidants,44 inhibition of 
profibrogenic growth factors such as TGF-β,45 peroxisome 
proliferator-activated receptor gamma (PPARγ) ligands 
such as thiazolidinediones,46 protease inhibitors,47 a pros-
tacyclin analogue ONO-1301,48 the flavonoid apigenin 
and its analogues,49 inhibition of collagen synthesis by 
targeted treatment of PSCs with collagen small interfering 
RNA (siRNA),50 an anthraquinone derivative Rhein,51 and   
others (Table 2).

The models of CP used have included repetitive cerulein 
injections over 3 to 10 weeks. The most common model 
has the advantage of targeting the pancreas. Dibutyltin 
dichloride (DBTC) induces fibrosis in the pancreas and 

liver, chronic ethanol is administered with lipopolysaccha-
ride (LPS), and combinations of these,52 as well as trans-
genic animals (e.g., those expressing normal and mutated 
human cationic trypsinogen genes).53 The above studies are 
encouraging as potential treatments for pancreatic fibrosis 
in CP, but the real challenge lies in translating these pre-
clinical findings to the clinical setting. Among these stud-
ies, a variety of in vitro and in vivo techniques ranging 
using both mouse and human tissue have been employed, 
and some of the more promising treatments are appraised 
in more detail in the subsequent sections. Nevertheless, 
greater standardization is required in both preclinical mod-
els and clinical trial designs, the latter being especially 
underdeveloped for drug trials.

Primary parenchymal protection  
as a treatment strategy

The repetitive and/or continuous injury of the pancreatic 
parenchyma inflicted by toxic, metabolic, genetic, and 
other causes first and foremost damages the acinar cells 
making up the vast majority of the parenchyma, as well 
as the ductal cells.54 Both cell types are injured by fatty 
acid ethyl esters, nonoxidative metabolites of ethanol, 
and fatty acids that are implicated in alcohol-associated 
and hyperlipidemic AP and CP.55-58 Both induce cytosolic 
calcium overload that in turn induces mitochondrial cal-
cium overload, compromising the ATP supply and inhibit-
ing autophagy that would otherwise clear the associated 
premature intracellular digestive enzyme activation. The 
compromise in ATP production occurs through excessive 
mitochondrial matrix calcium concentrations that induce 
the mitochondrial permeability transition pore (MPTP), 
likely formed by the F0F1ATP synthase and regulated 
by cyclophilin D, allowing molecules <1,500 daltons 
to pass through the inner mitochondrial membrane.59 
Mitochondrial membrane potential is lost, ATP produc-
tion is compromised, and cellular necrosis results, induc-
ing the necroinflammatory sequences that drive AP and, 
likely with repetitive injury, CP. Similar events occur in 
hyperstimulation-induced AP and CP, exploited in the 
repetitive cerulein injection model of CP, which is the 
most widely used (Table 2). The severities of both experi-
mental AP and CP are dependent on the toxin dose and the 
number of times repeated. Treatments that either inhibit 
calcium entry into pancreatic parenchymal cells or protect 
mitochondria have been shown to be highly effective in 
experimental AP59,60 and could have a place in CP treat-
ment. Inhibition of the principal store-operated calcium 
channel Orai1 has been shown to markedly reduce the 
severity of experimental AP, and inhibition of cyclophi-
lin D can eliminate almost all pathological consequences 
in some models of experimental AP. The latter strategy is 
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Table 2. Summary of key molecular targets and putative treatments tested in experimental CP in the last 10 years

Target/Drug Model of CP Findings Reference

TGF-β/adenoviral  
vector expressing 

AdTb-ExR/  
halofuginone

C57BL/6 mice cerulein  
for 3 wks

C57BL/6 mice cerulein  
for 4/8 wks

Reduced fibrosis and reduced activated PSCs

Reduced fibrosis

Nagashio et al., 200469

Zion et al., 200945

Protease inhibitors/ 
camostat mesilate

DBTC rat for 4 wks  
with treatment at 1 wk, 
cultured PSCs

Reduced fibrosis and PSC activation Gibo et al., 200547

PPAR-γ  
/thiazolidinediones

Immortalized rat PSCs Reduced PSC activation Jaster et al., 200546

Mucolytic/bromhexine  
hydrochloride

12 human patients Improvement in pain and exocrine function Tsujimoto et al., 2005106

Curcumin Cultured rat PSCs Reduced activation and proliferation Masamune et al., 200691

Green tea Isolated cultured rat PSCs Inhibited PSC activation Asaumi et al., 200684

COX-2/rofecoxib WBN/Kob rats Reduction in macrophage infiltration  
and fibrosis

Reding et al., 2006113

MPTP/tocotrienol  
(Vit. E derivative)

Isolated rat PSCs Induce activated PSC death Rickmann et al., 2007102

Interferon-γ Isolated rat PSCs Reduce PSC activation Fitzner et al., 2007119

Withdrawal of alcohol Rats fed an alcohol diet for 
10 wks then LPS for 3 wks

Improvement in fibrosis and decreased  
PSC apoptosis

Vonlaufen et al., 2010120

Rapamycin DBTC & cerulein rats Reduced fibrosis, preservation of  
normoglycemia

Mayer et al, 201261

Collagen siRNA  
to PSC/VA-lip- 
siRNAgp46

DBTC & cerulein rats Resolution of pancreatic fibrosis Ishiwatari et al., 201350

Rhein  
(anthraquinone deriv.)

C57BL/6 mice cerulein for 
6 wks, Treatment given on 
induction and later at 4wks

Decreased PSC activation and fibrosis in  
both intervention groups

Tsang et al., 201351

ROS/edaravone DBTC rat for 4 weeks; 
treatment after 2 weeks

Reduced fibrosis, PSC activation,  
and cytokine expression

Zhou et al., 201344

ONO-1301  
(prostacyclin  
analogue)

DBTC rats, treatment 
initiation at 1 wk,  
sacrifice 2 & 3 wks

Decrease in inflam. infiltrate 2 wks &  
fibrosis 3 wks

Niina et al., 201448

Apigenin (flavonoid) C57BL/6 mice cerulein 
treatment initiation at  
1 wk, sacrifice at 4 wks

Decreased fibrosis and PSC activation Mrazick et al., 201549

IL-4/IL-13 C57BL/6 cerulein,  
IL-4/IL-13 -/- mice, 
human tissue

Inhibition decreases alternatively activated  
macrophages and fibrosis

Xue et al., 201578

Most studies have employed standard cerulein mouse models of CP with assays of pancreatic fibrosis and PSC activation most commonly used  
as endpoints to assess efficacy (studies in chronological order; DBTC = dibutyltin dichloride; MPTP = mitochondrial permeability transition pore;  
ROS = reactive oxygen species).

especially attractive as cyclophilin D knockout is compat-
ible with viability in utero and only a modest murine phe-
notype, whereas constitutive Orai1 knockout is not viable 
in utero. There is evidence that primary parenchymal pro-
tection is a workable strategy from studies of rapamycin 
in rats administered DBTV and cerulein to induce CP,61 
which acts at least in part to protect the mitochondrial 
compartment.62,63 Nevertheless the approach requires fur-
ther preclinical validation and the development of agents 

that are safe and can be administered orally over pro-
longed periods, if not indefinitely.

Cytokine inhibition

Cytokines as signaling molecules play a major role in CP 
pathogenesis. While they may comprise a disparate group 
with many individual cytokines and are often pleiotropic, 
they remain key factors for cell-cell signaling and PSC 
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activation and thus important potential targets for CP. 
Indeed, numerous strategies have been employed to target 
cytokine signaling and attempt to develop treatments that 
might improve CP outcomes. 

Transforming growth factor-β (TGF-β) is thought to 
regulate the production, degradation, and accumulation of 
ECM proteins, and to play an important role in the fibro-
proliferative changes that follow tissue injury in many vital 
organs and tissues including the heart, lung, kidney, and 
liver.64,65 The importance of TGF-β signaling in fibrosis 
formation is underlined by experiments in transgenic mice 
overexpressing TGF-β1 in the pancreas.66,67 These animals 
show histological changes that resemble human CP, includ-
ing destruction of the exocrine pancreas and progressive 
accumulation of ECM in the pancreas. Pharmacological 
TGF-β inhibition holds promise as a treatment strategy. 
Halofuginone, an analogue of the plant alkaloid febri-
fugine, was recently tested in a cerulein experimental 
CP mouse model.45 Halofuginone was found to prevent 
cerulein-dependent increase in collagen synthesis, collagen 
cross-linking enzyme P4HA, Cygb/STAP, and tissue inhib-
itors of metalloproteinase 2, through inhibition of serum 
response factor and the downstream TGF-β signaling com-
ponent of Smad3 phosphorylation. Furthermore, in vitro 
cultured PSC proliferation and TGF-β-dependent increases 
in Cygb/STAP and transgelin synthesis and metalloprotein-
ase 2 activity were inhibited. However, few specific TGF-β 
receptor kinase inhibitors exist, and while compounds such 
as SB-431542 that are being developed for the treatment of 
neoplasia68 are available, their potential applications in CP 
remain to be explored. Gene therapy has been assessed to 
specifically target TGF-β69 and shall be discussed further 
in the next section.

Interferons (IFNs) are multifunctional cytokines that 
block viral infection, modulate immune and inflamma-
tory responses, and inhibit cell proliferation.70 IFN-α is 
an effective drug already established in clinical practice 
for the treatment of patients with chronic hepatitis B or 
C associated with liver fibrosis,71,72 acting partly through 
an inhibitory effect on hepatic stellate cells.73,74 However, 
conflicting evidence exists about their potential role in CP. 
IFN-γ but not IFN-α has been demonstrated to exert inhibi-
tory effects on PSC proliferation and collagen synthesis 
in vitro using recombinant rat IFN on isolated rat PSCs, 
but IFN-γ has been shown to decrease glucose-stimulated 
insulin release from islet cells and thus potentially play 
a role in CP endocrine dysfunction.75 IFN-α in combina-
tion with ribavirin has been associated with drug-induced 
acute pancreatitis,76 so although IFNs may still be of poten-
tial use as novel treatments in the chronic form of the dis-
ease, further characterization of their molecular effects is 
required before proceeding with further drug development. 
Similarly, TNF-α and IL-6 are both upregulated in CP 
and may be involved in immune cell signaling as well as 

activation of quiescent PSCs,25 but modulating strategies 
using experimental and clinical anti-TNF (infliximab, goli-
mumab) or anti-IL-6 (tocilizumab) agents77 remain to be 
explored in CP. The clinical use of licensed biologics has 
increased in many inflammatory and other diseases over 
the last two decades such that this type of drug accounts 
for a major share of all drugs administered. Repositioning 
of a licensed drug or biological response modifier has 
many attractions, not least that drug development expense 
is substantially reduced. 

Recent evidence suggests that pharmacological inhi-
bition of IL-4 and IL-13 may hold significant potential 
in CP treatment. A very detailed and wide-ranging study 
was undertaken utilizing in vitro, in vivo, and ex vivo 
approaches to assess both transgenic mouse models and 
human pancreatic tissue from CP patients; the authors 
focused on the interaction between alternatively activated 
macrophages (AAMs) and PSCs through IL-4/IL-13 sign-
aling.78 The investigators found that AAMs are dominant in 
mouse and human CP and are dependent on interleukin IL-4 
and IL-13 signaling. Furthermore they observed that mice 
lacking IL-4Rα, myeloid-specific IL-4Rα, and IL-4/IL-13 
were less susceptible to pancreatic fibrosis, with mouse 
and human PSCs being a source of IL-4/IL-13. Finally, 
and probably most importantly, they showed that pharma-
cologic inhibition of IL-4/IL-13 using IL-4/IL-13 blocking 
peptide halfway through the course of an established mouse 
CP model and in human ex vivo studies decreased pancre-
atic AAMs and fibrosis.78 Thus, as one of the most thorough 
studies published in the CP literature to date, the strategy 
of IL-4/IL-13 inhibition holds promise as a novel treat-
ment pipeline for CP and identifies other potential immune 
targets associated with AAMs that may also be consid-
ered for targeting. As an example of possibilities with this  
target, Regeneron has developed dupilumab, an inhibitor of 
IL-4Rα, which is at an advanced stage of development for 
atopic disease.79 There are thus significant possibilities for 
targeting cytokines in the treatment of CP that remain to be 
explored both experimentally and clinically.80

Treatments based on natural compounds

Natural products have been a rich source of compounds 
for drug discovery, but their use has somewhat dimin-
ished, partly due to the technical barriers of screening natu-
ral products in high-throughput assays against molecular 
targets.81 Recent strategies have often employed natural 
product screening that utilizes recent technical advances in 
genomic and metabolomics approaches to augment tradi-
tional methods of studying natural products with an appreci-
ation of functional assays and phenotypic screens specific to 
the particular disease under consideration, with most appli-
cations in the fields of cancer and microbiology.82,83 The 
use of  natural products as a base to guide drug discovery 
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for CP has been increasingly implemented over the last 
10 years,35,45,70 with a number of compounds showing 
promise in experimental CP models. Polyphenols extracted 
from green tea exert inhibitory effects on isolated rat PSC 
activation and may be able to prevent the pancreatic fibro-
sis of CP.84 Likewise, curcumin (diferuloyl-methane), a 
natural product from the spice turmeric,85 has a variety of 
biological activities including anti-inflammatory,86,87 anti-
oxidant,88 antifibrotic,89,90 and has previously been shown 
to inhibit activation of isolated PSCs in vitro.91 Vitamin A 
(retinol) and its metabolites all-trans retinoic acid (ATRA) 
and 9-cis retinoic acid (9-RA) were found to signifi-
cantly inhibit cultured PSC proliferation and activation.92 
While further studies to evaluate these compounds in vivo 
are awaited, a number of natural compounds have been 
explored in more detail in the setting of CP. 

Apigenin (4’,5,7-trihydroxyflavone) is a natural com-
pound with low intrinsic toxicity found in various fruits, 
vegetables, herbs, and beverages such as chamomile tea.93 
A recent study reported that apigenin treatment in a standard 
cerulein model of experimental CP inhibited PSC prolifera-
tion, induced PSC apoptosis, and minimized parathyroid 
hormone related peptide (PTHrP)-mediated PSC response 
to injury.49 Furthermore novel analogues of apigenin are 
under development with chemical modifications directed 
to build a focused library of O-alkylamino-tethered api-
genin derivatives at 4’-O position of the ring C, with the 
aim of enhancing the potency and overall drug-like proper-
ties including aqueous solubility.94

Rhein is a natural anthraquinone derivative, also known 
chemically as 9,10-dihydro-4, 5-dihydroxy-9, 10-dioxo-
2-anthracenecarboxylic acid, that can be extracted from 
roots of Polygonaceae (rhubarb).51 This yellow crystalline 
rhubarb extract has been used as a mild laxative agent and 
an astringent since ancient times in China.95 In recent dec-
ades, administration of rhein in the range of 25 to 100 mg/
kg/day has been demonstrated to exert diverse pharmaco-
logical actions including antimicrobial,96 anti-angiogenic,97 
and anticancer activities.98 Rhein administered at 50 mg/kg/
day halfway through the course of an experimental cerulein 
CP mouse model was able to reverse fibrotic outcomes, and 
when administered in vitro, it was found to attenuate PSC 
activation and suppress sonic hedgehog signaling.51

Recent evidence suggests that the MPTP, a gate-
keeper for cell death pathways in the injured cell, may 
be a crucial target for drug discovery in AP.59 However 
as indicated previously, its potential use in CP is yet to 
be fully explored. Tocotrienol (α, β, γ, δ) and tocopherol  
(α, β, γ, δ) stereoisomers represent the two naturally occur-
ring subclasses of vitamin E compounds. Although the 
diet of millions of people includes tocotrienol-rich foods 
such as palm oil or rice bran, more than 95% of the sci-
entific literature on vitamin E has focused exclusively on 
α-tocopherol.99 Despite some previous concerns on their 

bioavailability, it is now clear that dietary tocotrienols are 
well absorbed, show measurable plasma levels,100 and are 
readily distributed throughout the tissues.101 Accumulating 
evidence suggests that tocotrienols display greater ben-
eficial effects than α-tocopherol because of their promi-
nent antineoplastic, neuroprotective, cardioprotective, and 
cholesterol-lowering properties.99 A recent study using a 
tocotrienol-rich fraction (TRF) from palm oil found that 
TRF but not α-tocopherol reduced viability of activated 
PSCs (not quiescent PSCs or isolated acinar cells) in vitro 
through apoptosis and autophagy and caused a sustained 
mitochondrial membrane depolarization and extensive 
cytochrome c release that was completely abolished with 
the MPTP inhibitor cyclosporine A.102 

Although the findings from drugs developed based on 
natural compounds on isolated PSCs show promise,102 they 
require validation in experimental CP models as well as ulti-
mately human CP. The main challenge remains in refining 
compounds with regard to specificity for cell type and action, 
and this should remain the main focus of ongoing research.

Gene therapy strategies

Gene therapy strategies provide a distinct advantage in 
terms of treatment specificity and have been utilized in 
various CP studies. While pharmacological inhibition of 
TGF-β inhibition has previously been considered, inhibi-
tion employing an adenoviral vector expressing the entire 
extracellular domain of type II human TGF-β receptor 
(AdTβ-ExR) on a cerulein mouse model of experimental 
CP has also been tested.69 The study evaluated pancre-
atic fibrosis, PSC activation, and apoptosis and prolifera-
tion of acinar cells by histology and immunostaining and 
found that pancreatic fibrosis in AdTβ-ExR-injected mice 
was significantly attenuated with a reduction of activated 
PSCs and apoptotic acinar cells but no change in prolifera-
tion.69 Targeted encephalin gene therapy has been shown 
to reduce pain in experimental CP103 but is unlikely to 
modify disease progression. Further research indicates 
that gene therapy may hold potential promise specifically 
in CP patients carrying a CFTR mutation.104 Exogenous 
gene delivery of aquaporin water channels into the parotid 
glands of primary Sjögren syndrome patients has been 
successfully applied to treat the dry mouth symptoms that 
form part of the condition.105 As an aside, the changes of 
pancreatic ductal fluid and ion concentration in pancreatitis 
are very similar to the mechanisms visible in cystic fibrosis 
(CF).104 Therefore, drugs that are effective in CF may have 
benefits for patients suffering with CP, such as bromhexine 
hydrochloride, a bronchial mucolytic, that when admin-
istered to 12 patients with alcoholic CP yielded improve-
ments in symptoms and exocrine function.106 

Clearly like many other conditions, while having 
the advantage of being specific in nature, adopting gene 
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therapy as an approach in CP remains challenging. This 
strategy is open to various potential drawbacks that have 
been discussed in length in the recent literature. CP is a 
multifactorial disorder with a polygenic predisposition; 
long-term outcomes remain unclear posing a number of 
ethical issues; and risks may exist from induction of tumor 
growth, initiation of the endogenous immune response, and 
the use of viral vectors for gene transmission.107

A strategy that harnesses the benefits of specific genetic 
technologies and bypasses the problems that may be asso-
ciated with viral adenovectors is the use of siRNA to target 
the degradation of relevant mRNAs key to CP pathogene-
sis. Previous studies have demonstrated that siRNA against 
 collagen-specific chaperone protein gp46, encapsulated 
in vitamin A-coupled liposomes (VA-lip-siRNAgp46), 
resolved fibrosis in a model of liver cirrhosis.108 
Subsequently the treatment was assessed as a treatment for 
pancreatic fibrosis in experimental DBTC- and cerulein-
induced CP in rats.50 The experimenters were able to 
demonstrate specific uptake of VA-lipsiRNAgp46 by con-
jugation with 60-carboxyfluorescein (FAM) followed by 
immunofluorescence showing uptake through the retinol-
binding protein receptor by activated PSCs in vitro. This 
was accompanied by successful knockdown of gp46 and 
suppression of collagen secretion. The technique allowed 
specific delivery of VA-lip-siRNAgp46 to PSCs in fibrotic 
areas in DBTC rats, with 10 systemic treatments resolv-
ing pancreatic fibrosis and suppressing tissue hydroxy-
proline levels in both models.50 While full translation of 
such siRNA strategies to the clinical setting remains some 
distance away, this study provides the first key demonstra-
tion of successful targeting of an antifibrotic drug to cells 
known to be responsible for pancreatic fibrosis and creates 
hope that similar strategies may be employed, potentially 
with other similar or even contrasting drug  targets, to alter 
the course of CP.

Other approaches

A number of other drugs and strategies have been recently 
explored as treatments for CP with some promising find-
ings. Camostat mesilate (CM), an oral protease inhibitor, 
has been used clinically for the treatment of CP in Japan.47 
This is mainly based on the theoretical benefit of decreasing 
prematurely activated trypsinogen in the pancreas, which is 
a key feature of acute acinar cell injury from a variety of 
pancreatic toxins.109 Interestingly, CM has been shown to 
attenuate DBTC-induced rat pancreatic fibrosis probably 
via inhibition of monocytes and PSC activity.47 However, 
a recent study employing transgenic mice conditionally 
expressing an endogenously activated trypsinogen within 
pancreatic acinar cells demonstrated that trypsin-mediated 
injury was sufficient for AP, but was not sufficient to drive 
pancreatic fibrosis and CP in the absence of other factors, 

raising questions as to the utility of protease inhibition as 
a strategy in CP.110 

Cyclooxygenase (COX) is an enzyme that produces 
prostaglandins such as prostacyclin and thromboxane. 
COX-2 is not expressed under normal conditions in most 
cells but is elevated during inflammation. Modulation of 
prostaglandins in CP has produced conflicting findings. 
Numerous chronic inflammatory diseases can be success-
fully suppressed by COX-2 inhibitors,111 and COX-2 is 
elevated in CP.112 A recent study assessed administration of 
the selective COX-2 inhibitor rofecoxib on an experimen-
tal model of CP (WBN/Kob rat) and found reductions in 
chronic inflammatory changes and fibrosis following treat-
ment, and in vitro studies suggested that the migration of 
macrophages in CP conditions is COX-2 dependent.113 This 
would suggest a beneficial effect for CP from the reduction 
of prostaglandins including prostacyclin, which is in line 
with other inflammatory conditions. However, understand-
ing this treatment strategy remains complex as a further 
recent study using ONO-1301, a novel sustained-release 
prostacyclin analogue shown to have antifibrotic effects 
in other organs, improved fibrosis in a DBTC rat model 
of CP although in vitro studies showed no effect of ONO-
1301 on PSCs.48 Clearly, COX-2 inhibition will decrease 
levels of prostaglandins other than prostacyclin, such as 
thromboxane, and this may be responsible for an overrid-
ing beneficial effect observed for this treatment strategy. 
Overall, these studies highlight that further characterization 
of this mechanistic pathway in the setting of CP is required 
to guide better drug development.

Braganza and colleagues first proposed that CP arose as 
a result of oxidative stress and that a deficient free radical-
quenching system combined with excess free radical pro-
duction led to cellular injury.114 Reactive oxygen species 
(ROS) are known to be involved in PSC activation40 and 
theoretically play an important role in CP pathogenesis. 
Braganza et al. reasoned that exogenous supplementation 
with antioxidants or precursors for antioxidant pathways 
might help reduce ongoing acinar injury.114 After a small 
randomized trial of selenium, β-carotene, vitamins C and E, 
and methionine-based antioxidant therapy reported reduc-
tions in the severity and frequency of episodes of pain in 
patients with recurrent and CP, a commercially available 
formulation was developed; however, antioxidant therapy 
for CP has not become accepted as standard therapy, with 
recent trials suggesting that administration of antioxidants 
to patients with CP does not improve quality of life,115 and 
a recent Cochrane review suggesting they may have only a 
small beneficial effect on pain.116 

Many lessons can be learnt from the antioxidant treat-
ment pipeline that can be implemented for other future 
strategies that may involve targets and compounds previ-
ously outlined in this review. The timing of intervention in 
the pathological process of fibrogenesis remains crucial, 
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and studies allowing cross-comparability of interven-
tional time points in preclinical studies with human CP 
are further required. Trials must use standardized clearly 
defined criteria for diagnosis of CP and hence include 
the most appropriate patients in trials. The composition 
of test compounds must be refined and standardized with 
multiple constituent strategies causing inevitable dif-
ficulties in cross-comparison between studies. Finally, 
relevant disease outcome measures must be standardized, 
and caution must be exercised in interpreting subjective 
measures such as pain and quality of life scores, along-
side objective measures such as endocrine and exocrine 
insufficiency.

Conclusion

Multiple novel treatment pipelines have been identified 
by preclinical studies in CP over the last decade (Figure 2), 
with recent investigation focused on parenchymal protec-
tion, immunomodulation, and PSC inhibition as strate-
gies to reduce pancreatic injury and fibrosis117 and reduce 
the symptomatic and long-term impacts of the disease. 
Ultimately, whether these promising preclinical findings 
can impact human CP will depend on translation through 

well-structured and coordinated clinical trials. To date, tri-
als have not provided any disease course-altering specific 
treatments, with many promising compounds still to be 
tested. There remain many pharmacological challenges in 
human CP that must be overcome for effective translation 
of preclinical findings. Drug absorption in patients with 
CP might be affected by disease pathophysiology, with 
exocrine insufficiency associated with changes in gastro-
intestinal intraluminal pH, motility disorder, bacterial over-
growth, and changed pancreatic gland secretion, resulting in 
potential malabsorption.118 Coupled with this, the lifestyle 
of CP patients may also contribute to these pharmacologi-
cal challenges with many patients limiting their food intake 
due to pain caused by eating that will affect drug absorption 
and compliance, as well as alcohol and drug interactions 
known to influence pharmacokinetics.118 Nevertheless, 
there is considerable hope that future research will provide 
successful treatments. These treatments will likely origi-
nate from preidentified or novel drug targets based on a 
thorough understanding of pathogenesis, accompanied by 
clever drug design sensitive to the challenging group of 
CP patients, supported by sufficiently large and well-con-
ducted clinical trials, with focused research for improved 
bench-to-beside translation.

Figure 2. Summary of novel CP treatment pipelines. Numerous agents tested in the preclinical setting have been shown to be efficacious 
in improving experimental CP outcomes (predominantly PSC activation and histopathological evidence of pancreatic fibrosis), with many 
agents chiefly acting through modulation of either immune pathways, PSC activation, or both. Alcohol may exert its deleterious effects 
indirectly through repeated acinar cell injury or directly on PSCs. Recent evidence indicates an amplifying loop between alternatively 
activated macrophages and PSCs in CP through IL-4/IL-13 signaling, offering another therapeutic target.
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Chapter 54

Evolution of the concept of autoimmune pancreatitis and its subtypes

Daniel Longnecker*

Department of Pathology, Geisel School of Medicine at Dartmouth, Lebanon, NH.

The concept, recognition, and characterization of autoim-
mune pancreatitis (AIP) have evolved in multiple centers 
and countries over the course of more than 50 years. The 
possibility that pancreatitis is sometimes caused by autoim-
mune mechanisms was considered as early as 1959, but the 
characteristic clinical, imaging, and histopathologic fea-
tures for such patients were not recorded until the 1990s. 
Yoshida is credited with introducing the term “autoimmune 
pancreatitis” into the English literature in 1995, although 
“autoimmunpankreatitis” was mentioned in a German 
review by Putzke in 1979.1-2 Acceptance of the term AIP 
and an increasing focus on the diagnosis, description, and 
treatment of the disease is evident in Ovid searches for 
“autoimmune pancreatitis” in sequential intervals. There 
were 192 papers published between 1996 and 2005, with 
the majority initially coming from Japan, and 888 papers 
from around the world between 2006 and June 2013. 
Putzke suggested AIP as a possible cause of chronic scle-
rosing pancreatitis, noting the prominence of interstitial 
lymphoplasmacytic infiltrates and perilobular, intralobular, 
and periductal fibrosis in some pancreases consistent with 
current histopathologic criteria for the diagnosis of AIP.1 
Yoshida mentioned 11 cases including 1 of their own and 
10 others reported from 1961–1991.2

Thal et al. made an early reference to the possible 
autoimmune etiology of pancreatitis in 1959 when they 
reported antipancreatic antibodies in patients with chronic 
pancreatitis3 and subsequently commented that “the find-
ing of true auto-antibodies in this case raised the interest-
ing possibility that his disease was either precipitated by or 
aggravated by an auto-immunizing mechanism”.4

In 1961, Sarles described a group of patients as hav-
ing “primary inflammatory sclerosis” of the pancreas.5 
The authors mentioned lymphoplasmacytic infiltrate, peri-
lobular fibrosis, and lobular sclerosis in one pancreas and 
hypergammaglobulinemia in two patients. These findings 
are supportive of a diagnosis of AIP although the clini-
cal and pathologic data are insufficient to allow a firm 

retrospective diagnosis of AIP for all patients in the group. 
The authors speculated, “It is thus possible to put forward 
the hypothesis that this type of pancreatitis is an inflamma-
tory, noninfectious disease that is caused by phenomena of 
self-immunization”.5

The dominant view regarding the pathogenesis of 
immune-mediated pancreatitis initially centered on humoral 
immunity. This view was partly based on studies in which 
animals were immunized with and developed antibodies 
against pancreas-derived fractions and subsequently devel-
oped pancreatic fibrosis.6 Thal stated, “It is not yet clear 
whether these circulating antibodies are merely a side result 
of a more important reaction of the delayed hypersensitivity 
type occurring at the cellular level”.6 A central role for anti-
body-mediated injury was supported by a later study in which 
diffuse interstitial pancreatitis developed in mice treated with 
antiserum from guinea pigs immunized with pancreatic frac-
tions.7 More recently, Narula and colleagues noted that it is 
unclear whether autoantibodies that induce immunoglobulin 
G (IgG) and IgG4 elevations in AIP patients represent an epi-
phenomenon or play a role in disease pathogenesis.8

The central role of cell-mediated immunity in the patho-
genesis of autoimmune diseases was initially recognized in 
1974.9 It was specifically supported as a possible mechanism 
in AIP by the demonstration of high numbers of T lympho-
cytes in pancreatic infiltrates in AIP10-11 and experimentally 
by the induction of pancreatitis in rats by adoptive transfer of 
CD4(+) T cells sensitized to a pancreatic epitope.12

AIP is a rare disease with an estimated annual incidence of 
0.82 per 100,000 in Japan.13 The incidence in western nations 
is probably similarly low,14-15 and most clinicians, radiolo-
gists, and pathologists likely see only occasional cases, slow-
ing diagnosis. There is evidence that the incidence of AIP has 
dramatically risen in the past two decades, providing a basis 
for recent wider recognition of the disease.16

Because AIP may cause pancreatic enlargement that 
is often localized in the head or present with obstructive 
jaundice, many patients with these inflammatory masses 

*Corresponding author. Email: daniel.s.longnecker@dartmouth.edu

file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000001CE/Word/#ref_cit0001
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000001CE/Word/#ref_cit0002
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000001CE/Word/#ref_cit0003
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000001CE/Word/#ref_cit0004
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000001CE/Word/#ref_cit0005
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000001CE/Word/#ref_cit0006
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000001CE/Word/#ref_cit0006
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000001CE/Word/#ref_cit0007
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000001CE/Word/#ref_cit0008
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000001CE/Word/#ref_cit0009
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000001CE/Word/#ref_cit0010
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000001CE/Word/#ref_cit0011
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000001CE/Word/#ref_cit0012
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000001CE/Word/#ref_cit0013
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000001CE/Word/#ref_cit0014
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000001CE/Word/#ref_cit0015
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000001CE/Word/#ref_cit0016
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000001CE/Word/#web_tx1_1


514 D. Longnecker

have undergone pancreatectomies based on a preopera-
tive clinical diagnosis of a pancreatic neoplasm and were 
postoperatively diagnosed with pancreatitis by the surgi-
cal pathologist. Experience with such cases is the basis 
for the histopathologic diagnosis of AIP. Retrospective 
studies indicate that 2.2%-2.6% of pancreatectomies were 
done because of mass-forming AIP.17-20 Most of these data 
reflect a period before an emphasis on the clinical diagnosis 
of AIP, and this rate is expected to decrease with improved 
recognition.21

Heterogeneity in the pathology of AIP resection speci-
mens has now resolved into the recognition of at least two 
AIP subtypes. Early descriptions focused on the promi-
nence of mixed infiltrates of lymphocytes and plasma cells 
in some cases of chronic pancreatitis and led to the descrip-
tive diagnosis “lymphoplasmacytic sclerosing pancreatitis” 
(LPSP), now often referred to as type 1 AIP.22

The 1997 paper by Ectors et al. identified a pattern of 
chronic pancreatitis in a group of resected pancreases from 
non-alcoholic patients that was clearly different than that seen 
in alcoholics.10 The term “chronic non-alcoholic duct destruc-
tive pancreatitis” was coined. Some (4/12) of these patients 
had autoimmune disease manifestations in other organs. An 
autoimmune etiology was carefully considered, although the 
pancreatitis was ultimately classified as idiopathic. Ectors 
noted that intraductal aggregates of neutrophilic granulocytes 
were commonly associated with duct destructive lesions.10 
Later, the neutrophilic aggregates were called “granulocytic 
epithelial lesions (GEL), which are now recognized as a char-
acteristic of type 2 AIP.23-24 This pattern is also referred to as 
IDCP. The basis for this acronym is ambiguous, being defined 
variously as “idiopathic duct centric pancreatitis” and “idi-
opathic duct-centric chronic pancreatitis”.11,15,25-26

Suda described early and late-stage AIP, with the latter 
based on prominent acinar cell loss.27 All specimens were 
from pancreatic resection or biopsy and contained inflamed 
ducts. Although the late-stage patients (n = 11) were about 
2.5 years older than the early stage group (n = 20) at disease 
onset, the age difference was not significant. The degree 
of lymphoplasmacytic infiltration was more variable, and 
venulitis was less frequent in the late-stage pancreases, but 
it is not obvious that they should be regarded as end stage. 
It is not known if end-stage AIP can be distinguished from 
the late state of chronic pancreatitis due to other etiologies.

The possible role of IgG4 in AIP pathogenesis and 
subsequent recognition of IgG4-associated systemic 
 autoimmune disease has evolved.28 As noted above, there 
is often concordant involvement of other organs in AIP 
patients.2,10 There is evidence of autoimmune processes 
affecting other organs in a quarter to more than half of AIP 
patients in different series.

A variety of autoantibodies were detected in patients 
with AIP, and hypergammaglobulinemia was docu-
mented in some patients.2,5 This led to the  examination 

of immunoglobulin subclasses and recognition in 2001 
that IgG4 was elevated in the serum of most Japanese 
patients with AIP.28,29 Later, increased numbers of IgG4-
positive plasma cells were demonstrated in a high frac-
tion of pancreases with AIP, and similar elevations of 
IgG4-positive cells were identified in other involved 
organs.28 This led to the proposal that AIP was part 
of an IgG4-associated systemic autoimmune disease 
(13, 15).28,30 In a 2008 review, Kamisawa stated, “This 
disease includes AIP, sclerosing cholangitis, chole-
cystitis, sialadenitis, retroperitoneal fibrosis, tubuloint-
erstitial nephritis, interstitial pneumonia, prostatitis, 
inflammatory pseudotumor and lymphadenopathy, all 
IgG4-related”.31 Almost all “autoimmune” disorders 
associated with AIP have now been proven to be mani-
festations of IgG4-related disease.

As the literature for AIP is reviewed, it is necessary to 
consider the content of each report. It is typical for series 
from Japan to be entirely or predominantly composed of 
type 1 AIP patients, which is the form seen in multi-organ 
IgG4-related disease. Accordingly, we find that as many 
as 95% of patients in Japanese series have elevated serum 
IgG4.29 In contrast, the fraction of patients with elevated 
IgG4 in series from the US and Europe is 50%-76% 
depending in part on the cut-off level.32-33 The lower fre-
quency of serum IgG4 elevation may be due to the inclu-
sion of type 2 AIP patients who typically do not have serum 
IgG4 elevations.34 However, true seronegative type 1 AIP 
(i.e., with normal serum IgG4) is also well described; such 
patients do show abundant IgG4+ plasma cell infiltration 
despite normal serum IgG4 levels.35

Although most AIP can be classified by expert patholo-
gists as type 1 or 2 based on resection specimen histopa-
thology, a few cases are difficult to classify with the current 
criteria.25,36 We do not know if these are simply examples 
of atypical type 1 or 2 AIP due to differences in stage or 
degree of involvement or whether they represent rarer 
disease subtypes. Recognition of rare subtypes of a rare 
disease will be difficult and may require new genetic or 
immunologic markers.

The concept of AIP and its subtypes has evolved as 
the understanding of this unique form of pancreatitis has 
improved. The following  chapters further expand this dis-
cussion and focus on a variety of aspects of AIP, includ-
ing the key diagnostic features, treatment, and long-term  
outcomes. Recent immunohistochemical and molecular 
studies have demonstrated differences in inflammatory 
mediators between type 1 and type 2 AIP that validate their 
distinction as was originally established on the basis of his-
tologic and clinical data.37
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Introduction

When Yoshida et al. coined the term “autoimmune pan-
creatitis (AIP)” in 1995, they listed several serologic and 
imaging features that helped them recognize the entity.1 
These features formed the basis for the first diagnostic cri-
teria proposed by the Japan Pancreas Society in 2002.2 In 
these reports, hypergammaglobulinemia and nonspecific 
markers such as rheumatoid factor (RF) and antinuclear 
antibodies (ANAs) served as serologic markers of AIP. In 
2001, Hamano et al. observed that elevated serum IgG4 lev-
els were highly sensitive and specific for the diagnosis of 
AIP.3 Even though this led to a rapid increase in the number 
of diagnosed patients, it soon became clear that this was an 
inadequate biomarker when used in isolation to diagnose 
AIP. As the larger spectrum of disease became apparent, the 
need for diagnostic criteria to distinguish AIP from other dis-
eases including chronic pancreatitis, pancreatic cancer, and 
other systemic diseases was evident. Within a decade there 
were at least six versions of diagnostic criteria published by 
groups from Japan, Italy, the United States, and Korea.4-9 
Although the criteria were generally similar, there were 
major differences including the necessity of endoscopic ret-
rograde cholangiopancreatography (ERCP) for diagnosis, 
the inclusion or exclusion of criteria for other organ involve-
ment, and response to steroids. Unfortunately, these differ-
ences resulted in confusion among practicing clinicians and 
prevented the comparison of results between studies.

International Consensus Diagnostic Criteria

In 2011, a multinational group met to develop the International 
Consensus Diagnostic Criteria (ICDC) for AIP that would 
be meaningful for both clinical and research purposes.10 The 
group achieved a consensus that recognizes our current under-
standing of AIP, permits flexibility in diagnostic evaluation 
(e.g., reliance on histology vs. pancreatography), and acknowl-
edges the two AIP subtypes. Importantly, although the typical 
clinical presentation of patients with AIP is obstructive jaundice, 

occasionally with a mass, the criteria also permit diagnosis in 
those with less common disease presentations and indetermi-
nate imaging findings. The cardinal clinical features of AIP 
in the ICDC are pancreatic parenchymal imaging, pancreatic 
ductal imaging (i.e., endoscopic retrograde pancreatography 
[ERP]), serum IgG4 level, other organ involvement, pancreas 
histology, and response to steroid treatment.

Diagnostic components of the ICDC

Historically, pancreatic imaging findings (both parenchymal 
and ductal) were considered as essential for diagnosing AIP. 
ERCP is not necessary for diagnosis using the ICDC; rather, 
parenchymal and ductal imaging are recognized as separate 
yet complementary criteria. The serum IgG4 level is appre-
ciated as a more sensitive and specific disease marker than 
previously used serologies including total IgG, γ-globulin, 
and autoantibody (ANAs and RF) levels; therefore, it is 
the preferred serologic test (See Chapter 4, “Serologic 
Abnormalities in AIP”). AIP is now recognized as the pan-
creatic manifestation of a multiorgan syndrome called IgG4-
related disease (IgG4-RD). As a result, the presence of other 
organs commonly associated with IgG4-RD (e.g., biliary 
strictures located proximal to the intrapancreatic portion of 
the common bile duct, retroperitoneal fibrosis, and sialadeni-
tis) are supportive findings for AIP and referred to as other 
organ involvement (OOI) (See Chapter 8, “Extrapancreatic 
Features of Autoimmune Pancreatitis”). Pancreatic histol-
ogy obtained by core tissue biopsy (or a resected pancreatic 
specimen) is uniquely recognized as the “gold standard” for 
AIP diagnosis (See Chapter 3, “Histology of AIP”). This 
distinction is made on the basis that pathologists are able to 
accurately diagnose AIP independently of other clinical infor-
mation.11 Finally, response to steroid  treatment evidenced 
by resolution or marked improvement in  radiographic fea-
tures is recognized as an important criterion. Although not 
included in some of the initial  diagnostic criteria schemes, it 
was later recognized that a significant proportion of patients 
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who did not have characteristic imaging findings still 
responded to steroid therapy.

Use of the ICDC to diagnose AIP

The ICDC are organized to allow the user to diagnose AIP 
along several potential pathways including characteris-
tic imaging, characteristic histology, or response to steroid 
therapy. However, it all starts with a review of pancreatic 
findings on cross-sectional imaging (CT or MRI). These are 
classified as typical of AIP (level 1) or atypical/ indetermi-
nate for AIP (level 2). Next, available data supporting the 
diagnosis of AIP (i.e., collateral evidence) is considered in 
combination with imaging findings. Collateral evidence (i.e., 
pancreatic ductal imaging, serum IgG4, OOI, and response to 
treatment) is assigned one of two levels based on the strength 
of association with AIP (Table 1). To establish a definitive 
diagnosis of type 1 AIP, varying strengths of collateral evi-
dence are needed depending on imaging findings (Table 2). 
For example, in patients with typical parenchymal imaging 
for AIP, which is a relatively specific finding, any level of 
nonpancreatic collateral evidence secures a definitive diag-
nosis. Conversely, stronger collateral evidence is required 
when imaging is indeterminate for AIP. Using these criteria 
several combinations can establish an AIP diagnosis, even 
without the need for histology or ERP. 

One advantage of the ICDC is the recognition of the 
two AIP subtypes. Type 2 is generally characterized by the 
lack of serum IgG4 elevation and OOI and is occasionally 
associated with inflammatory bowel disease. However, this 
profile is also present in some patients with type 1 AIP, 
so histology is the only means of establishing a definitive 
diagnosis. While the ICDC are specific for AIP, a subset 
of subjects with unequivocal steroid-responsive pancreatic 
mass/enlargement who have no or minimal collateral evi-
dence fail to meet the diagnostic criteria for a definitive AIP 

subtype. Such patients are classified as AIP-not otherwise 
specified (AIP-NOS). When inflammatory bowel disease is 
present, these patients are considered likely to have type 2 
AIP and are classified as probable type 2 AIP.

A practical approach to using the ICDC

The complexity of the criteria used in the ICDC is necessary 
due to the protean disease presentations. Although it may 
initially appear too cumbersome for clinical use, a practical 
approach for using the ICDC is possible with thoughtful con-
sideration. Because AIP is extremely rare, the responsibility 
of the clinician is primarily to exclude an alternative etiology 
(namely malignancy) rather than to establish an AIP diagno-
sis. Therefore, unless noninvasive studies (i.e., imaging and 
typical other organ involvement) are characteristic for AIP, 
some form of cytology obtained with or without core biopsy 
for histology is necessary in most cases. In the absence of 
convincing evidence for malignancy, additional testing can 
be pursued for cases in which AIP is suspected.

Our current approach for diagnosing AIP and dis-
tinguishing it from pancreatic cancer using the ICDC is 
shown in Table 3. The initial step is to determine the like-
lihood of AIP based on pancreatic parenchymal imaging. 
When typical imaging (e.g., diffuse pancreatic enlarge-
ment with delayed enhancement of the parenchyma, 
with or without a capsule sign) is present, any nonductal 
imaging collateral evidence (i.e., elevated serum IgG4 or 
OOI) will establish an AIP diagnosis. In these patients, a 
diagnostic steroid trial and core biopsy of the pancreas 
are not needed to support the diagnosis (although steroids 
are generally initiated for therapeutic purposes). On the 
other hand, if pancreatic imaging shows focal/segmental 
enlargement or has atypical features (e.g., low-density 
mass, pancreatic duct dilation, or distal atrophy) the sub-
sequent evaluation is dictated by the amount and strength 

Table 1. Level 1 and 2 criteria for type 1 AIP using the ICDC. Used with permission from Shimosegawa et al.10

Diagnosis
Primary Basis for 
Diagnosis Imaging Evidence Collateral Evidence

Definitive type 1 AIP Histology Typical/indeterminate Histologically confmned LPSP (level 1 H)

Imaging Typical Any non-D level 1/ level 2

Indeterminate Two or more from level 1 (+ level 2 D*)

Response to steroid Indeterminate Level 1 S/OOI + Rt or level 1 D + level 2 S/OOI/H 
+ Rt

Probable type 1 AIP Indeterminate Level 2 S/OOI/H + Rt

*Level 2 D is counted as level 1 in this setting. LPSP, lymphoplasmacytic sclerosing pancreatitis; OOI, other organ involvement.
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of the collateral evidence. If there is strong collateral 
evidence (two of the following: pancreatic duct stricture 
without upstream dilation, serum IgG4 >2x upper limit 
of normal, or histologic demonstration of OOI or radio-
graphic evidence of proximal biliary disease or retrop-
eritoneal fibrosis), the diagnosis of AIP can be confirmed 
without additional measures. Conversely, if the collateral 
evidence is only modest, fine- needle aspiration (FNA) is 
recommended to rule out cancer, then steroid treatment 
trial is needed to secure the AIP diagnosis. Modest col-
lateral evidence would be satisfied with the presence of 

one of the following: typical long or multiple pancreatic 
ductal strictures on ERP AND either serum IgG4 eleva-
tion or presence of OOI, serum IgG4 >2x upper limit of 
normal, or histologic documentation of OOI or radio-
graphic evidence of proximal biliary disease or retrop-
eritoneal fibrosis. It should be highlighted that diagnostic 
steroid trials are rarely needed and are not recommended 
unless cancer has been excluded by FNA of a mass lesion. 
Repeat imaging is recommended after 2 weeks of steroid 
treatment, and alternative etiologies should be considered 
if there is not significant improvement. Finally, regardless 

Table 2. Diagnosis of definitive and probable type 1 AIP using the ICDC. Used with permission from Shimosegawa et al.10

Criterion Level l Level 2

P Parenchymal 
imaging

Typical:
Diffuse enlargement with delayed enhancement 

(sometimes associated 
with rim-like enhancement)

Indeterminate (including atypical†):
Segmental/focal enlargement with delayed 

enhancement

D Ductal imaging 
(ERP)

Long (>1/3 length of the main pancreatic duct) or 
multiple strictures without 
marked upstream dilatation

Segmental/focal narrowing without marked 
upstream dilatation (duct size, <5 mm)

S
OOI

Serology 
Other organ 
involvement

IgG4, >2× upper limit of normal value a or b
a. Histology of extrapancreatic organs
 Any three of the following:

(1)  Marked Iymphoplasmacytic infiltration with 
fibrosis and without granulocytic infiltration

(2) Storiform fibrosis
(3) Obliterative phlebitis
(4)  Abundant (>10 cells/HPF) 

IgG4-positive cells

b. Typical radiological evidence
 At least one of the following:

(1)  Segmental/multiple proximal 
(hilar/intrahepatic) or proximal and 
distal bile duct stricture

(2) Retroperitoneal fibrosis

IgG4, 1-2× upper limit of normal value
a. Histology of extrapancreatic organs 

    including endoscopic biopsies of 
bile duct‡:

 Both of the following:
(1)  Marked Iymphoplasrnacytic infiltration 

without granulocytic infiltration
(2)  Abundant (>10 cells/HPF) 

IgG4-positive cells

b. Physical or radiological evidence
 At least one of the following:

(1)  Symmetrically enlarged salivary/lachrymal 
glands

(2)  Radiological evidence of renal involvement 
described in association with AlP

H Histology of the 
pancreas

LPSP (core biopsy/resection)
At least 3 of the following:
(1)  Periductal lymphoplasmacytic infiltrate without 

granulocytic infiltration
(2) Obliterative phlebitis
(3) Storiform fibrosis
(4)  Abundant (>10 cells/HPF) 

IgG4-positive cells

LPSP (core biopsy)
Any 2 of the following: 
(1)  Periductallymphoplasmacytic infiltrate without 

granulocytic infiltration
(2) Obliterative phlebitis
(3) Storiform fibrosis
(4)  Abundant (>10 cells/HPF) 

IgG4-positive cells

Response to steroid (Rt)* Diagnostic steroid trial Rapid (≤2 wk) radiologically demonstrable resolution or marked improvement in 
pancreatic/extrapancreatic manifestations

*Diagnostic steroid trial should be conducted carefully by pancreatologists with caveats (see text) only after negative workup for cancer including 
endoscopic ultrasound-guided fine needle aspiration.
†Atypical: Some AlP cases may show low-density mass, pancreatic ductal dilatation, or distal atrophy. Such atypical imaging findings in patients with 
obstructive jaundice and/or pancreatic mass are highly suggestive of pancreatic cancer. Such patients should be managed as pancreatic cancer unless there 
is strong collateral evidence for AlP, and a thorough workup for cancer is negative (see algorithm).
‡Endoscopic biopsy of duodenal papilla is a useful adjunctive method because ampulla often is involved pathologically in AlP.
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of the nature of pancreatic imaging features, if there is no 
supportive collateral evidence for AIP, an FNA is recom-
mended to exclude cancer and a core biopsy of the pan-
creas is needed, to reach an AIP diagnosis.

Summary

AIP is an increasingly recognized clinical entity. Although 
elevated serum IgG4 is an important diagnostic clue, it is 
insufficient to independently establish a diagnosis, and 
other collateral evidence is needed. The ICDC are recently 
published diagnostic criteria that help both the clinician 
and researcher accurately identify those with AIP using one 
of several combinations of key diagnostic features (pancre-
atic parenchymal imaging, pancreatic ductal imaging [i.e., 
ERP], serum IgG4 level, other organ involvement, pancreas 
histology, and response to steroid treatment). Because AIP 
is rare, the clinician’s diagnostic approach must primarily 
focus on the excluding malignancy and then on solidifying 
the AIP diagnosis. 
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Introduction

Chronic pancreatitis, as represented by alcoholic chronic 
pancreatitis, is a progressive fibroinflammatory disease of 
the pancreas wherein the pancreatic parenchyma is exten-
sively and severely destroyed by fibrosis but inflammatory 
cell infiltration is usually mild. Dense inflammatory cell 
infiltration in established chronic pancreatitis is a rare but 
eye-catching finding and is usually seen in cases with tume-
factive pancreatitis. Thus, such cases used to be sporadi-
cally reported as a distinctive type of pancreatitis and were 
pathologically designated as chronic inflammatory sclero-
sis, lymphoplasmacytic sclerosing pancreatitis (LPSP), and 
nonalcoholic duct destructive chronic pancreatitis.1-3 After 
Yoshida et al. proposed the concept of autoimmune pancrea-
titis (AIP) in 1995, those pathological entities have come to 
be recognized as related conditions that represent the patho-
logical features of AIP.4

Since 2003, some groups have argued that what had 
been diagnosed as AIP and its related pathological entities 
did not constitute a single entity but consisted of at least two 
different conditions. A group from Mayo Clinic conducted 
a retrospective study with resected pancreases diagnosed 
with pancreatitis and concluded that in addition to a group 
with an entity that corresponded to LPSP, there was another 
with idiopathic duct-centric chronic pancreatitis (IDCP).5 
Similar observations were also reported from Europe and 
Massachusetts General Hospital (MGH).6,7 AIP with and 
without granulocytic epithelial lesions (GELs, a term used 
by the European group), and ductocentric and lobulocentric 
AIP (terms used by the MGH group) are considered to be 
identical or similar to IDCP and LPSP, respectively.

In 2001, Hamano et al. demonstrated that serum IgG4 
values are elevated in AIP patients. Subsequent studies 
showed that affected pancreatic and nonpancreatic tissues 
in AIP are infiltrated by numerous IgG4-positive plasma 
cells.8,9 These pivotal observations allowed the emergence 
of the new disease concept now called IgG4-related dis-
ease (IgG4- RD).10-12 The number of IgG4-positive plasma 

cells was noted to be significantly higher in LPSP than in 
IDCP, leading to the realization that LPSP and IDCP are dif-
ferent entities, with LPSP encompassed in the spectrum of 
IgG4-RD.13,14 Various clinical differences between LPSP and 
IDCP were also clarified.15-17 At present, LPSP and IDCP are 
called type 1 and 2 AIP, respectively,13 and separate crite-
ria for the subtypes have been proposed in the International 
Consensus Diagnostic Criteria (ICDC) for AIP.18

The presence of numerous IgG4-positive plasma cells 
is a histological feature of type 1 AIP/LPSP. However, it is 
noteworthy that the distinction between types 1 and 2 AIP 
was clarified based on a histomorphological study.5,7 An 
interobserver concordance study revealed that pathologists 
can distinguish these two entities based on histological find-
ings even without IgG4 immunostaining.19 In addition, the 
presence of numerous IgG4- positive cells is not specific to 
type 1 AIP and can be observed in other conditions such as 
pancreatic abscess and cancer.14,20 Thus, for the pathological 
diagnosis of type 1 AIP, the morphological features are the 
most important and IgG4 immunostaining is only an adjunct 
to diagnosis, most useful in interpreting pancreatic biopsies.

In this chapter, the unique histological features of type 
1 AIP are described, with the histological features of type 2 
AIP outlined later.

Pathological characteristics of type 1 AIP (LPSP)

Macroscopically, the affected pancreas is usually enlarged. 
Lesions can be diffuse or focal, but focal lesions are particu-
larly prone to resection because of the clinical difficulty in 
distinguishing them from pancreatic cancer. The pancreatic 
lobules are relatively well preserved (Figure 1), but focal 
destruction is not uncommon. The pancreatic duct system 
is open despite imaging findings suggestive of stenosis. 
The pancreatic parenchyma is often surrounded by a sheath 
of inflammation involving the peripheral parenchyma and 
peripancreatic adipose tissue. This feature corresponds to 
the radiological finding of a “capsule-like rim.”
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Type 1 AIP is histologically characterized by dense 
lymphoplasmacytic infiltration and fibrosis. Lymphoid 
follicles and eosinophils are common and sometimes 
prominent, but neutrophils are almost never observed. In 
addition to these relatively nonspecific findings that may 
be shared with other chronic inflammatory diseases, type 1 
AIP shows the following unique histological features that 
distinguish it from other inflammatory lesions, including 
type 2 AIP.

Storiform fibrosis
Storiform fibrosis is a peculiar fibrosing lesion seen in 
almost all cases of type 1 AIP. It is not the uniform stream-
ing pattern commonly seen in other chronic inflammatory 
diseases; rather, it is characterized by a haphazard and 
typically swirling pattern. Similar to granulation tissues 
changing into fibrosis over time, a series of histological 
differences in storiform fibrosis can be appreciated. In the 
early stage, a cellular component of small spindle cells, 
lymphocytes, and plasma cells predominates, with minimal 
collagen formation (cell-rich type, Figure 2a). Collagen 
formation then gradually proceeds, and the cell component 
decreases (transitional type, Figure 2b) until fibrotic foci 
consisting mostly of collagen with a scanty cell component 
finally develop (fibrotic type, Figure 2c). A mixture of 
various stages may be seen in a single case.

Ductal inflammation (periductal inflammation) 
Collars with lymphoplasmacytic infiltration and/or fibrosis 
are seen around the pancreatic duct epithelium. Notably, 
neither inflammatory cell infiltration nor regressive/regen-
erative changes occur in the duct epithelium itself, thereby 
providing a useful clue to differentiation from type 2 AIP. 
With all of these histological features, ductal inflammation 

seen in type 1 AIP used to be called “periductal inflamma-
tion.” Ductal inflammation is easily identified in the main 
and interlobular pancreatic ducts but also involves the 
intralobular pancreatic ducts. Two types of ductal inflam-
mation can be recognized. The first pattern consists of a 
thin layer packed with lymphocytes and plasma cells just 
beneath the epithelium and an outer layer of fibrosis. The 
other pattern is composed of a thick inflammatory band 
with storiform fibrosis that surrounds the epithelium, giv-
ing the impression of a thickened pancreatic duct wall 
(Figure 3). The lumen of the ducts is narrowed and stellate-
shaped due to compression by dense lymphoplasmacytic 
infiltration fibrosis. Because no structure corresponding 
to this kind of wall is originally present in the pancreatic 
ducts, it is attributed to the inflammation itself. 

Lobular inflammation
Pancreatic lobules are almost always inflamed at least 
focally in type 1 AIP. With inflammation, the lobules are 

Figure 1. Macroscopic features of type 1 AIP. A portion of the 
pancreas is surrounded by a sheath of inflammation (white 
arrows). Pancreatic lobular structure is well preserved. The 
main pancreatic duct (blue arrow) is open and is involved by the 
fibroinflammatory legion (“thickened duct wall”). 

Figure 2a. Cell-rich- storiform fibrosis of type 1 AIP.

Figure 2b. Transitional storiform fibrosis of type 1 AIP.
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infiltrated by lymphocytes and plasma cells with accompa-
nying acinar cell loss. The interlobular spaces are fibrotic. 
Inflamed lobules maintain their original size and shape in 
type 1 AIP (Figure 4), which is in contrast to lobular atro-
phy seen in pancreatitis due to other etiologies. The lobules 
also occasionally become edematous. Lobular architec-
ture is relatively well preserved, but focal destruction and 
replacement by fibrosis is not uncommon. In the latter sce-
nario, areas of storiform fibrosis can be seen.

Inflammation involving peripancreatic adipose tissue in 
the pancreatic border 
The inflammation seen at the pancreatic border is most 
marked in type 1 AIP, giving the appearance of a shell sur-
rounding the pancreatic parenchyma (Figure 5). This find-
ing corresponds to the radiological finding of a capsule-like 

rim. Inflammation in both the pancreatic parenchyma and 
peripancreatic adipose tissue is involved in the formation 
of this lesion, obscuring the border between the two tis-
sues. Storiform fibrosis and obliterative phlebitis are most 
prominent in this lesion type. Inflammation occurs in the 
peripancreatic adipose tissue in type 1 AIP, and it spreads 
by enclosing individual adipocytes until fat lobules are 
entirely replaced by fibroinflammatory lesions. Fat necro-
sis is not typically seen in type 1 AIP.

Figure 2c. Fibrotic storiform fibrosis of type 1 AIP.

Figure 3. Ductal inflammation of type 1 AIP. A thick 
inflammatory band with storiform fibrosis surrounding the duct 
epithelium, giving the impression of a “thickened duct wall.” 
Note that the duct epithelium is intact.

Figure 4. Lobular inflammation of type 1 AIP. The lobules 
maintain their original size and shape despite inflammation and 
acinar cell loss.

Figure 5a. Inflammation of type 1 AIP at the pancreatic 
border. The pancreatic parenchyma is surrounded by a cuff of the 
fibroinflammatory lesion.
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Obliterative phlebitis and other vascular lesions
Venule inflammation is another unique and common feature 
of type 1 AIP. It is characterized by lymphocyte and plasma 
cell infiltration from the venous wall to the lumen, culmi-
nating in venous obliteration. For this reason, this condition 
is called obliterative phlebitis. Similar inflammation may 
also be found in large veins such as the splenic and portal 
veins. In these instances the inflammation is limited to only 
a portion of the wall, and rarely results in obliteration. 

In type 1 AIP all sizes of venules can be involved by 
obliterative phlebitis. A large number of relatively large 
(>100 µm in diameter) venules are affected, making oblit-
erative phlebitis perceptible even on H& E-stained slides.21 
In the normal pancreas arteries and veins run in parallel; 
therefore, obliterative phlebitis can be suspected when there 
is no vein next to an artery and instead a nodular inflam-
matory lesion is present (Figure 6). Use of elastic stains, 
such as Verhoeff-van Gieson, is helpful for identifying and 
confirming the presence of obliterated veins, but care has to 
be taken to distinguish obliterative phlebitis in type 1 AIP 
from nonspecific fibrous venous occlusion due to venous 
wall damage or organized thrombosis as seen in chronic 
pancreatitis and pancreatic cancer.21 In this regard, it should 
be emphasized that the histological picture seen in oblitera-
tive phlebitis is the same as that of the surrounding inflam-
matory lesions, and storiform fibrosis may also be found.

Arteries and arterioles are occasionally inflamed in 
type 1 AIP, with the adventitia and outer layer of the media 
usually involved. This finding can be designated as peri-
arteritis/periarteriolitis in the same way as the lesions seen 
in the aorta and its branches (periaortitis/periarteritis) that 
are included in IgG4-related disease. In contrast to venous 
lesions, luminal occlusion is rare in arterial lesions. Because 
inflammation is marked around the arterioles in type 1 AIP, 

it is difficult to accurately evaluate the arterial lesions; for 
this reason, this finding has not been emphasized in previ-
ous pathological reports on type 1 AIP.

IgG4-positive plasma cells
Abundant IgG4-positive plasma cells are observed in type 1 
AIP (Figure 7). In resected materials, the number of IgG4-
positive plasma cells is usually >50 per high power field 
(hpf).22 However, because it is difficult to satisfy this cri-
terion in the biopsy diagnosis of type 1 AIP, the number 
of IgG4-positive plasma cells has been set at >10/hpf in  
the ICDC.18

The presence of >10 IgG4-positive plasma cells per 
hpf is not specific for type 1 AIP and can be satisfied in 

Figure 7. Abundant IgG4-positive plasma cells seen in type 
1 AIP.

Figure 5b. Inflammation at the border involves both the 
pancreatic parenchyma (left) and peripancreatic adipose 
tissue (right).

Figure 6. Obliterative phlebitis of type 1 AIP. The nodular 
inflammatory lesion (arrows) adjacent to an artery is a vein 
obliterated by the inflammation.
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conditions with copious plasmacytic infiltration (e.g., pan-
creatic abscess or inflammation associated with pancre-
atic cancer).14,20 In addition, more IgG4-positive plasma 
cells are present adjacent to lymphoid follicles. Therefore, 
a higher count of IgG4- positive plasma cells from those 
areas may be not representative. In this regard, evaluation 
of the IgG4/IgG-positive cell ratio is useful: the ratio is 
high (>40%) in type 1 AIP and low in the other pancreatic 
diseases.23 However a minority of cases do not satisfy this 
criterion; the IgG4/IgG-positive cell ratio can be ≤40% in 
some type 1 AIP cases and >40% in a minority of patients 
with pancreatic cancer.

Thus, IgG4-immunostaining is only of limited value 
for the pathological diagnosis of type 1 AIP, and the 
importance of morphological features, notably stori-
form fibrosis and obliterative phlebitis, should be 
emphasized. The ICDC stands by this principle by spec-
ifying that a diagnosis of type 1 AIP can be established 
when at least three of the following histological features 
are satisfied: 1) periductal lymphoplasmacytic infiltrate 
without granulocytic infiltration, 2) obliterative phle-
bitis, 3) storiform fibrosis, or 4) abundant (>10/hpf) 
IgG4-positive cells.18 The same policy has been also 
adopted in the consensus statement on the pathology of 
IgG4-related disease.23

Biopsy diagnosis of type 1 AIP

The distinction between AIP and pancreas cancer is vital 
but difficult in some cases, for example in lesions with 
focal pancreatic enlargement and/or negative serologi-
cal tests. In these situations, pancreatic biopsies may be 
needed to reach an accurate diagnosis. This trend has 
been driven by technological advances in endoscopic 
ultrasound-guided fine needle aspiration (EUS-FNA) and 
EUS-guided Trucut biopsy (EUS-TCB).

As described earlier, the histological features of type 
1 AIP are so characteristic that the diagnosis can be eas-
ily rendered based on study of the resected specimens. 
However, a biopsy diagnosis of type 1 AIP is challenging 
because diagnostic hallmarks such as storiform fibrosis, 
ductal inflammation, and obliterative phlebitis, are rarely 
obtained or are difficult to identify in tiny biopsy samples. 
Nevertheless, the histological diagnosis of type 1 AIP with 
EUS-TCB is promising and is reported to be effective in 
about half of patients.24,25 Unfortunately, this procedure is 
only currently available in a small number of institutions. 
Compared to EUS-TCB, the diagnostic usefulness of EUS-
FNA is limited because of the smaller amount of tissue 
obtained, but some groups have also found this procedure 
to be effective.24-26

In biopsy samples, a relatively high frequency of 
storiform fibrosis can be seen. Obliterative phlebitis can 

be occasionally identified, and elastic stains are of help 
in this regard. Immunostaining for IgG4 is mandatory, 
and as described in the ICDC, the presence of >10 posi-
tive plasma cells/hpf is a diagnostic standard. Infiltration 
of numerous neutrophils, proliferation of plump fibro-
blasts, and/or epithelioid granuloma formation makes 
the diagnosis of type 1 AIP less likely.

So far, EUS-FNA cytology is believed to be unsatisfac-
tory for diagnosing AIP. However, it is a highly sensitive 
(80%-97%) and specific (82%-100%) test for diagnosing 
pancreatic cancer and can therefore play an important role 
in excluding this disease.

Type 1 AIP and neoplasms

IgG4-positive plasma cells may be numerous in and around 
cancers, and these patients may show elevated serum IgG4 
levels.14,27 Tissue IgG4 infiltration is usually focal in the 
lesions, rather than diffuse like in type 1 AIP, and it is 
not usually associated with a high IgG4/IgG-positive cell 
ratio.22 Inflammation is commonly seen around pancreatic 
cancer. Histological features included in cancer-associated 
inflammation are proliferation of plump fibroblasts (des-
moplastic reaction), neutrophilic infiltration, and inflam-
matory cell infiltration with prominent lobular edema, all 
of which are distinct from type 1 AIP.

Type 1 AIP may be associated with neoplastic diseases. 
On rare occasions, the histological features of type 1 AIP 
can be seen in the setting of pancreatic cancer.28,29 IgG4-
positive cells are numerous in these lesions, and even the 
IgG4/IgG-positive cell ratio is high. Such cases have been 
regarded as concomitant pancreatic cancer and type 1 AIP. 
From the clinical standpoint, metachronous association 
of pancreatic cancer after steroid treatment for type 1 AIP 
has been reported.30 Extrahepatic bile duct neoplasms (a 
case with cancer in an early stage and another case with 
biliary intraepithelial neoplasia) have been reported in 
patients with both type 1 AIP and IgG4-related scleros-
ing cholangitis.31,32 A case with concomitant intraductal 
papillary mucinous neoplasm (IPMN) and type 1 AIP was 
also described.33 Finally, there is emerging evidence that 
the cancer risk may be higher in those with AIP.34 The risk 
was particularly high in the first year after AIP diagnosis 
and did not recur in a small number of patients after cancer 
treatments, suggesting the possibility of a paraneoplastic  
syndrome.

Summary

Type 1 AIP is a unique form of chronic pancreatitis with 
distinct histomorphology that permits a histologic diagno-
sis of AIP without the need for other diagnostic criteria. It 
is characterized by nonspecific, dense lymphoplasmacytic 
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inflammation. Additional features of storiform fibrosis 
and obliterative phlebitis are not shared with other chronic 
inflammatory diseases of the pancreas, helping distinguish 
type 1 AIP from other causes of pancreatic disease includ-
ing type 2 AIP. Finally, an abundance of IgG4-positive 
plasma cells is a helpful clue to diagnosis when present, 
but this finding is not entirely specific and can also be seen 
in pancreatic cancer.
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Introduction

In 1961, Sarles et al. published a case report of pancreatitis 
with hypergammaglobulinemia, which in retrospect appears 
to be identical to autoimmune pancreatitis (AIP).1 In 1995, 
Yoshida et al. described such a case as AIP.2 In 2001, Hamano 
et al. reported increased serum levels of IgG4 in AIP.3 The 
histopathological findings of AIP include periductal locali-
zation of predominantly CD4-positive T cells, IgG4-positive 
plasma cells, storiform fibrosis with acinar cell atrophy fre-
quently resulting in the stenosis of the main pancreatic duct, 
and obliterative fibrosis, resulting in so-called lymphoplas-
macytic sclerosing pancreatitis (LPSP).4-7Although the infil-
tration of IgG4-positive cells and increased serum levels of 
IgG4 are characteristic, they are not specific for type 1 AIP, 
and the role of IgG4 in the development of AIP and IgG4-
related disease remains unclear.8-10

Immunology of immunoglobulin subclasses 

Generally, the amount of IgG4 does not vary with sex or 
age, and both IgG4 quantity and the IgG4/total IgG ratio 
tends to remain constant.11 In normal subjects, IgG4 con-
sists of 4%-6% of total IgG, and its level in serum can be 
elevated in several conditions such as allergic disease, par-
asite infection, and pemphigus vulgaris.11 In type 1 AIP, 
total IgG, IgG1, IgG2, IgG4, and IgE are usually increased 
compared with healthy subjects, while IgM, IgA, and the 
ratios of IgG to IgM or IgA are decreased compared with 
normal subjects or those with other diseases3,12 (Table 1). 
In AIP, all IgG subclasses are increased compared with 
other types of pancreatitis. 

Although the association with IgE-mediated allergy and 
IgG4 antibodies is well known, the characteristics of IgG4 
are less understood.13 IgG4 antibodies participate in a con-
tinuous process referred to as Fab-arm exchange, which 
describes swapping a heavy chain and attached light chain 
(half-molecule) with a heavy-light chain pair from another 
molecule.14 This produces asymmetric antibodies with two 

different antigen-combining sites. While these modified 
antibodies are heterobivalent, they behave as monovalent 
antibodies (Figure 1A).14 Another aspect of IgG4 mimics 
IgG rheumatoid factor (RF) activity by interacting with IgG 
on a solid support (Figure 1B).15 In contrast to conventional 
RF, which binds via its variable domains, IgG4’s activity 
occurs in its constant domains but is inefficient in activating 
potentially dangerous effector systems due to its low affinity 
for C1q and the classical Fcγ-receptors.

Comparison of various markers in differentiating between 
AIP and pancreatic cancer showed that the best results are 
obtained using IgG4, which has 86% sensitivity, 96% speci-
ficity, and 91% accuracy (Table 2).16 IgG4 was therefore 
adopted as the best marker in the diagnostic criteria of type 
1 AIP.16 However, serum IgG4 elevation or marked IgG4-
bearing plasma cell infiltration has been reported in some 
patients with pancreatic cancer, suggesting that these features 
are not completely specific for AIP and cannot exclude the 
presence of pancreatic cancer.17

The complement system

Patients with active AIP occasionally have decreased com-
plement (C3, C4) levels with elevated circulating immune 
complexes and serum IgG4 elevation.3,18 However, a 
recent study showed that the classical pathway of com-
plement activation through IgG1 may be involved in the 
development of AIP rather than mannose-binding lectin 
or alternative IgG4 pathways.19 Moreover, IgG4 bound 
to other isotypes such as IgG1, IgG2, and IgG3 with an 
Fc-Fc interaction develop immune complexes in patients 
with AIP. In this setting, IgG4 may contribute to the clear-
ance of immune complexes or termination of the inflam-
matory process by preventing the formation of large 
immune complexes by blocking the Fc-mediated effec-
tor functions of IgG1.15 Compared with systemic lupus 
erythematosus (SLE), tubulointerstitial nephritis (TIN) 
is more often observed in renal lesions of IgG4-related 
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disease. In TIN associated with AIP, immune complex 
(IgG and C3) deposition is more commonly observed in 
the tubular basement membrane rather than the in the glo-
merular basement membrane as typically seen in SLE.20

Autoantibodies

In addition to increased total IgG and IgG4, patients with 
IgG4-related disease often have detectable autoantibodies, 

albeit not organ specific.5,6 Some patients with IgG4-related 
disease have nonspecific antibodies such as antinuclear anti-
body (ANA), but aside from overlapping symptoms, there 
is no clear association between IgG4-related disease and 
common autoimmune diseases such as Sjögren’s syndrome 
and SLE. With regard to IgG4 function, it remains unclear 
if IgG4-related disease is a true autoimmune or allergic 
disease. However, the frequent coexistence of other organ 
involvement led to the concept that there may be common 

Table 1. Serum immunoglobulin levels in patients with AIP.3,12

Author Year n IgG IgG1 IgG2 IgG3
IgG4  
(/IgG) IgM IgA IgE

IC  
(μg/mL)

Hamano et al. 2001 AIP 20 2,201 868 617 53 663 
(30%)

91 226 176 30

Control 20 1,341 664 592 34 51 142 247 79
Taguchi et al. 2009 AIP 20 2,556 NT NT NT 762 85 213 NT

CP 21 1,245* NT NT NT NT 122 294 NT

*Data from Roitt.11 
AIP, autoimmune pancreatitis; CP, chronic pancreatitis; IC, immune complex; NT, not tested. All Ig values are in units of mg/dl.

Figure 1. Characteristic forms of IgG4. A, Schematic representation of the generation of bispecific IgG4 antibodies by the exchange 
of half-molecules (“Fab-arm exchange”) From van der Neut Kolfschoten et al.14 with permission. IgG4 Fab arm exchange occurs by 
the exchange of a heavy-light chain pair (half-molecule) of one IgG4 molecule with that of another IgG4 molecule. The IgG4 molecule 
may thereby acquire two distinct Fab arms and become bispecific. The Fc structure remains essentially unchanged apart from potential 
changes due to differences in glycosylation or allotype. Fab arm exchange is proposed to be stochastic and dynamic. B, Left: IgG4 Fc 
interacts with Ig Fc. Right: IgM RF recognizes IgG in a ‘‘classical’’ Fab-Fc recognition. From Kawa et al.15 with permission.
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target antigens in the involved organs such as the pancreas, 
salivary gland, biliary tract, lung, renal tubules, and oth-
ers. Although the disease-specific antibodies have not been 
identified, several disease-related antibodies such as anti-
lactoferrin (LF),21,22 anti-carbonic anhydrase (CA)-II,21-24 
anti-CA-IV,25 anti-pancreatic secretory trypsin inhibitor 
(PSTI),26 anti- amylase-alpha,27 anti-HSP-10,28 and anti-
plasminogen-binding protein (PBP) peptide autoantibod-
ies29 have been reported. Although patients have increased 
serum IgG4 levels, the major subclass of these autoantibod-
ies is not necessarily IgG4, but IgG1.26 CA-II,21 CA-IV,25 
LF,21 and PSTI26 are often distributed in the ductal cells 
of several exocrine organs including the pancreas, salivary 
gland, biliary duct, and lung.21,24 Although not all peptides 
have been systematically studied, immunization with 
CA-II or LF induces systemic lesions such as pancreatitis, 
sialadenitis, cholangitis, and interstitial nephritis in mice 
models, and these are similar to human IgG4-related dis-
eases.30,31 The high prevalence of these antibodies suggests 
that they are at least potential candidate target  antigens in 
AIP.21,22

Molecular mimicry among microbes and target anti-
gens may be a possible mechanism to overcome immune 
tolerance. This hypothesis is based on the concepts that 
infectious agents share one or more epitopes with self-
components and that infectious agents cause bystander 
activation of immune cells with autoaggressive poten-
tial.32-34 Guarneri and colleagues showed significant 
homology between human CA-II (a fundamental enzyme 
for bacterial survival and proliferation in the stomach) and 
alpha-CA of Helicobacter pylori.32 Moreover, the homolo-
gous segments contain the binding motif of DRB1*0405, 

which confers increased risk for AIP development.32 The 
PBP peptide identified in European patients with AIP 
shows homology with an amino acid sequence of PBP of 
H. pylori and with the ubiquitin-protein ligase E3 compo-
nent n-recognin 2 (UBR2), an enzyme highly expressed in 
acinar cells of the pancreas.29 These findings suggest that 
gastric H. pylori infection might trigger AIP in genetically 
predisposed subjects.32-34

Diabetes mellitus affects 43%-68% of patients with AIP, 
but autoantibodies against glutamic acid decarboxylase, 
beta cells, or tyrosine phosphatase-like protein-associated 
type 1 DM are rarely observed.35 These findings suggest 
that islet cells are not likely targeted in the development of 
DM associated with AIP.

Summary

Although serum IgG4 elevation is a characteristic find-
ing and useful to establish a diagnosis of type 1 AIP, it is 
not specific for this disorder. Importantly, it can be seen in 
other conditions with similar clinical presentations includ-
ing pancreatic cancer. The role of IgG4 antibodies in the 
pathogeneses of AIP and IgG4-related disease remains 
unclear. Several autoantibodies have been identified in sub-
jects with AIP, but additional studies are needed to clarify 
the significance of these findings in the pathophysiology 
of AIP.
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Table 2. Comparison of various markers in the differentiation of AIP and pancreatic cancer using identical sera.

Sensitivity  
(AlP n = 100) (%)

Specificity  
(vs. PC n = 80) (%) Accuracy (vs. PC)

lgG4 86 96 91
IgG 69 75 72
ANA (anti-nuclear antibody) 58 79 67
RF (rheumatoid factor) 23 94 54
IgG4+ANA 95 76 87
IgG+ANA 85 63 75
IgG4+IgG+ANA 95 63 81
IgG4+RF 90 90 90
IgG+RF 78 73 76
IgG4+IgG+RF 91 71 82
ANA+RF 69 60 78
IgG4+ANA+RF 97 73 86
IgG+ANA+RF 91 61 78
IgG4+IgG+ANA+RF 97 61 81

AlP autoimmune pancreatitis, PC pancreatic cancer.
Cited from with permission.16
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Introduction

Patients with autoimmune pancreatitis (AIP) often pre-
sent with vague abdominal pain, jaundice, or weight loss. 
Differentiating AIP from pancreatic cancer is important to 
avoid unnecessary surgery or invasive intervention. It is 
not difficult to make a correct diagnosis when computed 
tomography (CT) or magnetic resonance (MR) reveals 
characteristic imaging findings of AIP; however, differ-
entiating AIP from pancreatic ductal adenocarcinoma on 
CT or MR can be very challenging at times. AIP is one of 
the most common benign conditions for which pancreatic 
resection is performed for suspected pancreatic ductal ade-
nocarcinoma.1,2 Combinations of ancillary findings may 
lead to the correct diagnosis; therefore, it is important to be 
familiar with the various imaging findings of AIP.

Features of AIP

Pancreatic parenchymal morphology
Diffuse parenchymal enlargement of the pancreas is the 
characteristic feature of AIP seen in 24%-73% of patients 
(Figure 1).3-8 The pancreatic border becomes featureless with 
effacement of the lobular contour of the pancreas, resulting 
in the so-called “sausage shaped pancreas.”5 Focal, mass-like 
enlargement of the pancreas is seen in 18%-40% of patients 
with AIP.5-7,8 Any portion of the pancreas can be involved, 
but involvement of the pancreatic head is more common.6,9 
The enlarged segment of the pancreas is typically isoat-
tenuated compared to the nonenlarged segment of pancre-
atic parenchyma.5 In a small number of cases, the focally 
enlarged segment forms a low-attenuation mass and may be 
indistinguishable from pancreatic cancer.5,7,8,10 The demar-
cation between the normal parenchyma tends to be sharp in 
such cases.10 Atrophy of the pancreas upstream to the focally 
involved area is uncommon in patients with AIP as opposed 
to patients with pancreatic ductal adenocarcinoma. The pan-
creas may exhibit a long segment of low attenuation without 
mass-like enlargement. Rarely, AIP may present as multiple 

low-attenuation lesions.11 Finally, the pancreas may appear 
normal in size or atrophic in 9%-36% of patients.3,6,7 A nor-
mal size pancreas may be observed in a milder form of dis-
ease, but the enhancement pattern is usually altered in such 
cases.6 Pancreatic atrophy usually represents a late burnt-out 
phase of the disease or the posttreatment state.5

Capsule sign
A capsule-like rim (Figure 1) is a highly specific sign 
of AIP, and can been seen in 14%-48% of patients with 
AIP.4,5-7 The capsule-like rim is low attenuation on contrast-
enhanced CT, hypointense on both T1- and T2-weighted 
images, and shows delayed enhancement on MR. The rim 
may diffusely surround the entire pancreas or only focal 
regions.6 The rim is thought to represent peripancreatic 
extension of the characteristic inflammatory cell infiltra-
tion.4 This is contrary to the high-attenuation rim that can 
sometimes be seen in infiltrating pancreatic ductal adeno-
carcinoma.12 The high-attenuation rim represents a normal 
parenchyma compressed by carcinoma. 

Pancreatic parenchymal enhancement
The enhancement pattern of the pancreatic parenchyma 
should be carefully evaluated on CT or MR using a multi-
phasic technique because it often provides a helpful diagnos-
tic clue. The involved segment(s) of the pancreas commonly 
demonstrate delayed enhancement in AIP.4 CT attenuation 
of the pancreas in AIP is similar or higher than that of the 
liver and lower than that of spleen during the pancreatic 
phase, whereas it is similar or higher than that of the liver and 
higher than that of spleen in the hepatic phase on a biphasic 
CT scan.9,13 One study quantitatively showed that the mean 
CT attenuation value of the pancreatic parenchyma in AIP 
was significantly lower than in normal controls during the 
pancreatic phase (AIP: 85 HU, normal pancreas: 104 HU; 
P < .05) but not significantly different in the hepatic phase 
(AIP: 96 HU, normal pancreas: 89 HU; P < .6).14 Similar 
enhancement patterns were observed on MR.15,16 
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A similar enhancement pattern is also seen in patients 
with focal AIP: decreased and delayed enhancement dur-
ing the pancreatic and hepatic phases, respectively. On 
the other hand, pancreatic ductal adenocarcinoma com-
monly shows decreased enhancement in the pancreatic 
phase with a minimal change in enhancement in the hepatic 
phase. Wakabayashi et al. evaluated the CT enhancement 
pattern in nine patients with focal AIP; they found that 
six lesions were hypoattenuating in the early phase, but all 
were homogeneously isoattenuating in the delayed phase.8 

Conversely, only 2 of 80 patients with pancreatic ductal ade-
nocarcinoma had homogeneous enhancement in the delayed 
phase. A different study showed that the mean CT attenua-
tion value of focal AIP was not significantly different in the 
pancreatic phase (AIP: 71 HU, carcinoma: 59 HU; P = .06), 
but was significantly higher than carcinoma in the hepatic 
phase (AIP: 90 HU, carcinoma: 64 HU; P < .001).14 Delayed 
enhancement of the mass or focally enlarged segment, 
defined as a ≥15-HU increase from the pancreatic to hepatic 
phases, was found in 7 of the 13 (54%) patients with focal 
AIP and 5 of 33 (15%) patients with carcinoma (P = .02).14 

MR features of AIP
On MR, the pancreas is diffusely hypointense on 
T1-weighted images and slightly hyperintense on 
T2-weighted images (Figure 2).4,5,15,16 Enhancement 
characteristics on MR are similar to those seen on CT. 
Diffusion-weighted MR has been shown to be helpful in 
differentiating AIP from pancreatic cancer. Kamisawa et 
al. reported that apparent diffusion coefficient values were 
significantly lower in AIP (1.01 – 0.11 × 10–3 mm2/s) than 
in pancreatic cancer (1.25 – 0.11 × 10–3 mm2/s) and the 

normal pancreas (1.49 – 0.16 × 10–3 mm2/s) (P < .001).17 
Taniguchi et al. showed that apparent diffusion coeffi-
cient values were significantly lower in AIP (0.97 – 0.18 
× 10–3 mm2/s) compared to other types of chronic pancrea-
titis (1.45 – 0.10 × 10–3 mm2/s).18 In addition, diffusion-
weighted MR was helpful in reclassifying what appeared 
to be focal mass-forming AIP to diffuse AIP by showing 
diffusely decreased apparent diffusion coefficient values in 
the nonenlarged pancreatic segment.

Pancreatic ductal imaging
Diffuse or segmental narrowing of the main pancreatic 
duct (MPD) is the characteristic endoscopic retrograde 
pancreatocholangiography (ERCP) finding of AIP (see 
chapter T. Kamisawa, ERCP Features of Autoimmune 
Pancreatitis).5,19 Diffuse narrowing of the duct is often dif-
ficult to differentiate from a normal-caliber duct on CT or 
MR. Segmental narrowing of the MPD may be seen as a 
poorly visualized segment on CT or MRCP compared to 
a normal- caliber pancreatic duct in uninvolved segments 
of the pancreas.20,21 Mild pancreatic ductal dilation may 
be present upstream of the narrowed segment. The degree 
of MPD dilation is usually milder than that seen in cases 
of pancreatic ductal adenocarcinoma. A relatively spe-
cific MPD change of AIP is multifocal narrowing, and 
this may be depicted on CT or MRCP.21,22 Although it is 
helpful if classic abnormalities are present, MRCP often 
does not provide adequate visualization of the MPD and 
is thus not considered as a satisfactory means of pancre-
atic ductal imaging in the current diagnostic criteria (see 
chapter P.A. Hart & S.T. Chari, Diagnosis of Autoimmune 
Pancreatitis). The duct-penetrating sign of a visible duct 
within a mass may be  helpful in differentiating AIP from 
pancreatic  cancer.23,24 Secretin-stimulated MRCP may 

Figure 1. Abdomen CT with contrast demonstrating a 
diffusely enlarged, hypoattenuating pancreas with a capsule-
like rim.

Figure 2. MRI abdomen (T2 weighted image) demonstrating 
diffuse pancreatic enlargement with a low T2 signal rim 
around the tail.
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enhance detection of the pancreatic duct-penetrating sign.22 
Enhancement of the pancreatic duct wall may be present in 
patients with AIP on portal- or delayed-phase CT.6,25

Miscellaneous pancreatic findings
Pancreatic pseudocysts and/or calcifications are typically 
associated with alcohol-induced chronic pancreatitis.8 
However, calcifications and cysts are seen in 14%-32% and 
10%-12% of patients with AIP, respectively,6,7 especially 
in the late or postacute phase. Therefore, the presence of 
calcifi cations or cysts should not exclude the possibility 
of AIP.26,27 Vessels are commonly involved by extension of 
peripancreatic soft tissue in patients with AIP (44%-68%). 
Involved veins are often narrowed, but occlusion may also 
occur.6 

Extrapancreatic abdomen involvement
The most common site of extrapancreatic involvement is 
the biliary tree presenting as asymptomatic liver test abnor-
malities or jaundice.7 On imaging, biliary involvement 
commonly appears as multifocal biliary strictures simi-
lar to primary sclerosing cholangitis. On CT or MR, the 
strictured bile duct commonly appears as diffuse or focal 
thickening of the wall. Rarely, it may form a mass that 
mimics cholangiocarcinoma. The kidneys are also com-
monly involved.28 On CT or MR, renal lesions are com-
monly bilateral and multiple, predominantly involving the 
renal cortex (Figure 3). Renal parenchymal lesions can 
be classified as small peripheral cortical nodules, round 
or wedge-shaped lesions, or diffuse patchy involvement. 
Renal lesions may present as large, solitary masses that 
mimic primary renal neoplasm. Retroperitoneal fibrosis is 
seen in 10% of cases (Figure 4).

Differences between types 1 and 2 AIP
A recent study by Deshpande et al. showed that the pancre-
atic tail cut-off sign was only seen in type 2 AIP.29,30 Other 
imaging features such as the type of pancreatic swelling, 
presence of capsule-like rim, and common bile duct stric-
tures were not helpful in distinguishing the two types. An 
international multicenter survey showed that diffuse pan-
creas swelling was more common in type 1 compared to 
type 2 AIP (40% vs 25%).30 The pattern of extrapancreatic 
organ involvement is distinct between the two types and 
helpful when present.30 Biliary or renal involvement and 
retroperitoneal fibrosis are exclusively seen in type 1 AIP, 
whereas inflammatory bowel disease is commonly associ-
ated with type 2 AIP.30 

Summary

Imaging features of CT and MR are critical for establish-
ing the diagnosis of AIP and excluding other potential 
etiologies, especially pancreatic cancer. Classic imaging 
features that are relatively specific for AIP include diffuse 
pancreatic enlargement, the presence of a hypoattenuat-
ing capsule rim, and delayed parenchymal enhancement. 
Although not always present, findings of multifocal nar-
rowing of the MPD or other organ involvement such as 
biliary strictures, renal involvement, and retroperitoneal 
fibrosis are helpful clues for AIP diagnosis. The imag-
ing variants of AIP (focal and multifocal involvement) 
are sometimes indistinguishable from malignancy and 
require careful evaluation for collateral diagnostic 
evidence.
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Introduction

Autoimmune pancreatitis (AIP) is a newly recognized form 
of pancreatitis that can mimic malignancy.1 Patients with AIP 
and pancreatic cancer share many clinical features such as a 
higher prevalence among elderly males, frequent presenta-
tion with painless jaundice, development of diabetes mellitus, 
and elevated levels of serum tumor markers. Radiologically, 
focal swelling of the pancreas, the “double-duct sign” (rep-
resenting dilation of both the biliary and pancreatic ducts), 
and encasement of peripancreatic arteries and portal veins 
can be seen in both AIP and pancreatic cancer.2-3 Because 
AIP responds dramatically to steroid therapy, differentiating 
between AIP and pancreatic cancer is of paramount impor-
tance to avoid unnecessary laparotomy or pancreatic resec-
tion. As definite serological markers for AIP are lacking, its 
diagnosis is currently based on a combination of clinical, 
laboratory, and imaging studies. Imaging of the pancreatic 
duct with endoscopic retrograde pancreatocholangiography 
(ERCP) plays an important role in diagnosing AIP.

Autoimmune pancreatitis and ERCP

The concept of AIP emerged from pancreatographic study 
of chronic pancreatitis. Four cases of peculiar pancreati-
tis showing diffuse irregular narrowing of the entire main 
pancreatic duct (MPD) on endoscopic retrograde pan-
creatography (ERP) were reported by Toki et al. of Tokyo 
Women’s Medical University in 1992.4 Yoshida et al., from 
the same group, proposed the concept of AIP on the basis of 
a case with diffuse irregular narrowing of the MPD on ERP 
that responded to steroids.5 ERCP is basically required in 
the focal/segmental type AIP in the 2011 Japanese clinical 
diagnostic criteria for AIP.6

ERCP features suggesting autoimmune pancreatitis 
Unlike obstruction or stenosis, narrowing of the MPD 
(in which the duct diameter is smaller than normal with 

irregular walls) that extends to a certain degree is seen in 
AIP patients. Typical AIP cases show narrowing extend-
ing over one-third of the entire length of the MPD. Typical 
AIP cases show narrowing extending over one-third of the 
entire length of the MPD (Figure 1).7 In one study that 
compared ERCP findings of 48 AIP patients and 143 pan-
creatic cancer patients, the length of the narrowed portion 
of the MPD was significantly longer and the diameter of 
the upstream MPD was significantly smaller in AIP than in 
pancreatic cancer.8 

Furthermore, pancreatographic findings such as a lack of 
MPD obstruction, skip lesions in the MPD (Figure 2), side 
branch derivation from the narrowed portion of the MPD 
(Figure 2), a >3-cm-long narrowed portion of the MPD, and 
maximal diameter of the upstream MPD <5 mm are highly 
suggestive of AIP rather than pancreatic cancer (Table 1). 

Although stenosis of the lower bile duct is frequently 
detected on cholangiography in both AIP and pancreatic 

Figure 1. ERP demonstrating diffuse narrowing of the MPD 
in AIP.
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cancer, stenosis of the intrahepatic or hilar bile duct is only 
seen in AIP patients. Differentiating a short narrowing of 
the MPD in AIP from stenosis in patients with pancreatic 
cancer is difficult (Figure 3), and some cases of pancreatic 
cancer have pancreatographic findings similar to those of 
AIP.9 According to an international multicenter study, the 
presence of single or multiple pancreatic duct strictures 
without upstream dilatation (<5 mm) offered the highest 
specificity for AIP (>90%).10

Histopathological examination of type 1 AIP shows lym-
phoplasmacytic sclerosing pancreatitis (LPSP), character-
ized by dense lymphoplasmacytic infiltration and fibrosis in 
the pancreas. Abundant lymphoplasmacytic cells infiltrate 
with fibrosis around interlobular pancreatic ducts includ-
ing the MPD. Although periductal inflammation is usually 
extensive and distributed throughout the entire pancreas, the 
degree and extent of the inflammation differ from duct to 
duct. The infiltrate is primarily subepithelial, and inflam-
matory cells rarely infiltrate the epithelium. It encompasses 
the pancreatic ducts and narrows their lumens.11-13 On the 
other hand, pancreatic cancer cells infiltrate scirrhously, 

destroying the epithelium of the pancreatic and bile ducts 
and frequently obstructing the MPD and branch pancreatic 
ducts. These histopathological differences around the ducts 
may account for the different pancreatographic findings 
between AIP and pancreatic cancer. 

ERCP for diagnosing AIP: variable usage worldwide 
There are several features specific to ERCP that appear 
potentially useful for differentiating AIP from pancreatic 
cancer. However, local expertise and patterns of practice 
in the use of various tests vary considerably worldwide. 
Although diagnostic ERP is frequently performed in Japan, 
western endoscopists generally avoid injecting the pancre-
atic duct in patients with obstructive jaundice for fear of 
inducing pancreatitis. Instead, AIP is often diagnosed with-
out an ERP in western countries.10,14 

According to the International Consensus Diagnostic 
Criteria, patients with diffuse pancreatic enlargement with 
elevated serum IgG4 levels can be diagnosed with AIP 
without pancreatography (See Chapter 2, “Diagnosis of 

Table 1. Pancreatographic differences between AIP and pancreatic cancer.8

ERP feature AIP (n = 48)
Pancreatic cancer  

(n = 143) p-value

Obstruction of the MPD (+/-) 2/46 (4%) 98/45 (69%) <.001
Skipped lesions of the MPD (+/-) 13/35 (27%) 0/143 (0%) <.001
Side branch derivation from the narrowed MPD (+/-) 39/9 (81%) 10/35 (22%) <.001
Length of the narrowed MPD (cm) 7.6 – 4.3 2.5 – 0.9 <.001
Length of the narrowed MPD >3 cm (+/-) 43/5 (90%) 12/33 (27%) <.001
Diameter of upstream MPD (mm) 2.9 – 0.8 6.8 – 2.1 <.001
Diameter of upstream MPD <5 mm (+/-) 19/1 (95%) 12/33 (27%) <.001

Figure 3. ERP demonstrating a short narrowing of the MPD 
(arrow) in AIP. The upstream dilatation is less prominent than in 
pancreatic cancer.

Figure 2. ERP demonstrating skipped, narrowed lesions of the 
MPD (short arrows). Many side branches were derived from the 
narrowed lesions (long arrows). Reproduced with permission 
from Sugumar et al.12
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Autoimmune Pancreatitis”).15 However, based on the high 
specificity for AIP, the presence of a long (more than one- 
third of the MPD) or multiple strictures without marked 
upstream dilation is strong collateral evidence for diagnos-
ing AIP in patients with atypical parenchymal imaging, 
such as segmental or focal pancreatic enlargement. Thus, 
ERP can be helpful in differentiating AIP from pancreatic 
cancer, and in these cases, brush cytology of the narrowed 
portion of the MPD is often performed. 

Role of MRCP in diagnosing AIP 
Magnetic resonance cholangiopancreatography (MRCP) 
has become a popular noninvasive method for obtaining 
high-quality images of the pancreaticobiliary tree and is 
replacing diagnostic ERCP for the diagnosis and follow-up 
of many pancreatobiliary diseases. However, because the 
narrowed portion of the MPD seen on ERCP in AIP can 
rarely be visualized on MRCP due to its inferior resolution, 
this modality cannot yet replace ERCP in AIP diagnosis. 
However, MRCP findings such as skipped narrowing of the 
MPD with a lack of upstream MPD dilatation suggest AIP. 
Furthermore, as the resolution allows full evaluation of the 
pancreatic and bile ducts after steroid therapy on MRCP, 
this approach is useful to determine the effect of steroid 
therapy and follow-up after steroid therapy.8

Summary

ERP can demonstrate findings specific for AIP including 
long or multiple strictures without marked upstream dila-
tion of the MPD. These findings can be particularly useful 
for differentiating from pancreatic cancer in patients with 
atypical AIP features on parenchymal imaging. Although 
MRCP may be useful for evaluating the effect of steroid 
therapy, its sensitivity for detecting changes in the MPD is 
inadequate to replace ERP in patients with AIP.
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Introduction

Autoimmune pancreatitis (AIP) has historically been con-
sidered a rare disorder but is increasingly recognized due to 
improved understanding of its diverse nature and the proper 
means of diagnosis. The current International Consensus 
Diagnostic Criteria (ICDC) for the diagnosis of AIP incorporate 
five cardinal features: imaging characteristics of the pancreas 
(parenchyma and duct), serology, other organ involvement, pan-
creatic histology, and response to steroids.1 Imaging techniques 
recognized in the guidelines include computed tomography 
(CT), magnetic resonance imaging (MRI), magnetic resonance 
cholangiopancreatography (MRCP), and endoscopic retro-
grade cholangiopancreatography (ERCP). Endoscopic ultra-
sound (EUS) is notably absent from the diagnostic algorithms.

Even when AIP is strongly considered, the diagnosis 
often remains elusive.2-4 Despite the use of existing diagnos-
tic algorithms, there is often a significant delay in diagno-
sis, which can result in unnecessary interventions including 
pancreatic resection. In addition, some patients remain undi-
agnosed, leading to diagnostic steroid trials that risk patient 
safety and often contribute to further diagnostic confusion. 
With these uncertainties, further refinement of the current 
ICDC may be beneficial for some cases.

There are emerging data suggesting the potential utility 
of EUS in diagnosing AIP.5-9 EUS not only has the ability 
to provide high-definition imaging of the pancreas, it can 
also be used to acquire tissue through either fine-needle 
aspiration (FNA) or trucut biopsy (TCB). These charac-
teristics make it one of the most useful techniques in the 
diagnosis of pancreatic cancer and chronic pancreatitis.10-13 
Therefore, EUS has the potential to play a role in the both 
diagnosing AIP and excluding other pancreatic diseases.

EUS imaging features

Standard EUS imaging
There are no pathognomonic EUS imaging findings of 
AIP. The “classic” appearance is a diffusely enlarged 

“sausage-shaped” gland with a hypoechoic, patchy, het-
erogeneous parenchyma (Figure 1).5,14,15 In our experi-
ence, when a patient has all of these classic features, which 
are observed in up to 57% of cases, there is a high prob-
ability of AIP.5,15 However, patients often do not have all 
of the features, limiting the diagnosis of AIP using EUS 
(Figures 2 & 3). Another pancreatic finding on EUS is a 
focal solitary mass (Figure 4). The hypoechoic lesion is 
commonly located in the head of the pancreas, resulting in 
obstructive jaundice. The mass may appear to invade adja-
cent vessels, cause upstream dilation of the main pancreatic 
duct (MPD), and be associated with enlarged peripancreatic 
lymph nodes, mimicking locally advanced pancreatic can-
cer (Figure 5).5,14,15 In areas of pancreatic involvement, the 
MPD may be narrowed with duct wall thickening.14 EUS 
features of the pancreatic parenchyma may overlap with 
some characteristics seen in chronic pancreatitis, including 
the presence of hyperechoic foci, hyperechoic strands, and 
lobularity (Figure 6). In a case series of patients given ster-
oid therapy, the parenchymal enlargement, lobularity, and 

Figure 1. Classic EUS appearance of AIP including diffuse, 
sausage-shaped pancreatic enlargement with hypoechoic, 
coarse, patchy, heterogeneous parenchyma.
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lobular outer margins improved with steroid treatment, but 
the hyperechoic foci and strands remained.16 Finally, EUS 
may demonstrate a normal- appearing pancreas.

As the biliary tree is the most common extrapancreatic 
organ involved in AIP, the extrahepatic duct may be abnormal 
on EUS. In a study of 37 patients with AIP, 38% had ultrasono-
graphic findings of the extrahepatic bile duct and gallbladder 
wall thickening. There were two types of bile duct wall thick-
ening including a “three-layer type” with a high-low-high 
echo appearance and a “parenchymal-echo type” with a thick-
ened wall throughout the entire bile lumen and a parenchy-
mal echo present within the bile duct itself.17 In one series, 
a similar appearance to the “three-layer type” with a regular 
homogeneous thickening with a hyper-hypo-hyperechoic 
series of layers of the ductal wall (“sandwich pattern”) was 
seen on EUS in addition to bile duct dilatation.15 This EUS 

appearance is different than what is often seen with pancreati-
cobiliary malignancies, which may be more irregular.

It is important to distinguish focal AIP from the dreaded 
pancreatic cancer. Hoki et al. compared EUS findings in 
patients who were diagnosed with AIP and resected pan-
creatic cancer.18 They found that diffuse hypoechoic areas, 
diffuse enlargement of the pancreas, bile duct wall thick-
ening, and peripancreatic hypoechoic margins were more 
commonly seen in patients ultimately diagnosed with AIP 
compared with those determined to have pancreatic cancer. 
On the other hand, focal hyperechoic areas and focal enlarge-
ment were more common in the latter group. Although all 
comparisons reached statistical significance, each charac-
teristic (other than peripancreatic hypoechoic margins) was 
seen in both diseases. In addition, the frequencies of lymph 
node enlargement were similar in AIP and pancreatic cancer.

Figure 2. EUS reveals a hypoechoic, coarse, pancreas in which 
the features are patchy and heterogeneous, but there is no 
diffusely enlarged gland.

Figure 3. EUS appearance of a hypoechoic, diffusely enlarged, 
sausage-shaped gland without coarse and heterogeneous 
features.

Figure 4. EUS finding of a mass-like lesion in a patient 
with AIP.

Figure 5. EUS finding of a mass-like lesion in a patient with 
AIP that may be confused with an “unresectable” pancreatic 
ductal adenocarcinoma.
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To our knowledge, there are no studies that have 
directly compared EUS to other imaging modalities such 
as CT, MRI, or ERCP for the diagnosis of AIP. Therefore, 
it is unclear if EUS has additive value to the other imag-
ing techniques. However, a cohort of 48 patients seen at 
Mayo Clinic Rochester with a diagnosis of AIP based on 
the HISORt criteria (Histology, Imaging, Serology, Other 
organ involvement, and Response to steroid therapy) 
underwent EUS with TCB.7,19,20 The diagnosis of AIP 
was strongly suspected in 14 patients prior to EUS based 
on their clinical, laboratory, and imaging findings. In 
22 patients, the diagnosis was considered as a part of 
a broader differential prior to EUS, and in the remain-
ing 12 patients, EUS appearance alone led to the initial 
suspicion of AIP. This suggests that EUS imaging alone 
may increase the diagnostic accuracy of AIP in patients in 
whom other imaging modalities did not provide a defini-
tive diagnosis.

Image-enhancing EUS techniques
With the lack of pathognomonic features and diverse spec-
trum of EUS imaging findings in patients with AIP, sev-
eral image-enhancing techniques have been evaluated to 
improve diagnostic accuracy. Each of these complementary 
imaging methods is in the experimental phase and cannot 
be recommended for routine use in the diagnostic algorithm 
for AIP until further studies determine their roles.

One image-enhancing technique is EUS elastography, 
which distinguishes tissues based on their stiffness by 
measuring tissue strain while slightly compressing an area 
that encompasses both the abnormal and normal tissue.21 
Five patients with focal AIP were found to have a homo-
geneous stiff (blue) pattern in the mass and throughout the 
entire pancreas, which differed from cancerous or normal 

pancreas in which the pancreatic parenchyma was predom-
inately of intermediate stiffness (green).22

Contrast-enhanced EUS requires intravenously admin-
istered ultrasound contrast agents (e.g., Sonovue [sulfur 
hexafluoride MBs; Bracco Interventional BV, Amsterdam, 
the Netherlands], Levovist [Bayer AG, Leverkusen, 
Germany], or Sonazoid [perfluorobutane; GE Healthcare, 
Little Chalfont, Buckinghamsire, UK]) to produce micro-
bubbles that allow visualization of the vascular pattern 
within the pancreatic mass lesion.21 In an cohort of 10 
patients who received Sonovue contrast and EUS imag-
ing in the bicolor Doppler mode, AIP was associated with 
hypervascularity within the mass-like lesion and the sur-
rounding pancreatic parenchyma as compared to pancreatic 
cancer where the mass was hypovascular in comparison to 
the surrounding pancreatic tissue.23

Contrast-enhanced harmonic EUS is similar to the 
technique described above but uses a dedicated con-
trast harmonic mode rather than Doppler imaging. The 
use of contrast harmonic-enhanced imaging decreases 
Doppler-associated artifacts, including ballooning and 
overpainting.21 In one study, 8 patients with focal AIP and 
22 patients with pancreatic cancer were given Sonazoid 
ultrasonographic contrast and analyzed using a radial ech-
oendoscope with conventional tissue harmonic echo (for 
standard harmonic imaging) and extended pure harmonic 
detection (for contrast-enhanced harmonic imaging).24 
The ultra-sonographic contrast uptake and distribution 
was isoehanced and homogeneous in all eight patients 
with AIP compared to only one patient with pancreatic 
cancer. The majority of patients with pancreatic cancer 
had hypoenhanced uptake in a heterogeneous pattern. 
Furthermore, the optimal maximum intensity gain cutoff 
value to differentiate between AIP and pancreatic cancer 
with a 100% specificity and sensitivity using a receiver 
operator characteristic (ROC) curve was 12.5. All of the 
results mentioned above must be interpreted with caution; 
additional studies are required to confirm the utility of the 
image-enhancing techniques in differentiating between 
AIP and pancreatic cancer.

EUS-guided tissue acquisition

FNA
EUS imaging itself has not proven to be useful when used 
in isolation to diagnose AIP. Although the role of EUS-
guided tissue acquisition has not been extensively studied, 
pancreatic histology is recognized as an important diagnos-
tic criterion in the ICDC. Despite a few reports on the abil-
ity to diagnose AIP using only FNA, there are no broadly 
accepted consensus cytological diagnostic criteria for AIP, 
and most pathologists are reluctant to rely solely on FNA 
specimens.25-28 FNA commonly yields small specimen 

Figure 6. EUS features of nonspecific chronic pancreatitis in 
a patient with AIP.
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samples with minimal tissue architecture, making its 
interpretation challenging. Even EUS-guided FNA using 
a 19-gauge needle for histologic review was only able to 
achieve an AIP diagnosis in 43% of patients.29

Due to the inability to obtain adequate core specimens 
using standard FNA needles, some advocate for the use of 
less rigorous or incomplete pathology criteria for the cyto-
logic diagnosis of AIP. For example, less stringent criteria 
may rely on the presence of a lymphoplasmacytic infiltrate 
alone without the requirement to find infiltrate in a peri-
ductal location or the degree of preservation of ductules, 
venules, or arterioles required within the specimen.25,26,28 
Although lowering the pathologic criteria requirements 
may improve diagnostic sensitivity, it would be at the 
expense of decreasing the specificity of FNA for AIP. This 
is particularly problematic for differentiating AIP from 
pancreatic cancer, which is often associated with a lym-
phoplasmacytic infiltration.

Some suggest that the benefit of EUS-guided FNA 
relies on its ability to exclude pancreatic cancer rather than 
diagnose AIP.9,30,31 However, assuming that a negative 
EUS FNA of a pancreas mass equates to exclusion of an 
underlying malignancy can be dangerous given the 10%-
40% false-negative FNA rate for cancer.32-36

Trucut biopsy
To overcome the limitations of FNA needles, larger caliber 
cutting biopsy needles have been developed that acquire 
samples with preserved tissue architecture, allowing for 
histologic examination.37-44 An EUS TCB device (Quick-
Core, Wilson-Cook, Winston- Salem, NC) uses a 19-gauge 
needle with a tissue tray and sliding sheath that is designed 
to capture a core tissue sample. This device has been shown 
to be useful for diagnosing neoplasms that are often dif-
ficult to diagnose based on cytopathology alone, including 
stromal tumors and lymphoma when immunohistochemi-
cal analysis is useful and well- differentiated desmoplastic 
tumors that make aspiration difficult.45-52 Furthermore, with 
larger specimen size and the ability to preserve tissue archi-
tecture, TCB has been shown to help differentiate between 
AIP, chronic pancreatitis, and pancreatic cancer.4,53

We looked at the previous Mayo Clinic experience 
regarding the diagnostic sensitivity and safety of EUS TCB 
in patients with a final diagnosis of AIP based on the HISORt 
criteria (unpublished data). The cohort comprised 48 patients 
(38 male, mean age 59.7 years) in whom a mean of 2.9 EUS 
TCB (range 1-7) were performed. Histologic examination 
of the EUS TCB specimens provided a diagnosis in 35 
(73%) patients. The diagnostic sensitivity varied among the 
five endosonographers (from 33%-90%). Nondiagnostic 
cases were found to have chronic pancreatitis (n = 8), non-
specific histology (n = 2), or a failed tissue acquisition 

(n = 3). Complications included mild transient abdominal 
pain (n = 3) and self- limited intraprocedural bleeding (n 
= 1). It is unclear if TCB and/or FNA can be attributed to 
these complications. No patient required hospitalization 
or therapeutic intervention. Of note, the serum IgG4 level 
was >2× the upper limit of normal in just 23% of patients. 
None of the patients with an EUS TCB diagnosis of AIP 
required surgical intervention for diagnosis. Over a mean 
follow-up of 2.6 years, no false-negative diagnoses of pan-
creatic cancer were identified. Prior to EUS, the diagnosis 
of AIP was strongly suspected in 14 patients as a result of 
their clinical, laboratory, and/or imaging findings. For 22 
patients, the diagnosis was considered pre-EUS as part of 
a broader differential. Our data suggest the potential utility 
of EUS imaging to lead to the initial suspicion of AIP in 12 
patients, thereby initiating pancreatic TCB and subsequent 
clinical evaluation of AIP. More recently, we examined 
the use of EUS TCB in pediatric patients with a suspected 
diagnosis of AIP.54 The diagnostic yield of EUS TBC in 
this patient population was 87%.

EUS TCB appears to be safe and may provide sufficient 
material to aid in the diagnosis of AIP, thereby guiding 
treatment and avoiding surgical intervention. Some sug-
gest the use of EUS TCB as a “rescue” technique to obtain 
adequate tissue samples if EUS FNA failed.7,28 The cur-
rent ICDC guidelines recommend a pancreatic core biopsy 
in patients presenting with a focal mass and/or obstructive 
jaundice if cancer has been excluded and the diagnosis 
remains elusive.1

ProCore biopsy
The ProCore needle (Cook Medical Inc., Bloomington, IN) 
has a lateral bevel that may occasionally provide a sufficient 
specimen to allow histologic analysis and diagnosis of AIP. 
However, studies on the use of the ProCore needle in the diag-
nosis of AIP are lacking, and in our experience, it is inferior to 
EUS TCB in this setting.

Summary

Although personal opinion and limited data suggest that 
EUS imaging alone may improve the diagnosis of AIP, 
there are few studies to substantiate this view. Despite 
early promise, the utility and role of elastography, con-
trast-enhanced EUS, and harmonic imaging in patients 
with AIP remain to be determined. The lack of pathog-
nomonic EUS imaging characteristics and the diverse 
spectrum of both the clinical presentation and pancre-
atic findings of AIP emphasize the need for a safe and 
reliable way to acquire tissue specimens, particularly in 
cases with atypical features.
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While FNA cytologic samples can be examined for the 
presence of lymphocytes and plasma cells, other disorders 
may have a similar appearance. This limits the specificity 
of FNA and risks inappropriate management of patients 
who may have unrecognized pancreatic cancer. Therefore, 
until data suggests otherwise, it is not recommended to 
rely on FNA to diagnose AIP. Instead, core biopsies using 
EUS TCB should be used for histologic examination and 
IgG4 immunostaining. We perform EUS TCB in patients 
with an AIP-compatible clinical presentation but in whom 
the diagnosis remains uncertain and when the findings 
are likely to alter management. By performing EUS TCB, 
pancreatic cancer may be excluded, and unnecessary sur-
gical intervention can be averted. Unfortunately, it may 
not be possible to obtain pancreatic core biopsies in all 
patients with an indeterminate diagnosis due to technical, 
anatomical, or personnel limitations. In such patients, it is 
even more critical to consider all possible diagnostic com-
ponents of the ICDC to attempt to establish a diagnosis 
without histological evaluation. Further study is needed 
to determine the diagnostic yields of EUS imaging alone, 
newer imaging- enhancing techniques, and FNA or TCB 
for AIP.
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Chapter 61

Extrapancreatic features of autoimmune pancreatitis (IgG4-related disease)

John H. Stone*

Rheumatology Unit, Massachusetts General Hospital, Boston, Massachusetts.

Introduction

IgG4-related disease (IgG4-RD) was identified and recog-
nized as a multiorgan disease during the first decade of this 
century. The disease is characterized by histopathology and 
immunohistochemical staining patterns that are consistent 
across many organ systems.1 It is easier to indicate which 
organs are not affected than to list all of the systems influ-
enced by this condition. To date, it has been rare to find con-
firmed cases of IgG4-RD affecting the brain parenchyma, 
muscle tissue, synovium, or bone marrow; however, virtually 
every other organ is now known to be affected by IgG4-RD, 
and some are affected more than others. 

IgG4-RD was first identified in the pancreas. During 
the 1990s, the concept of “autoimmune pancreatitis” (AIP) 
began to emerge from a variety of other names for a condi-
tion associated with sclerosing inflammation in that organ.2 
“Sclerosing pancreatitis” was linked to elevated serum con-
centrations of IgG4 in 2001.3 IgG4-RD was recognized as a 
systemic condition in 2003, when a variety of extrapancre-
atic lesions were observed to occur in patients with AIP.4,5

IgG4-RD is now known to affect the pancreas, biliary 
tree, salivary glands, periorbital tissues (e.g., the lacrimal 
gland and retro-orbital space), kidneys, lungs, lymph nodes, 
meninges, aorta, breast, prostate, thyroid gland, pericar-
dium, and skin (Table 1).6-23 The general pathology findings 
in any organ include a lymphoplasmacytic infiltrate, fibro-
sis that typically has a storiform pattern, obliterative phle-
bitis, modest tissue eosinophilia, and the tendency to form 
tumefactive lesions.24 This chapter is devoted to a review of 
the extrapancreatic features of IgG4-RD that can be seen in 
those with type 1 AIP.

Nomenclature
The Organizing Committee of the 2011 Boston 
International Symposium on IgG4-RD recommended 
names for the individual organ system manifesta-
tions of this disease.25 These are shown in Table 2. The 
nomenclature system reinforces the concept that the 

same fundamental pathophysiologic processes are opera-
tive across organ systems, regardless of whether the role 
of IgG4 is primary or secondary. Individual organ involve-
ment is referred to in a style that employs “IgG4-related-” 
as a prefix. As examples, the most common form of kidney 
involvement in IgG4-RD is termed IgG4-related tubuloint-
erstitial nephritis, and eye manifestations of this condi-
tion are collectively regarded as IgG4-related ophthalmic 
disease.

Systemic Features
IgG4-RD typically has an indolent presentation. Features of 
the disease generally manifest after months or even years. 
In addition, constitutional symptoms are subtle or absent 
in the majority of patients, who often feel relatively well 
even in the setting of multiorgan disease. Others, however, 
have anorexia and weight loss that become substantial over 
time. A minority of patients have more explosive presenta-
tions characterized by constitutional symptoms, fevers, and 
acute-phase reactant elevations.

Tumefactive lesions (pseudotumors)
Patients with IgG4-RD are often initially suspected or 
even misdiagnosed as having a malignancy because of the 
disease’s predilection for causing mass-forming lesions 
within organs. Many patients are subjected to pancreatic 
resection out of concern for pancreatic cancer. In addi-
tion, pseudotumors are commonly reported in the orbital 
region, salivary glands, lung, kidney, lymph nodes, retrop-
eritoneum, and other organs.15,23,26 Many have an indolent 
course, but local tissue destruction including the erosion 
of bone and aortic aneurysms or dissections have been 
reported.20,27-31 Diffuse infiltrative lesions also occur in 
organs such as the meninges, skin, or aorta. 

Inflammatory pseudotumors have been described 
in IgG4-RD involving the lung and central nervous 
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Table 1. Clinical Manifestations of IgG4-RD by Organ System. 

Organ System Clinical Feature

Eyes Chronic sclerosing dacryoadenitis  
Orbital pseudotumor Extension of pseudotumor along trigeminal nervetrun  
Orbital myositis  
Scleritis

Ears Destructive disease of middle ear
Nose Eosinophilic angiocentric fibrosis
Salivary glands Chronic sclerosing sialadenitis (submandibular & parotid glands)
Lymph nodes Generalized or localized lymphadenopathy
Thyroid gland Fibrosing variant of Hashimoto’s thyroiditis, Riedel’s thyroiditis
Lungs and airways Pulmonary nodules, ground-glass opacities, alveolar/ interstitial inflammation, bronchovascular bundle 

thickening, pleural thickening, large airway disease leading to tracheobronchial stenosis
Heart Pericarditis (sometimes with constriction)
Aorta Thoracic aortitis, abdominal aortitis, inflammatory aortic aneurysms, aortic dissection
Retroperitoneum Retroperitoneal fibrosis
Pancreas Type 1 autoimmune pancreatitis
Biliary tree Sclerosing cholangitis mimicking primary sclerosing cholangitis
Skin Erythematous or flesh-colored papules or plaques on the face or head
Central nervous system Hypopituitarism, hypertrophic pachymeningitis
Peripheral nervous system Perineural inflammation
Other Prostatism, sclerosing mesenteritis, fibrosing mediastinitis

Table 2. Preferred Nomenclature for Individual Organ Manifestations of IgG4-RD.

Organ System/Tissue Preferred Name

Pancreas Type 1 autoimmune pancreatitis (lgG4- related pancreatitis)
Eye IgG4-related ophthalmic disease is the general term for the peri-ocular manifestations of 

this disease. There are several subsets, outlined below.
Lacrimal glands IgG4-related dacryoadenitis
Orbital soft tissue (orbital inflammatory 

pseudotumor)
IgG4-related orbital inflammation (or IgG4- related orbital inflammatory pseudotumor)

Extra-ocular muscle disease IgG4-related orbital myositis
Orbit with involvement of multiple 

anatomic structures
IgG4-related pan-orbital inflammation (includes lacrimal gland disease, extra-ocular 

muscle involvement, and other potential intra-orbital complications)
Salivary glands (parotid and 

submandibular glands)
IgG4-related sialadenitis or, more specifically, IgG4-related parotitis or IgG4- related 

submandibular gland disease
Pachymeninges IgG4-related pachymeningitis
Hypophysis IgG4-related hypophysitis
Thyroid (Riedel’s thyroiditis) IgG4-related thyroiditis
Aorta IgG4-related aortitis/periaortitis
Arteries IgG4-related periarteritis
Mediastinum IgG4-related mediastinitis
Retroperitoneum IgG4-related retroperitoneal fibrosis
Mesentery IgG4-related mesenteritis
Skin IgG4-related skin disease
Lymph node IgG4-related lymphadenopathy
Bile ducts IgG4-related sclerosing cholangitis
Gallbladder IgG4-related cholecystitis
Liver IgG4-related hepatopathy (refers to liver involvement that is distinct from biliary tract 

involvement)
Lung IgG4-related lung disease
Pleura IgG4-related pleuritis
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system,14,15,23,32 as well as in the orbit,33 salivary gland,34 
paraspinal regions,35 and other tissues and organs. Because 
of the tendency of IgG4-RD to cause tumefactive lesions, 
immunostaining should be performed on all pseudotumors 
with significant infiltrates of plasma cells and fibrosis.36

Multifocal fibrosclerosis
A condition known as multifocal fibrosclerosis was 

first identified in the 1960s.37 Most cases of multifocal 
fibrosclerosis, often characterized by the simultaneous 
occurrence of other fibrotic syndromes such as Riedel’s 
thyroiditis, hypertrophic pachymeningitis,38,39 retroperito-
neal fibrosis, fibrosing mediastinitis,9 sclerosing mesenteri-
tis,40 and orbital pseudotumor, are probably explained by 
IgG4-RD.

Allergic disease
Allergic or atopic manifestations occur in approximately 
50% of patients with IgG4-RD. Such patients often have 
longstanding histories of allergic rhinitis, sinusitis, asthma, 
and other clinical features of this nature. Many patients 
have substantial elevations of serum IgE or peripheral 
eosinophilias that sometimes approach 25% of the total 
white blood cell count. Mild to moderate eosinophil infil-
tration is also typical of tissue lesions.24 

Eosinophilic angiocentric fibrosis
One subset of IgG4-RD associated with striking allergic 
features is eosinophilic angiocentric fibrosis (EAF), an 
uncommon tumefactive lesion of the orbit and upper res-
piratory tract.41,42 The histopathology of this condition is 
characterized by an overabundance of eosinophils, as well 
as an admixture of lymphocytes and plasma cells. Small-
caliber arterioles in EAF demonstrate “onion-skinning” – 
concentric layers of fibrosis – of the blood vessels. Patients 
with EAF share the broader tendency of IgG4-RD to form 
tumefactive lesions within involved organs. 

Lymphadenopathy
Lymphadenopathy in IgG4-RD generally takes two forms. 
First, generalized lymphadenopathy can be the major or 
sole component of the clinical presentation. Patients with 
IgG4-related lymphadenopathy of this nature are often con-
stitutionally well, at least for prolonged periods. Second, 
involvement of lymph nodes as localized disease adjacent 
to a specific organ affected by IgG4-RD (e.g., the pancreas) 
is common.

Patients with IgG4-related lymphadenopathy often 
undergo serial lymph node biopsies to exclude lymphoma, 
sarcoidosis, multicentric Castleman’s disease, or dissemi-
nated malignancies. Rendering the diagnosis of IgG4-RD 
purely on the basis of lymph node pathology is difficult 
because the histology of lymph nodes in this setting is 
remarkably variable.16 Clinicians must seek evidence 
of disease in other organ systems typically affected by 
IgG4-RD to be confident of the diagnosis. Increased num-
bers of IgG4+ plasma cells, of course, are universal, but the 
storiform fibrosis so common in other types of IgG4-RD 
organ involvement is unusual in IgG4-related lymphad-
enopathy. Lymph node biopsies in most cases are reported 
as “reactive follicular hyperplasia,” and specific stains for 
IgG4 are not generally performed because the diagnosis is 
not considered.

Specific Organ Involvement by Body Region 

The discussion of specific organ involvement is divided by 
the different major body regions: the head and neck, chest, 
abdomen/retroperitoneum, and miscellaneous.

Head & neck
Meninges
A study of 15 cases of idiopathic hypertrophic pachy-
meningitis found that IgG4-RD, linked to four (27%) of 
the cases, was the most common disease association.17 
Other causes in that series were granulomatosis with 

Table 2. Continued

Organ System/Tissue Preferred Name

Pericardium IgG4-related pericarditis
Kidney IgG4-related kidney disease. The specific renal complications should be termed 

tubulointerstitial nephritis secondary toIgG4- RD and membranous glomerulonephritis 
secondary to IgG4-RD. Involvement of the renal pelvis should be termed IgG4-related 
renal pyelitis.

Breast IgG4-related mastitis
Prostate IgG4-related prostatitis
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polyangiitis (three cases) and miscellaneous other diagno-
ses including sarcoidosis, lymphoma, giant cell arteritis, 
and rheumatoid arthritis. This study confirmed an earlier 
one that demonstrated IgG4-RD to be the cause of 5 out 
of 10 cases of idiopathic lymphoplasmacytic meningeal 
inflammation.39 

Pituitary gland 
The presence of IgG4-RD in other organs and elevated 
serum IgG4 concentrations are common features of IgG4-
related hypophysitis and often constitute a major clue to 
the diagnosis of IgG4-related hypophysitis. The radiologic 
findings in this entity include a pituitary mass or thickened 
pituitary stalk. Most IgG4-RD patients with hypophysitis 
are middle-aged males who present with various degrees 
of anterior or posterior hypopituitarism. IgG4-RD must be 
differentiated from sarcoidosis, granulomatosis with poly-
angiitis (formerly Wegener’s), histiocytosis, and lymphoma 
as causes of hypophysitis. Both glucocorticoid therapy and 
rituximab can resolve imaging abnormalities and clinical 
signs of pituitary insufficiency. 

Salivary glands
“Küttner’s tumor,” another disorder originally described in 
the 1890s,43 consists of a tumorous swelling of the subman-
dibular glands (Figure 1). Bilateral submandibular gland 
swelling in the absence of stones within Wharton’s duct 
is commonly associated with IgG4-RD.6,44 In contrast to 
Sjögren’s syndrome (SjS) in which the degree of parotid 
enlargement is often dramatically out of proportion to that 
of the submandibular glands, the opposite pattern is more 
typical of IgG4-related sialadenitis. Submandibular gland 
disease often occurs in IgG4-RD in the absence of any 
clinical evidence of parotid gland enlargement, but parotid 
disease in IgG4-RD is also described (Figure 2). Salivary 
gland involvement consists of firm, nodular swelling that 
is generally symmetrical and associated with pain, ten-
derness, and decreased saliva production. The sublingual 
glands can also be affected by IgG4-RD (Figure 2).

The triad of swelling in the submandibular, parotid, 
and lacrimal glands, first described in 1892, was termed 
“Mikulicz disease” for more than 100 years.45,46,68 For 
decades, Mikulicz disease was believed to be a variant of 
SjS,47,48 and patients with IgG4-RD continue to be misdi-
agnosed with SjS. IgG4-RD can be clearly differentiated 
from SjS on the basis of clinical, serological, and patho-
logical findings.49 

Minor salivary glands of the lip may be affected, as dem-
onstrated by lip biopsy.50 Minor salivary gland disease can 
be present even when the glands are macroscopically nor-
mal. The sensitivity and specificity of minor salivary gland 
biopsy in patients with IgG4-RD have not been well defined. 

Ophthalmic disease
The orbital tissues are perhaps the most commonly affected 
region of the body in IgG4- RD. IgG4-RD accounts for 
a substantial percentage – at least 25% – of the cases of 
“idiopathic” orbital inflammation, a differential diagnosis 
that includes lymphoma, granulomatosis with polyangiitis, 
Graves’ orbitopathy, and other conditions.61 

Figure 2. Parotid and sublingual gland disease. Parotid 
and sublingual gland enlargement. The sublingual glands have 
herniated through the floor of the mouth.

Figure 1. Submandibular gland involvement.  Submandibular 
gland enlargement occurring during a flare of IgG4-related disease 
in a patient with a history of IgG4-related sclerosing cholangitis.
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The ocular structures affected by IgG4-RD include 
the lacrimal glands (dacryoadenitis) (Figure 3), nasol-
acrimal duct, and retro-bulbar region that is frequently 
involved by orbital pseudotumor (Figure 4), and the 
extraocular muscles (a condition often termed “orbital 
myositis”).13,52-54,72 As noted, many cases of IgG4-
related dacryoadenitis are accompanied by salivary 
gland disease. In some patients with IgG4-related oph-
thalmic disease, the process extends beyond the orbit 
and tracks along the course of the trigeminal nerve.52,55

Thyroid gland
Riedel’s thyroiditis has been identified as a manifestation of 
IgG4-RD.11 Although thyroid gland biopsies from patients 
with advanced disease simply demonstrate glandular fibro-
sis, biopsies taken early in the disease course demonstrate 
the classic pathologic hallmarks of IgG4-RD. The fibrosing 
variant of Hashimoto’s thyroiditis also appears to be part of 
the IgG4-RD spectrum, at least in a percentage of cases.56 
Finally, it has been postulated that classic Hashimoto’s thy-
roiditis, distinct from the fibrosing variant discussed above, 
also falls within the IgG4-RD spectrum and might account for 

the high frequency of hypothyroidism in AIP. This putative 
“IgG4-related thyroiditis” is said to have a lower likelihood 
of antithyroid autoantibodies compared with Hashimoto’s 
thyroiditis, a low likelihood of diffuse goiter, and a 
favorable response to glucocorticoid treatment. However, 
relatively few such cases have been examined histopatho-
logically, and this hypothesis remains controversial and  
unconfirmed.

Chest
Lung
Pulmonary involvement in IgG4-RD is protean in its scope, 
and understanding of the nature and extent of lung and air-
way disease continues to evolve. At least six major pat-
terns of IgG4-related pulmonary disease are described on 
the basis of radiological and histological findings15,57-59: 
1) nodules, 2) thickening of the bronchovascular bundle 
(Figure 5), 3) alveolar interstitial disease (with honey-
combing, bronchiectasis, and diffuse ground-glass opaci-
ties), 4) rounded ground-glass opacities, 5) pleural lesions 
associated with severely thickened visceral or parietal 
pleura with diffuse sclerosing inflammation, and 6) airway 
lesions leading to narrowing. 

Some patients with IgG4-related lung disease experi-
ence cough, hemoptysis, dyspnea, pleural effusion, or chest 
discomfort.15,57,59 In others, however, the presence of lung 
disease is asymptomatic and discovered only incidentally 
upon imaging. 

Thoracic aorta 
IgG4-RD appears to account for at least 10% of cases of 
inflammatory aortitis involving the thoracic aorta.60 The 

Figure 3. Dacryoadenitis. Lacrimal gland swelling in a patient 
with IgG4-RD.

Figure 4. Orbital pseudotumor. Left eye proptosis caused by an 
orbital pseudotumor that spared the lacrimal gland.

Figure 5. Pulmonary involvement in IgG4-RD. This 
computed tomographic scan of the chest shows thickening of the 
bronchial wall and a pulmonary nodule in the anterior right  
upper lobe. 
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lymphoplasmacytic aortitis associated with IgG4-RD must 
be distinguished from the granulomatous inflammation that 
accompanies a somewhat larger subset of cases diagnosed 
as giant cell aortitis. The entity referred to by the descrip-
tive pathologic term “chronic sclerosing aortitis” probably 
represents IgG4-RD in the great majority of cases. The 
term “isolated aortitis” should generally be regarded as 
unsatisfactory without thorough attempts at differentiat-
ing IgG4-related aortitis from giant cell aortitis and other 
causes of aortic inflammation. 

Retroperitoneum & abdomen
Manifestations of IgG4-RD within many of the abdominal 
organs are addressed in detail in other sections of this pub-
lication; namely, those associated with pancreatic, biliary, 
liver, or gallbladder disease (See Chapter 5, “CT and MR 
features of autoimmune pancreatitis”; Chapter 6, “ERCP 
features of autoimmune pancreatitis”). This section, there-
fore, focuses on retroperitoneal organs. 

Chronic periaortitis
Chronic periaortitis is now regarded as the umbrella 
term for inflammation in the retroperitoneum and peri-
aortic regions that includes such entities as retroperito-
neal fibrosis, inflammatory abdominal aortic aneurysm, 
and perianeurysmal fibrosis.61 IgG4- RD is now known 
to cause well over half of the cases previously regarded 
as “idiopathic” retroperitoneal fibrosis (Figure 6).62,63 
When detected early, biopsies from patients with ret-
roperitoneal fibrosis exhibit histopathological and 
immunohistochemical features that are diagnostic of 
IgG4-RD.63 In contrast, biopsies performed in patients 
at a later phase of disease simply show fibrosis because 
they represent a more advanced IgG4-RD stage in 
which the fibrotic features have become predominant. 
Nevertheless, the storiform morphology of the fibro-
sis can still be highly suggestive of IgG4-RD. In such 

cases, the IgG4/total IgG ratio within tissue rather than 
the number of IgG4-positive plasma cells/ high-power 
field is often a key to recognizing IgG4-related retrop-
eritoneal fibrosis.62 

The first study to connect retroperitoneal fibrosis and 
the entity now termed IgG4-RD was that of Hamano et al.,7 
who described three patients with retroperitoneal fibro-
sis and elevated serum IgG4 concentrations. Zen et al. 
reported that 10 of 17 retroperitoneal fibrosis patients had 
both elevated serum IgG4 concentrations and histopatho-
logical features typical of IgG4-RD.63

Moreover, IgG4-related retroperitoneal fibrosis has 
an overwhelming tendency to occur in males. This was 
confirmed by Khosroshahi et al.,62 who identified the his-
topathological and immunohistochemistry signature of 
IgG4-RD in the biopsies of 13 of 23 cases of “idiopathic” 
retroperitoneal fibrosis. 

Inflammatory abdominal aortic aneurysm is also 
associated with IgG4-RD.19,31 Patients with inflamma-
tory abdominal aortic aneurysms have clinical, demo-
graphic, and radiologic features that are distinct from 
those of patients with classic atherosclerotic aortic 
aneurysms.

Kidney
The radiologic appearance of the kidneys in IgG4-related 
renal disease can take several forms. Diffuse enlargement 
accompanied by parenchymal hypodensities may occur. 
Focal tumefactive lesions may also develop, mimicking 
renal cell carcinoma.14 More than one such lesion within 
any kidney can occur. A thickening of the renal pelvis has 
also been described.64,70 Finally, following a period of 
IgG4-related renal disease, pronounced atrophy of the kid-
neys can ensue. This atrophy can occur even in patients 
whose disease has appeared to respond to therapy with 
glucocorticoids.65 

The most common histopathological correlate of 
these radiologic findings is tubulointerstitial nephri-
tis (TIN), which consists of patchy or diffuse tubu-
lointerstitial lymphoplasmacytic infiltrates within a 
fibrotic interstitium.66 The clinical manifestations of 
IgG4-related TIN include proteinuria, hematuria, and 
decreased kidney function, sometimes culminating in end-
stage renal disease.67,68 

Patients with IgG4-related renal disease are typically 
hypocomplementemic and often profoundly so.69 The 
basis for this phenomenon remains incompletely defined 
because the IgG4 molecule itself does not avidly activate 
complement. Nevertheless, renal biopsies in IgG4-related 
TIN demonstrate immune complexes that consist in part 
of IgG4.14 The TIN associated with IgG4-RD can be dif-
ferentiated histopathologically and immunohistochemi-
cally from other causes of TIN.64,70 The great majority of 
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Figure 6. Retroperitoneal fibrosis. Computed tomographic scan 
of the abdomen reveals an inflammatory mass surrounding the 
abdominal aorta.
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patients with IgG4-related renal disease also have disease 
in other organs.65

A second form of renal disease – membranous glo-
merulonephritis (MGN) – has also been described in 
IgG4-RD, although this lesion is decidedly less common 
than TIN.65,71 Nephrotic-range proteinuria can occur in 
IgG4-related MGN. This condition is distinct from idi-
opathic MGN, even though the autoantibody associated 
with the latter disorder is also principally of the IgG4 sub-
class. MGN associated with IgG4-RD is probably second-
ary to immune complex deposition rather than to the usual 
destructive inflammatory process that characterizes other 
organ involvement by this condition. 

Miscellaneous organ involvement
Miscellaneous organs in which the typical histopatho-
logical features of IgG4-RD have been reported include 
the skin,18 prostate gland,22,72,73 and pericardium.21 In 
all of these reports, the patients’ clinical features were 
also associated with disease in more classic IgG4-RD 
organs. The true frequency with which IgG4-RD affects 
these organs is not known because the presence of dis-
ease there can be extremely subtle. In the skin, for exam-
ple, IgG4-RD causes flesh-colored or erythematous 
papules that are often asymptomatic. Similarly, symp-
toms of prostatism in middle-aged to elderly males are 
likely to be diagnosed as benign prostatic hypertrophy. 
Conversely, IgG4-related prostate disease is known to 
cause symptoms of “benign prostatic hypertrophy” in 
men in their 30s.

Summary

Type 1 AIP is the pancreatic manifestation of a systemic 
disease referred to as IgG4-RD. The current diagnostic 
criteria for AIP recognize typical other organ involvement 
including proximal biliary strictures, retroperitoneal fibro-
sis, symmetric enlargement of salivary/lacrimal glands, 
and renal disease. However, manifestations can involve 
essentially any organ. Histology is important for identify-
ing diagnostic features of IgG4-RD and excluding malig-
nancy in those with mass-forming lesions.
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Chapter 62

Steroid therapy in the management of autoimmune pancreatitis 

Tae Jun Song* and Myung-Hwan Kim*

Department of Internal Medicine, University of Ulsan College of Medicine, Asan Medical Center, Seoul, South Korea.

Introduction

Although there are no prospective randomized studies on 
steroid use in autoimmune pancreatitis (AIP), it is evident 
that this disease is exquisitely responsive to steroid therapy 
regardless of the subtype.1 As a result, steroid therapy has 
become the standard therapy for AIP.2 Spontaneous resolu-
tion of symptoms and radiological abnormalities has been 
reported in some patients.3 However, the use of steroids 
may bring about remission consistently and more quickly. 
In a recent large retrospective study in Japan, the remission 
rate was significantly higher in the group with steroid ther-
apy compared to those without steroid therapy.2 Likewise, 
significantly fewer patients who received steroid therapy 
experienced a relapse compared to those who received only 
supportive care.2 Hirano et al. reported that unfavorable 
events related to AIP including obstructive jaundice due 
to a bile duct stricture or pancreatic pseudocyst and other 
extrapancreatic manifestations were significantly lower in 
patients receiving steroid therapy compared to those who 
received only supportive care.4 In addition, a recent study 
concluded that early therapeutic intervention has been clini-
cally and histopathologically demonstrated to be important 
for the preservation of gland function.5

In the following review, we discuss steroid therapy for 
type 1 AIP. 

Definition of Treatment Outcomes

Remission
The treatment goal of AIP is to achieve and maintain remis-
sion. So far, there is no generally accepted consensus on the 
specific parameters that define remission, including specific 
radiological, biochemical, or serological variables; neither is 
there consensus concerning the extent to which the outcome 
should be interpreted as remission. Because remission is also 
related to the timing of the steroid tapering after the initial 

high-dose administration, some patients may be undertreated. 
Differences in definitions of remission may account, at least 
in part, for the variability in the reported frequency of disease 
remission for patients on steroid and the relapse rates among 
different studies.6 Thus, clearly defining remission is an 
important cornerstone in discussions on treatment and relapse.

Remission may be defined as the resolution or nor-
malization of symptoms, biochemical abnormalities, radio-
logical abnormalities, and pancreas/extrapancreatic organ 
histology.7 In a practical setting, the end point of treatment is 
often symptomatic remission along with radiological remis-
sion because histological remission is difficult to confirm.7 
After steroid therapy, persistently elevated serum IgG4 
levels may be observed in patients without symptoms or 
residual radiological abnormalities.8 However, it is unclear 
as to whether this represents subclinical disease activity.

Relapse
In practice, relapse is generally defined as the recurrence 
of radiological manifestations of AIP with or without 
symptoms in the pancreas or extrapancreatic organs after 
remission has been achieved.7 It should be discerned from 
failed weaning of the steroid, which is defined by a flare of 
disease activity during the initial steroid course.9 Isolated 
elevation of serum IgG4, without symptoms or radiological 
abnormalities is usually not regarded as relapse. 

Similar to remission, the definition of relapse is not uni-
form among studies. Because the lack of consensus on the def-
inition of relapse may be related to the different relapse rates 
among studies, a consensus definition of relapse is important.9

Treatment

Indication for steroid therapy
In the initial inflammatory phase of AIP, the aim of treat-
ment is to alleviate symptoms and improve radiological and 
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biochemical abnormalities.10 In general, the indications for 
steroid therapy in type 1 AIP include symptoms such as 
obstructive jaundice or abdominal pain and the presence of 
symptomatic extrapancreatic lesions.11,12

A major determinant of treatment responsiveness may 
be the degree of fibrosis within the pancreas.13 Similar to 
other autoimmune diseases, which are characterized by an 
active phase and then an inactive burnt-out phase, it is gen-
erally agreed that steroids should be offered to AIP patients 
with active disease.14 There does not appear to be a role for 
steroids in patients who present in the postacute phase with 
pancreatic atrophy.

Steroid regimen
Current practice in the treatment of type 1 AIP is shown 
in Figure 1. To date, although the International Consensus 
Diagnostic Criteria defines the starting dose of steroid for 
induction of remission as 0.6-1 mg/kg per day, a steroid 
regimen for type 1 AIP has not been standardized, and 
there is no consensus on the duration of induction, taper-
ing schedule, or optimal dose and duration of maintenance 

therapy.15 In the clinical setting, most clinicians in Japan, 
Korea, and the United States use 30-40 mg of prednisolone 
(or prednisone) daily as an induction therapy.2,9,16,17 Some 
European doctors use an initial prednisolone dose of 60 mg 
per day.18

Different patterns of steroid tapering have been pro-
posed by medical centers around the world. In the United 
States, in which a relatively short overall course of initial 
steroid therapy with selective maintenance therapy is used, 
the starting dose of prednisolone is 40 mg per day for 4 
weeks, after which the dose is tapered by 5 mg per week 
with an attempt to completely withdraw the steroid with-
out an extended tapering period or maintenance therapy 
(i.e., 4 weeks of induction therapy plus 8 weeks of taper-
ing).17 In Japan, the initial daily dose of prednisolone (0.6 
mg/kg) is given for 2-4 weeks and then reduced by 5 mg 
every 1-2 weeks. After reaching the prednisolone dose of 
15 mg, the dose is reduced more slowly, by 2.5-5 mg every 
2-8 weeks, until a maintenance dose of 2.5-5 mg per day 
is reached.2,11 In Korea, remission is usually achieved on 
a regimen of prednisolone 30 mg per day for 1-2 months, 
followed by gradual tapering of 5-10 mg per month to 

Figure 1. Current principles in steroid treatment of type 1 autoimmune pancreatitis.
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the maintenance dose of 5 mg per day, which is contin-
ued for several months and then completely stopped. The 
goal of tapering is not to achieve remission but to avoid 
possible cortisol deficiency resulting from the suppres-
sion of the hypothalamic-pituitary-adrenal axis while 
maintaining sustained remission. Therefore, induction of 
remission should be confirmed before steroid tapering is  
begun.

From our experience, resolution of pancreatic abnor-
malities is achieved relatively quickly, whereas extrapan-
creatic lesions such as retroperitoneal fibrosis or proximal 
bile duct stricture and ductal wall thickening take more 
time. In some patients, complete resolution of these abnor-
malities may take several months. However, the duration of 
induction therapy with high-dose steroids does not exceed 
1 month in the United States and Japan.2,17 After only a 
month of steroids, a considerable portion of the abnormali-
ties might still remain. In this situation, remaining abnor-
malities represent persistent disease activity rather than a 
true disease relapse. Therefore, the duration of the initial 
induction therapy with high-dose steroid may need to be 
tailored to each patient according to the disease activity of 
the specific organs involved.

Maintenance therapy
Maintenance therapy is used to prevent disease relapse 
while maintaining remission. The Japanese guidelines for 
AIP suggest that maintenance therapy with low-dose ster-
oids (2.5-5 mg/day) should be administered to all patients, 
with the aim of stopping steroid therapy within 3 years.11 
According to the study by Kamisawa et al., patients with 
maintenance steroid therapy are less likely to relapse, and 
most relapses are in the first 3 years following initial diag-
nosis.2 Therefore, medical centers in Japan routinely use a 
prolonged maintenance therapy for up to 3 years based on 
the logic that most relapses occur within that timeframe. 
However, low-dose steroids (2.5-5 mg/day) may be insuf-
ficient to prevent relapses because it is only a physiological 
dose. Additional outcome data are needed to establish the 
risk-benefit before endorsing this practice.

Unlike the Japanese practice of using maintenance 
therapy in most patients, maintenance therapy in the United 
States is used only in those patients who relapse after an 
initial course of steroids.19,20 The rationale against the uni-
versal use of maintenance steroids is that nearly half of 
patients did not relapse even after a short-course of steroid 
therapy.10

Unfortunately, the different approaches to patient selec-
tion for maintenance therapy have not been directly com-
pared. It remains to be proven whether maintenance therapy 
should be used for all patients or restricted to those who 
relapse or those who are likely to relapse after an initial ster-
oid course.

Steroid-related side effects
The exact rates of steroid therapy side effects in AIP have 
not been established.10 A recent multicenter study on ster-
oid therapy for AIP reported several cases of glucose intol-
erance, osteoporosis (10/459), spinal compression fracture 
(5/459), avascular necrosis of the femoral head (3/459), and 
pneumonia (3/459).2 In general, cosmetic changes includ-
ing moon face, dorsal hump formation, abdominal striae, 
weight gain, acne, and alopecia are relatively common after 
long-term steroid therapy.21 Aggravated glycemic control 
and labile hypertension can also occur. Serious side effects 
requiring steroid discontinuation include osteoporosis with 
compression fracture, avascular necrosis, steroid-induced 
psychosis, and opportunistic infections.2,4 Patients on long-
term steroid therapy, especially those with individual risk 
factors, including the use of other medications or comor-
bidities, should be closely monitored for side effects of 
long-term steroid use. 

Treatment of Relapse
Patients may experience AIP relapse, either during main-
tenance steroid therapy or after complete discontinuation 
of the steroid.7 Most patients with disease relapse need a 
full course of therapy similar to the initial therapy, but iso-
lated serological relapse can be observed without a specific 
therapy.12

There are currently three options for managing patients 
suffering from a relapse of type 1 AIP (Figure 2).19 The 
remission rates achieved using steroids at disease relapse 
remain very high and are similar to those achieved at the time 
of initial disease presentation.10,22 For patients who relapse, 
steroids are often given at a higher induction dose that is 
tapered more gradually, and maintenance therapy is often 
more prolonged.7,23 Unfortunately, it is uncertain as to how 
long steroid treatment should be continued in patients with  
relapsing AIP. 

Summary

There is a variety of steroid treatment regimens that differ 
according to the dose and duration of induction therapy 
and whether or not maintenance therapy is administered. 
These regimens are based on institutional experiences, are 
not standardized, and have not been systematically com-
pared. Developing a consensus regarding definitions of 
remission and the optimal treatment regimen including the 
need for and duration of maintenance treatment may help 
to increase the complete remission rate and lower relapse 
rates.

Additional studies are needed to advance our under-
standing of the role of steroids in the optimal management 
of AIP. 

file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000009CE/Word/#ref_cit0002
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000009CE/Word/#ref_cit0017
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000009CE/Word/#ref_cit0011
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000009CE/Word/#ref_cit0002
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000009CE/Word/#ref_cit0019
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000009CE/Word/#ref_cit0020
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000009CE/Word/#ref_cit0010
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000009CE/Word/#ref_cit0010
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000009CE/Word/#ref_cit0002
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000009CE/Word/#ref_cit0021
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000009CE/Word/#ref_cit0002
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000009CE/Word/#ref_cit0004
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000009CE/Word/#ref_cit0007
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000009CE/Word/#ref_cit0019
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000009CE/Word/#ref_cit0010
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000009CE/Word/#ref_cit0022
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000009CE/Word/#ref_cit0007
file:///Volumes/JOURNAL/Charlesworth/UMICH/Articles/UMICH000009CE/Word/#ref_cit0023


560 T. J. Song and M.-H. Kim

References
1. Song TJ, Kim JH, Kim MH, Jang JW, Park do H, Lee SS, 

Seo DW, Lee SK, and Yu E. Comparison of clinical findings 
between histologically confirmed type 1 and type 2 auto-
immune pancreatitis. J Gastroenterol Hepatol. 2012; 27: 
700-708. PMID: 21929653

2. Kamisawa T, Shimosegawa T, Okazaki K, Nishino T, 
Watanabe H, Kanno A, Okumura F, Nishikawa T, Kobayashi 
K, Ichiya T, Takatori H, Yamakita K, Kubota K, Hamano H, 
Okamura K, Hirano K, Ito T, Ko SB, and Omata M. Standard 
steroid treatment for autoimmune pancreatitis. Gut. 2009; 
58: 1504-1507. PMID: 19398440

3. Kamisawa T, Yoshiike M, Egawa N, Nakajima H, Tsuruta 
K, and Okamoto A. Treating patients with autoimmune 
pancreatitis: results from a long-term follow-up study. 
Pancreatology. 2005; 5: 234-238. PMID: 15855821

4. Hirano K, Tada M, Isayama H, Yagioka H, Sasaki T, Kogure 
H, Nakai Y, Sasahira N, Tsujino T, Yoshida H, Kawabe T, 
and Omata M. Long-term prognosis of autoimmune pan-
creatitis with and without corticosteroid treatment. Gut. 
2007; 56: 1719-1724. PMID: 22249131

5. Shimizu Y, Yamamoto M, Naishiro Y, Sudoh G, Ishigami K, 
Yajima H, Tabeya T, Matsui M, Suzuki C, Takahashi H, Seki 
N, Himi T, Yamashita K, Noguchi H, Hasegawa T, Suzuki 
Y, Honda S, Abe T, Imai K, and Shinomura Y. Necessity of 
early intervention for IgG4-related disease-delayed treat-
ment induces fibrosis progression. Rheumatology. 2013; 52: 
679-683. PMID: 23258649

6. Kalaitzakis E, and Webster GJ. Review article: autoimmune 
pancreatitis - management of an emerging disease. Aliment 
Pharmacol Ther. 2011; 33: 291-303. PMID: 21138452

7. Moon SH, Kim MH, and Park do H. Treatment and relapse 
of autoimmune pancreatitis. Gut Liver. 2008; 2: 1-7. PMID: 
20485603

8. Sah RP, and Chari ST. Serologic issues in IgG4-related 
systemic disease and autoimmune pancreatitis. Curr Opin 
Rheumatol. 2011; 23: 108-113. PMID: 21124093

9. Sandanayake NS, Church NI, Chapman MH, Johnson GJ, 
Dhar DK, Amin Z, Deheragoda MG, Novelli M, Winstanley 
A, Rodriguez-Justo M, Hatfield AR, Pereira SP, and Webster 
GJ. Presentation and management of post-treatment relapse 
in autoimmune pancreatitis/immunoglobulin G4-associated 
cholangitis. Clin Gastroenterol Hepatol. 2009; 7: 1089-
1096. PMID: 19345283

10. Pannala R, and Chari ST. Corticosteroid treatment for auto-
immune pancreatitis. Gut. 2009; 58: 1438-1439. PMID: 
19834112

11. Kamisawa T, Okazaki K, Kawa S, Shimosegawa T, and 
Tanaka M. Japanese consensus guidelines for management 
of autoimmune pancreatitis: III. Treatment and prognosis of 
AIP. J Gastroenterol. 2010; 45: 471-477. PMID: 20213336

12. Sugumar A, and Chari ST. Diagnosis and treatment of auto-
immune pancreatitis. Curr Opin Gastroenterol. 2010; 26: 
513-518. PMID: 20693897

13. Stone JH, Zen Y, and Deshpande V. IgG4-related disease. N 
Engl J Med. 2012; 366: 539-551. PMID: 24111912

14. Sah RP, and Chari ST. Autoimmune pancreatitis: an update 
on classification, diagnosis, natural history and management. 
Curr Gastroenterol Rep. 2012; 14: 95-105. PMID: 22350841

15. Shimosegawa T, Chari ST, Frulloni L, Kamisawa T, Kawa 
S, Mino-Kenudson M, Kim MH, Klöppel G, Lerch MM, 
Löhr M, Notohara K, Okazaki K, Schneider A, and Zhang L. 
International consensus diagnostic criteria for autoimmune 
pancreatitis: guidelines of the International Association of 
Pancreatology. Pancreas. 2011; 40: 352-358. PMID: 21412117

16. Moon SH, Kim MH, Park DH, Hwang CY, Park SJ, Lee 
SS, Seo DW, and Lee SK. Is a 2-week steroid trial after 
initial negative investigation for malignancy useful in 

Figure 2. The current algorithm for treatment of relapsed type 1 AIP.



Autoimmune Pancreatitis 561

differentiating autoimmune pancreatitis from pancreatic 
cancer? A prospective outcome study. Gut. 2008; 57: 1704-
1712. PMID: 18583399

17. Sah RP, Chari ST, Pannala R, Sugumar A, Clain JE, Levy MJ, 
Pearson RK, Smyrk TC, Petersen BT, Topazian MD, Takahashi 
N, Farnell MB, and Vege SS. Differences in clinical profile and 
relapse rate of type 1 versus type 2 autoimmune pancreatitis. 
Gastroenterology. 2010; 139: 140-148. PMID: 20353791

18. Frulloni L, Scattolini C, Falconi M, Zamboni G, Capelli P, 
Manfredi R, Graziani R, D’Onofrio M, Katsotourchi AM, 
Amodio A, Benini L, and Vantini I. Autoimmune pancreatitis: 
differences between the focal and diffuse forms in 87 patients. 
Am J Gastroenterol. 2009; 104: 2288-2294. PMID: 19568232

19. Hart PA, Topazian MD, Witzig TE, Clain JE, Gleeson FC, 
Klebig RR, Levy MJ, Pearson RK, Petersen BT, Smyrk TC, 
Sugumar A, Takahashi N, Vege SS, and Chari ST. Treatment 
of relapsing autoimmune pancreatitis with immunomodula-
tors and rituximab: the Mayo Clinic experience. Gut. 2013; 
62: 1607-1615. PMID: 22936672

20. Raina A, Yadav D, Krasinskas AM, McGrath KM, Khalid 
A, Sanders M, Whitcomb DC, and Slivka A. Evaluation and 

management of autoimmune pancreatitis: experience at a 
large US center. Am J Gastroenterol. 2009; 104: 2295-2306. 
PMID: 19532132

21. Manns MP, Czaja AJ, Gorham JD, Krawitt EL, Mieli-Vergani 
G, Vergani D, and Vierling JM. Diagnosis and management 
of autoimmune hepatitis. Hepatology. 2010; 51: 2193-2213. 
PMID: 20513004

22. Hart PA, Kamisawa T, Brugge WR, Chung JB, Culver EL, 
Czakó L, Frulloni L, Go VL, Gress TM, Kim MH, Kawa 
S, Lee KT, Lerch MM, Liao WC, Löhr M, Okazaki K, Ryu 
JK, Schleinitz N, Shimizu K, Shimosegawa T, Soetikno 
R, Webster G, Yadav D, Zen Y, and Chari ST. Long-term 
outcomes of autoimmune pancreatitis: a multicentre, inter-
national analysis. Gut. 2013; 62: 1771-1776. PMID: 
23232048

23. Okazaki K, Kawa S, Kamisawa T, Ito T, Inui K, Irie H, 
Irisawa A, Kubo K, Notohara K, Hasebe O, Fujinaga Y, 
Ohara H, Tanaka S, Nishino T, Nishimori I, Nishiyama 
T, Suda K, Shiratori K, Shimosegawa T, and Tanaka M. 
Japanese clinical guidelines for autoimmune pancreatitis. 
Pancreas. 2009; 38: 849-866. PMID: 19745774



*Corresponding authors. Email: philip.hart@osumc.edu, chari.suresh@mayo.edu

Chapter 63

Immunomodulators and rituximab in the management of  
autoimmune pancreatitis

Phil A. Hart* and Suresh T. Chari*

Gastroenterology and Hepatology, Mayo Clinic, Rochester, Minnesota.

Introduction

Autoimmune pancreatitis (AIP) is a unique form of chronic 
pancreatitis that is characterized by a dramatic response 
to steroid therapy. The remission rate for induction treat-
ment with steroids is essentially 100%, and steroids remain 
highly effective when used to treat relapses. Unfortunately, 
an important subset of patients has difficult to treat disease 
on the basis of inability to tolerate steroids or the devel-
opment of frequent relapses requiring prolonged treatment 
with high-dose steroids. Steroid-sparing immunomodula-
tors such as azathioprine and mycophenolate mofetil were 
primarily introduced in an effort to manage these patients. 
More recently, the monoclonal anti-CD20 antibody rituxi-
mab has also been used in these patients including those 
who were resistant or intolerant to immunomodulators. 
Available data suggests there may be a role for these ster-
oid-sparing treatments, but further studies are awaited to 
more accurately define the benefit of these agents for main-
tenance of disease remission.

Treatment of Disease Relapse

Approximately half of patients with type 1 AIP relapse 
within the first 3 years following AIP diagnosis. Although 
this risk may be decreased by providing long-term, low-dose 
steroids, relapses still occur in almost one-quarter of sub-
jects on low-dose maintennace steroids.1 The organs most 
frequently affected by disease relapses are the pancreas and 
biliary tract and can cause significant  morbidity. Relapses 
can be treated with one of four strategies: 1) tapered high-
dose steroids without maintenance treatment, 2) tapered 
high-dose steroids with maintenance low-dose steroids, 3)  
tapered high-dose steroids with a maintenance steroid-
sparing immunomodulator, or 4) rituximab monotherapy. 
Fortunately, when steroids are used to treat disease relapse, 
remission is successfully reinduced in >95% of patients.2 
However, some patients are either unable to successfully 

wean from steroids without precipitating disease recurrence 
or have frequent relapses that require chronic, high-dose 
steroid exposure. A small proportion of patients are unable 
to tolerate induction treatment with high-dose steroids due 
to short-term severe adverse effects (e.g., severe hyper-
glycemia or emotional/mental instability). These subsets 
of difficult-to-treat patients are most likely to benefit from 
 steroid-sparing immunomodulators or rituximab.

Steroid-sparing immunomodulators
Immunomodulators were initially considered as a steroid-
sparing alternative to long-term steroid use for maintain-
ing disease remission. Because patients tend to present 
with AIP later in life, it is felt that these subjects may 
also be more susceptible to complications from chronic 
steroid use. Four case series were published in the late 
2000s describing the effectiveness of immunomodula-
tors in AIP.3-6 In each study, the clinical response to ini-
tial treatment with immunomodulators was consistently 
high (Table 1). Almost all patients were able to achieve 
clinical remission, and only a small number relapsed, typi-
cally following discontinuation of the immunomodulator. 
However, in these studies, a variety of agents was used 
(azathioprine, mycophenolate mofetil, and methotrexate), 
the sample sizes were small, and median follow-up times 
were relatively brief.

More recently, we evaluated our experience treating 41 
AIP subjects with immunomodulators at the Mayo Clinic.2 
Azathioprine (dosed at 2 mg/kg/day) was the most com-
monly used immunomodulator, followed by 6-mercaptopu-
rine (1 mg/kg/day) and mycophenolate mofetil (750-1,000 
mg twice daily). Relapse-free survival was similar between 
those patients who were treated with steroids alone com-
pared to steroids and an immunomodulator at the time of 
their first disease relapse (Figure 1). Although there was a 
trend toward longer remission in those who received immu-
nomodulators, this did not achieve statistical significance.
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Figure 1. Relapse-free survival following treatment of initial disease relapse with either tapered prednisone alone, or tapered prednisone 
plus an immunomodulator for maintenance treatment. Used with permission from Hart et al.7

Importantly, a significant number of patients either devel-
oped immunomodulator resistance (i.e., relapse while on the 
immunomodulator or inability to wean prednisone) or did not 
tolerate the treatment’s side effects. During the study period, 
17 patients were either resistant (n = 15) or intolerant to ster-
oids (n = 2) to immunomodulator treatment. Also, 9 (22%) 
patients required drug discontinuation due to side effects 
including nausea/ vomiting, drug-induced liver injury, mye-
losuppression, and bacteremia. Many of these patients were 
able to tolerate substitution with either another thiopurine 
or mycophenolate mofetil. Steroid-sparing immunomodula-
tors may have a modest benefit in some patients, but there 

remains a group of refractory patients who cannot be satis-
factorily maintained in remission with immunomodulators.

Rituximab
An important breakthrough occurred when rituximab, a 
monoclonal anti-CD20 antibody, was demonstrated to suc-
cessfully treat a patient with refractory AIP.8 This com-
plicated patient had recurrent intrahepatic biliary disease, 
was unable to tolerate steroids (due to a serious infection), 
and subsequently developed a relapse during treatment 
with a thiopurine. The observation was made that there 

Table 1. Data published prior to 2010 regarding the use of immunomodulators in the treatment of AIP.

Author, Country n

Achieved 
steroid- free 
remission (n)

Disease 
relapses 

(n)

Median 
follow-up, 

(range) Drugs used (n) Comments

Ghazale et al.,4 
United States

7 7/7 2* 6 mos, (2–19) AZA (4), MMF 
(2), CTX (1)

* Both relapses occurred while patients 
were taking low-dose AZA

Sandanayake et al.,6 
UK

10 7/8* 0 4 mos, (1–36) AZA * Two patients started on AZA and 
steroids did not have follow-up

Raina et al.,5  
United States

10 10/10 1* NR AZA (9), MTX (1) * Two additional patients later had 
relapses <2 months after AZA 
discontinuation

Frulloni et al.,3 Italy 6 6/6 0 17 mos (6–36) AZA (4), MTX (2)

AZA, azathioprine; CTX, cyclophosphamide; MMF, mycophenolate mofetil, NR, not reported.
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were abundant CD-20-positive lymphocytes on a pancreas 
biopsy, analogous to the findings seen in orbital pseudo-
lymphoma (a disease known to respond to rituximab).9 
After a series of four infusions, the patient exhibited an 
impressive clinical and radiographic response.

Since the initial report, we have continued to use rituxi-
mab in these difficult-to-treat patients by providing a series 
of infusions over 2 years. The protocol consists of admin-
istering 375 mg/m2 (body surface area) intravenously 
weekly for 4 weeks, followed by eight additional mainte-
nance infusions every 3 months (a protocol that is similar 
to B-cell lymphoma treatment). We reported that 10 out 
of 12 patients who had completed at least the 4 induction 
infusions achieved a convincing symptomatic, biochemi-
cal, and radiographic remission.7 One patient had a partial 
response and was later found to have an alternative, but 
concurrent diagnosis to explain his lack of response. None 
of the patients relapsed during rituximab treatment. One 
subject did develop a pancreatic relapse more than 2 years 
after discontinuing rituximab, which remained responsive 
to readministration of rituximab.

Rituximab has also been shown to be effective in sub-
jects with IgG4-related disease without pancreatic-predom-
inant disease. Khosroshahi et al. reported their experience 
treating 10 patients, the majority of whom had systemic 
IgG4-related disease manifestations such as salivary gland 
involvement, orbital disease, or lymphadenopathy (n = 2 
had biliary and/or pancreatic involvement).10 The rituxi-
mab protocol used in this study consisted of two infusions 
of 1,000 mg administered intravenously on days 0 and 14, 
with no maintenance infusions (a protocol that is similar 
to treatment of rheumatologic conditions). Nine of these 
10 patients had clinical improvement within 1 month of 
treatment; however, 4 patients required retreatment within 
6 months due to disease relapse. A recent  a phase I/II open-
label study of 28 patients with IgG4-related disease using 
the two-dose (1000 mg each) protocol confirmed the utility 
of rituximab in inducing remission as a single agent.11

Although it has been shown to be effective as a first-line 
agent, due to cost and limited experience, we have reserved 
its use for difficult-to-treat patients. Also, the optimal dos-
ing regimen and durability of this response is unknown. 

Figure 2. Algorithm for managing AIP relapses. Used with permission from Hart et al.7
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Treatment-related complications
Because steroids are excellent at controlling disease and 
inexpensive, any alternative treatment must be effec-
tive and offer a more favorable side effect profile. Due 
to the rarity of AIP, there are no large studies describing 
long-term side effects of immunomodulators. However, 
these agents have been well studied in rheumatologic and 
inflammatory gastrointestinal conditions (e.g., inflamma-
tory bowel disease and autoimmune hepatitis). Common 
side effects of azathioprine (and 6-mercaptopurine) include 
nausea, myelosuppression, hepatotoxicity, increased risk 
of infections, and acute pancreatitis.12 Mycophenolate 
mofetil can also lead to a variety of side effects including 
headache, diarrhea, edema, leukopenia, and increased risk 
of infections.13 When taken for many years, these medica-
tions also increase the risk of lymphoma and nonmelanoma 
skin cancers.13,14 As previously discussed, almost a quar-
ter of patients in the Mayo Clinic immunomodulator study 
who were started on an immunomodulator discontinued 
the drug due to intolerable side effects, so vigilance for the 
development of complications is warranted.

Likewise, data regarding the use of rituximab in AIP 
are too limited to provide a meaningful assessment of any 
disease-specific side effects; however, these risks have 
been extensively investigated in the treatment of lym-
phoma and rheumatoid arthritis. Rituximab was generally 
safe and well-tolerated in those studies. The most com-
mon complication is a cytokine-mediated infusion reac-
tion consisting of flu-like symptoms. This develops in 
10% of subjects during the initial infusion and resolves 
with cessation of the infusion and supportive measures.15 
True allergic reactions with hypotension and bronchos-
pasm are exceedingly uncommon. Reactivation of chronic 
hepatitis B and C can occur, so hepatitis serologies should 
be checked prior to treatment.15 Other rare but possi-
ble late adverse events include interstitial pneumonitis, 
delayed-onset neutropenia, and progressive multifocal  
leukoencephalopathy.16

Summary

Although AIP disease activity is generally well-controlled 
with intermittent high-dose or chronic low-dose steroids, 
there is a subset of difficult to treat patients who require an 
alternative treatment strategy. Rituximab is highly effective 
for both remission induction and maintenance; however, it 
is generally reserved for refractory patients due to its high 
cost. For those who develop frequent relapses or are unable 
to be weaned from steroids, we generally administer aza-
thioprine or another steroid-sparing immunomodulator. In 
patients who are either unable to tolerate the immunomodu-
lator or relapse during immunomodulator treatment, there 
are no other options aside from rituximab treatment. Our 

current algorithm for managing relapsing AIP is shown in 
Figure 2. This treatment approach is based on observa-
tional data and clinical experience. More rigorous, con-
trolled trials investigating different means of maintaining 
disease remission in AIP are needed to refine this treatment 
strategy.
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Chapter 64

Prognosis and long-term outcomes of autoimmune pancreatitis
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Introduction

Autoimmune pancreatitis (AIP) is characterized by pancre-
atic swelling and irregular narrowing of the main pancre-
atic duct (MPD), which often mimic pancreatic cancer.1-4 
AIP was recently classified into two types based on patho-
logical differences: type 1 for lymphoplasmacytic scle-
rosing pancreatitis (LPSP) and type 2 for idiopathic duct 
centric chronic pancreatitis (IDCP) or AIP with granulo-
cytic epithelial lesion (GEL).5 Type 1 AIP is closely associ-
ated with increased levels of IgG4 antibodies in the serum 
and affected tissues.5-8 Although the long-term prognosis 
and outcomes of type 1 AIP are relatively well described, 
they are less understood in type 2 AIP. Accordingly, 
the following discussion primarily refers to type 1 AIP; 
what is understood regarding type 2, which is almost 
exclusively found in Western countries, is discussed at  
the end.9,10

Long-term Prognosis and Outcome of type 1 AIP

Most patients with type 1 AIP (referred to as “AIP” in 
this section) respond favorably to corticosteroid therapy, 
which results in the amelioration of symptomatic, radio-
graphic, serologic, and pathologic findings. It is possible 
for patients to have a spontaneous recovery. However, 
during long-term follow-up, some patients with AIP are 
noted to progress to the advanced stage of pancreatic 
stone formation after recurrence, which may be similar 
to the findings of chronic pancreatitis (Figure 1).11-13 In 
addition, a possible association with malignant condi-
tions such as pancreatic  cancer or other malignancies has 
been reported.14-20

Progression to chronic pancreatitis
AIP is characterized by high serum IgG4 concentration, 
IgG4-positive plasma cell infiltration in affected pancreatic 

tissue, and a favorable response to corticosteroid therapy. 
Imaging analyses by ultrasonography (US), computed 
tomography (CT), and endoscopic retrograde cholan-
giopancreatography (ERCP) show sonolucent (i.e., hypo-
echoic) swelling and irregular narrowing of the MPD, both 
of which are due to lymphoplasmacytic inflammation in 
the acute stage. In 1995, Yoshida et al. first proposed the 
concept of AIP, which was considered to be free from calci-
fication and to rarely progress to ordinary chronic pancrea-
titis.21 Although most patients have a favorable response 
to corticosteroid therapy, some develop pancreatic atrophy 
and stone formation with irregular MPD dilatation.12,13 
These imaging findings mimic those of chronic pancreati-
tis, suggesting that AIP may progress into chronic pancrea-
titis in some cases.

If this is the case, ordinary chronic pancreatitis could 
also include the advanced stage of AIP. This is supported 
by the observation that serum IgG4 remains elevated 
in over 60% of patients after clinical improvement.22 To 
clarify whether ordinary chronic pancreatitis includes the 
advanced stage of AIP, we measured serum levels of IgG4 
in 175 patients with chronic pancreatitis who had been 
diagnosed before 1995 when the concept of AIP was first 
proposed. High serum IgG4 concentrations were found in 
7.4% of patients with ordinary chronic pancreatitis, sug-
gesting that the advanced stage of AIP may result in the 
development of ordinary chronic pancreatitis.23 Similarly, 
serum IgG4 was elevated in 11.9% of sera from Korean 
patients with ordinary chronic pancreatitis.24 A French 
study showed that more than one-third of AIP patients 
developed pancreatic imaging abnormalities (e.g., atro-
phy, calcification, and/or duct irregularities) and func-
tional insufficiency within 3 years of diagnosis.10 Finally, 
one autopsy case of AIP showed similar pathological 
findings to chronic pancreatitis instead of the typical AIP 
findings of abundant lymphoplasmacytic infiltration, 
IgG4-bearing plasma cell infiltration, and obstructive  
phlebitis.25
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Pancreatic stone formation 
Features of chronic pancreatitis include clinical findings 
of exocrine or endocrine dysfunction; imaging findings 
of pancreatic calcifications in the parenchyma or duct and 
irregular MPD dilatation; and pathological findings of aci-
nar or ductal cell loss, fibrosis, and stone formation. Of all 
these, pancreatic stone formation is a representative imag-
ing finding that correlates particularly well with functional 
and pathological abnormalities.

The reported prevalence of pancreatic stone forma-
tion in AIP has been variable. Increased or de novo stone 
formation, including small calculi, was seen in 28 of 69 
(41%) patients followed for at least 3 years at our insti-
tution (Shinshu University Hospital). Multivariate analy-
sis identified narrowing of both Wirsung’s and Santorini’s 
ducts at diagnosis as an independent risk factor for pan-
creatic stone formation, which presumably led to pan-
creatic juice stasis and stone development.12 A long-term 
follow up study showed that 16 of 73 (22%) AIP patients 
progressed to chronic pancreatitis that fulfilled the revised 
Japanese clinical diagnostic criteria for chronic pancreatitis 
in the chronic stage.11 However, other studies have indi-
cated a lower prevalence of pancreatic stone formation 
during long-term follow-up.26,27 A recent multicenter, inter-
national analysis estimated that pancreatic stones occurred 
in only 7% of subjects with follow-up imaging permitting 
evaluation for stone disease.9 Further studies are needed to 
explain these discrepancies and to understand if stone for-
mation can be prevented.

Disease relapse 
AIP is a chronic disease that can have a relapsing clinical 
course. To illustrate the frequency and distribution of dis-
ease relapses, we reviewed the medical charts of 84 patients 

with AIP who were followed up for more than 1 year at 
Shinshu University Hospital. Twenty-eight of the 84 (33%) 
patients experienced a total of 60 recurrences, including 
AIP (n=26), sclerosing cholangitis (n=18), lacrimal and 
salivary gland lesions (n=5), and retroperitoneal fibrosis 
(n=4). Seventy-two percent of the recurrences occurred in 
the maintenance stage of corticosteroid therapy. Although 
no markers at diagnosis significantly predicted recur-
rence, IgG and immune complexes tended to be elevated 
in the relapse group compared to the nonrelapse group. 
During clinical follow-up, the development of pancreatic 
stones was more frequent in the relapse group (14 patients, 
50%) than in the nonrelapse group (13 patients, 23%). 
Collectively, one-third of patients with AIP developed a 
pancreatic stone. Close observation with activity markers 
during follow-up and early intervention with corticosteroid 
therapy may help to prevent recurrence in such cases.28

Published series have reported similar relapse rates in 
AIP ranging from 30% to 50%.13,29-33 Patients with relapse 
generally experienced 1 or 2 episodes, although some expe-
rienced many relapses. Corticosteroid therapy was reported 
to significantly increase the remission rate and reduce the 
relapse rate.30,32 Thus, corticosteroid therapy is currently 
considered the standard treatment for inducing remission 
in AIP.33 Although spontaneous remission occurs in some 
patients with AIP, these patients are usually good candi-
dates for corticosteroid therapy.29-32,34 According to the 
Japanese Consensus Guidelines for Management of AIP, 
the indications for corticosteroid therapy in AIP patients 
are symptoms such as obstructive jaundice, abdominal 
pain, back pain, and symptomatic extrapancreatic lesions.35 
In principle, corticosteroid therapy should be administered 
for all patients diagnosed with AIP.35

Because AIP is the pancreatic manifestation of IgG4-
related disease (IgG4-RD), other manifestations of this 

Figure 1. CT scan of a patient with AIP demonstrating the development of a pancreatic stone. There were no calcifications at 
disease onset (A), but a pancreatic stone was visible 14 months later (B).
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condition can be seen at disease relapse.36,37 In addition to 
pancreatic lesions, other common manifestations include 
sclerosing cholangitis, lacrimal/salivary gland lesions, ret-
roperitoneal fibrosis, and interstitial pneumonitis.9,31 These 
lesions also respond well to corticosteroid therapy. In our 
study population, the first, second, and third recurrences 
occurred at medians of 33, 66, and 122 months following 
steroid therapy, and 72% of recurrences occurred during 
the maintenance therapy stage. Other studies have shown 
that relapse generally occurs within the first 3 years fol-
lowing diagnosis.32 In those who relapsed, 56% did so 
within 1 year, and 92% relapsed within 3 years from the 
start of steroid treatment.30 Although relapse in our study 
occurred mostly during the maintenance stage of corti-
costeroid therapy, the relapse rate of patients with AIP on 
maintenance treatment was 23%, which was significantly 
lower than patients who stopped maintenance treatment 
(34%).30 According to the Japanese Consensus Guidelines 
for Management of AIP, maintenance therapy (2.5-5 mg/
day) is recommended to prevent recurrence, and stopping 
of maintenance therapy should be planned within at least 3 
years in cases with serologic and radiologic improvement.35 

Previous studies indicated that various factors at diag-
nosis, including involvement of proximal biliary tract, 
diffuse pancreatic swelling, jaundice, IgG4, immune com-
plex, soluble interleukin-2 receptor, and complement are 
predictive factors of relapse.23,26,29,31,32 Specific human-
leukocyte antigens (HLAs) were reported to predict the 
recurrence of AIP, and substitution of aspartic acid at posi-
tion 57 of HLA DQβ1 purportedly affects AIP recurrence.36 
We reported that serum elevations of IgG4 and immune 
complex preceded the clinical manifestations of recur-
rence.3 Accordingly, serial measurements of IgG, IgG4, 
and immune complex in the follow-up period may be use-
ful to predict recurrence.3,23,34

Relapse after surgical resection of the pancreas
Detlefsen et al. recently reported that 21 of 51 (41.2%) AIP 
patients who underwent surgical resection of the pancreas 
experienced recurrence during long-term follow-up; the 
sites of recurrence were the pancreas (n=8) and extrapan-
creatic bile ducts (n=7).39 The recurrence rate and sites were 
similar to those of the nonresection group. Their results are 
in contrast to a previous study, which described a decreased 
risk of relapse in those undergoing surgical resection.40

Pancreatic function
Pancreatic exocrine function
AIP is associated with exocrine dysfunction in 83%-88% 
of cases during the acute inflammatory stage.34,35,41,42 

Exocrine dysfunction resolves in most patients follow-
ing corticosteroid treatment and during the chronic stage. 
However, exocrine dysfunction persists or may develop 
during long-term follow-up in some patients, which may 
be associated with the transition to chronic pancreatitis.27

Pancreatic endocrine function
Diabetes mellitus occurs in 42%-78% of cases during the 
acute stage of AIP.34,41-44 Similar to exocrine dysfunction, 
endocrine dysfunction, especially diabetes mellitus, is often 
ameliorated after corticosteroid therapy.27,29,43,45 Miyamoto 
et al. reported amelioration of diabetes mellitus in 10 of 
16 (63%) AIP patients 3 years after corticosteroid therapy, 
indicating that it is often an effective treatment for diabe-
tes in AIP.45 However, corticosteroid therapy sometimes 
causes deterioration of glycemic control, especially in aged 
patients, and thus requires cautious administration.44 Ito et 
al. reported that 10 of 50 AIP patients who received insulin 
treatment experienced hypoglycemic attacks, suggesting 
the need for vigilance when insulin therapy is adminis-
tered.45 One- third of AIP patients with diabetes mellitus 
suffered from diabetes at the onset of AIP; they frequently 
had a family history of diabetes mellitus and had poor 
nutritional status. Half of AIP patients are diagnosed 
with diabetes mellitus at AIP onset, but only 10% expe-
rienced persistent diabetes mellitus after corticosteroid  
therapy.43,45

AIP and Complications of Pancreatic Cancer and 
other Malignancies

Chronic pancreatitis has been regarded as a risk factor for 
pancreatic cancer.46 If AIP can progress to chronic pancrea-
titis, it also may be complicated with pancreatic cancer. A 
Japanese survey indicated that the average life expectan-
cies of male and female patients with chronic pancreati-
tis were 11 and 17 years shorter than those of the general 
population, respectively. The major cause of the death was 
malignancy, indicating that the standard death rates for bile 
duct and pancreatic cancer were very high (3.44 and 7.84, 
respectively). It is possible that immunodeficiency due to 
corticosteroid therapy and chronic pancreas inflammation 
may contribute to the occurrence of malignancy.
There have been a few previous reports of AIP complicated 
with pancreatic cancer.14-17,19,20 Characteristic features of 
pancreatic cancer complicated with AIP are more frequent 
occurrence at the body and tail regions compared with ordi-
nary pancreatic cancer,35 and earlier occurrence after AIP 
diagnosis compared with chronic pancreatitis. These results 
raise the possibility that AIP may contribute to the occur-
rence of pancreatic cancer; however, these cases are highly 
subject to selection bias. 
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Because AIP predominantly occurs in elderly patients, 
deficiency of the immunosurveillance system may be 
associated with its pathogenesis, which in turn may be 
associated with various malignancies other than pancre-
atic cancer.18 In addition to AIP, IgG4-RD was reported to 
be highly complicated with malignancies.48 We identified 
a close association between IgG4-RD and malignancy for-
mation within 12 years after diagnosis, particularly dur-
ing the first year. An active IgG4-RD state is presumed to 
be a strong risk factor for malignancy development.20 In 
clinical follow-up for AIP and IgG4-RD, caution is rec-
ommended to monitor for malignancy; however, further 
studies are needed to clarify the true risk and determine 
the most appropriate methods of cancer surveillance.

Long-Term Prognosis and Outcome of Type 2 AIP

The long-term prognosis and outcome of type 2 AIP have 
not been fully clarified. The two subtypes can be defini-
tively distinguished based on their histology (See Chapter 
3, “Histology of Autoimmune Pancreatitis”). Type 2 AIP 
patients are younger than those with type 1 AIP, do not 
show the male sex bias seen in type 1 AIP, and are unlikely 
to have elevation of serum IgG4 or other organ involve-
ment.5 A multicenter international analysis showed that 
the average ages at diagnosis were 61.4 and 39.9 years for 
types 1 and 2 AIP, respectively, and the corresponding pro-
portions of males were 77% and 55%. In addition, type 
2 AIP represented a smaller proportion of AIP in Asian 
countries compared with European and North American 
countries.9
During the acute stage, imaging findings of type 2 AIP 
appear similar to those of type 1, including pancreatic 
swelling and irregular narrowing of the MPD. Similar to 
type 1 AIP, those with type 2 AIP respond favorably to cor-
ticosteroid therapy. However, the recurrence rate of type 2 
AIP is significantly lower, and the site of type 2 AIP recur-
rence is limited to the pancreas. Few pancreatic stones are 
found in type 2 AIP during follow-up, suggesting that it 
is uncommon for type 2 AIP to progress to an advanced 
stage.9 However, another study indicated that the outcome 
of patients with type 2 AIP is not different from that of 
patients with type 1 AIP, except for diabetes, which is sig-
nificantly higher in type 1 AIP.10 Further studies are there-
fore needed to better define the long-term prognosis and 
outcomes of type 2 AIP.

Summary

Type 1 AIP is a chronic, relapsing disease. Although the 
acute inflammatory phase is very responsive to corti-
costeroid therapy, several potential long-term complica-
tions can develop. Endocrine and exocrine pancreatic 

dysfunction are more typical during the acute phase; they 
may resolve with corticosteroid therapy but occur later 
when the pancreas has atrophied. Disease relapses are 
common and can develop in the pancreas, biliary tree, 
or other distant sites associated with IgG4-RD. Careful 
observation of prodromal symptoms and activity mark-
ers during follow-up, as well as early intervention with 
corticosteroid therapy, may help to limit morbidity from 
disease relapses. Pancreatic duct stones can develop and 
are more likely in those with relapsing disease. There 
is a theoretical increased risk for developing pancreatic 
cancer, but the actual risk is not fully understood. In con-
trast, disease relapse and other long-term complications in  
type 2 AIP are uncommon.
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Introduction

Autoimmune pancreatitis (AIP) encompasses at least two 
entities: one is related to a systemic disease referred to 
as IgG4-related disease (type 1 AIP), and the other is an 
isolated pancreatic disorder (type 2 AIP). Importantly, 
histology can generally separate these two diseases. 
The following discussion describes characteristics of  
type 2 AIP.

Histopathology of type 2 AIP
The pancreas of a patient with type 2 AIP is often only 
focally involved. The region that seems to be most often 
affected is the pancreatic head including the pancreatic por-
tion of the distal bile duct. As in type 1 AIP, the outstand-
ing histologic feature is a periductal lymphoplasmacytic 
infiltrate usually affecting some or all of the medium-sized 
ducts (Figure 1). It is often accompanied by a collar-like 
periductal fibrosis, with narrowing of the affected duct. 
The lymphoplasmacytic infiltrate may extend from the 
periductal area to the acinar tissue. In addition, there is a 
perilobular fibrosis, occasionally of the storiform-type. 
These histological changes can also be found in type 1 
AIP but are usually less pronounced in type 2. Conversely, 
the finding of the so-called granulocytic epithelial 
lesion (GEL) is specific to AIP 2.1 This lesion is char-
acterized by focal disruption and destruction of the duct 
epithelium due to invasion by neutrophilic granu-
locytes. GELs affect medium-sized and small ducts 
(Figure 2) and may also be recognized in the acinar tissue. 
In the ducts, they often cause destruction and obliteration 
of the duct lumen. The number of GELs and their severi-
ties differ from patient to patient. If a GEL is included in a 
biopsy specimen from the pancreas, it is diagnostic for type 
2 AIP.2 Another less specific criterion for the diagnosis of 
type 2 AIP is absent or scant (<10 cells/high-powered field 
[hpf]) IgG4-positive plasma cells in the inflamed pancre-
atic tissue (Figure 3).2,3

Differential diagnosis of type 1 versus type 2 AIP
Macroscopically, the subtypes of AIP are indistinguishable. 
In approximately 80% of cases, they present as a tumorous 
mass in the head of the pancreas mimicking ductal adeno-
carcinoma.1,4 Inflammatory infiltration of the pancreas head 
and wall of the extrahepatic bile duct can cause narrow-
ing of the distal bile duct and main pancreatic duct (MPD). 
Pseudocysts and calculi are uncommon in both types  
of AIP.1,5

The histopathologies of the two types of AIP dif-
fer. Type 2 AIP is characterized by the presence of GELs, 
which are absent in type 1 AIP.1,5 The second distinc-
tive feature is the absence or small number (<10 cells/
hpf) of immunostained IgG4-positive plasma cells in type 
2 AIP, in contrast with the abundant (>10 cells/hpf) IgG4-
positive plasma cells in type 1 AIP. Other features that are 
not specific but usually more pronounced in type 1 AIP 

Figure 1. Resected pancreatic specimen from a patient 
with type 2 AIP demonstrates an intense periductal 
lymphoplasmacellular infiltrate and fibrosis extending into 
the surrounding interlobular tissue. The epithelium of the large 
duct is focally destroyed by granulocytic infiltrates. 
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are: 1) the presence of an intense lymphoplasmacytic infil-
tration not only around ducts, but also in the acinar tissue; 
2) swirling (storiform) fibrosis centered around ducts and 
extending into the lobules; and 3) vasculitis with lymphop-
lasmacytic infiltration surrounding and obliterating the 
veins (phlebitis) and, to a lesser extent, arteries (arteritis). 
Immunostaining for CD3-, CD4-, and CD8-positive lym-
phocytes; CD79a-positive plasma cells; and CD68-positive 
macrophages often reveals a higher number of these cells in 
type 1 AIP compared to type 2 AIP.3,6

Extrapancreatic disease in type 2 AIP
Patients with type 2 AIP usually do not have immune-
mediated diseases that are observed in about 20% to 40% 
of patients with IgG4-related disease.7–9 Instead they com-
monly suffer from chronic inflammatory bowel diseases 
such as ulcerative colitis or Crohn’s disease.1,9 Moreover, 
these patients mostly fail to exhibit elevated IgG4 serum 

levels and increased numbers of IgG4-positive plasma 
cells. 

Epidemiology of type 2 AIP
The subtypes of AIP differ in their clinical features such 
as sex and mean age at diagnosis.7 Type 2 AIP is associ-
ated with an equal sex distribution and a mean age (45-48 
years) that is considerably lower than that seen in type 1 
AIP, which peaks between 60 and 65 years.1,5,9 It is inter-
esting to note that the relative frequencies of the two AIP 
types in Europe and the U.S. seem to differ from those 
in East Asia. In Europe, each subtype can be expected in 
about 40%-60% of cases (in biopsy series they amount to 
38% and 45%, respectively), whereas type 2 AIP seems to 
be rare in East Asia.10

Clinical features and laboratory data of type 1 versus 
type 2 AIP 
Symptomatically, AIP patients are indistinguishable. Many 
patients complain of abdominal pain, although the fre-
quency and intensity of pain attacks tend to be lower in 
patients with type 1 AIP.9 Other frequent symptoms are 
jaundice and weight loss. Corticosteroid treatment resolves 
strictures of the extrahepatic bile ducts and MPD, as well as 
the pancreatic mass and focal lesions in the lungs, kidneys, 
and retroperitoneal inflammatory pseudotumors. These 
improvements can already be observed after 1 to 2 weeks 
of steroid therapy.11,12

Long-term follow-up in patients with AIP after pan-
creatic resection revealed that disease recurrence is often 
observed in type 1 AIP, while it is very rare in type 2 
AIP.1,5,7 Another interesting question is whether pancre-
atic ductal adenocarcinoma (PDAC), which has recently 
been described in association with AIP, has a predilection 
for one of the two AIP types. So far, it seems that PDAC 
is more commonly associated with type 1 AIP.13,14 

Figure 2. A small pancreatic duct is seen next to a large duct 
containing a GEL, which causes duct disruption.

Figure 3. IgG4 immunostaining. There are no positive plasma cells in type 2 AIP (A) but abundant IgG4-positive plasma cells in type 1 
AIP (B).
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Among the autoantibodies that may be detected are 
antigens from the pancreatic ducts and acini such as lacto-
ferrin, carbonic anhydrase type II, SPINK1, and trypsino-
gen.15,16 Other autoantibodies associated with AIP are 
antinuclear antibody, rheumatoid factor, and antismooth 
muscle antibody.

Pathogenesis
The pathogenesis of AIP is still not known, but several 
findings common to both types of AIP are suggestive of 
an immune-related etiopathogenesis. This assumption is 
based on the general histopathological features of both AIP 
types, their frequent association with immune-related dis-
orders such as the systemic manifestations of IgG4-related 
disease on one hand and idiopathic inflammatory bowel 
diseases on the other, and the response to steroid treat-
ment. Whether the demonstrated circulating autoantibodies 
against carbonic anhydrase II, lactoferrin, and nuclear and 
smooth muscle antigens, as well as SPINK1, are found in 
the same frequencies in type 1 and 2 AIP is unknown.

A clear difference between the AIP subtypes concerns 
the number of IgG4-positive plasma cells in the pancreatic 
tissue, a finding that often correlates with patients’ serum 
IgG4 levels. It was recently found that renal tissue from 
AIP patients with tubulointerstitial nephritis contained 
granular deposits in the tubular basement membranes that 
were positive for IgG4 and complement C3, and occasion-
ally IgG1, IgG2, and IgG3.17 In a similar study on pancre-
atic tissue and bile duct tissue from six GEL-negative AIP 
patients, double immunofluorescence microscopy revealed 
deposits of IgG, IgG4, and C3c (but not C1q, IgA, and 
IgM); these deposits colocalized with basement membrane-
associated collagen IV of ducts and acini.18 On the basis of 
these findings, it may be hypothesized that IgG4 could play 
a role in the deposition of immune complexes at pancreatic 
structures that seem to be the target of the AIP fibroinflam-
matory process. To clarify whether this hypothesis is only 
valid in IgG4-positive patients with type 1 AIP, a patient 
was included in the study whose clinical features were 
indistinguishable from those of the other six patients of the 
series but whose immunohistochemical staining was more 
consistent with type 2 AIP (very low numbers of IgG4-
positive plasma cells in the pancreatic tissue). This patient 
did not have any IgG4-positive deposits at the basement 
membranes of the ducts and acini but remained positive for 
C3c and IgG. If this unique finding is confirmed in future 
studies, it would imply that in type 2 AIP, the mechanisms 
leading to the changes in the ducts and acini and the fibro-
sis are independent of the effects of IgG4. This then raises 
the question as to whether the increased number of IgG4 
plasma cells, high IgG4 serum levels, and IgG4 tissue dep-
ositions play a primary and active role in the pathogenesis 
of AIP or if they are secondary phenomena.

Summary

AIP has two distinct subtypes that are primarily defined 
by their pathologic features. The subtypes have different 
clinical profiles, disease manifestations, and clinical out-
comes. Type 2 AIP is histologically defined by the presence 
of GELs and a lack of abundant IgG4-positive plasma cells. 
Patients with type 2 AIP tend to be younger at the time of 
diagnosis, and the sex distribution is more equal than in 
type 1 AIP. While type 1 is recognized as part of systemic 
IgG4-related disease, type 2 AIP is an isolated pancreatic 
disorder. Aside from the frequent association with inflam-
matory bowel disease, no other organs are characteristi-
cally involved. The disease manifestations of type 2 AIP 
are extremely sensitive to steroid therapy, and disease 
relapses are exceedingly uncommon.
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as comorbidity, 156
outcomes and, 497
screening for, 464
type 3c (T3cDM), 462–67

causes of, 463f
classification of, 462
definition of, 462
diagnostic criteria, 464t
management of, 464–67
natural history of, 463
pathophysiology of, 463
prevalence of, 462–63
T1DM, T2DM and, 463

types of, 463f, 464t
dibutyltin dichloride (DBTC), 56, 446, 500
2,7-dichlorofluroescein (DFC), 7
diet. see also choline-deficient diet with 

ethionine (CDE diet); malnourishment; 
malnutrition; nutrients; nutrition

alcoholic pancreatitis and, 141
AP model induced by, 17
caloric intake, 324
counseling, 439
Eastern, 206
fatty acids in, 206
Leiber-DeCarli, 56
liquid, 272–73
PUFAs in, 206
refeeding, 324
soft, 272–73
soft foods, 272–73

diffusion-weighted imaging (DWI), 380, 385
2,4-dinitrophenol (DNP), 73
dog models, 15–16
“double-bubble” sign, 232
Drosophilia brusckii salivary glands, 73
drug-induced acute pancreatitis (DIP),  

217–24
drugs

adverse effects and, 218t
AP-associated, 221t

duct cells. see also bile ducts; pancreatic 
duct cells

CFTR gene in, 343
effect of bile acids on, 126–32, 138
effects of alcohol on, 135f, 149f
study using organoids, 4

duct obstruction/ligation model, 19–20
duct of Wirsung strictures, 476
ductal decompression, 482
ductal hypertension, 232
ductal inflammation, 522, 523f

ductal infusions, retrograde, 18–19
ductal obstruction theory, 345
duodenojejunostomy, 490
duodenum-preserving pancreatic head 

resection (DPPHR), 116, 484, 485
dupilumab, 502

E
edmatous pancreatitis, 17
elastase-1, 378
elastography, 382–83, 396–97, 396f
electro-acupuncture, 436
electrophilic stress, 443, 445f
electrophilic stress template, 444–45
encephalin gene therapy, 503–4
endocrine insufficiency, 438–39
endoplasmic reticulum (ER)

Ca2+ depletion, 92
Ca2+ storage by, 92
responses to alcohol, 193–94
stress on, 88–96, 104, 444

endoscopic drainage, 277–78
advantages of, 280–81
EUS-guided, 290
necrosectomy and, 279f

endoscopic necrosectomy, 278, 288
endoscopic retrograde cholangiography 

(ERC), 295–96
endoscopic retrograde 

cholangiopancreatography (ERCP)
autoimmune pancreatitis and, 538–40
diagnostic use of, 380, 539–40
equipment, 313
pain and, 360
in pain management, 261–62, 261t, 264t
pancreatitis induced by, 156, 185, 309–22
patient selection, 310–21
procedure, 312–13
sphincterotomy with, 115
stent placement, 313–14

endoscopic sphincterotomy, 298
endoscopic ultrasonography (EUS). see also 

ultrasonography
in AIP diagnosis, 541–47, 541f, 542f, 543f
CP diagnosis using, 329, 393–98
diagnostic, 294–95
in ERCP patient selection, 310–21
features of, 541–43
image-enhancing techniques, 543
in older patients, 375
tissue acquisition using, 543–44

endothelin-1 (ET-1), 158
endotoxemia, 141
enteral nutrition

after acute pancreatitis, 323
formulations, 274
mucosal barrier breakdown and, 272
optimal delivery route, 273–74
safety of, 273–74
tolerance of, 273–74

enteric fistulation, procedure-related, 290–91
environmental factors

pancreatitis and, 141
toxins, 447

enzymes
formulations, 465t
pancreatic, 378
supplementation with, 482

eosinophilic angiocentric fibrosis  
(EAF), 550

epidermal growth factor receptor  
(EGFR), 55

epidural analgesia, 263
epinephrine, 316
ER-associated degradation (ERAD), 92, 193
ERCP pancreatitis (PEP)

definition of, 309
pathophysiology of, 309–10
patients at risk for, 311–12
pharmacoprevention, 314
prevention of, 310, 310f
risk stratification, 312

Erk kinase, activation of, 164
erythema ab igne, 377
ethanol. see also alcohol

metabolism of, 191–92
pancreatitis and, 15
protein redox status and, 92
toxic effects of, 9

ethnic origins
HP and, 406–7
idiopathic CP and, 415–17

EUS. see endoscopic ultrasonography (EUS)
evasin-3, 43
exocrine function, grading of, 386
exocrine insufficiency, 437
exocytosis, initiation of, 26
experimental acute pancreatitis

animal models, 15–25
in vitro models of, 3–14

extracellular matrix (ECM), 351, 502
extracorporeal shock wave lithotripsy 

(ESWL), 361, 470
extrapancreatic carcinoma, 366–67
extrapancreatic necrosis (EXPN), 209–10, 

234, 235f

F
familial hypocalciuric hypercalcemia 

(FHH), 199
familial pancreatitis, 405
fat cells, quantification of, 205–6
fat necrosis

extrapancreatic, 206–7
intrapancreatic, 206–7
pancreatic, 206–7
products of, 207–8
staining of, 207

fatty acid ethyl esters (FAEEs), 176, 191
formation of, 136
hydrolysis of, 148
metabolites of, 9

fatty acids, 8–9, 148, 206
fecal elastase-1 (FE-1), 378, 400
fecal fat analysis, 401
ferritin release, 445
fibrogenesis, 350–52, 498
fibrosing colonopathy, 438
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fine needle aspiration (FNA), 393
cancer ruled out by, 519, 520t
EUS-guided, 543–44

firefly luciferase, 7
fistulae, imaging of, 385
flavocoxid, 75
Flexner, Simon, 205
fluid overload, 256f
fluid resuscitation, 255–58
Fluo-3AM dye, 5
Fluo-4AM dye, 5, 6f
fluorecein dilaurate test, 401
food intake, pain and, 114. see also diet; 

malnourishment
food intolerance, 261
fractalkine, 350
free fatty acid (FFA) production, 173
free radical oxidation products (FROP), 444
Frey procedure, 115, 363, 477, 484
fucosyl-transferase gene (FUT2), 198
fully-covered self-expandable metal stents 

(FCSEM), 474, 476
fungal enzymes, 438
Fura-2 dye, 5

G
G protein-coupled bile acid receptor 1 

(Gpbar1), 57
gabexate mesylate, 316
GADD34 (growth arrest and DNA  

damage-inducible 34), 90
gallstone disease

acute pancreatitis and, 185–90
imaging of, 226f
pancreatitis and, 15

gastrin, 159
gastrointestinal tract complications, 241
gastrojejunostomy, 490
gaussia (Glue) luciferase, 7
gene therapy studies, 503–4
Genetic Information Nondiscrimination Act 

of 2008, 409
genetic mutations, smoking and, 158
genetics, of AP, 197–204
genome-wide association studies, 418
Glasgow algorithm, 284–91
glial fibrillary acidic protein  

(GFAP), 120, 351
glucagon-like peptide 1 (GLP-1), 462
glucose-dependent insulinotropic polypeptide 

(GIP), 462
glucose tolerance, 354
glyceryl trilinoleate (GTL), 175, 209
glycyrrhizin, 43, 75
glyochenodeoxycholate (GCDCA), 128
GP2, 134
granulocyte epithelial lesions (GEL), 386, 

514, 574f
Grap2 gene, 60
groove pancreatitis, 388, 388f
growth arrest and DNA damage-inducible 34 

(GADD34), 90
GSK-7975A, 26–27, 29
gut barrier dysfunction, 272

H
Hamburg procedure, 362–63
Hashimoto’s thyroiditis, 552
head, IgG4-RD and, 550–52
heat shock proteins (HSPs)

expression in pancreatitis, 80
HSP27, 80, 83–84, 85
HSP40s, 73–74
HSP60s, 73, 83
HSP70, 73, 80–82, 82f, 84f
HSP70-2, 419
HSP90s, 73
HSP100, 73
HSP104, 73
pancreatitis modulated by, 73–80
protection by overexpression of, 84–85

hedgehog signaling pathway, 60
Helicobacter pylori, 200, 428–29
helix-loop-helix (HLH) family, 93
heme oxygenase upregulation, 445
hemochromatosis (HFE) gene, 417–18
hemofiltration in IAH, 306
hemorrhage

mortality and, 230
procedure-related, 290
shock related to, 232

hemostasis, alcohol and, 136–37
hepatic steatosis, 233f
hepatocytes

CYP induction, 446t
electrophilic/oxidative stress, 446t

hereditary pancreatitis (HP), 404–13
animal models of, 99–100
asymptomatic patients, 409
children, 409
clinical trials, 410
counseling in, 408–9
epidemiology of, 406–7
genetic testing, 408–9, 414–15
genotype-phenotype, 405t
histology of, 408
management, 409
molecular genetics of, 406–7
pain in, 409–10
pancreatic endocrine insufficiency  

in, 410
pancreatic exocrine insufficiency in, 410
symptomatic patients, 409
time of first symptoms, 406f
total pancreatectomy, 410

Hiolein®, 401
HSPs. see heat shock proteins (HSPs)
hydroxyethyl starch (HES), 256
hyperalgesia, 116, 120–21, 427–28
hyperamylasemia, 17
hypercalcemia, 199
hyperenzymenia, 22
hyperexcitability, 427–28
hyperglycemia, 464–65, 500
hyperlipoproteinemia type 1, 199
hypersensitivity, 426
hypertriglyceridemia, 419
hypertrypsinogenemia, neonatal, 444
hypoglycemia, risk of, 438–39

hypoxemic respiratory failure, 210
hypoxia, PSCs and, 352

I
I kappa B kinases, 74

IκB kinase 2 (IKK2), 100–102
IκB kinase α	(IKKα), 61, 100, 102
IκB kinase β	(IKKβ), 100
IκB kinase ε	(IKKε), 100

iberiotoxin, 128
idiopathic duct-centric pancreatitis 

(IDCP), 521
idiopathic pancreatitis

acute recurrent, 375f
biliary sludge and, 229
chronic, 414–23, 471

IgG4-RD. see immunoglobulin  
G4 (IgG4)-related disease

imaging. see also specific modalities
in AIP, 535
in AP, 228–29
in CP, 329, 380–92
cross-sectional, 226t

immune cell recruitment, 73–74
immunoglobulin G4 (IgG4), 539–40

see also autoimmune pancreatitis (AIP)
in AIP diagnosis, 517
in AIP pathogenesis, 514
disease related to (IgG4-RD), 548, 

549t–550t
plasma cells positive for, 524–25, 524f

immunoglobulin subclasses, 528
immunomodulators, 562–63, 562–65, 563t
in vitro models, 3–14, 8, 173–77
Indian hedgehog (Ihh), 60, 352–53
inflammasome

pancreatic necrosis and, 29
smoking-related pancreatitis and, 161f

inflammation
in experimental pancreatitis, 42–52
fibrosis and, 498
obesity and, 176–77
resolution of, 45
smoking and, 165–66

inflammatory aortitis, 552
inflammatory bowel disease (IBD), 62, 156
inflammatory bowel syndrome (IBS), 120
inflammatory responses, systemic, 43–45
infliximab, 44
inositol-requiring enzyme-1 (IRE1), 

88–90, 89f
insulin, smoking and, 157
intercellular adhesion  

molecule-1 (ICAM-1), 71
interferons (IFNs), 502
interleukin 1 (IL-1), 47t
interleukin 1 (IL-1)-converting  

enzyme (ICE), 44–45
interleukin 1 (IL-1) gene, 200
interleukin 1β	(IL-1β), 106, 210
interleukin 4 (IL-4), 502
interleukin 6 (IL-6), 43, 47t, 72
interleukin 8 (IL-8), 210
interleukin 10 (IL-10), 45–46, 47t, 498
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interleukin 13 (IL-13), 502
International Consensus Diagnostic Criteria 

(ICDC), 386, 517–20, 519t, 521, 541
interstitial pancreatitis

acute, 226f
CT, 234f
description of, 233–34
due to pancreatic adenocarcinoma, 231f
MRI in assessment of, 227–28, 227f

intra-abdominal hypertension (IAH)
definition of, 303
diagnosis of, 304
epidemiology of, 304
management of, 305f
pathophysiology of, 303–4
prevention of, 304
surgical decompression, 306
treatment of, 304

intraductal papillary mucinous neoplasms 
(IPMNs), 385

intrapancreatic fat (IPF), 172, 174–76, 206–7
intravenous fluid, 317
irritable bowel disease (IBD), 220
ischemia/reperfusion injury, 232
ischemic pancreatitis, 232–33
islet autotransplantation, 488–96
islet cell isolation, 3, 490–91
islet cells, fibrosis and, 350
islets of Langerhans, 500

J
JC-1 probe, ∆Ψm-sensitivity, 7
JMV-180, 8
Johannson-Blizzard syndrome, 207

K
Kartagener’s syndrome, 60
Kausch-Whipple resection, 362, 477, 484
keratin K8, 107
keratin K18, 107
kidney injury molecule-1 (KIF-1), 176
kidneys, 241, 553–54
kinesin-2, 60
KRAS gene, 60
Kras mutants, 103f, 163
Kupffer cells, 43, 72

L
lacrimal glands, 551
lactate dehydrogenase (LDH) release 

assay, 7–8
LAMP2, 137
laparoscopic cystgastrostomy, 289–90
lateral pancreaticojejunostomy, 115
Leiber-DeCarli diet, 56
leukotriene inhibition, 436
Liberase HI, 491
lifestyle, pancreatitis and, 141
linoleic acid, 454f
lipase deficiency, 463
lipases, 206, 378
lipids, AP models and, 172–82
lipolytic fluxes, study of, 173
lipopolysaccharide (LPS), 500

in chronic pancreatitis, 55
LPS/ethanol model, 62–66
pancreatic stellate cells and, 351
role in alcoholic pancreatitis, 137–38

lipoprotein lipase, 199
lipoprotein lipase (LPL) gene, 418
liquid diet, 272–73
lithocholic acid (LCA), 126
lithostathine, 134
liver Χ receptor β	(LΧRβ), 61, 107
lobular inflammation, 522–23, 523f
lobules, pancreatic, 3–4, 4f
luciferases, 6–7, 7f
Lundh test, 401
lungs, in IgG4-RD, 552, 552f
lymphadenopathy, 550, 564
lymphoplasmatic sclerosing pancreatitis 

(LPSP), 386, 514, 521. see also 
autoimmune pancreatitis (AIP), type 1

lymphotoxins (LTs), 106
L-lysine, 17–18, 21
lysosomal membranes, 136–37

M
macrophage migration inhibitory  

factor (MIF), 45
macrophages

alternatively-activated, 502
CD68 staining, 209f
CP progression and, 75
cytokine generation, 160–61
in pancreatitis, 72

magnetic resonance cholangiopancreatography 
(MRCP)

in chronic pancreatitis, 385–86
diagnostic, 294–95
in ERCP patient selection, 310–21

magnetic resonance imaging (MRI)
in assessment of AP, 227–28
in chronic pancreatitis, 380, 385–86
in CP diagnosis, 329
CT versus, 228f
in ERCP patient selection, 310–21
features of AIP on, 533–37, 534f

main pancreatic duct (MPD), 534–35, 538f, 
539f. see also pancreatic ducts

malnourishment, signs of, 377
malnutrition, 378t, 425, 497
mannose-binding lectin (MBL) promoter, 200
mast cells, infiltration of, 426
Matrigel, 4
matrix metalloproteinases (MMPs), 351
membranous glomerulonephritis (MGN), 554
meninges, IgG4-RD and, 550–51
6-mercaptopurine (6-MP), 218, 220, 562, 565
mesalam, 220–21
metabolic function testing, 490
metamizole, 260–61
metformin, 220, 464–65, 465t
methionine, 448f, 450–52
methyl/thiol insufficiency, 447–49
metronidazole, 221
microglia, 118–20
micronutrient therapy, 443–61

microperfusion, alterations in, 255
microvascular perfusion, 232
Milkuliez disease, 551f
minocycline, 221
misfolded proteins, 92
MIST1, 93
mitochondria

Ca2+ elevation in, 28–29
dysfunction in pancreatitis, 7, 192

mitochondrial inner membrane  
potential (∆Ψm), 7

mitochondrial outer membrane permeability, 7
mitochondrial permeability transition pores 

(MPTP), 7, 28–29, 30f, 500
mitogen-activated protein kinase (MAPK) 

pathway, 352–53
monocyte chemoattractant protein-1 (MCP-1), 

352, 419
monocytes, in pancreatitis, 72
morphine, 260–61, 435
MTT reduction assay, 7–8
multi-organ dysfunction, 241
multidrug resistance 1 (MDR1) gene, 418
multifocal fibrosclerosis, 550
multipotent progenitor cells (MPC), 99f
multisystem organ failure (MSOF), 8–9, 

176, 209–10
mycophenolate mofetil, 562, 565
myeloid differentiation primary response 

protein (MyD88), 200
myeloperoxidase, 22, 176
MYO9B gene, 198

N
N-methyl-D-aspartate receptor (NMDAR), 121
nafamostat mesylate, 315–16
nasogastric decompression, 305
nasojejunal tube feeding, 273
NBT PABA test, 401
neck, IgG4-RD and, 550–52
necrosectomy

with closed packing, 289
with continuous postoperative lavage, 289
endoscopic drainage and, 277–78, 279f
minimally-invasive, 262
with open packing, 289

necrosis
description of, 38
infected, 239, 240f, 277–83

necrosis-fibrosis sequence, 134
necrosis-fibrosis theory, 345
necrotizing pancreatitis, 15, 234

acute, 226f, 234f
pancreatic cancer and, 231
treatment of, 278–79

negative pressure therapy, 306
neoplasms, type 1 AIP and, 525
nerve growth factor (NGF), 118
neurokinin receptor 1, 118
neurokinins, 118
neuromuscular blockers, 305–6
neuropeptides, 263
neutrophil infiltration, 22, 116
neutrophils, 43, 71–72
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nicotine. see also smoking
abuse of, 377
cell signaling and, 164
cellular mechanisms and, 160f
cytokine generation and, 160–61
metabolism of, 159

nitroglycerin, 315–16
NNK, 159–62, 160f, 164–65
nociceptive neurons, 116
nonalcoholic duct destructive chronic 

pancreatitis, 521
nonsteroidal anti-inflammatory drugs 

(NSAIDs), 260–61, 314–15
nuclear factor-κB (NF-κB)

activation of, 39, 39f, 55, 97–98, 126
activity of, 100, 101–2
in pancreatitis, 74
translocation, 6–7

nuclear factor-κB (NF-κB)-luciferase 
construct, 6–7

nuclear factor-κB (NF-κB) transcription factor 
response elements, 7f

nutrients, malabsorption of, 114
nutrition

AP to CP progression and, 375
artificial, 272–73
in chronic pancreatitis, 439
enteral, 272–76
in pain management, 264t
parenteral, 272–76

O
obesity

alcoholic pancreatitis and, 141
definition of, 206
fat-related to, 207–10
inflammation and, 176–77
intrapancreatic fat and, 8–9
AP models and, 172–82
pancreatitis and, 205–16

obliterative phlebitis, 524, 524f
octreotide, 435
ONO-1301, 504
open abdomen therapy, 306
open necrosectomy, 288–89
ophthalmic disease, 551–52
Opie, Eugene, 185, 188
Opie common channel hypothesis, 186
Opie hypothesis, 186f
opioid analgesics, 114–15
opioid-induced hyperalgesia (OIH), 120–21
opossum models, 20
ORAII, 26
OraiI channel, 500
oral refeeding, 323–26
orbital inflammation, 551, 564
organoids, 4, 4f
L-ornithine, 17
Oxford grading system, 471t
oxidant load, assessment of, 451
oxidative metabolism of  

ethanol (OME), 191, 192
oxidative stress, 157, 443, 445f, 504
oxidative stress theory, 345

P
p38 activation, 119
p65 gene deletion, 101f
PACE, 97
Page kidney, 241
pain

absence of, 361
animal models of, 116
AP diagnosis and, 259
AP prognosis and, 259
assessment of, 429f
central sensitization, 118–21, 119f
characterization of, 424
in chronic pancreatitis, 424–33, 434
components of, 116–18
decrease in, 360–63
impaired modulation of, 428
manifestation of, 114–16
mechanisms of, 425f
pathogenesis of, 114–25, 424–26
peripheral mechanisms, 426
scores, 434–35
theories of, 114

pain management
in acute pancreatitis, 259–67
analgesia ladder, 260f, 482
framework for, 428–29
interventional, 115–16
main arms of, 259–60
medical, 114–15
medical treatment in, 260–61
nutrition and, 261

pain syndrome, 434–39
palm oil, 503
palmitoleic acid ethyl ester  

(POAEE), 80
pancreas

atrophy of, 382
calcification as comorbidity, 156
enlargement of, 513–14
hyperechogenic imaging, 382
palpation of, 377

pancreas divisum, 231–32
pancreatectomy, total, 467

islet autotransplantation and, 488–96
pancreatic adenocarcinoma

chronic pancreatitis and, 66, 388–90
EUS elastography, 396f
interstitial pancreatitis due to, 231f
occult, 231
risk of, 406
role of tobacco, 162–63

pancreatic cancer
AIP and complications of, 569
AIP distinguished from, 518
autoimmune pancreatitis versus, 530t
pancreatographic differences, 539t
resectable, 470
risk of, 333–34
smoking-induced, 152–71

pancreatic carcinoma, 366–67
pancreatic collections, 238–39
pancreatic drainage, 115, 483
pancreatic duct cells, 61, 147–51

pancreatic ductal adenocarcinoma (PDA), 61, 
497, 542f

pancreatic ductal epithelial cells (PDECs), 
126, 147–48

pancreatic ducts. see also main pancreatic 
duct (MPD)

bicarbonate secretion, 147
calcificated protein plaques, 434
dilation of, 115
effect of bile acids on, 127–30
effects of alcohol on, 134–35
ligation of, 19–20
obstruction of, 186–87, 362
rupture of, 230
stenosis, 475–76
stents, 185
stones, 475–76
stricture of, 350, 476
types of, 126–27

pancreatic endocrine insufficiency, 410, 
436–37

pancreatic enzyme replacement therapy 
(PERT), 463, 466–67

pancreatic enzymes, pain treatment with, 
435–36

pancreatic exocrine insufficiency (PEI), 
197–98, 410, 436–37

after AP, 324
clinical symptoms of, 399–400
course of, 363–66
diagnosis of, 399–403
pathophysiology, 399
progression of, 360
therapy of, 437–38

pancreatic fibrosis, 349–58
cell-to-cell interactions in, 353–54, 355f
chronic pancreatitis and, 351f
smoking and, 157, 166
therapeutic interventions, 354–55

pancreatic fistulation, procedure-related, 291
pancreatic function tests, 400, 402
pancreatic head, mass in, 434
pancreatic necrosectomy, minimally-invasive, 

287–88
pancreatic necrosis, 239

CT imaging, 227f
drainage, 473t
etiologies of, 205
fat analysis, 205
intrapancreatic fat and, 8–9, 174–76
pancreatic fat in, 207–9
secondary infection of, 268
time course of, 30
treatment of, 284–91

pancreatic neoplasms, 231. see also 
pancreatic cancer

pancreatic parenchymal  
enhancement, 533–34

pancreatic polypeptide (PP),  
463–64, 464t

pancreatic pseudocysts, 250t
pancreatic resection, 115, 483
pancreatic rest, 272
pancreatic slices, 4f, 5
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pancreatic stellate cells (PSCs)
activation of, 351, 352f, 498
CP fibrosis and, 498–500
effects of alcohol on, 135f, 137–38
fibrogenesis and, 350–52
fibrosis and, 157
function of, 343
quiescence-maintaining factors, 353f
signals activating, 353f
smoking and, 166

pancreatic stent placement (PSP), 313–14
pancreatic stents, pain reduction and, 361–62
pancreatic stone protein (PSP), 378, 417
pancreatic stones, 361, 475, 568, 568f
pancreatic tail, disconnected, 291
pancreatic trauma, 230
pancreatin, 437–38
pancreatitis. see also specific forms of

cerulein-induced, 53–55
drug-induced, 233f
etiology of, 185
gallstone-induced, 185–86
HSP expression in, 80
metabolic causes of, 198–99
pathogenesis of, 185
pathophysiologic events in, 40f
smoking-induced, 152–71
unfolded protein response and, 88–96

pancreatitis-associated protein (PAP), 351
pancreatitis severity scores, 22
pancreatogenic diabetes, 462
pancreatography, contrast media, 313
PANQOLI instrument, 333
paraxanthine, 27
parenteral nutrition, 323
parotid gland disease, 551f
Partington-Gilles procedure, 483
Partington-Rochelle procedure, 362, 483
pathogen-associated molecular pattern 

molecules (PaMPs), 352–53
PER2 proteins, 141
percutaneous drainage, 305
percutaneous necrosectomy, 287–88
pericardium, in IgG4-RD and, 554
periductal inflammation, 522
perifat acinar necrosis (PFAN), 174, 207, 208f
peripancreatic adipose tissue, 523
peripancreatic collections, 268
peripancreatic fat, 172, 176–77
peripancreatic necrosis, 209–10
peripheral nerve ablation, 115
PERK, pancreatitis and, 104
PERK/ATF4 pathway, 90–91
PERK sensor, 60
pigment epithelial-derived factor (PEDF), 61
pituitary adenylate cyclase-activating 

peptide, 8
pituitary gland, IgG4-RD and, 551
plasma cells, IgG4-positive, 524–25, 

524f, 574f
platelet-derived growth factor (PDGF), 351
polycystic kidney disease (PKD), 60, 107–8
polyphenols, 503
polyunsaturated fatty acids (PUFAs), 172, 206

portal vein thrombus, 240f
postoperative pancreatitis, 232–33
postpyloric delivery, 273
p.R122H mutations, 36
prednisolone, 558
prednisone, 563f
pregabalin, 436, 482
prepyloric feeding, 273
primary ciliary dyskinesia, 60
primary duct hypothesis, 345
primary hyperparathyroidism, 199
primary sclerosing cholangitis, 381, 446
probiotics (synbiotics), 269
procaine, 260–61
procarboxypeptidase B, 378
ProCore biopsy, EUS-guided, 544
propidium iodide (PI) uptake assay, 7–8
prostate gland, in IgG4-RD and, 554
proteases, activation of, 5–6
protein catabolism, 158
protein kinase RNA-like ER kinase (PERK), 

88–90, 89f. see also PERK/ATF4 
pathway

proteinase-activated receptor 1 (PAR1), 23
proteinase-activated receptor 2 (PAR2), 

117–18, 263, 427
proteolysis, uncontrolled, 116
proton pressure, 444
PRSS mutants, 99–100, 408, 408t
PRSS1 gene, 36, 59, 198, 414–15
PRSS1 mutants, 97, 375, 405, 407–8, 

408t, 497
PRSS2 gene, 140, 417
PSCs. see pancreatic stellate cells (PSCs)
pseudoaneurysms, 240, 384
pseudocysts, 262, 384

diagnosis of, 377
dilatation of, 472f
drainage, 473, 473t
endoscopic therapy for, 471–475
imaging of, 385, 535
needle aspiration of, 475
pain in, 428–29

pseudotumors, 548, 550, 552f
pulmonary emboli, 241
pylorus-preserving pancreaticoduodenectomy 

(PPPD), 116

Q
quality of life

in chronic pancreatitis, 333
pain and, 114

quercetin, 81f

R
R122H mutation, 59
Rac2 gene, 60
radiofrequency ablation, splanchnic nerve, 115
radiography, CP diagnosis using, 329
radiotherapy, 436
Ras signaling, 102–4
reactive oxygen species (ROS), 7, 354, 

443, 504
receptor activating kinase 1 (RIP-1), 38

receptor-interacting protein 3 (RIP-3), 38
receptor tyrosine kinase A (TrkA), 118
recurrent acute pancreatitis (RAP), 156, 

197, 406
reductive stress, 443–44
refeeding, oral

after acute pancreatitis, 323–26
formulation, 324
pain after, 261
timing of, 323–24

referred mechanical hyperalgesia, 116
renal cell carcinoma, 553
renal failure, 210
renal injury, 176
renilla luciferase, 7
retinoic acid, 503
retrograde duct infusions, 20, 22, 56–57
retroperitoneum. in IgG4-RD, 553–54
rhein, 503
rheumatoid factor (RF), 517, 529f
rhodamine 110, 6
riboflavin levels, 449
Ricordi chambers, 491
Ringers’ lactate, 255–56
rituximab, 562–65
rofecoxib, 75
Rosemont major criteria, 393, 394t
RPMI 1640 medium, 5
ryanodine receptors (RyRs), 28

S
salivary glands, IgG4-RD and, 551, 551f
SAM, 454
sarcoER Ca2+ ATPase (SERCA)  

pumps, 26
Sarles, Henri, 134
scorpion venom intoxication, 17
secretagogues

acinar cell enzyme secretion and, 8
acute pancreatitis induced by, 20, 187
administration of, 16–17
models of AP, 16–17
in vitro model of acute pancreatitis, 8

secreted alkaline phosphatase (SEAP), 7
secreted protein acidic and rich in cysteine 

(SPARC), 354
secretin, 8, 400–401. see also secretagogues
secretin-enhanced magnetic retrograde 

cholangiopancreatography (S-MRCP), 
232, 373, 380, 381, 386

secretin-pancreozymin test, 360
secretion, smoking and, 157–58
selective bias, description of, 278
selective decontamination of the 

oropharyngeal tract (SOD), 269
selective digestive detract decontamination 

(SDD), 269
selenium, 445–46

antioxidant role of, 449
levels, 449–50
SAM with, 454
treatment using, 450–52

sentinel acute pancreatitis events (SAPE), 53, 
54f, 345, 373, 498
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sepsis
management of, 286–89
parenteral nutrition and, 272

Sequential Organ Failure Assessment (SOFA) 
system, 250

serine protease inhibitor Kazal type 1 
(SPINK1), 416–17

deletion of, 84–85
gene, 198
inactivation of, 98–99
localization of, 407f
mutations, 97, 405

serine protease inhibitor Kazal type 3 
(SPINK3), 55, 59, 98–99, 342

serum response factors (SRF), 107, 500
severe acute pancreatitis (SAP)

etiologies of, 205
fat-mediated, 173–74
fluid overload in, 256f
peripancreatic fat in, 176–77
visceral fat in, 206–7

sex, CP rates and, 332t
Shwachman-Diamond syndrome, 207
signal transducer and activator of 

transcription 3 (STAT3), 45, 74
sivelestat, 75
skin, in IgG4-RD and, 554
SM22α gene, 499
smoking

alcoholic pancreatitis and, 141
AP to CP progression and, 375
cell function and, 165f
duration of, 156
fibrosis and, 166
genetic mutations and, 163–66
inflammation and, 165–66
pancreatitis induced by, 152–71, 153t–155t
precancer cells and, 163–64

sodium-glucose cotransporter-2 inhibitors 
(SGLT2Is), 465t

soft diet, 272–73
somatostatin, 315–16, 435
sonic hedgehog (Shh), 60
Sox10, 427
specialized Ca2+ ATP-ases (SERCA3), 93
sphincter of Oddi (SO), 134, 374
sphincterotomy, 115, 185, 298
SPINK. see serine protease inhibitor Kazal
splachnic nerve ablation, 115
splanchnic hypoperfusion, 272
spleen

enlarged, 377
involvement of, 241

statins, AP associated with, 220
steatorrhea, in PEI, 399–400
stem cells, organoids from, 4
stents

placement of, 313–14, 315
self-expandable, 280f, 286

steroid therapy
in autoimmune pancreatitis, 557–61
indications for, 557–58
maintenance therapy, 559
principles of, 558f

regimen, 558–59
relapse, 559
side-effects, 559
tapering, 558–59

stone theory, 345
stool tests, 400
storiform fibrosis, 522, 522f, 523f
stromal interaction molecules (STIMs), 26
sublingual gland disease, 551f
submandibular gland, 551f
substance P release, 116
surgery

comparison of techniques, 484t
indications for, 482–83

systemic inflammatory response syndrome 
(SIRS), 43, 255–56, 290

T
T cells, 73, 426, 498
T6 mutants, 408t
TANK binding kinase 1 (TBK1), 100
taurochenodeoxycholate (TCDC), 8
taurocholate (TC), 8
taurocholate-induced pancreatitis, 172
taurodeoxycholate (TDC), 8
taurolithocholic acid sulfate (TLCS), 8, 44, 126
tetracyclines, AP associated with, 221
tetrahydrolipistatin (THL), 206
tetramethylrhodamine methyl ester (TMRM), 7
thapsigargin (TG), 92
theophylline, 27
thermal stress, 83f
thiazolidinediones (TZDs), 465t
thiobarbituric acid reacting substances 

(TBARS), 451
thoracic aorta, in IgG4-RD, 552–53
thoracic epidural analgesia (TEA), 262–63, 

264t, 435
thoracoscopic splanchnicetomy, 115
TIGAR-O classification, 332–33
tissue inhibitors of metalloproteinases 

(TIMPs), 351
tobacco, pancreatic disease and, 152–62
tocopherol, 354–55
tocotrienol, 354–55, 503
toll-like receptors (TLRs), 55, 72, 200
total pancreatectomy with islet 

autotansplantation (TPIAT), 488–96
islet isolation, 490–91
outcomes, 491, 492t–493t
patient selection, 488
postoperative care, 490, 491
preoperative evaluation criteria, 489–90, 489t
technique, 490

toxic exposures, 447
toxic-metabolic theory, 345
tramadol, 435
transabdominal sonography, 382
transcutaneous electrical nerve stimulation 

(TENS), 436
transduodenal cyst drainage, 475
transforming growth factor-α	(TGF-α), 55, 499
transforming growth factor-β	(TGF-β), 45, 46, 

105–6, 502

transgastric cyst drainage, 475
transient receptor potential canonical (TRPC) 

3 channel, 27
transient receptor potential vanilloid 1 

(TRPV1), 117, 263, 427
transmural drainage, 474, 474f
transplantation, orthotopic, 4
Traverso-Longmire procedure, 484
triglycerides, 199, 375
trinitrobenzene sulfonic acid (TNBS), 116
TRO40303, 30, 30f
tropical pancreatitis, 383
Trucut biopsy, EUS-guided, 544
trypsin

activity of, 22, 82f
cationic, 407f
intra-acinar location of, 35–36
pancreatitis and, 97
role during AP, 36

trypsinogen
in acinar cells, 340–43
activation of, 6, 35–41, 82f, 97–100, 98f
anionic (PRSS2), 340–43
cationic (PRSS1), 340–43
physiology of, 35

trypsinogen activation peptide (TAP), 407
tubulointerstitial nephritis (TIN), 553
tumor necrosis factor-α	(TNF-α), 44, 47t
tumor necrosis factor-α	(TNF-α) converting 

enzyme (TACE, ADAM17), 44
tumor necrosis factor-α	(TNF-α) gene, 418
tygecycline, 221

U
ubiqitin-protein ligase E3 component 

n-recognin-2 (UBR2), 530
ubiquitin, 80, 81
ulcerative colitis (UC), 156
ultrasonography. see also endoscopic 

ultrasonography (EUS)
in assessment of AP, 225
diagnostic use of, 381–83

unfolded protein responses (UPR), 444
activation, 92f, 104, 193
effects of alcohol and, 136–37
endoplasmic reticulum stress and, 88–96
functional components of, 88–90, 89t

unsaturated fatty acids (UFAs), 174, 175–76
ursodeoxycholic acid (UDCA), 129–30

V
valproic acid, AP associated with, 221
vanilloid receptors, pain and, 117
vasoactive intestinal peptide, 8
vasoactive intestinal peptide (VIP), 116
very low-density lipoprotein (VLDL), 199
video-assisted retroperitoneal debridement 

(VARD), 286, 287, 288
visceral fat, 172, 206–7, 210
visual analog scale (VAS), 434–35
vitamin A deficiency, 400
vitamin C, 449, 450–52, 454
vitamin deficiencies, 439
vitamin E, 449, 451, 454, 503
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W
waist-to-hip ratios, 206
walled-off necrosis (WON), 239f, 284, 285f, 473t

definition of, 250t
imaging of, 228f
late, 289–91

walled-off pancreatic necrosis (WOPN), 474f

weight loss, 400
Whipple procedure, 362, 485
Wolcott-Rallison syndrome, 60

X
X-box binding protein-1 (XBP1), 89–90, 91, 

104, 193

xenobiotics, 443, 445
Xpnpep3 gene, 60

Z
zebrafish, transgenic, 60
zymogen, 22, 29, 54
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