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Abstract: 

Pancreatitis is an inflammatory disease that starts 

in pancreatic acinar cells and results in significant 

morbidity and mortality. Currently there is no 

therapy for pancreatitis because of lack of 

complete understanding of the disease 

mechanism. Premature trypsinogen activation is 

considered to be the key event in the disease 

development. However recent research in the 

field has pointed out that besides trypsinogen 

activation there are many other important factors 

that play important role in the disease. Our recent 

study in Trypsinogen-7 knock out (T7-/-) mice has 

supported this and for the first time shown that 

intra-acinar trypsinogen activation contributes only 

partially to acinar injury and local and systemic 

inflammation progress independently of trypsin 

activation during pancreatitis. NF-κB activation 

that happens parallel and independent to 

trypsinogen activation can still drive the 

development of the acute or chronic pancreatitis 

even in absence of trypsin. 

 

1. Introduction 

Pancreatitis is an inflammatory disease of the 

pancreas that starts in pancreatic acinar cells and 

results in significant morbidity and mortality (19). 

More than a century ago, pathologist Dr. Hans 

Chiari (6) proposed that the acute pancreatitis is a 

disease rather than an infection, in which 

pancreas destroy itself through autodigestion. 

Since then the mechanism, site and importance of 

premature activation of digestive enzymes, 

especially trypsin, has become a major area of 

investigation in pathobiology of pancreatitis. 

Premature activation of trypsin has been 

observed during both in vitro hyperstimulation and 

in animal models of acute pancreatitis (16, 17, 22-

24). In this review, we discuss our current 

understanding of the role of trypsin in the 

pathophysiology of pancreatitis. 

 

2. Physiology of Trypsinogen in 

Health 

Trypsin is synthesized as trypsinogen, an inactive 

precursor, in the rough endoplasmic reticulum and 

transported to the Golgi apparatus for sorting. 

Trypsinogen is always co- synthesized and 

packed with a pancreatic secretory trypsin 

inhibitor (PSTI) that inhibits its premature 

activation. Once, it reaches the Golgi system, the 

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 

stimulus, these zymogen granules are released in 

to the lumen of pancreatic duct, which carries the 

digestive enzymes into the duodenum. Once in 

duodenum, enteropeptidase activates trypsinogen 

by removing 7-10 amino acid from N-terminal 

region known as trypsinogen activation peptide 

(TAP). Removal of TAP induces conformational 

change resulting in active trypsin. TAP is 

immunologically distinct from the same sequence 

within trypsinogen, thereby allowing detection of 

trypsinogen activation in situ (1, 10).  
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3. Intra-acinar Location of Trypsin 

Activation During Acute Pancreatitis 

While it is clear that there is intra-acinar activation 

of trypsin, the exact intracellular location where 

trypsin is activated is a hotly debated area in 

pancreatitis. Subcellular fractionation and analysis 

of pancreatic homogenate shortly after the 

induction of pancreatitis have provided much 

insight about the location of trypsinogen 

activation. In vitro studies on acinar cells show 

that within 30 min of hyper stimulation most of the 

active trypsin localizes to a heavy, zymogen-rich 

pellet and after 60 min of hyperstimulation, the 

trypsin activity shifts to the supernatant. This shift 

was paralleled by appearance of immunoreactive 

TAP and cathepsin B, a lysosomal enzyme 

capable of activating trypsinogen, in the soluble 

fraction (14). This experimental evidence led to 

development of the “co-localization hypothesis” 

which purports that during acute pancreatitis 

lysosomal enzymes and zymogens fuse to form 

structures named co-localization organelles. 

Further, it has been proposed that in these co-

localization organelles lysosomal enzyme 

cathepsin B activates trypsinogen to trypsin. 

Studies have shown that premature trypsinogen 

activation occurs in membrane-bound 

compartments resembling autophagic vesicles 

formed by co-localization of zymogen and 

lysosomes (22). In these co-localized vacuoles, 

the lysosomal protease cathepsin B activates 

trypsinogen. It is proposed that the active trypsin 

further activates other digestive enzymes with in 

acinar cells, presumably in the same manner, as it 

normally would do in the duodenum. The 

presence of these co-localization vacuoles has 

been observed in all models of experimental 

pancreatitis as wells as in pathological specimens 

of human pancreatitis. The studies, which have 

demonstrated that cathepsin B can activate 

trypsinogen in vitro, further support this theory 

(25, 29) and  it seems that in the absence of 

cathepsin B, less than 1 % of the trypsinogen 

peptide is hydrolyzed but after incubation with 

cathepsin B for 30 min at pH 5, 96% of 

trypsinogen peptide was hydrolyzed (29). 

Interestingly, cathepsin B mediated trypsinogen 

activation seems not to be a crucial pathogenic 

step in hereditary pancreatitis patients with the 

trypsinogen mutations D22G and K23R (29). 

 

4. Role of Trypsin During Acute 

Pancreatitis 

For decades, intra-acinar trypsin activation has 

been considered the key event in acute 

pancreatitis. This trypsin centric hypothesis has 

been supported by various observations. 

Inhibition of trypsin, by somewhat nonspecific 

protease inhibitors, provides protection against 

injury during acute pancreatitis (31, 32). 

Furthermore, inhibition of trypsinogen activation 

by inhibiting the activity of cathepsin B or by 

deleting the cathepsin B gene also decreases 

pancreatic injury during acute pancreatitis, again 

suggesting that trypsinogen activation is important 

for pancreatic damage (12, 31). Halangk et al (12) 

showed that cathepsin B knock out (CB-KO) mice 

have less necrosis when compared to WT type 

mice. However, the degree of leukocyte infiltration 

in the pancreas or lungs during pancreatitis was 

not affected by the absence of cathepsin B 

indicating cathepsin B, and thus trypsin, 

independent evolution of local and systemic 

inflammation. 

 

The strongest support for the trypsin centric 

theory comes from identification of mutations in 

the cationic trypsinogen gene PRSS1 in 

hereditary pancreatitis, an uncommon form of 

pancreatitis with autosomal dominant inheritance 

(34). The biochemical studies of the pancreatitis-

associated p.R122H mutations of human cationic 

trypsinogen in vitro show that this trypsinogen 

variant has an increased propensity for auto-

activation and is resistant to degradation by 

chymotrypsin C (30). However, this mutation has 

pleiotropic effects rather than being exclusively an 

activating mutation, and there is no direct 

evidence for increased intracellular trypsin activity 

in patients with hereditary pancreatitis due to this 
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mutation (3). Furthermore, patients with this 

mutation do not suffer continuous pancreatitis but 

rather experience episodic attacks of the disease. 

Also, in mouse model of hereditary pancreatitis 

generated by transgenic expression of R122H 

trypsinogen, no increased trypsinogen activation 

was observed indicating involvement of other 

factors. R122H mutation has been shown to 

increase the frequency of trypsin auto-activation 

(3, 9, 15). Study of another PRSS1 mutant 

p.R116C deciphered an entirely novel mechanism 

of acinar cell injury, which is unrelated to 

trypsinogen activation. The mutation induces 

proenzyme misfolding leading to endoplasmic 

reticulum (ER) stress and unfolded protein 

response (UPR) activation (15). The trypsinogen 

activation hypothesis of hereditary pancreatitis 

also does not explain incomplete penetrance, the 

intermittent nature of the disease, and lack of 

progression to chronic pancreatitis in some 

individuals despite recurrent episodes. While, 

emerging epidemiologic and genetic data 

continue to link pancreatitis to trypsinogen 

activation, it is becoming increasingly clear that 

with the exception of hereditary pancreatitis and 

cystic fibrosis, a direct simplistic genetic 

mechanism for acute pancreatitis may not exist 

but instead, a complex interplay between genetic, 

environmental and developmental factors govern 

the susceptibility, progression and severity of 

pancreatitis. 

 

Evaluating the role of trypsin activation, Gaiser et 

al (9) showed that expression of active trypsin in 

pancreas was sufficient for induction of acute 

pancreatitis. This study showed that 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 but high-level 

trypsin activation, which is an important limitation 

of this model, the conclusions from this model 

again supported the role of trypsin activation in 

pathogenesis of pancreatitis (9). However, this 

overexpression model is somewhat artificial and 

lacks the stimuli and other intra-acinar processes 

observed during acute pancreatitis. Contrary to 

these findings, a study by Wartmann et al 

reported that cathepsin L knockout mice have 

much higher trypsinogen activation but 

significantly reduced pancreatic injury suggesting 

trypsinogen activation may even have a protective 

role during pancreatitis by degrading trypsinogen 

and other proteases (33).  

 

To obtain further insight into the role of trypsin in 

acute pancreatitis, we have generated a novel 

knockout mouse lacking trypsinogen isoform-7 

(mouse paralog of human cationic trypsinogen, 

PRSS1) (7). In this mouse strain, we do not 

observe intra-acinar pathologic trypsin activation 

during acute pancreatitis suggesting that the 

trypsinogen isoform-7 (T7) is responsible for the 

pathologic trypsin activation. Intriguingly, in these 

novel trypsinogen-7 knockout mice (T-/-) mice we 

observed that the acinar cell necrosis during 

caerulein (Figure 1A) as well as L-arginine 

induced acute pancreatitis is reduced to about 

half of that observed in mice with intact T7 (7). In 

vitro we observe that acini lacking T7 do not 

undergo necrosis (as measured by LDH release) 

when stimulated by supramaximal dose of 

caerulein. Furthermore, we observed that NF-κB 

activation as well as local or systemic 

inflammation is not altered by absence of trypsin 

(Figure 1 B and C) (7). These together suggest 

that trypsin is only partly responsible for acinar 

cell necrosis observed during acute pancreatitis 

and local and systemic inflammation 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 so far under-appreciated trypsin-

independent events in acute pancreatitis (13). 

Therefore, it is likely that trypsin is only required 

for initiation of the injury and trypsin-independent 

inflammatory pathways (importantly NF-κB) 

determine disease progression and severity. 
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Figure 1: Trypsin contributes partially to acinar cell necrosis during Acute pancreatitis. Local and 

systemic inflammation during acute pancreatitis are independent of trypsin activation. Acute pancreatitis 

was induced by repeated injections caerulein (50 μg/kg i.p. every hour for 10 hours). A) Quantification of necrosis 

by morphometry. B) Quantification of Neutrophil infiltration (MPO) as a measure of inflammation in  pancreas. (C) 

lung MPO as a measure of lung inflammation.  Modified from Dawra et al (7) 

 

5. 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 co-localized vesicles 

fragile which causes cathepsin B to escape from 

co-localized organelles into the cytosol, which in 

turn cause cell death during pancreatitis (28). 

Supramaximal stimulation by caerulein causes 

leakage of cathepsin B into cytoplasm (Figure 2A) 

and this release is dependent on trypsin as in its 

absence, either in T-/- mice or by pharmacologic 

inhibition of trypsin (Figure 2B), the release of 

cathepsin B into the cytosol during acute 

pancreatitis was prevented. These data suggest 

that active trypsin within the co-localized 

organelles plays a role in making the membranes 

fragile, through which the cathepsin B and other 

enzymes leak out into the cytosol. Furthermore, 

only a fraction of cathepsin B, amylase, active 

trypsin and arylsulfatase are released from the co-

localized organelles into the cytosol. This 

suggests, as observed by us previously, that only 

a portion of lysosomes and zymogen granules 

come together and co-localize. The factors that 

determine which co-localized organelles become 

leaky and release their content into the cytosol 

are not known and are the area of future 

investigations. 

 

Supramaximal caerulein stimulation leads to 

apoptosis that can be prevented by pretreatment 

with cathepsin B and trypsin inhibitors suggesting 

role of both cathepsin B and trypsin in acinar cell 

apoptosis (Figure 2C). However, when cathepsin 

B or trypsin was added to the permeabilized acini, 

to simulate presence of cathepsin B or trypsin in 

the cytosol, dose dependent activation of 

apoptosis was seen with the presence of cytosolic 

cathepsin B but not trypsin (Figure 2D) (28). This 

suggests the role of cytosolic cathepsin B but not 

trypsin in inducing acinar cell apoptosis. These 

observations have been conclusively supported 

by similar findings from experiments using T-/- 

and cathepsin B KO animals (28). From these 

studies, the most logical inference is that active 

trypsin within the co-localized organelles is 

involved in making the organelles “leaky,” causing 

leakage of cathepsin B into the cytosol, where the 

newly released cathepsin B activates apoptotic 

pathways. Inhibition of trypsin prevents the co-

localized organelles from becoming fragile, 

thereby preventing the release of cathepsin B into 

the cytosol.  Exogenous trypsin failed to activate 

caspase when incubated with streptolysin-O-

permeabilized acinar cells suggesting trypsin 

does not directly cause acinar cell death. 
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Figure 2: A) Immuno-blot demonstrating that supramaximal caerulein stimulation leads to increase in cytosolic 

cathepsin B in acinar cells B) Cytosolic cathepsin B activity normalized to LDH is increased in pancreatic acinar 

cell treated with supramaximal dose of caerulein. However, similar increase is not observed in T
-/- 

mice suggesting 

trypsin activity is required for release of cathepsin B into the cytosol C) Caspase-3 activity in acinar cell treated 

with supra maximal caerulein alone or caerulein with CA047 or caerulein with Benzamidine. D) Addition of 

exogenous cathepsin B but not trypsin to SLO permeabilized normal rat pancreatic acinar cells leads to caspase-

3 activation. Caspase-3 activity was induced by cathepsin B in concentration dependent manner and no activity 

was seen with any given dose of trypsin. Values are expressed as percent of total and normalized to per mg 

protein. Modified from Talukdar et al (28) 

 
There are two major pathways through which 

apoptosis occurs 1) extrinsic and 2) intrinsic 

pathway.  The extrinsic pathway involves death 

receptors and occurs in response to external 

signals whereas the intrinsic pathway involves 

mitochondria and happens in response to internal 

signals. Lysosomal disruption has been implicated 

in initiating the intrinsic apoptotic pathway 

involving cleavage of pro-apoptotic Bcl-2 family 

member Bid. Upon apoptotic stimuli, Bcl-2 

apoptosis-promoting protein Bax undergoes a 

conformational change and translocates to 

mitochondria, where it oligomerizes and forms 

pores that allow the release of cytochrome c into 

cytoplasm. It has also been shown that in early 

stages of experimental acute pancreatitis, there is 

a release of cytochrome c into the cytosol that in 

turn activates caspase-9, which subsequently 

leads to caspase-3 activation. Caspase-3 then 

executes the intracellular changes of apoptosis 

via different downstream mediators (8).  

 

Our studies suggest that during acinar cell death, 

cathepsin B is releases into the cytosol and 

induces apoptosis predominantly via the intrinsic 

pathway by inducing Bid cleavage and Bax 
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activation. Truncated Bid and activated Bax cause 

release of cytochrome c from mitochondria, which 

in turn 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 pre-

treatment with cytochrome c antibody reduced 

cathepsin B triggered acinar cell apoptosis 

suggesting apoptosis via the intrinsic pathway 

(28). 

 

Interestingly, the amount of cathepsin B in the 

cytosol determines whether acinar cell die via 

apoptosis or necrosis. Small amount of cathepsin 

B activates apoptosis whereas larger amounts of 

cathepsin B shift the cell death pathway towards 

necrosis. Necrosis is a form of cell death where 

there is swelling of organelles and plasma 

membrane rupture. Necrosis was once 

considered accidental cell death caused by 

overwhelming physical or chemical trauma. 

However, we now know that specific genes can 

induce necrosis in a regulated manner. The terms 

programmed necrosis, necroptosis, or regulated 

necrosis has been used to distinguish these types 

of cell death from accidental necrosis. Receptor-

interacting protein 3 (RIP-3) is an important 

regulator of necroptosis. Once RIP-3 gets 

activated it forms a complex with receptor 

activating kinase 1(RIP-1). RIP-1/RIP-3 complex 

activates a cascade of events, which eventually 

lead to cell necrosis (18). The leakage of a large 

amount of cathepsin B by hyperstimulation of 

acinar cells leads to RIP-1/RIP-3 complex 

formation, which shifts the form of death from 

apoptosis to necrosis. In future, studies 

elucidation of the key molecules favoring the 

formation of RIP-1/RIP-3 complex and 

downstream events in the pathogenesis of acute 

pancreatitis may help decipher the mechanism of 

selection of apoptosis versus necrotic form of cell 

death during acute pancreatitis. 

 

Besides premature trypsinogen activation, intra-

acinar NF-κB activation has been previously 

shown to result in local pancreatic damage as well 

as systemic inflammation (4, 5). NF-κB related 

injury was persistent in acinar cell even in the 

absence of trypsin in T−/− mice suggesting its 

trypsin independent role in acinar cell injury. 

Although activation of other inflammatory 

cascades has been described in acute 

pancreatitis and may theoretically lead to trypsin 

independent and NF-κB independent injury, which 

need to explored in further studies, these 

pathways are generally known to be minor players 

compared to NF-κB pathway.  

 

The soluble inflammatory cell mediators like TNF-

α, which is a product of the NF-κB pathway, was 

shown to directly induce premature trypsinogen 

activation and necrosis in pancreatic acinar cells 

suggesting contribution of inflammatory signaling 

in disease initiation and progression (26). Thus 

NF-κB activation may also be the key early event 

responsible for progression of systemic injury. 

This fact was further supported by another 

important study, which demonstrated partial 

reduction in acinar necrosis during pancreatitis in 

mice lacking the p50 unit of NF-κB (p50−/−) (2). A 

study done by Gukovskaya et al (11) observed 

that neutrophils which are recruited during 

inflammation were able to activate trypsin in 

acinar cell and this was dependent on neutrophil 

NAPDH oxidase suggesting involvement of 

immune cells like neutrophil in further promoting 

acinar cell injury. 

 

6. Role of Trypsin in Chronic 

Pancreatitis (CP): 

Using our T-/- mice we have also explored the role 

of trypsin in CP (20). Using caerulein model of CP 

we found comparable levels of acinar cell damage 

and fibrosis (Figure 3) in T-/- and WT C57BL/6 

mice suggesting trypsin independent activation of 

acinar necrosis and stellate cell activation in CP. 

We further looked at T cell infiltration and NF-κB 

activation (20). We found that it was comparable 

in both T -/- and WT. Taken together the data from 

these studies supports the fact that persistent 

inflammation, possibly driven by NF-κB 
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dependent pathways, can lead to CP even in 

absence of trypsin. We further verified this in 

human CP samples and all sample tested showed 

high NF-κB activity (Figure 4).  

 

Pancreatic acinar cells are protein-synthesizing 

machinery for secretory proteins and any stress 

might lead disturbance of cellular homeostasis 

and endoplasmic reticulum (ER) stress that leads 

to activation of evolutionary conserved unfolded 

protein response (UPR) pathways. A study from 

our group showed that during acinar cell injury 

there is ER stress and activation of UPR as seen 

by up regulation of UPR components like CHOP, 

ATF-4, GRP-78 and XBP-1 during caerulein 

induced CP. However, T-/- that lack intra-acinar 

trypsinogen activation showed comparable levels 

of ER stress and activation of UPR suggesting 

minimal role of trypsin in causing ER stress during 

CP (21). 

 

In conclusion, different genetic mouse models of 

trypsin over expression or lacking trypsinogen 

activation have led to some exciting results that 

challenge the century old trypsin-centered theory 

of pancreatitis. Our current understanding of the 

pathogenesis of acute pancreatitis is depicted in 

Figure 5. No doubt trypsin is important for 

disease initiation, however, its contribution to the 

disease mechanism is overestimated. In fact, the 

usage of trypsin protease inhibitors in clinical 

practice fails to provide any resolution for SAP 

patients (27). It is becoming increasingly clear that 

release of cathepsin B, NF-κB signaling and ER 

stress in acinar cells are all crucial to the 

pathogenesis of pancreatitis and could be 

important drug target for pancreatitis.   

 

 
Figure 3: Chronic pancreatitis 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 (20) 
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Figure 4: NF-kB activation in human chronic pancreatitis samples (A) Persistent NF-κB activation is 

observed in human chronic pancreatitis. NF-κB component protein p65 immunostaining shows its nuclear 

localization in acinar cells in human chronic pancreatitis sections (200X) (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 7 CP patients and 7 controls were analyzed. Modified from Sah et al (20) 

 

 
Figure 5: Schematic representation of major pathophysiologic events in pancreatitis. 
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