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l. Introduction

Pancreatic cancer continues to be a significant
cause of mortality across the world. Currently,
it is the 3rd leading cause of cancer death in
the United States, and it is often diagnosed late
when there are few treatment options. The 5-
year survival rate remains dismal at
approximately 10% (72). Patients frequently
endure severe abdominal pain, jaundice,
ascites, and cachexia. A subset of these
patients will also develop diabetes mellitus.
Acinar cells are the prevalent cell type of the
pancreas, and a large portion of human
pancreatic carcinomas are pancreatic ductal
adenocarcinomas. Acinar cells are able to
dedifferentiate through a process known as
acino-ductal metaplasia, and some believe that
the resulting duct like structures result in
pancreatic ductal adenocarcinoma.

It is essential to note that mutations
in kras and p53, commonly found in human
pancreatic cancer, are also found in chemical-
induced models of pancreatic cancer. A large
majority of pancreatic ductal adenocarcinomas
occur in the head of the pancreas, and these
are known to have strong metastatic potential.
This review will focus on chemically induced
animal models of pancreatic cancer in different
species, elucidating the typical timeframe to the

development of pancreatic cancer, comparing
histologic and molecular features to pancreatic
cancer in humans, and the other off-target
cancers that may result.

Il. Nitrosamines

Nitrosamines are organic compounds with
carcinogenic potential that have been
extensively studied. Herein, we will review
different nitrosamine compounds by their
composition and the resulting carcinogenesis.

A. N-nitrosobis (2-oxopropyl)amine
(BOP) / N-nitroso(2-hydroxypropyl) (2-
oxopropyl)amine (HPOP)

When BOP and HPOP (Figure 1A (3) Figure
1B (4)) are injected subcutaneously (SQ) in
Syrian hamsters, they result in the alkylation of
DNA and macromolecules in the liver, kidneys,
pancreas, and lungs. Thus, these chemicals
result in carcinogenesis of not only the
pancreas, but also of other organ systems. Two
of the most prevalent DNA adducts found were
N-methylguanine and O-methylguanine. Based
on higher DNA alkylation levels, BOP had more
significant carcinogenicity potential compared
to HPOP. Some believe BOP is enzymatically
activated by reducing BOP to HPOP, but this
has been contested (35). Gingell and Pour
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found that BOP levels and those of its
metabolites (HPOP and N-nitroso-bis(2-
hydroxypropyl)amine) in the bile, blood,
pancreatic juice, and urine were significantly
lower after oral (PO) administration compared
to intraperitoneal (IP) administration. Given the
widespread distribution of the metabolites, it is
not surprising that that these chemicals result
in different types of cancer throughout the
body. Furthermore, because HPOP comprised

a large portion of the metabolites, they
assumed that it might be a significant
contributor of carcinogenesis (24). On the
contrary, Lijinsky et al. compared the
carcinogenesis of four different nitrosamines,
and found that HPOP is not the proximate
carcinogenic metabolite and that these
compounds induced carcinogenesis through a
separate, but unclear mechanism (40).

Figure 1. Chemical structure of BOP (A), and HPOP (B).

Kokkinakis specifically evaluated the difference
in BOP and HPOP, comparing Syrian hamsters
to rats. They found these compounds to be
greater pancreatic carcinogens in Syrian
hamsters, while in rats, they had a more
significant effect as esophageal and respiratory
carcinogens. Furthermore, they found this
correlates with DNA alkylation (34). Thus,
Syrian hamsters would be a better choice for
studying pancreatic cancer compared to rats
when using BOP and HPOP to induce
carcinogenesis.

Pour administered BOP 20 mg/kg SQ in Syrian
hamsters once and then sacrificed hamsters at
various time points several weeks after
administration. Pour believes centroacinar
cells were precursors for pseudoductular
formation in the hamster pancreatic cancer
model. Electron microscopy and
immunohistochemistry demonstrated
hypertrophy and hyperplasia of centroacinar

cells as early changes; over time, they noted
progressive degeneration and loss of acinar
cells (53). These pancreatic neoplasms
originate from ducts with neoplasia preceded
by hyperplasia and dysplasia (51). Takahashi
et al. found these changes to occur
sequentially: first, necrosis and degeneration of
acinar cells; second, hyperplasia of the ductal
epithelium; third, development of papillary
structures with the rare occurrence of
adenocarcinoma at early time points, and a
higher predominance of adenocarcinoma at
later time points (73). These findings indicate
changes in the acinar cells and duct cells as
precursor lesions to pancreatic cancer. Fuijii et
al. found BOP 10 mg/kg SQ administered
weekly for four weeks to be ideal for inducing
tumors of the lung, liver, nasal cavity, and
pancreas with no significant differences related
to sex (22). Takiyama et al. used the same
regimen as Fujii et al., except they only used
male Syrian golden hamsters, with subsequent
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sacrifice 30 weeks after the initial injection.
Takiyama et al. found pseudoductular and
ductular adenomas in nearly all hamsters, and
ductal carcinoma in situ occurred in 16/18
hamsters (74).

Kokkinakis and Subbarao used female Syrian
hamsters and administered a total dose of 210
mg/kg of HPOP via a continuous SQ infusion
for nine days, resulting in pancreatic cancer in
62% of these animals after 30 weeks. HPOP
had a mitogenic effect in the pancreas with
higher DNA adducts, which incite the induction
of pancreatic cancer. Overall, they found lower
DNA damage in the pancreas than in the liver,
kidney, or lung; notably, they found that DNA
alkylation alone was not likely to cause ductal
tumors (36). Longnecker et al. used 2-week-
old Lewis rats and administered HPOP 160
mg/kg IP. They sacrificed the rats at varying
time points several months thereafter, and
histologically, they found atypical acinar cells,
acinar adenomas, and carcinomas. They
believe these pancreatic carcinomas derive
from acinar cells. Furthermore, they found an
equal incidence of liver cell carcinomas and
pulmonary adenomas compared to pancreatic
carcinomas (43).

Lidjinsky et al. compared carcinogenesis
between N-nitroso-2,6-dimethylmorpholine,
BOP, N-nitrosobis (2-hydroxypropyl)amine,
and HPOP. They gavaged each compound to
separate female Syrian golden hamsters, and
all four agents resulted in tumors of the
pancreas and lungs. BOP was the most potent
carcinogen of the four, followed by HPOP; both
resulted in hepatocellular and cholangiocellular
neoplasms as well (40). Reznik et al. similarly
gavaged N-nitroso-2,6-dimethylmorpholine
using various dosages, and they found
pancreatic tumors in 71% of the hamsters.
Here, the carcinogenesis was not dose-
dependent. The tumors were either adenomas
or adenocarcinomas of ductal origin. However,

they also found various tumors of the nasal
cavities, upper and lower respiratory tract, liver,
gallbladder, renal system, and stomach (59).

Mutations comparable to Humans

In Syrian golden hamsters, BOP results in
PDAC with similar histology to human tumors.
Additionally, BOP results in genetic mutations
and changes in antigens, which correlate
clinically with pancreatic cancer in humans.
BOP administration in hamsters results in kras
mutations, which were identified in hyperplasia
(26%), carcinoma in situ (76%),
adenocarcinoma (80%), and lymph node (LN)
metastases (43%). These mutations were
identified through amplified DNA (17). Based
on immunohistochemistry, BOP-induced
PDAC in hamsters resulted in elevation of the
following antigens: 17-1A, CA-125, TAG-72,
and DU-PAN-2, all of which are also seen in
malignant human pancreatic cancers (74).

Modulators that exacerbate PDAC: Orotic Acid,
high fat diet, epidermal growth factor

Sugie et al. found that PDAC can be induced
by HPOP, while intraductal papillary mucinous
tumors can be induced when HPOP is
combined with orotic acid (OA). Female
hamsters were administered HPOP 19
mg/kg/day SQ for nine days, and the diet was
supplemented with OA for 28 weeks before
death or a diet without OA (71). This is an
important modulator for those interested in
studying intraductal papillary mucinous tumors.
Like other models, when BOP is combined with
a high-fat diet in hamsters, there is an
increased incidence of adenocarcinoma.
Specifically, there is an increased incidence of
PDAC if a high-fat diet is initiated and
continued after BOP administration, while
cessation of the high-fat diet before BOP
administration showed no difference in cancer
incidence than hamsters on a regular diet (14).



Notably, pancreatic carcinogenesis was
increased 3-4 fold in hamsters on a high-fat diet
compared to controls (13). This increase in
carcinogenesis associated with high fat diet is
logical and has been widely studied. On the
other hand, Wouterson et al. showed worse
PDAC in hamsters administered BOP in
conjunction with dietary fat, while chronic
ethanol had no significant effect on
carcinogenesis (78). An additional modulator
found to exacerbate PDAC was epidermal
growth factor (EGF). EGF combined with BOP
increased the incidence of PDAC to 75%
compared to 44% with BOP alone. Of note,
there was no cancer in the EGF without BOP
group (18).

Modulators that improve PDAC: Octreotide,
tamoxifen, COX-2 inhibitor

Octreotide, a synthetic somatostatin analogue,
and tamoxifen, a selective estrogen receptor
modulator, have been studied as to their effect
on the incidence of PDAC. Octreotide by itself,
or in combination with tamoxifen, decreased
the incidence of pancreatic cancer and
metastatic disease. The combination was not
superior to octreotide alone, and there was no
difference between the tamoxifen alone
compared to the control group (77). Hamsters
subjected to BOP have elevated expression of
COX-2 through pancreatic carcinogenesis
compared to controls. A COX-2 inhibitor was
administered to a hamster after a human
pancreatic cancer implantation; there was
approximately a 5-fold decrease in pancreatic
cancer (19). Similarly, a COX-2 inhibitor
prevented intraductal papillary carcinoma after
hamsters underwent a
cholecystoduodenostomy with subsequent
BOP administration (10).

B. N-nitrosomethyl(2-oxopropyl) amine
(MOP)

In vitro, MOP (See Figure 2 (7)) has caused
significantly more DNA damage when
compared to BOP, and pancreatic DNA
damage by MOP is mediated through hepatic
metabolic activation (37, 67). In vivo, a single
MOP 25 mg/kg SQ injection resulted in ductule
adenomas or adenocarcinoma in 80% of
Syrian golden hamsters. Weekly SQ injections
of 3.5 mg/kg or 1.75 mg/kg of MOP for life
resulted in pancreatic cancer in 93% and 87%
of hamsters, respectively (52).  Notably,
although MOP is more specific for the
pancreas, it is known to cause liver, kidney,
vascular, and upper respiratory tract tumors
(52).

Figure 2. Chemical structure of MOP.

C. N-nitrosamines 4-
(methylnitrosamino)-1-(3-pyridyl)-1-
butanone (NNK)

Rivenson et al. demonstrated in F-344 rats that
a lifetime supply of NNK (Figure 3 (5))
dissolved in drinking water causes cancer of
the exocrine pancreas (acinar adenomas,
acinar adenocarcinomas, or ductal
adenocarcinomas) along with lung cancer. The
mean age of rats at which they saw these
pancreatic  tumors with the highest
concentration of NNK (5.0 ppm) was 90.1+/-
11.8 weeks, but the lung was the principal
target organ. They also found tumors of the
nasal cavity, liver, testicles, leukemias,
lymphomas, carcinoma in situ of the prostate,
mammary adenomas, mammary fibromas,
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mammary adenocarcinomas, thyroid
adenocarcinomas, adrenal medullary tumors,
skin papillomas, and osteosarcomas. Al-Wadei
et al. used a different regimen of NNK 50 mg/kg
SQ administration in pregnant Syrian golden
hamsters in conjunction with 10% ethanol
(ETOH) in drinking water, which resulted in a
65-75% incidence of pancreatitis-associated
PDAC (11). 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanol NNAL, derived from NNK,
resulted in pancreatic tumors in 27% of rats
and lung tumors in 87% of rats (60). From
genetically engineered mouse models of
PDAC, in vitro studies were performed on cell
lines derived from pancreatic intraepithelial

neoplasia  (PanIN), PDAC, and liver
metastases. NNK exposure in vitro
demonstrated an increase in pCREB

expression. In a Ptf1aCreER, LSL-KrasG12D/+
(iPK) mouse model, they found that after
administering NNK (10 ppm in drinking water)
for 24 weeks demonstrated a significant
increase in PanINs compared to controls (70).
Osvaldt et al. exposed KrasG12D; Pdx1-Cre
(KC) mice to cigarette smoke or clean air for 20
weeks and subsequently performed analyses.
KC pancreata exposed to cigarette smoke had
elevated levels of PAF1 compared to control
controls. Additionally, the same group exposed
HPNE and Capan1 cells to cigarette smoke
extract (CSE), nicotine and nicotine-derived
carcinogens (NNN or NNK), or clean air for 80
days. CSE to cells led to increased expression

of ABCg2, Sox9, and PAF1 based on
immunohistochemistry and quantitative
reverse transcription polymerase chain

reaction. Cells exposed to NNN and NNK
resulted in increased expression of CHRNA?7,
FOSL1, and PAF1 as noted on immunoblotting
assays (48).

Modulators: Propranolol and ETOH

Propranolol has been found to suppress
proliferation and induce apoptosis in a variety

of cancers including melanoma, cervical
cancer, breast cancer, and liver cancer (25, 47,
75, 81). Al-Wadei et al. found propranolol, a
beta-blocker, to have a potent cancer-
protective effect by blocking cAMP-dependent
intracellular signaling and the release of EGF
and vascular endothelial growth factor (VEGF),
both of which are known to be implicated in
carcinogenesis. Beta-adrenergic receptors are
known to result in the proliferation and
migration of human PDAC cells in vitro through
a cAMP-mediated signaling pathway,
potentially activated by NNK, which
simultaneously causes the release of
epinephrine/norepinephrine in hamsters (11).
Ethanol is known to be one of the most
common causes of pancreatitis in the world.
Thus, it logically follows that ETOH would
exacerbate pancreatic ductal adenocarcinoma.
The combination of ETOH+NNK demonstrated
a statistically significant difference in survival
compared to the propranolol group, and the
former required euthanasia for anorexia,
weight loss, and diarrhea. The ETOH+NNK
group also had a significant elevation in VEGF
and EGF (11).

Figure 3. Chemical structure of NNK.



D. N-ethyl-N'-nitro-N-nitrosoguanidine
(ENNG)

The effects of ENNG (Figure 4 (6)) as a
potential carcinogen have been studied in
mongrel dogs. These dogs are administered a
dose of 595mg of ENNG via a pancreatic
intraductal infusion. Sato found that one of four
dogs developed ductal adenocarcinoma upon
intraductal administration, while the remaining
three demonstrated papillary hyperplasia (66).
Kamano et al. found pancreatic ductal
adenocarcinoma in two of two dogs after a
similar intraductal infusion, while in another
experiment, they found hyperplasia and
“cancerous change of duct epithelial cells” in
two of two dogs (30, 31). Overall, this model
appears to be poorly studied and the efficacy of
the chemical is seemingly low.  Further
research may yield more meaningful data with
evidence of more substantial carcinogenesis
induced by this chemical.
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Figure 4. Chemical structure of ENNG.
E. N-methyl-N-nitrosourea (MNU)

MNU (Figure 5 (2)) has been long evaluated
as a potent model of pancreatic carcinogenesis
in hamsters, mice, and guinea pigs. MNU in
aqueous  solution, used in hamster
carcinogenesis studies, spontaneously gives

rise to alkylating agents identical to those
formed by the activation of BOP and HPOP
(35). Furthermore, in vitro studies conducted
by Mangold et al. showed that MNU induces a
kras mutation at codon 12 or codon 13 (45). In
vivo and in vitro studies have demonstrated the
carcinogenic properties of MNU. An in vitro
model using organ-cultured embryonic rat
pancreata with exposure to MNU and 12-O-
tetradecanoyl-phorbol-13-acetate resulted in
proliferation and hyperplasia of duct-like
structures with progression to an abnormal
cribriform pattern (50).

Figure 5. Chemical structure of MNU.

In a study by Reddy and Rao, inbred guinea
pigs were administered MNU (10 mg/kg)
dissolved in sodium citrate buffer via gavage
once a week. This resulted in the development
of pancreatic adenocarcinoma in 29% of these
inbred guinea pigs after 28-44 weeks of
administration. Although the pancreas was
primarily affected, some guinea pigs also
developed gastric adenocarcinoma, colon
adenocarcinoma, lymphoma, or hepatoma.
Histologically, the exocrine pancreas was
abnormal with changes involving acinar
ectasia, fibrosis, and increased mitotic activity
(57). Previously, Druckrey et al. used outbred
guinea pigs and found that the administration
of MNU combined with drinking water and
urethane resulted in gastric adenocarcinoma



and pancreatic adenocarcinoma in
approximately 740 days.  Specifically,
pancreatic adenocarcinoma occurred in 25% of
these outbred guinea pigs. Additional findings
included sarcomas, leukemia, and metastatic
disease (21). Thus, whether using inbred or
outbred guinea pigs, MNU has only resulted in
the development of pancreatic
adenocarcinoma in 25-30% of guinea pigs.

Pancreatic carcinoma has been similarly
induced in mice and hamsters. Zimmerman et
al. found that intraperitoneal injection of MNU
in mice resulted in acinar cell carcinomas in
18% of mice (82). Furukawa et al. showed that
after intraperitoneal injections of MNU in Syrian
golden hamsters, three histological variants
were observed in the pancreas: ductal
adenocarcinoma, acinar cell carcinoma, and
islet cell carcinoma. Simultaneously, neoplastic
lesions were also identified involving the
stomach and adrenal gland. They also
demonstrated that in hamsters, a single high
dose of MNU 50 mg/kg IP had a higher
incidence of pancreatic ductal carcinomas than
multiple repeated smaller doses (10 mg/kg IP
weekly for five weeks) (23).

M. 7,12- Dimethylbenz
[alanthracene (DMBA)

DMBA (Figure 6 (1)) is another known
carcinogen that has been utilized in various
cancer studies. It has been used in mice and
rats at a dose of 1mg and 5mg, respectively,
with pancreatic implantation of DMBA crystals
and subsequent purse-string suturing (12, 16,
29, 49, 76, 80). Alternatively, in mice, Kimura et
al. demonstrated that 1mg of DMBA could be
dissolved in 0.1% polyoxethylenesorbitan
monolaurate and then implanted into the tail of
the pancreas with subsequent development of
pancreatic cancer (32).
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Figure 6. Chemical structure of DMBA
Pathophysiology

Using Sprague-Dawley rats, Bockman et al.
proposed an early generation of tubular
complexes, which transform into PDAC.
Tubular complexes began to develop as early
as two days after implantation; these tubular
complexes are generated by acinar cells, duct
cells, and some islet cells (16). Jimenez et al.
similarly found tubular complexes within one
month of implantation. Early changes identified
after implantation included edema,
inflammatory cell infiltration, fibrosis,
hyperplasia, and cell death (16, 29). By one
month, there was evidence of PDAC with
chronic inflammation marked by a lymphocyte
predominance. Immunohistochemistry
demonstrated persistent staining for
cytokeratin (duct marker) and progressive loss
of chymotrypsin (acinar marker) (16). Potential
long-term sequela included gastric outlet
obstruction, biliary obstruction, and lymph node
metastases (29).

Kimura et al. performed DMBA implantation in
mice and found tubular complexes within two
weeks in 100% of the mice; by one month,



100% of the mice developed metaplastic
lesions, by two to three months, 60%
developed sarcomatoid carcinomas, and 40%
developed dysplastic changes. Furthermore,
they believe there was 60% ductal
adenocarcinoma by two months, consistent
with results in rats (32). Osvaldt et al. had
similar findings in mice. Two separate
pathologists performed H&E analysis and
graded pancreatic lesions as normal, PanIN, or
adenocarcinoma. They found PanINs in 67 %
and adenocarcinoma in 17% of mice within 30
days. Evaluation at 60 days demonstrated that
35% had PanINs and 38% had PDAC (all
pancreata with adenocarcinoma also had
PanINs). They also described the phenotype
as ductal adenocarcinoma (49). Thus, DMBA is
able to result in a large number of cancerous
and pre-cancerous lesions after a single
application.

The origin of DMBA induced tumors is
controversial. Bockman believes that DMBA
induced tumors originate from duct cells,
progressing from tubular complexes to cancer
(15). In contrast, others have described acinar
to ductal metaplasia as a prevalent source of
carcinogenesis in the DMBA model (16, 29).

Similarities to Human Cancer

Upon immunohistochemical evaluation, DMBA
induced pancreatic ductal adenocarcinoma
demonstrates a strong expression of
cytokeratin, which is similar to human
adenocarcinomas (29). Also, after DMBA
implantation, immunohistochemistry
demonstrates changes in SMAD4, cyclin
D1, kras, and p53 expression were noted to be
comparable to human pancreatic cancer (32,
49). Additionally, upregulated Notch signaling
is frequent in human pancreatic cancer tissues;
thus, in mice, continuous activation of Notch
signaling may lead to progression from tubular

complexes to precancerous lesions to

malignant lesions/cancer (32).

Guo et al. induced pancreatic cancer using
DMBA in male Sprague-Dawley rats and then
performed a gene expression profile using an
oligonucleotide microarray with subsequent
gRT-PCR and IHC. They noted similarities in
upregulation and downregulation of gene
expression compared to humans. Upregulated
genes included: CXCR?7, Clcn3, Kras,
cyclinB1, nm23, ATP6v1g2, SMAD4, Acf,
Adam6, Cyb5b, FGFR3, Mnd1, Kifc1, Car8,
Ptpla, EGFR, Park2, c-Myc, Cadps2, Etv5.
Downregulated genes included: Emb, Gabbr1,
Zdhhc8, CDKNZ2a, CXCL10, TP53, Gbp2,
Tnfsf9, Dnase1l1, Fgr, Vcan, Lyz, Plod2,
Statba, Smarca2, Cspg4, Rgs14, Ldb3,
Bcl2a1, CCRS (26).

Modulators that exacerbate PDAC: Cerulein,
high fat diet, alcohol, caffeine, nicotine and
cigarette smoke

The severity of DMBA-induced pancreatic
cancer may be modulated with the addition or
utilization of certain substances. For example,
Sperti et al. showed the development of
adenocarcinoma in 30% of Sprague-Dawley
rats after DMBA implantation. However, this
number increased to 73% when cerulein (a
cholecystokinin analog frequently used in
models of pancreatitis) injections were
combined with the DMBA implantation.
Cerulein is hypothesized to stimulate cell
proliferation upon the onset of carcinogenesis
(69). In humans, alcohol, nicotine, and a high
fat diet are known risk factors for pancreatic
cancer. Thus, a high-fat diet led to a significant
increase in the incidence of pancreatic ductal
adenocarcinoma in male Sprague-Dawley rats
after DMBA implantation (80).

In mice, alcohol, caffeine, nicotine, and
cigarette smoke also are important disease



modulators. Wendt et al. showed that after
DMBA implantation, administration of alcohol
combined with  caffeine  (23.8%) or
administration of alcohol alone (52.9%) led to
significantly more adenocarcinoma compared
to administration of water only (16.6%) or
administration of caffeine only (15%) group
Bersch et al. performed DMBA implantation in
mice after exposure to nicotine or cigarette
smoke for 16 days, continued the nicotine or
cigarette smoke, and euthanized thirty days
after surgery. PDAC occurred at a higher
frequency in the DMBA + nicotine group
(51.9%) compared to DMBA + cigarette smoke
group (13.3%) and DMBA only group (16.7%)
(12).

IV. Azaserine (O-diazoacetyl-L-
serine)

Another chemical model of carcinogenesis is
azaserine (Figure 7 (8)), which has been
studied in both hamsters and rats. Azaserine is
a bacterial mutagen and pancreatic carcinogen
in Wistar rats, and it is believed to be a
monofunctional alkylating agent, which
subsequently alkylates DNA. Azaserine 5
mg/kg [P has been administered to
Wistar/Lewis Rats once or twice a week for six
months with subsequent sacrifice in 1-2 years.
This resulted in pancreatic carcinomas in 47%
of cases, renal tumors in 27% of cases, and
hepatomas in 5%. It causes irreparable
damage preferentially to pancreatic tissue DNA
(41). Doses of 10 mg/kg IP and 30 mg/kg IP
resulted in comparable DNA damage, but lower
doses (3 mg/kg) resulted in less consistent
DNA damage (41, 42).

Longnecker and Curphey found that within the
1st year of administering azaserine 5 mg/kg IP,
there were areas of the atypical exocrine
pancreas marked by hyperplastic foci,
encapsulated adenomas, and hyperplastic
nodules. Furthermore, >25% had pancreatic

adenocarcinoma with metastasis to lymph
nodes, liver, and lung. Other tumor sites
included the breast, neck, liver, pituitary gland,
subcutaneous tissues, and the rectum (42).
Histological changes of the exocrine pancreas
become evident in as little as two months, and
adenomas become apparent six months after
treatment (41).

Roebuck et al. administered a single 30 mg/kg
IP injection in male Lewis rats and sacrificed
the rats at 6, 9, 12, 15, and 18 months
thereafter. After nine months, 30% of rats
demonstrated carcinoma in situ, while 18
months after administration, there was a 100%
incidence of pancreatic cancer (58%
carcinoma in situ and 42% carcinoma) (61).
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Figure 7. Chemical structure of Azaserine

Longnecker et al. used a different regimen in
Wistar and Wistar/Lewis rats, administering 5-
10 mg/kg/week IP or PO for 52 weeks with
subsequent sacrifice immediately after that or
after an additional year. They found that
individual tumors measured as large as 6.5 cm
in diameter, equally affecting the head, body,
and tail. Histologically, they found acinar cell
carcinomas of either a pure or mixed



phenotype: duct-like carcinoma,
undifferentiated carcinoma, cystic carcinoma,
and microadenocarcinoma. They also noted
breast cancers in female rats, ear duct tumors,
and hepatomas (44).

Modulators that exacerbate PDAC: Bombesin,
cerulein, cholecystokinin, diet, and
testosterone

Some modulators, when combined with
azaserine, increase acinar cell nodules or pre-
neoplastic lesions. These include bombesin,
cerulein, and cholecystokinin (20, 38, 46).
Other studies have shown modulation of the
effect of Azaserine via dietary supplementation
of various compounds. Azaserine combined
with a high essential fatty acids diet led to an
increase in foci of acidophilic foci compared to
basophilic foci and pre-neoplastic lesions,
which are thought to progress to adenomas
and adenocarcinomas (64). Roebuck et al. also
found that the effect of azaserine is enhanced
by unsaturated fat, raw soy protein isolate, and
corn oil supplementation (63). Roebuck et al.
demonstrated calorie-restricted diets, high
protein diets, and diets high in unsaturated fat
increased  pancreatic neoplasms  (65).
Similarly, a high-fat diet leads to worse
pancreatic ductal adenocarcinoma. While
ethanol led to increased multifocal disease, it
did not exacerbate or increase the incidence of
carcinogenesis in rats (78).

Testosterone levels also appear to play a role
in the degree of carcinogenesis. Lhost et al.
identified the effect of steroid hormones on
azaserine-induced pancreatic cancer, and they
concluded that males have a higher incidence
of these tumors. Furthermore, testosterone
may result in worse carcinogenesis, while
estrogen may play a protective role (39). These
findings may explain the sex-based differences
in these cancers. Similarly, Longnecker et al.

found more pancreatic and renal carcinomas in
male rats than female rats (79).

Modulators that improve PDAC: Retinoids,
acetylsalicylic acid, and retinyl acetate

When combined with azaserine, certain
substances were found to have a protective
effect against pancreatic cancer. Some
inhibitors of pancreatic cancer include retinoid
supplementation  (vitamin A derivative),
acetylsalicylic  acid  (non-steroidal  anti-
inflammatory drug [NSAID]), and retinyl acetate
(vitamin A derivative) (44, 62, 79). Vitamin A
derivatives were evaluated because they have
been found to decrease the incidence of certain
cancers, or potentially delay the progression in
chemical induced models of cancer (44).
Lorglumide, a cholecystokinin  receptor
antagonist, inhibited the exacerbating effects of
cholecystokinin combined with azaserine but
not of bombesin combined with azaserine (46).

V. 4-Hydroxyaminoquinoline-1-
oxide

4-hydroxyaminoquinoline-1-oxide (Figure 8
(9)) is another chemical-induced
carcinogenesis model studied in f344 rats, ICR
mice, Hartley Albino guinea pigs, and Syrian
golden hamsters. Qin et al. evaluated organs
three hours after administering 10 mg/kg
intravenous (1V) in all four species, and rats
showed the highest DNA binding in the
pancreas and kidney. Furthermore, after a
dose of 6 mg/kg IV, histologic changes became
evident in rats while mice required 24 mg/kg IV.
Guinea pigs and hamsters did not show any
significant pancreatic histologic changes (54).
Thus, rats would be a more cost effective
model compared to mice.

Rats seem especially sensitive to this model.
Shinozuka et al. demonstrated that a single 1V
injection in rats resulted in multiple atypical
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acinar cell nodules upon evaluation at 6, 9, and
12 months after injection (68). Others have
evaluated rat pancreata after a shorter
duration. Kitagawa et al. administered a single
IV dose of 14 mg/kg in male rats and evaluated
them after 24, 48, 72, and 168 hours. Their
findings included large vacuoles, decreased
zymogen granules, RER alterations, acinar cell
changes, increasing amounts of necrosis,
nuclear disorganization, interstitial space-filling
with inflammatory cells, and duct-like cells.
They noted that there was damage up to 48
hours with some degree of repair and
regeneration between 72 and 168 hours (33).

Figure 8. Chemical structure of 4-
hydroxyaminoquinioline-1-oxide

Rao et al. performed a single IV injection in
male Wistar rats at a dose of 6 mg/kg, and they
found atypical acinar cell foci with increased

mitotic  activity and irregular plasma
membranes in 100% of rats (56). Others have
evaluated the genetic alterations that

predispose these rats to the development of
cancer. Imazawa et al., for example, found that
after administration of a single 20 mg/kg IV
dose to male rats, based on
immunohistochemistry, p53 expression and

apoptosis were noted to be significantly
increased 4-6 hours after, and the rate peaked
at 24 hours. Furthermore, they found
proliferation, evaluated through ki67, peaked at
72 hours (28).

When applied to mice, a single IV dose of 24
mg/kg led to 100% of mice developing atypical
acinar cell foci with an associated increase in
mitotic activity. These findings are similar to
lesions seen in rat pancreata after induction
(55). Reddy et al. found a single IV dose of 22.5
mg/kg resulted in necrosis of the exocrine
pancreas and elevated serum amylase levels
in an inbred strain of guinea pigs after 48 hours.
Maximal necrosis occurred at 48 hours, and
there was a subsequent regenerative phase
with complete restoration noted by 84 hours
(58).

Modulators of PDAC: Testosterone

Testosterone also modulates the
carcinogenesis in this model. A single IV dose
of 9 mg/kg resulted in a higher rate of
pancreatic adenomas in male rats compared to
female rats. Furthermore, castration in males
decreased the risk in male rats, while
administering  testosterone in  females
increased the risk (27).

VI. Discussion

In this review article we have thoroughly
examined the literature and briefly summarized
our review of various chemical induced animal
models of pancreatic cancer, including
nitrosamines, DMBA, azaserine, and 4-
hydroxyaminoquinoline-1-oxide. There is a
vast literature that has been published
regarding these compounds, but we attempted
to summarize some of the most relevant
research experiments pertinent to both clinical
and basic science research.
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There are multiple factors to consider when
deciding to proceed with a chemical induced
model of pancreatic cancer. Certain chemicals
to induce pancreatic cancer are far more widely
studied than the others. For example, 4-
hydroxyaminoquinoline-1-oxide appeared to
result in pancreatic cancer, however, the actual
experiments showed successful
carcinogenesis in very small numbers, which
raises questions about the efficacy of this
model.

Other considerations to be taken into account
are off target effects of the chemicals.
Metastatic pancreatic cancer is a separate
disease entity compared to primary tumors of
other origin. Some of these chemicals induce
primary tumors of organs other than the
pancreas, which depending on the
experimental design or necessity, this may or
may not be desired. This may be valuable
when studying cancerous states in which
multiple organ systems are involved.
Furthermore, for those studying the
progression of pancreatic cancer, it is logical to
study metastatic disease, however, if the
chemical results in offsite carcinogenesis,
understanding the pathophysiology becomes
muddied and unclear.

Another important consideration is familiarly
with the animal model species and the route of
administration of the chemical. Special training
may be required for certain species depending
on individual IACUC protocols, requiring
learning about new animal species, their
handling, and handling of these potential
carcinogens. Furthermore, certain chemicals
require surgical implantation while others can
be administered via oral, SQ, IV, or IP routes.
This is also an important consideration and
should be used to determine the ease and
comfort of proceeding with a certain model.

Additionally, another two important matters to
be taken into account are the desired
timeframe and the cost. Depending on the
route of administration, some of these models
are much more expeditious and result in severe
cancers quickly. Others require multiple doses
of the chemical over a prolonged time to result
in a pancreatic cancer after a longer duration.
Both are potentially fruitful depending on the
intended usage whether it be for shorter
duration or a longer duration. Also, cost is also
an important factor to contemplate. Smaller
animals are usually cheaper than larger
animals. However, there are additional housing
costs and costs of food that should also be
taken into account. In addition, some of these
chemicals are cheaper than others, depending
on the chosen regimen and planned frequency.

Arguably, the most important consideration is
the purpose of the planned experiments. These
models are powerful because they allow
researchers to investigate novel therapies.
Pancreatic cancer is a devastating malignancy,
and new therapies are necessary. These
therapies may be used primarily or as adjuvant
therapy to attempt to completely eliminate the
cancer. Other important arms to potentially
investigate include a prophylactic arm,
whereby a therapy is applied in a preventative
fashion before the onset of a cancer, and a
palliative arm, where a therapy is used to treat
advanced cancers to either increase survival or
decrease the pancreatic cancer symptoms.

We have learned a great deal about pancreatic
cancer. However, these models may help
provide new insight into the pathophysiology
and disease process of pancreatic cancer.

Different chemicals will result in different
premalignant lesions/precursor lesions,
cancers originating from the exocrine

pancreas, and cancers originating from the
endocrine pancreas. This will potentially allow
for the identification of implicated mutations
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and their subsequent outcomes in various
types of pancreatic cancer. Subsequently,
better understanding of different types of
pancreatic cancer will allow for the generation
of better therapies able to treat and cure
cancer.

In summary, there are numerous chemical
induced models that can be utilized for various
purposes. There are multiple considerations
one should take into account. The advantages
and disadvantages of the models are
summarized in Table 1.

Table 1. Advantages and disadvantages of carcinogen models of PDAC

Carcinogen

Species

Nitrosamines

Pathogenesis

BOP Syrian 20 mg/kg SQ | DNA
hamster once Alkylation
10 mg/kg SQ
weekly x 4
weeks
HPOP Syrian 210 mg/kg DNA
hamster continuous alkylation
SQ infusion x
9 days
Lewis rats 160 mg/kg
once
MOP Syrian 25mg/kg SQ | DNA damage
hamster once
1.75 or
3.5mg/kg SQ
weekly for life
" NNK F-344 Rat | 5ppmin
drinking water
for life
Syrian 50mg/kg SQ
hamster
ENNG Mongrel Dog | 595 mg via
pancreatic
intraductal
| infusion

Potential
Qutcome

Tumors of lung,
liver, nasal cavity
and pancreas

Pancreatic cancer

Acinar adenoma,
pancreatic
carcinomas, liver
cell carcinomas,
pulmonary
adenomas

Ductule adenomas
or
adenocarcinoma
of the pancreas

Liver, kidney,
vascular and
upper respiratory

| tract tumors

Acinar adenomas,
acinar
adenocarcinomas,
or ductal
adenocarcinomas
of the pancreas
along with lung
cancer. Also
causes tumors of
nasal cavity, liver,
testicles,
leukemias,
lymphomas,
mammary
neoplasms,
osteosarcoma
Ductal
adenocarcinoma,
papillary
hyperplasia

Meodifying
Factors

| High fat diet and |

EGF 1
carcinogenesis

Octreotide,
tamoxifen, and
COX-2 inhibitors

| | carcinogenesis

OA - results in
IPMNs

"ETOH 1

carcinogenesis

Propranolol |
carcinogenesis
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MNU Hamster 50 mg/kg IP DNA Pancreatic ductal
once alkylation adenocarcinoma,
acinar cell
carcinoma, islet
Guinea Pig 10 mg/ kg via cell carcinoma
gavage for
28-44 weeks Pancreatic cancer,
gastric
adenocarcinoma,
colon
adenocarcinoma,
lymphoma,
hepatoma,
sarcoma, leukemia
DMBA Mouse 1 mg surgical = Altered Notch | Pancreatic Ductal | Cerulein, high
implant signaling Adenocarcinoma, | fat diet, ETOH,
PanINs, caffeine,
Rat 5 mg surgical sarcomatoid nicotine, and
implant carcinoma, gastric | cigarette smoke
outlet obstruction, | T carcinogenesis
biliary obstruction,
lymph node
| metastases |
Azaserine Wistar/Lewis 5 mg/kg once DNA Pancreatic Bombesin,
Rat or twice a Alkylation carcinoma, renal Cerulein,
week for six tumors, Cholecystokinin,
months hepatomas, diet and
metastasis to testosterone 1
lymph nodes liver, | carcinogenesis
and lung. Tumors
of the breast, Retinoids,
neck, liver, acetylsalicylic
pituitary gland, acid, and retinyl
rectum acetate |
carcinogenesis
4- Rats 10-14 mg/kg Atypical acinar cell | testosterone 7
hydroxyamino IV once nodules carcinogenesis
quinoline-1-
oxide
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