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Potential carcinogenic effects of cigarette smoke and
Swedish moist snuff on pancreas: a study using a
transgenic mouse model of chronic pancreatitis

Zhigang Song', Govind Bhagat?, Michael Quante', Gwang Ho Baik®, Frederic Marrache', Shui Ping Tu',
Chun-Mei Zhao”, Duan Chen*, Andrew J Dannenberg® and Timothy C Wang'

The risk of pancreatic cancer is increased in both Snus (the Swedish variant of oral smokeless tobacco) users and, to a
greater extent, in cigarette smokers. Concurrent chronic pancreatitis further increases the risk in cigarette smokers. Little
is known about the mechanism by which cigarette smoke or Snus increase the risk of pancreatic cancer in individuals with
chronic pancreatitis. This study examined the carcinogenic effects of an aqueous extract of cigarette smoke (tobacco
smoke, TS) or Snus in an Elastase-IL-1 transgenic mouse model of chronic pancreatitis. Both transgenic and wild-type
(WT) mice were fed diluted TS water or Snus-containing diet for up to 15 months, and monitored for phenotypic and
molecular changes in the pancreas. Both TS- and Snus-treated Elastase-IL-1/ mice, but not WT mice, developed significant
pancreatic ductal epithelial flattening and severe glandular atrophy compared with untreated transgenic mice. Ductal
epithelial cells displayed a high proliferative index, minimal apoptosis, and induction of COX-2 in the setting of chronic
inflammation. Up-regulation of TNF-o correlated with the onset of severe glandular atrophy. In comparison with Snus-
treated mice, TS-Elastase-IL-1/ mice had an earlier onset and a greater extent of phenotypic changes, which were
associated with up-regulation of TNF-o and increased expression of IL-6, TGF-f3, and SDF-1. Collectively, these findings
provide new insights into the mechanism by which tobacco products are likely to promote carcinogenesis in the setting
of chronic pancreatitis.
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human pancreatic juice at significantly higher concentration in
smokers than in nonsmokers.= NNK and j etabolites can
also be found in the urine of Snus users. Metabolites o

Cigarette smoﬁg is a well-documented risk factor for pan-

creatic cancer™ It increases the risk approxjﬁately threefold,

and contributes to almost 30% of all cases.2d An increasing
body of evidenceé suggests that use of oral smokeless tobacco
also increases the risk of pancreatic cancer. The risk of pan-
creatic cancer was increased approximately twofold in people
who used Snus, also known as Swedish moist oral snuf]

compared with those who never used any tobacco products.

Although the mechanisms underlying tobacco use and devel-
opment of pancreatic cancer are not fully understood, many
tobacco-derived chemicals, such as nitrosamine 4-(methylni-
trosamino)-1-(3-pyridyl)-1-butanone (NNK) and its metabo-
lite 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL),
are carcinogens. These carcinogens have been detected in

NNK form DNA adducts and induce K-Ras mutations,
which are believed to be critical in the initiation of pancreatic
cancer. NNK is also known to activate COX-2 and f-adre-
nergic signaling pathways, which are important in carcino-
genesis.= The carcinogenicity of NNK or NNAL has been
shown in animal models of pancreatic cancer! Snus ac-
celerated the development of gastric éancer in Helicobacter
pylori-infected gastrin transgenic mice,H providing additional
evidence of Snus being carcinogenic in vivo.

Interestingly, there is epidemiological evidence that cigar-
ette smoking may also be a risk factor for acute and chronic
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pancreatitis. The association between cigarette smoking
and pancreatitis seemed to be both dose and duration de-
pendent. The link between cigarette smoking and patitis
is also supported by the results of animal studies.2==4 For
instance, exposure to high-dose cigarette smoke caused
pancreatic inflammation including fibrosis and scarring of
acini. Many chronic pancreatitis-associated genes,_such as
IL-1f and TGEF-f, were found to be overexpressed.E

In addition, cigarette smoking was found to predispose to
pancreatic cancer in a dose-dependent manner, éspecially in
the setting of hereditary chronic pancreatitis.d Although
both chronic pancreatitis and tobacco consumption are in-
dependent risk factors for pancreatic cancer, little is known
about potential interactions between the two. In this study,
we have investigated the following hypotheses: cigarette
smoke and Snus are carcinogenic in the pancreas; cigarette
smoke is more carcinogenic than Snus; cigarette smoke or
Snus cause inflammation in the pancreas and synergize with
chronic pancreatitis in the development of pancreatic cancer.
The effects of aqueous extracts of cigarette smoke (tobacco
smoke, TS) or Snus on the pancreas gland were examined in
Elas%se—IL—l f mice, a transgenic model of chronic pancrea-
titis.d These mice were established by overexpressing IL-1p,
a proinflammatory cytokine, with a pancreas-specific pro-
moter, the rat elastase promoter. The mice develop chronic
pancreatitis at g early age that closely mimics that found in
human beings.H However, no preneoplastic or neoplastic
lesions occur after >24 months of observation, suggesting
that chronic pancreatitis per se may not be sufficient to in-
duce pancreatic cancer in this model. The effects of TS water
or Snus-containing diet were evaluated in Elastase-IL-1f and
wild-type (WT) mice for up to 15 months. Our results
suggest that tobacco is potentially carcinogenic to the pan-
creas in the setting of chronic inflammation.

MATERIALS AND METHODS

Generation of Elastase-IL-1 Mice

All animal procedures were performed according to the
protocol (AC-AAAA9881) approved by the Institutional
Animal Use and Care Committee of Columbia University.
Elastase-IL-14 mice of line 123 were mated with C57B/6
WT mice. Offspring were genotyped by PCR agays from tail
DNA at 3—4 weeks of age as described earlier.

Preparation of Aqueous Extract of Cigarette Smoke

Cigarettes (2R4F, Kentucky Tobacco Research Institute) were
smoked in a Borgwaldt piston-controlled apparatus (Model
RG-1, Hamburg, Germany) using a modification of the
Federal Trade Commission standard protocol. The protocol
variables were duration, 2 seconds/puff; frequency, 4 puffs per
minute; and volume, 35 ml per puff. Cigarettes were smoked
one at a time in the apparatus and the smoke drawn under
sterile conditions into pre-measured amounts of sterile PBS
(pH 7.4). The smoke in PBS represented whole trapped
mainstream smoke. Quantification of smoke content was
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Table 1 Tobacco treatment and measurement of urine coti-
nine and trans-3'-hydroxycotinine (3’-HC)

Group Treatment Cotinine ng/ml 3’-HC ng/ml
PBS-WT PBS water BLQ BLQ to 1.1
PBS-Elastase-IL-18  PBS water 375106 BLQ to 3.3
SDS-WT SDS diet BLQ to 1.3 BLQ to 8.2
SDS-Elastase-IL-18  SDS diet BLQ to 1.0 BLQ to 2.1
TS-WT TS-PBS water 93.5%245 1102.6 £44.9
TS-Elastase-IL-1p TS-PBS water 1452+13.0 1946.0 £ 366.4
Snus-WT Snus diet 36275.2£2868.8 114064.4£42380.9
Snus-Elastase-IL-15  Snus diet 231741 +£4364  118176.1 £62996.2

BLQ, below limit of quantitation.

expressed in puffs/ml of PBS with one cigarette yielding
about 20 puffs drawn into a 1 ml of volume. The final con-
centration of the aqueous extract of cigarette smoke was
40 puffs/ml

Tobacco Treatment

There were eight groups of mice, 20-30 mice in each group,
included in the study ([Table 1). There were equal numbers of
male and female mice within groups. At age of 5-8 weeks,
mice were started on tobacco (TS or Snus) treatment or
control diet (SDS diet, Special Diet Service, Witham, Essex,
UK) or control water (PBS diluted by 1:100 in the regular
drinking water). For TS-treated groups, the aqueous extract
of cigarette smoke (40 puffs/ml) was diluted 1:100 in the
regular drinking water. For Snus-treated groups, mice were
fed with a Snus-containing diet similar to that reported
earlier™ In brief, Snus with the brand name General, one of
the most popular brands in Sweden and Norway, was pur-
chased over the counter. The Snus was mixed with powdered
rodent SDS diet in 5, 7, or 9% (wt/wt), respectively, using an
ordinary food processor, and then pelleted (Research Diets
Inc., New Brunswick, NJ, USA). Mice were started with 5%
Snus-containing diet, gradually advanced to 7% in 6 weeks,
then 9% in another 6 weeks, and maintained on 9% for the
rest of the study period.

Measurement of Urine Cotinine and Trans-3'-
hydroxycotinine (3'-HC)

Urine samples from individual mice in each group were
collected at different times. Concentrations of cotinine and
3’-HC in urine were determined using liquid chromato-
graphy-tandem mass S@ectrometry with a method similar to
that published earlier2 (Clinical Pharmacology Laboratory,
University of California, San Francisco). In brief, deuterium-
labeled cotinine and 3’-HC were used as the internal stan-
dards. The mass spectrometer was operated in the positive
ion mode using the atmospheric pressure chemical ioniza-
tion. Quantitation was achieved using selected reaction
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monitoring of the transitions m/z 177 to m/z 80 for cotinine
and m/z 193 to m/z 80 for 3'-HC, and the transitions m/z 186
to m/z 84 and m/z 202 to m/z 84 for the respective internal
standards. Calibration curves were constructed from peak
area ratios of the analyte to its internal standard using linear
regression. Standard curves were linear over the concentra-
tion range studied, 1-500ng/ml. Between-run precision
(percent coefficient of variation) of cotinine ranged from 2.7
to 6.1% and of 3’-HC ranged from 2.8 to 5.8%. Between-run
accuracy (percent of expected values) of cotinine ranged from
89 to 104% and of 3'-HC ranged from 87 to 103% for
concentrations ranging from 5 to 200 ng/ml. The limit of
quantitation was 1 ng/ml for both cotinine and 3’-HC.

Blood and Tissue Sample Preparation

Four to seven mice were sacrificed at the designated time
points, that is 4-6, 7-9, 10-12, and 13-15 months of treat-
ment. Blood samples were collected by cardiac puncture, and
serum was collected after centrifugation and stored at —80°C.
Tissue samples from various organs (including pancreas, oral
mucosa, lungs, bladder, stomach, colon, and kidneys) were
dissected and collected. Tissues for histopathological ob-
servation were fixed for 24h in 10% neutral buffered for-
malin, and processed and embedded in paraffin according to
standard protocol. Thin sections (4 um) were cut for H&E
staining and for immunohistochemical staining. Tissues for
mRNA assays were frozen immediately in liquid nitrogen. For
RNA preparation, frozen samples were homogenized in Tri-
zol reagent (Invitrogen, Carlsbad, CA, USA). RNA was ex-
tracted according to manufacturer’s instructions (Qiagen,
Valencia, CA, USA).

Histologic Scoring

H&E-stained sections were analyzed and chronic pancreatitis
lesions were graded using a rr;édiﬁed version of scores de-
scribed earlier by Demols et al taking into account of the
extent of inflammation, glandular atrophy, tubular com-
plexes, and fibrosis. Scoring of glandular atrophy was mod-
ified by assigning a score of 4 to remarkably severe glandular
atrophy, which involved >75% of acini.

Immunohistochemical Staining

Slides were de-paraffinized in xylene and endogenous per-
oxidase was blocked by incubation with 3% hydrogen per-
oxide in methanol when immunohistochemical staining was
performed using the peroxidase reaction. Alternatively, slides
were incubated with 20% acetic acid in methanol for 2 min, if
the staining was to be revealed using the alkaline phosphatase
reaction. Slides were rinsed and heated in 10mM citrate
buffer pH 6 in a boiling water bath for 20 min. Slides were
rinsed in PBS Tween 0.05% and blocked for 30 min with 2%
bovine serum albumin (Sigma-Aldrich, St Louis, MO, USA)
in PBS. Primary antibodies and biotinylated secondary an-
tibodies (Jackson Immunoresearch, West Grove, PA, USA)
were diluted in 2% bovine serum albumin in PBS and

428

incubated for 1h each at the room temperature. Subse-
quently, slides were incubated with the alkaline phosphatase-
or peroxidase-conjugated streptavidin (Dako North America,
Carpinteria, CA, USA) and staining was revealed using the
VectorRed substrate (Vector Laboratories, Burlingame, CA,
USA, SK 5100) for the alkaline phosphatase, or 3, 3'-diami-
nobenzidine (Sigma-Aldrich) plus hydrogen peroxide for the
peroxidase. Finally, slides were counterstained with hema-
toxylin and mounted. Primary antibodies included Ki67
(ABGENT, San Diego, #ab15580, 1/200), COX-2 (Cayman
Chemical, Aachen, Germany, #160126, 1/200), «-smooth
muscle actin (Dako North America, Inc., M0851, 1/200),
desmin (Lab Vision, Fremont, CA, USA, #RB-9014,
1/200), and CD3e (Biosciences, San Jose, CA, USA, #553058,
1/200). When primary antibody was from the mouse, ARK
kit (Dako North America, #K3954) was used according to the
manufacturer’s instructions.

Apoptosis quantification was performed using the TUNEL
assay (Klenow Fragel™ DNA fragmentation kit, Calbiochem,
San Diego, CA, USA) according to the manufacturer’s
instructions.

Quantitative and Semi-quantitative RT-PCR

Reverse transcription of mRNA was performed on RNA from
three to five mice in each group using the Superscript First-
Strand Synthesis System III (Invitrogen, #18080-051) ac-
cording to the manufacturer’s instructions, and semi-quan-
titative PCR reactions were performed using a PCR Core kit
(Roche). The resulting PCR products were analyzed by
agarose gel electrophoresis. Quantitative real-time PCR was
performed with a three-step method using an ABI 7300
system and QuantiTect SYBR Green PCR (Qiagen). The PCR
conditions were as follows: 95°C for 3 min, followed by 40
cycles of 95°C for 155, 55°C for 305, and 72°C for 15s. The
sequences of primers are listed in Supplementary Table 1.

Measurement of Serum IL-6 Levels

The levels of mouse IL-6 in the serum of control and to-
bacco-treated mice were measured using an ELISA kit (BD
Company, San Diego, CA, USA). Absorbance was measured
at 450 nm by a Multiscan MC reader, and the samples were
analyzed by the DELTA SOFT II software (BioMetallics, Inc.,
Princeton, NJ, USA).

Statistical Analysis

The % test was used to compare the incidences of ductal
epithelial flattening and severe acinar atrophy between Snus-
and TS-treated groups. A P-value<0.05 was considered
statistically significant.

In quantitative real-time RT-PCR and ELISA assays, the
data was presented as mean £ s.d. The t-test was used for
statistical analysis. A P-value <0.05 was considered statisti-
cally significant.
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RESULTS

Tobacco Treatment and Intake

To investigate whether chronic inflammation could increase
the sensitivity of the pancreas to carcinogenic effects of to-
bacco, Elastase-IL-1f mice of line 123, which show moderate
expression of human IL-15% and WT mice were fed diluted
TS water or Snus-containing diet for up to 15 months. Mice
tolerated these tobacco products well without significant
adverse effects, such as skin sensitivity, loss of hair, or weight
loss. Throughout the study period, there were no significant
differences in body weights between tobacco-treated and
control groups of Elastase-IL-1 or WT mice.

As shown in [[able 1], tobacco consumption was assessed by
measuring levels of urinary cotinine and its metabolite, 3'-
HC, biomarkers of nicotine exposure. In control PBS- and
SDS-Elastase-IL-1 or WT mice, levels of urine cotinine and
3'-HC were minimal or below the limit of quantitation
(BLQ) to 3.75%0.6ng/ml and BLQ to 1.1 to BLQ to
3.3 ng/ml, respectively. In TS-treated mice, concentrations of
urine cotinine and 3’-HC (93.5+24.5 to 145.2 + 13.0 ng/ml
and 1102.6 £44.9 to 1946.0 + 366.4 ng/ml) were >60 and
600 times, respectively, higher than those of control mice.
The highest concentrations of urinary cotinine and 3’-HC
were found in Snus-treated mice; levels were > 70- and 200-
fold higher, respectively, than those of TS-treated mice. There
was either no significant or a very slight difference in levels of
urinary cotinine and 3’-HC between tobacco-treated Flas-
tase-IL-1f and WT mice.

TS- or Snus-Induced Significant Flattening of Pancreatic
Ductal Epitheliumél Elastase-IL-1 Mice

As described earlier,d Elastase-IL-1f mice developed chronic
pancreatitis at an early age. By 4 months of age, all mice
developed severe chronic pancreatitis manifested by chronic
inflammation, acinar atrophy, tubular complexes, and fi-
brosis. In comparison with cuboidal-shaped ductal cells in
WT mice (Figure 19), the epithelial cells in the pancreatic
ducts of Elastase-IL-1f mice were columnar or slightly elon-
gated cubic (Figure 10). After 4 months of TS treatment, the
ductal epithelium of the pancreas was significantly flattened
in Flastase-IL-1§ mice (Figure 1d). Nucleus-to-cytoplasm
ratios of these cells were much higher than those of control
transgenic mice. These epithelial changes were detected in
73% (16/22) of TS-treated Elastase-IL-1f mice. These chan-
ges were found in the main pancreatic ducts and >40% of
segmental ducts. Similar changes in the ductal epithelium
were found in Snus-treated Elastase-IL-1f mice. After 4-5
months of Snus treatment, ductal epithelial cells were flat-
tened in a few main pancreatic ducts compared with age-
matched control Elastase-IL-1f mice. Changes also occurred
in the segmental ducts. These epithelial changes were present
in 52% (15/29) of Snus-treated mice, statistically similar to
that of TS-treated Elastase-IL-1§ mice (P>0.05). By Ki67
immunohistochemical staining, these flattened ductal epi-
thelial cells displayed a significantly higher proliferative index
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compared with those of age-matched control Elastase-IL-1f
mice (Figure 1d). In contrast, TUNEL assays for apoptosis
revealed little to no staining in the ductal epithelial cells (data
not shown). Intra-epithelial infiltration of neutrophils was
found in some of these ducts in both tobacco-treated and
control Elastase-IL-1f mice (Figure 1d). There was no sig-
nificant difference in intra-epithelial neutrophil infiltration
between these groups. In 24% (7/29) of Snus-treated Elas-
tase-IL-1f mice, inspissated mucus was found primarily in
main ducts that seemed to be dilated. Epithelial cells of af-
fected ducts were generally flattened, and based on Ki67
staining they were found to have a similarly high proliferative
index compared with those of flattened epithelial cells in the
ducts that had no mucus plugs. In contrast, in tobacco-
treated WT mice, the morphology of the epithelial cells in
both segmental and main pancreatic ducts seemed normal.
Ki67 staining and TUNEL assays were both negative.

TS- or Snus-Accelerated Pancreatic Acinar Cell Injury in
Elastase-IL-1$ Mice

As described earlier,2 Elastase-IL-18 mice developed pan-
creatic glandular atrophy, primarily manifested as loss of
acinar cells and fatty replacement (Figure 2d). The majority
of mice (>90%) showed moderate to marked acinar atrophy
(50-75%) after 4 months. In TS-treated Elastase-IL-1f mice,
as early as 4 months of treatment, diffuse glandular atrophy
was remarkably more severe than that of control Elastase-
IL-1f mice, with >75% loss of acini ([Figure 2§). Atrophy of
acini was seen in all parts of the pancreas gland evenly,
namely head, body, and tail. Concomitant replacement by fat,
almost always extensive, was also noted (Figure 2H). These
changes became persistent and occurred in 64% (14/22) of
TS-treated Elastase-IL-1§ mice. Glandular atrophy also oc-
curred in Snus-treated Elastase-IL-1f mice, but was less se-
vere and occurred after longer treatment. Loss of acini and
fatty replacement occurred in 35% (10/29) of Snus-treated
Elastase-IL-1 mice compared with 64% of TS-treated
Elastase-IL-1f mice (P<0.05). In tobacco-treated WT mice,
morphological changes were not observed after treatment
with TS or Snus for up to 15 months.

TS or Snus Did Not Worsen Fibrosis and Tubular
Complexes in Tobacco-Treated Elastase-IL-1f

The inflammatory infiltrate was found to be a mixed popu-
lation of T lymphocytes that were predominant, B lympho-
cytes, granulocytes, and macrophages.d Similar to that of
control Elastase-IL-1f mice, in tobacco-treated Elastase-IL-1f
mice, the majority of inflammatory cells were T lymphocytes,
suggesting the chronic nature of inflammation (Figure 29).
There were no significant differences between tobacco-treated
and control Elastase-IL-1f mice, with regard to the scores of
tubular complexes and fibrosis. By immunohistochemical
staining for desmin, the numbers of activated fibroblasts in
pancreatic stroma of tobacco-treated Elastase-IL-1f mice were
similar to those of control transgenic mice (data not shown).
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Figure 1 Ductal epithelium of the pancreas. (a) Normal pancreatic duct in control WT mouse of 5 months old. (b) Pancreatic duct in control Elastase-IL-1/
mice of 5 months old. (c) Flattening of ductal epithelium in Elastase-IL-1/ mice treated with TS for 4 months, intra-epithelial infiltration of inflammatory cells
were shown by arrows, and one polymorphonuclear neutrophil was shown in the insert. (d) High proliferation index of epithelial cells of pancreatic ducts in
Elastase-IL-1f mice treated with Snus for 8 months (Ki67 immunohistochemical staining).

The numbers of activated stellate cells detected by im-
munohistochemical staining for a-smooth muscle actin were
also similar between tobacco-treated and control transgenic
mice (data not shown).

Many other organs, such as oral mucosa, lungs, bladder,
stomach, colon, and kidneys, were examined in tobacco-
treated Elastase-IL-1 and WT mice. Overall, there were no
detectable changes in these tissues in comparison with those
of their corresponding control mice.

TS- or Snus-Activated Cancer-Initiating Signaling
Pathways in the Pancreas

Consistent with reports earlier,E the expression of COX-2
was found to be slightly increased in control Elastase-IL-1f
mice compared with that of WT mice by semi-quantitative
RT-PCR (Figure 3d) and real-time PCR (data not shown). As
the COX-2 pathway is a known target of tobacco derivatives,
such as NNK,H we also examined the expression of COX-2 in
tobacco-treated mice. In comparison with control transgenic
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mice, the expression of COX-2 was increased more than
twofold in both TS- and Snus-treated Elastase-IL-1f mice
after 4 months of treatment (Figure 3d). Overexpression of
COX-2 persisted in tobacco-treated Elastase-IL-1f mice after
longer periods of treatment. By immunohistochemical
staining (Figure 2d), the expression of COX-2 was found to
be primarily localized to epithelial cells of pancreatic ducts.
In control and tobacco-treated WT mice, RT-PCR and im-
munohistochemical analyses indicated that there was little to
no COX-2 expression.

The expression of many chronic pancreatitis-associated
genes, such as TNF-a, IL-6, TGF-f1, and SDF-1, was found
to be up-regulated in control Elastase-IL-1 mice by real-time
PCR assays ([Figures 3b and 4). Overexpression of these genes
was found to be time dependent. For instance, TNF-o. was
increased in Elastase-IL-1/ mice at an early age of 5 weeks and
persisted in older mice (eg 14-16 months of age) compared
with age-matched WT mice (P<0.05). Overexpression of IL-6
in Elastase-IL-1f mice was found to occur at 5-7 months of
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Figure 2 (a) Chronic pancreatitis, including glandular atrophy, tubular complexes, and fibrosis, in control Elastase-IL-1 mice of 5 months old; tubular
complexes are highlighted in the insert (arrows). (b) Severe glandular atrophy in Elastase-IL-1 mice treated with TS for 4 months, minimal acini were seen,
and the pancreas showed extensive fatty replacement and some fibrosis. (c) Immunohistochemical staining of CD3e of the pancreas of Elastase-IL-1f mice
treated with Snus for 8 months. T lymphocytes were positively stained. (d) Immunohistochemical staining for COX-2 in the pancreas of Elastase-IL-1 mice
treated with Snus for 8 months; arrows indicate ductal epithelial cells showing positive staining for COX-2.
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Figure 3 (a) Semi-quantitative RT-PCR of COX-2. Compared with control Elastase-IL-1f mice, COX-2 expression was more than twofold higher in
TS-Elastase-IL-1 mice after 4 months of treatment. (b) Real-time PCR of TNF-¢; groups include 7-3, SDS-, TS-, and Snus-treated WT of 4-6 months; 4-6,
SDS-, TS-, and Snus-treated Elastase-IL-1f mice of 4-6 months; 7-9, SDS-, TS-, and Snus-treated WT mice of 7-9 months; 10-12, SDS-, TS-, and Snus-treated
Elastase-IL-1f mice of 7-9 months; 13-15, SDS-, TS-, and Snus-treated WT mice of 13-15 months; 16-18, SDS-, TS-, and Snus-treated Elastase-IL-1§ mice of
13-15 months. Three to five mice in each group were studied.

age (P<0.05), but then diminish at 8—10 months old. By =~ TGF-f and SDF-1 were overexpressed in Elastase-IL-18
14-16 months old, there was no difference in IL-6 expression  compared with WT mice at 5-7 months old and remained
between WT and Elastase-IL-18 mice (data not shown). higher in older mice.
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Figure 4 (a) Real-time PCR assay of mouse IL-6 on the pancreas mRNA at 4-6 months. Groups include SDS-, TS-, and Snus-treated WT and Elastase-IL-1/3
mice. Four mice in each group were studied. (b) Mouse IL-6 ELISA of the serum at 4-6 months. Groups include SDS-, TS-, and Snus-treated WT and Elastase-

IL-18 mice. Four mice in each group were studied.
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Figure 5 (a) Real-time PCR assays of TGF-f mRNA in pancreas of Elastase-IL-1/ mice at 9 months of treatment. Groups include SDS-, TS-, and Snus-treated
Elastase-IL-1$ mice. Three to five mice in each group were studied. (b) Real-time PCR assays of SDF-1 mRNA in the pancreas of Elastase-IL-1f mice at
8 months of treatment. Groups include SDS-, TS-, and Snus-treated Elastase-IL-1f mice. Three to five mice in each group were studied.

The expression of TNF-« mRNA in the pancreas was ex-
amined by real-time PCR assay. In WT mice, there were no
differences among control-, TS-, and Snus-WT at all desig-
nated time points, including 4-6, 7-9, and 13-15 months of
treatment. In TS-treated Elastase-IL-1f mice, from 4 to 9
months of treatment, the expression of TNF-o was increased
more than twofold compared with that of age-matched
control Elastase-IL-1f8 (P<0.05) (Figure 30). In Snus-treated
Elastase-IL-1f mice, compared with those of control Elastase-
IL-15 mice, the expression of TNF-a was similar at 4-6
months of treatment and increased more than twofold at 7-9
months of treatment (P<0.05). However, at 13—15 months
of treatment, there were no differences of TNF-o expression
among control-, TS-, and Snus-Elastase-IL-1 mice.

Expression of IL-6 mRNA in the pancreas and levels of IL-
6 in the serum were examined by real-time PCR assays and
ELISA, respectively. In WT mice, by both real-time PCR as-
says and ELISA, there were no differences among control-,
TS-, and Snus-WT at all designated time points, including 4—
6, 7-9, and 13-15 months of treatment. In TS-Elastase-IL-1f
mice, by real-time PCR, IL-6 was found to be overexpressed
at 4-6 months of treatment (P<0.05) (Figure 4d), but not at
7-9 or 13-15 months of treatment (data not shown) com-
pared with those of control Elastase-IL-1f mice. Similarly, by

432

ELISA, the serum level of IL-6 in TS-Elastase-IL-1f mice at
4-6 months of treatment was significantly higher than that of
untreated Elastase-IL-1f mice (P<0.05) (Figure 40). At 7-9
or 13-15 months of treatment, the serum levels of IL-6 were
similar between control- and TS-Elastase-IL-1 mice. In
Snus-treated Elastase-IL-1 mice, the levels of IL-6 mRNA in
the pancreas and serum levels of IL-6 were similar to those of
control Elastase-IL-1f mice at all time points examined.

There were no differences in TGF-f and SDF-1 mRNA
levels in the pancreas, by real-time PCR assays, among con-
trol-, TS-, and Snus-WT at all designated time points,
including 4-6, 7-9, and 13-15 months of treatment. In
contrast, levels of TGF-f and SDF-1 were increased in
the pancreas of TS-Elastase-IL-1f mice, at 7-9 months
(Figure 5a and §) and 13-15 months of treatment as
well in comparison to those of their age-matched control
Elastase-IL-1f mice (P<0.05). In Snus-treated Elastase-IL-1f
mice, the mRNA levels of TGF-f and SDF-1 were similar
to those of control Elastase-IL-1f mice at all time points
examined.

DISCUSSION
Cigarette smoking has been found to cause acute and chronic
pancreatitis in both epidemiological and animal studies.
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To our knowledge, the potential carcinogenic effects of to-
bacco have not been evaluated in an animal model of chronic
pancreatitis. In this study, we provide several lines of evi-
dence suggesting important interactions between tobacco
and chronic pancreatitis. First, although there were no
morphological changes detected in the pancreas of tobacco-
treated WT mice, prominent phenotypic changes occurred in
the pancreas, including significant flattening of ductal epi-
thelial cells and remarkably severe atrophy of acini, in to-
bacco-treated Elastase-IL-15 mice compared with untreated
Elastase-IL-1f mice. Given similar levels of urine nicotine
metabolites between corresponding groups of WT and Elas-
tase-IL-1f mice, the background of chronic pancreatitis in
Elastase-IL-1 mice stands out as the determinant of these
phenotypic changes. Thus, these findings strongly suggest
important interactions between tobacco and chronic pan-
creatitis. Second, the epithelial cells of the pancreatic ducts in
control Elastase-IL-1f mice were shown to have a high
proliferation index in the setting of chronic pancreatitis.
With tobacco treatment, ductal epithelial cells displayed a
much higher proliferation index compared with control
Elastase-IL-1f mice. In contrast, there was no detectable level
of proliferation of ductal epithelium in either control WT
mice or tobacco-treated WT mice. Last, the expression of
many signaling pathways that could contribute to these
changes was examined.

It is interesting to note that COX-2 and TNF-o gene ex-
pression was up-regulated in both TS- and Snus-treated
Elastase-IL-1f mice, whereas IL-6, TGF-f1, and SDEF-1 gene
expression was only increased in TS-treated Elastase-IL-1f
mice, but not in WT mice. These findings not only support
the notion of interactions between tobacco and chronic
pancreatitis, but likely provide some clues as to the under-
lying mechanisms. For example, up-regulation of TNF-u, a
major proinflammatory cytokine, was found to correlate with
the onset of severe glandular atrophy in both TS- and Snus-
Elastase-IL-1f mice. In TS-treated Elastase-IL-1/ mice, over-
expression of TNF-a and the onset of severe acinar atrophy
were both first detected after 4 months of treatment. In Snus-
treated Elastase-IL-1f mice, up-regulation of TNF-o occurred
at 7-9 months of treatment, at a time when the onset of
severe glandular atrophy was also first observed. These
findings indicate that overexpression of TNF-o is likely to
have a major function in acinar cell injury. Cigarette smoke
and tobacco metabolites are known to contribute to chronic
inflammation in the pancreas. TGF-f1, one of the major
pathways in injury-induced remodeling, was found to be
overexpresseahin tobacco-induced chronic inflammation in
rat pancreas.H In our study, we showed that TGF-f1 was
overexpressed in control Elastase-IL-1 mice compared with
that of WT mice. With TS treatment, expression of TGF-fj1
was further increased in Elastase-IL-1f mice. In view of the
earlier evidence that tobacco use independently increases the
rileOf pancreatic cancer in the setting of chronic pancreati-
tis,Hd further studies are required to elucidate the interactions
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between tobacco and chronic pancreatitis, and their func-
tions in cancer development.

Cigarette smoke and Snus differ in the types of tobacco-
derived chemicals delivered to their users as a result of
marked differences in production, manufacturing, and mode
of consumption. Although the two products share many
common tobacco-derived metabolites such as nitrosamines,
urinary levels of biomarkers for these ingredients often vary
in human beings in all likelihood because of different con-
centrations and in vivo okinetics of these chemicals
in commercial products. In addition, cigarette smoke
contains a variety of combustion-derived chemicals, not
present in Snus, making cigrette smoke potentially more
cytotoxic and carcinogenic.Ed In this study, differences in
constituents are believed to contribute to the disparities
of phenotypic changes and expression profiles of signaling
pathways examined between TS- and Snus-treated Elastase-
IL-15 mice. For example, although glandular atrophy was
worsened in both TS- and Snus-treated Elastase-IL-1f mice
compared with untreated Flastase-IL-1f mice, these changes
were found to be significantly more common in TS-treated
mice (64%) compared with those of Snus-treated mice
(35%). The onset of glandular atrophy was also earlier in
TS-treated mice (4—6 months) in comparison with that of
Snus-treated mice (after 8 months). In addition, expression
profiles of many chronic pancreatitis-associated genes were
quite different between TS- and Snus-treated Elastase-IL-1f
mice. In Snus-treated mice, only TNF-a expression was
found to be increased and expression of IL-6, TGF-f1, and
SDF-1 remained similar to those of control Elastase-IL-1f
mice. In TS-treated Elastase-IL-1f mice, compared with those
of control Elastase-IL-1f mice, the expression of each of these
genes was increased, whereas some of the effects were time
dependent. Studies of individual constituents of cigarette
smoke and Snus should lead to a better understanding of
both their similarities and differences, and given our findings
that these are present in TS and thus likely soluble, this would
suggest a strategy for isolation and identification of specific
components.

The etiology of flattening of ductal epithelium in tobacco-
treated Elastase-IL-1f mice remains unclear. Given that this
occurred in both TS- and Snus-treated Elastase-IL-1f mice, it
is likely that common constituents shared by cigarette smoke
and Snus are the cause. These chemicals could be tobacco-
speciﬁcgitrosamines, as many of them are known to be cy-
totoxic.H It is possible that these cytotoxic chemicals, either
acting alone or in combination with others, induced direct
injury to ductal epithelial cells, resulting in flattening of these
epithelial cells. Maintenance of a single layer of the epithelial
cells in these ducts, despite the increased cellular proliferation
shown by Ki67 immunohistochemical staining, indicates
a likely repair process in response to cell damage or injury.
TUNEL assays excluded the possibility of apoptosis as the
primary response to tobacco treatment here. The overall
significance of flattening of ductal epithelium in tobacco-
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treated Elastase-IL-1f mice needs to be further characterized.
In prostate carcinogenesis, atrophic-seeming epithelial cells
in the setting of chronic inflammation are highly prolifer
and considered to be signs of early preneoplasia.
Apoptotic mechanisms in the flattened prostatic ductal cells
are found to be inhibited by up-regulation of BCL-2 and
AKT. These cells have been further characterized by the
activation of cancer-initiating signaling pathways, such as
COX-2, an%genetic alterations including inactivation of p27
and PTEN.H In our study, flattened epithelial cells of pan-
creatic ducts were found to be highly proliferative, minimally
apoptotic and COX-2 positive, features seen in preneoplastic
lesions. Although no more advanced lesions developed
within 15 months of treatment, flattening of ductal epithelial
cells may represent an early preneoplastic lesion.

Severe loss of acinar cells and resultant glandular atrophy
is another prominent phenotypic change in tobaceated
Elastase-IL-15 mice. In earlier studies using rats, 2243 high
concentrations (200 mg/1) of nicotine were found to induce
morphological alterations in acinar cells, including cellular
swelling/vacuolation and nuclear condensation. The pro-
posed mechanisms underlying nicotine-induced acinar injury
include intracellular calcium mobilization and activation of
calmodulin-dependent protein kinases resulting in cytotoxi-
city and eventual cell death.2 However, in this study, we did
not observe similar morphological changes in the acinar cells
of tobacco-treated WT mice. In addition to the species dif-
ferences, the nicotine intake by mice in our study was found
to be much lower, <0.6 mg per day of Snus-treated mice and
<0.1 mg per day of TS-treated WT, compared wit esti-
mate of >15mg per day in Chowdhury’s study. Un-
fortunately, we were not able to measure blood nicotine levels
in our animals, which might have allowed a more direct
comparison with the findings from these earlier studies.
Furthermore, the findings of earlier onset and greater oc-
currence of severe glandular atrophy in TS-treated Elastase-
IL-1f mice, in comparison with Snus mice, indicate that
constituents in cigarette smoke not present in Snus may also
contribute to tissue injury. However, cigarette smoke has
been found to have weak and sporadic effects on acinar cells
in Spraguh—Dawley rats treated with smoke from combusting
cigarettes.d Acinar damage and atrophy occurred in <5% of
pancreatic tissues and also required high-dose smoke ex-
posure. Taken together, it seems likely that tobacco-derived
chemicals have specific effects in the context of chronic
pancreatitis induced by IL-1f. Many genes associated with
chronic pancreatitis were up-regulated in both TS- and
Snus-treated Elastase-IL-1f mice, and it seems likely that
the further induction of these genes by tobacco-induced
inflammation in the background of IL-1f-induced chronic
pancreatitis could contribute to severe acinar atrophy. In any
case, this is the first study to show that Snus can contribute to
chronic inflammation in the pancreas.

As tobacco is an accepted risk factor for cancer, animal
models of pancreatic cancer have been developed primarily
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through targeted exposure to tobacco-derived chemicals,
such as implanting 7,12—dimethylbenzanthracene
pancreas or feeding NNK- or NNAL-containing water 12184541
However, no animal model of pancreatic cancer has been
established solely based on commercially available tobacco
products, including cigarettes and Snus. This is likely due, in
part, to the difficulty in delivering high concentrations of
these tobacco products for extended periods of time. Our
study is not the exception. In our study, during the 15-month
observation period, we did not detect more advanced pre-
neoplastic or neoplastic lesions in the pancreas of Elastase-
IL-1f mice treated with tobacco. Although Snus intake in
these mice was comparable with those of Snus users,
the amount of tobacco intake in TS-treated mice may be
lower than found in human cigarette smokers. Given the fact
that most human pancreatic ductal adenocarcinoma occurs
after the fifth decade of life, our study, similar to others, is
potentially limited by the length of the observation period in
mice, and a possible need for exposure to a higher con-
centration of tobacco carcinogens. Another limitation of our
study is the relatively small number of mice carried out to 15
months. Future larger studies with more extended follow-up
would be valuable to tease out the carcinogenic potential of
tobacco components. In summary, our study shows for the
first time the importance of interactions between tobacco and
chronic pancreatitis in altering the biology of the pancreas.
The findings support the notion that both cigarette smoke
and Snus are potentially cytotoxic and carcinogenic to the
pancreas.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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