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ABSTRACT

Objective The cerulein-induced mouse pancreatitis model is a well-established, commonly used representation of human chronic
pancreatitis pathology. Although studies report sex-dependent differences in human chronic pancreatitis, there are no studies in this
model directly comparing sex response to pancreatic injury and recovery. Therefore, we designed a study to investigate whether sex-
dependent differences in chronic pancreatitis injury and recovery exist in the cerulein-induced pancreatitis model. Methods Adult male
and female C57BL/6 mice were administered cerulein (50 pug/kg, 5 hourly intraperitoneal injections/day, 3 days/week) for 4 weeks to
induce chronic pancreatitis; control mice received normal saline injections. Pancreata and blood were harvested at 4 days (as injury group)
or 4 weeks (as recovery group) after the last injection. Amylase secretion was measured from the serum. Acinar injury was scored on H&E
sections. Fibrosis was assessed by Sirius Red and collagen immunofluorescence staining. Results Compared to time-matched controls,
injury group displayed decreased body and pancreas weight, and increased acinar injury and fibrosis, with no significant differences
between males and females. Recovery group demonstrated recovery of body weight, partial recovery of pancreas weight, reversal of acinar
injury, and partial reversal of fibrosis, with no significant differences between males and females. Amylase secretion/body weight was
similar across all groups. Conclusions Male and female mice of the cerulein-induced chronic pancreatitis demonstrate similar responses
to chronic pancreatitis injury and recovery. Although this model may not sufficiently emulate sex-dependent responses in human chronic
pancreatitis, our study supports that both sexes of mice from this model can be used for the study of chronic pancreatitis.

INTRODUCTION [1]. Clinically, CP patients present with chronic abdominal
pain, weight loss and diarrhea, and are at an increased
risk of morbidity from complications such as malnutrition,
diabetes, and pancreatic cancer [2, 3]. Pain management
and supportive care are the only current therapies existing
for CP patients. Despite decades of research, no specific
treatment modality is available for halting the progression

Chronic pancreatitis (CP) is a progressive inflammatory
and fibrotic disease, resulting in long term exocrine and
endocrine insufficiency due to extensive pancreatic injury
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induced pancreatitis to human disease. For instance,
excessive secretagogue stimulation may not be a clinically
relevant cause of pancreatitis and studies have shown
that, unlike the mouse, whether or not cholecystokinin
receptors are present in the human pancreas is still
uncertain [7, 8, 9, 10, 11, 12]. Even with such limitations,
there is no overt pathological difference between human
and cerulein-induced mouse CP.

Discrepancies of sex susceptibility exist in many
diseases: more frequent and severe irritable bowel
syndrome occurs in female patients, while the opposite
is true for colorectal cancer, with males at a higher risk
[13, 14]. Human studies have reported a higher incidence
and prevalence of CP in male patients [4, 15, 16, 17,
18, 19], which is likely due to the higher prevalence of
alcohol consumption in males, as heavy drinking has
been linked to the development of pancreatitis [4, 17, 20,
21]. However, less than 5% of patients with significant
alcohol consumption develop CP [22, 23], suggesting a
multifactorial etiology exists in pancreatitis development.

In animal models of pancreatitis, inconsistent
differences are reported in disease susceptibility and
severity between males and females. For example, in mice
with genetically impaired autophagy, CP development was
more pronounced in males than in females [24, 25]. While
in a choline-deficient diet enriched with ethionine mode],
female mice experienced more severe forms of AP than
males [26, 27, 28]. However, there are no studies directly
comparing male and female response to pancreatic injury
and recovery in the cerulein-induced mouse model. The
rationale of this study was to investigate whether sex-
dependent differences in chronic pancreatitis injury and
recovery exist in the cerulein-induced pancreatitis mouse
model. The outcome from this study may influence future
animal study design and data interpretations for the
cerulein-induced pancreatitis model.

To examine potential sex-dependent responses to CP
in the cerulein-induced mouse model, we designed a study
in which both male and female adult C57BL/6 mice were
injected with cerulein for a period of 4 weeks, followed by 4
weeks of withdrawal from cerulein, to mimic CP injury and
recovery. Following CP injury, we found that both sexes
recovered from loss of body weight and acinar injury, and
partially recovered from pancreas weight loss and fibrosis.
Overall, we observed similar responses in CP injury and
recovery in both male and female mice.

METHODS
Reagents

Cerulein, a cholecystokinin analog and secretagogue,
was purchased from Bachem Americas (Torrance, USA).
Phadebas Amylase test tablets were purchased from Fisher
Scientific (Pittsburgh, USA). Direct Red 80 and picric acid
for Sirius Red staining were purchased from Sigma Aldrich
Corporate (St. Louis, USA). Antibody against collagen type |
(Col1) was purchased from Abcam (Cambridge, USA).

CP Model

Adult C57BL/6 mice, purchased from the Jackson
Laboratory (Bar Harbor, USA), were housed in a climate-
controlled room with ambient temperature of 23°C and
a 12:12-h light-dark cycle. Animals were fed standard
laboratory chow and given water ad libitum. For the
study, animals were randomly assigned to control or
experimental CP groups and randomly assigned to
either recovery or injury group. A total of 40 mice were
included in the study, 20 in control and 20 in experimental
group, with an equal gender ratio of male:female. For CP
induction, the mice received cerulein injections (50 pg/
kg, intraperitoneal (ip), 5 hourly injections/day, 3 days/
week) for 4 weeks. The control mice received normal saline
injections [29, 30, 31]. Animal body weights were recorded
weekly. Pancreata were harvested 4 days (designated as
injury group) or 4 weeks (designated as recovery group)
after the last injection and weighed. Previous animal
studies have used recovery periods of 3 or 5 weeks after
injury and demonstrated a partial recovery of CP [32, 33].
Based on the literature, in this study, a recovery period of
4 weeks was designated from the completion of the last
cerulein injection to tissue harvesting for analysis. At the
designated time points, the mice were euthanized, and
the blood and pancreas were harvested. All procedures
are depicted in Figure 1. The mouse serum was collected
for amylase testing and the pancreatic tissue samples
were fixed in 10% formalin and embedded in paraffin for
morphological studies.

Amylase Measurement

Serum amylase levels were determined using the
Phadebeas Amylase test tablets as instructed by the
manufacturer.

Morphological Examination

The pancreatic tissue sections (5 um-thick) were
prepared and hematoxylin-eosin (H&E) staining was
performed. A semi-quantitative histological scoring system
on severity of chronic acinar lesions was conducted by an
experienced pathologist blinded to the sample identity.
Morphological changes were scored on the extent of acinar
injury including abnormal architecture, glandular atrophy,
and pseudo tubular complexes [30, 34].

Analysis of Pancreatic Fibrosis

Sirius Red staining was performed on pancreatic
sections for collagen deposition [29, 31, 32].
Immunofluorescence (IF) staining was performed for
Collagen 1 (Coll) expression using antibody against
Coll. Seven non-overlapping images were captured from
each section/pancreas and quantified with NIS-Elements
Br 3.0 software. The stained areas were calculated as a
percentage of total tissue area analyzed [29, 31].

CP Diagnosis Criteria

The criteria for diagnosis of CP in mice include the semi-
quantitative histological scoring system on severity of
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Figure 1. A schematic presentation of protocol. Arrows indicate the time points of injections or tissue harvesting.

chronic acinar lesions, and the quantitative evaluation on
fibrosis by measuring collagen deposition and production
[30,34]. Compared to time matched control, mice with
significant increases of histological scores and fibrosis in
the pancreas were diagnosed as having CP.

Ethics

Animal experiments were performed according to the
protocol number AWC-14-0072 approved on May 29,
2014 by the Animal Welfare Committee of the University
of Texas Health Science Center at Houston.

Statistics

Data are expressed as mean * SEM. Differences
between two groups were analyzed using Student’s t-test,
differences among multiple groups were analyzed using
One Way ANOVA, and differences of body weight were
analyzed using One Way Repeated Measures ANOVA
(SigmaPlot, Systat Software, San Jose, USA). P value <0.05
is considered significant.

RESULTS

Recovery of Body Weight, Pancreas Weight,
Amylase Secretion, and Acinar Morphology Following
CP Injury

As an overall functional assessment, animal body
weights were recorded weekly during CP injury and
recovery stages. Male mice in the CP group gained less body
weight than their time matched controls during weeks
3-4 of the injury stage and gradually gained similar body
weight compared to their time matched controls during
the recovery stage. Female mice in the CP group gained
less weight than their time matched controls during weeks
2-4 of the injury stage and up to week 2 of the recovery
stage, then gradually gained similar body weight compared
to their time matched controls by the end of the recovery
stage (Figure 2).

Pancreas weights were also recorded at harvest and
reported as pancreas/body weight ratio. As shown in
Figure 3, the ratio of pancreas/body weight of both
male and female mice in CP injury groups reduced 60%
compared to time matched controls (male p=0.002, female
p=0.011) and recovered approximately 12% in CP recovery
groups (male p=0.024, female p=0.032). No differences
were noted between males and females (Figure 3).

To evaluate the pancreatic exocrine function, we
measured amylase secretion from the mouse serum. We
found that in all groups, male mice had higher amylase
secretion than that of female mice (Figure 4a). However,

after normalized by respective body weight, the differences
were only observed in CP4w group (Figure 4b). These
results suggest that body weight should be taken into
consideration when interpreting amylase secretion
data of male and female mice. These data also confirm
that amylase secretion does not correlate with chronic
pancreatic injury.

Pancreatic acinar injury was evaluated based on
histopathological changes. Compared to controls, both
male and female CP injury groups showed typical
histological changes in the pancreas with increased
histopathological scores (male and female p=0.001).
No significant difference in acinar injury was observed
between males and females. The acinar injury recovered
completely after 4 weeks in all mice except one male
mouse with the minimal histoscores. However, no
significant differences were observed in this group
between male and female mice (Figure 5).

Partial Recovery of Pancreas Fibrosis Following CP
Injury

Extensive pancreatic fibrosis is a hallmark of CP. To
examine the extent of pancreatic fibrosis in cerulein-
induced CP injury mice, we used Sirius Red staining to
assess collagen deposition and immunofluorescence
staining for Coll protein expression. After 4-week CP
induction, respective to male and female mice, there was a
16- and 11-fold increase in collagen deposition compared
to time matched controls (male p=0.005, female p=0.004).
After 4-week recovery following CP injury, males and
females showed 50% and 27% reversal of collagen
deposition (male p=0.014, female p=0.009), respectively.
No significant differences were observed between males
and females (Figure 6).

For the Col1 IF assay, compared to their time matched
control groups, males and females showed 23- and 30-fold
increase of Coll expression, respectively (male p=0.013,
female p=0.033). After 4-week recovery following CP
injury, males and females showed 70% and 63% reversal
of Coll expression, respectively (male p=0.016, female
p=0.024). No significant differences were observed
between males and females (Figure 7).

Taken together, our data demonstrate that pancreatic
acinar injury reversed at 4 weeks after cessation
of cerulein injections, while pancreatic fibrosis and
pancreas/body weight only recovered partially at the
same time point. Throughout the entire experiment,
there were no significant differences between males and
females.
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Figure 2. Mouse body weight over the CP injury and recovery stages. C57BL/6 mice, both male (M) and female (F), received cerulein injections (50 pg/kg,
ip, 5 hourly/day, 3 days/week) for 4 weeks for CP injury period (0-4), followed by cessation of cerulein injections for 4 weeks for recovery period (R1-R4).
Time-matched control mice received normal saline injections (CON). Mouse body weight was recorded weekly, and presented as mean+SEM from each
group. n=10 mice/sex in injury groups, n=4 mice/sex in recovery groups. *p<0.05 CP vs. the time-matched controls for each time point respective to males
and females.
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Figure 3. Ratio of pancreas/body weight at CP injury and recovery. Injury group pancreata were harvested 4 days after cerulein injections (CP4W) or
normal saline injections (CON4W) and recovery group pancreata were harvested 4 weeks after cessation of cerulein injections (CP4W+R4W) or normal
saline injections (CON4W+R4W) as described in Figure 2. Pancreas weight was recorded and normalized with corresponding body weight. The ratio of
pancreas/body weight is presented as mean+SEM from each group/sex. n=6 mice/sex in injury groups, n=4 mice/sex in recovery groups. *p<0.05 vs. time-
matched controls. #p<0.05 compared the differences between CP4W and CP4W+R4W after normalized against their respective time-matched controls.
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Figure 4. Amylase secretion levels at CP injury and recovery. The mouse serum was collected from the above mentioned mice. Amylase levels were measured
and presented as mean+SEM from each group/sex. n=6 mice/sex in injury groups, n=4 mice/sex in recovery groups. (a). Serum amylase levels (U/L). (b).
Ratio of amylase/body weight. *p<0.05 vs. male mice, #p<0.05 vs. time matched control.
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Figure 5. Pancreatic acinar injury at CP injury and recovery stages. Pancreatic tissue sections were prepared from the above mentioned pancreata. H&E
staining was performed. (a). Representative images of H&E staining. Blue arrow heads point to pseudo-tubular complexes. (b). Total histopathological
scores are presented as mean+SEM from each group/sex. n=6 mice/sex in injury groups, n=4 mice/sex in recovery groups. *p<0.05 vs. time-matched
controls. #p<0.05 vs. CP4W.
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Figure 6. Collagen deposition measured by Sirius Red staining. Pancreatic tissue sections were prepared from the above mentioned pancreata. Sirius Red
staining was performed. (a). Representative images of Sirius Red staining showing collagen deposition area as red. (b). Quantification of collagen deposition
with % area/HPF (high power field) is presented as mean + SEM from each group/sex. n=6 mice/sex in injury groups, n=4 mice/sex in recovery groups.
*p<0.05 vs. time-matched controls. #p<0.05 vs. CP4W.
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Figure 7. Coll protein expression detected by immunofluorescence (IF) staining. Pancreatic tissue sections were prepared from the above mentioned
pancreata. IF was performed using antibody against Col1. (a). Representative images of Col1 IF showing Col1 positive area as red, nucleus staining by DAPI
as blue. (b). Quantification of Coll IF with % area/HPF is presented as mean * SEM from each group/sex. n=6 mice/sex in injury groups, n=4 mice/sex in

recovery groups. *p<0.05 vs. time-matched controls. #p<0.05 vs. CP4W.

DISCUSSION

The pathophysiological study of pancreatitis largely
depends on animal models due to a lack of access to human
pancreatic tissue. Animal model studies, even with their
limitations, continue to provide assistance in advancing
our understanding of pancreatitis pathogenesis. In this
study, we utilized the widely used, cerulein-induced CP
model to investigate potential differences between male
and female mice during CP injury and recovery. Regarding
the influence of sex in CP response, we did not find
differences in CP severity or recovery between male and
female mice. These findings are consistent with the results
from an L-arginine-induced AP model, in which both male
and female C57BL/6 mice had similar levels of AP severity
[35]. However, as aforementioned, in a genetically impaired
autophagy-induced CP model, male mice developed more
pronounced CP than females [24, 25]. In contrast, in an
autoimmune pancreatitis model, female mice developed AP
earlier and more frequently and severely than males [36,
37]. Finally, in a diet-induced pancreatitis model, female
mice experienced more severe forms of AP than males
[26, 27, 28]. These inconsistent findings show that male
and female mice have variable reactions to pancreatitis
depending on model, to which our study contributes by
revealing no observable sex-dependent responses to CP
injury and recovery in the cerulein-induced CP model.
Though existing animal models have proven useful for
studying the pathophysiology of pancreatitis, research
concerning the influence of sex in pancreatitis may

require further characterization of current models or the
development of new animal models.

Our results demonstrate a recovery in CP after the
cessation of cerulein injection. More specifically, cerulein-
induced acinar injury is reversible, while pancreas to body
weight ratio and fibrosis are only partially reversible.
Other animal studies and models of pancreatitis have
shown results consistent with ours. In a study with
repeated lipopolysaccharide injections (LPS) for 3 weeks
to induce CP in alcohol-fed rats, withdrawal of alcohol
led to a resolution of pancreatic lesions due to increased
pancreatic stellate cell apoptosis and a subsequent partial
regression of fibrosis [33]. Another study, using a cerulein-
induced AP model, demonstrated that after 7 days of
recovery following AP induction, mice had a reorganization
of parenchyma structure, a removal of necrotic debris, and
areversal of inflammatory infiltrates [38]. All these results
confirm that withdraw of insults to the pancreas can lead
to recovery of pancreatic injury.

Regarding the limitations of this study, the dosage of
cerulein may be a modifiable factor in future studies. While
we applied the commonly used dosage of cerulein (50 pg/
kg) for an induction period of 4 weeks, it is possible that
excess pancreatic injury was elicited. Therefore, we can
only evaluate sex-dependent responses on CP severity, and
observed no differences between male and female mice.
To investigate sex-dependent responses on CP incidence,
varying doses of cerulein injections may be necessary in
future studies. In addition, the relative small sample size,
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particularly in recovery group, is a potential limitation of
our study. However, our study demonstrates a consistent
pattern showing that male and female mice have
similar responses to cerulein-induced CP injury and
recovery. These findings, by directly comparing male
and female mice in cerulein-induced CP and recovery,
should provide insights for future study design and data
interpretation.

The results from this cerulein-induced model study
confirmthereversible nature of pancreaticinjuryinanimals
and show that male and female mice of this model have
comparable responses to pancreatic injury and recovery.
Our results support the use of either male or female mice
of the cerulein-induced CP model for pathophysiologic
studies. However, more reliable animal CP models that
reflect the discrepancy of male and female influence
are necessary for the investigation of sex-dependent
mechanisms. Ultimately, a better understanding of the
disease mechanisms may lead to the development of novel,
targeted therapies for CP patients.
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