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Strain-specific differences in
cerulein-induced acute and
recurrent acute murine pancreatitis
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Hyperstimulation with the secretagogue cerulein is a commonly used experimental model to study
acute, recurrent acute and chronic pancreatitis in mice. Earlier studies showed that inbred mouse
strains had different susceptibility to cerulein-induced pancreatitis. Here, we confirm and extend these
findings by characterizing the severity of acute and recurrent acute pancreatitis in the C57BL/6N and
FVB/N strains. When acute pancreatitis was induced with repeated cerulein injections, FVB/N mice had
more severe pancreatic edema, higher plasma amylase levels, increased inflammatory cell infiltration,
and more extensive acinar cell necrosis relative to the C57BL/6N strain. Cerulein elicited higher and
more sustained trypsin activity in FVB/N mice relative to C57BL/6N animals, which was likely due

to the lower expression of the SPINK1 trypsin inhibitor and the trypsinogen-degrading lysosomal
protease cathepsin L. In C57BL/6N mice, we previously showed that pancreatitis responses were more
severe during a second attack compared with the initial, sentinel episode. In FVB/N mice, we now
found that the second episode was associated with lower pancreas edema and plasma amylase but
higher inflammatory cell infiltration than the first attack. The observations reinforce the notion that
inbred mouse strains exhibit differences in their pathological responses during acute and recurrent
acute pancreatitis.
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Pancreatitis is the inflammatory disorder of the pancreas which clinically can present as acute, recurrent acute,
and chronic pancreatitis'. These diseases often form a continuum where the initial, so-called sentinel episode of
acute pancreatitis progresses to recurrent attacks and eventually chronic pancreatitis'. Progression is typically
driven by environmental and/or genetic risk factors*®. To understand the mechanistic basis of the disease,
scientist routinely employ mouse models in which pancreatitis is induced through various forms of artificial
injury. Some models are designed to mimic clinical etiologies, such as high-fat diet, alcohol consumption, or
ductal obstruction®®. While exceedingly rare, human pancreatitis can also result from exposure to potent
cholinergic agonists, such as scorpion venom or certain insecticides™!°. This phenomenon can be replicated
experimentally by administering supraphysiologic concentrations of the secretagogue hormone cholecystokinin
(CCK) or its analog, cerulein. The secretagogue hyperstimulation method is one of the most widely used
experimental pancreatitis models'!. This approach is noninvasive, highly reproducible, and, by varying the dose
and duration of administration, it allows investigators to study features of acute, recurrent acute and chronic
pancreatitis, as well as pancreatic regeneration.

Using the C57BL/6N inbred mouse strain, we recently demonstrated that repeated episodes of cerulein-
induced pancreatitis exhibited increased severity relative to the sentinel episode'?. Furthermore, we found
that cerulein-induced intrapancreatic trypsin activity does not mediate the pathological responses in this
strain!®. Whether or not these observations would hold true for other laboratory strains of mice remains to be
determined. In this regard, several prior studies indicated that the genetic background of mice can influence
disease outcomes in experimental pancreatitis protocols'42°,

In the current study, we set out to compare acute pancreatitis responses in two inbred strains, the C57BL/6N
and FVB/N mice. In recent years, several genetically altered mouse models of pancreatitis were created and
characterized in the C57BL/6N background, such as various trypsinogen mutant and chymotrypsin-deficient
mice?!~?°. It has remained unclear, however, to what degree the particular genetic background of C57BL/6N
mice might have contributed to the reported pancreatitis phenotypes of these strains. For comparison, we chose
FVB/N mice because earlier studies reported increased severity relative to the C57BL/6 ] strain, a different
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substrain of C57BL/6 mice'”!. In our experiments, we compared the severity of cerulein-induced acute
pancreatitis and the extent of cerulein-induced intrapancreatic protease activation in the two experimental
mouse strains. Furthermore, we induced recurrent acute pancreatitis in FVB/N mice and compared disease
responses during the sentinel and second episodes.

Results

Cerulein-induced acute pancreatitis in C57BL/6N and FVB/N mice

To compare acute pancreatitis severity, we challenged FVB/N and C57BL/6N mice with 10 hourly injections of
cerulein and euthanized them 1 h after the last injection (Fig. 1A). Pancreas edema was assessed by measuring
the pancreas weight (Fig. 1B) and the pancreatic water content (Fig. 1C). In both strains, cerulein treatment
induced a significant increase in these parameters relative to control mice given saline. These changes were
significantly more pronounced in FVB/N mice than C57BL/6N animals. Similarly, repeated cerulein injections
induced a significant increase in plasma amylase activity relative to saline-treated mice, which was significantly
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Fig. 1. Cerulein-induced acute pancreatitis in C57BL/6N and FVB/N mice. (A) Experimental protocol. Solid
triangles indicate injections of saline or cerulein. Mice were euthanized 1 h after the last injection. (B) Pancreas
weight in mg units and expressed as percent of body weight. (C) Pancreatic water content. (D) Plasma amylase
levels. (E) Pancreatic myeloperoxidase (MPO) content. Individual data points with the mean and standard
deviation are shown. The difference of means between groups was analyzed by one-way ANOVA and Tukey’s
post-hoc test.
Scientific Reports|  (2025) 15:16030 | https://doi.org/10.1038/s41598-025-98914-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

higher in the FVB/N strain compared with C57BL/6N mice (Fig. 1D). To evaluate neutrophil granulocyte
infiltration, we measured pancreatic myeloperoxidase (MPO) levels. Relative to mice given saline, we observed
significantly increased MPO activity in response to cerulein treatment in both strains, and a non-significant
trend for higher MPO levels in FVB/N versus C57BL/6N mice (Fig. 1E). Histological evaluation (Fig. 2A) and
scoring of hematoxylin-eosin-stained pancreas sections from cerulein-treated mice confirmed the significantly
higher edema (Fig. 2B) and inflammatory cell infiltration (Fig. 2C) in FVB/N mice relative to C57BL/6N animals.
Furthermore, significantly larger areas of acinar cell necrosis were apparent in FVB/N mice when compared to
the C57BL/6N strain (Fig. 2D).

Intrapancreatic trypsin and chymotrypsin activities in C57BL/6N and FVB/N mice

To test whether the more severe acute pancreatitis responses observed in FVB/N mice can be attributed to
stronger intrapancreatic protease activation, we compared cerulein-induced trypsin and chymotrypsin activities
in the two strains. In this experiment, mice received a single saline or cerulein injection and were euthanized
30 min, 2 h, 4 h, and 8 h later (Fig. 3A). We found that cerulein induced significantly increased trypsin (Fig. 3B)
and chymotrypsin (Fig. 3C) activities in both strains as early as 30 min after administration. Protease activities
then gradually declined over the 8-h time course. The activity peaks were higher in FVB/N versus C57BL/6N
mice, but only the difference in trypsin activity reached statistical significance. Interestingly, the rate of decline in
protease activity was measurably slower in the FVB/N strain resulting in more sustained intrapancreatic trypsin
and chymotrypsin activities.
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Fig. 2. Histology of cerulein-induced acute pancreatitis in C57BL/6N and FVB/N mice. (A) Representative
hematoxylin—eosin-stained pancreas sections are shown from saline and cerulein-treated C57BL/6N and
FVB/N mice. Scale bars correspond to 100 um. Histological scoring for (B) edema, (C) inflammatory cell
infiltration, and (D) necrosis. Individual data points with the mean and standard deviation are shown. The
difference of means between groups was analyzed by unpaired ¢-test.
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Fig. 3. Cerulein-induced protease activation in the pancreas of C57BL/6N and FVB/N mice. (A) Experimental
protocol. Solid triangle indicates a single cerulein or saline injection. Arrows indicate the different time points
of euthanasia. (B) Cerulein-induced intrapancreatic trypsin activity. (C) Cerulein-induced intrapancreatic
chymotrypsin activity. Individual values with the mean and standard deviation are shown. The difference of
means between groups was analyzed by one-way ANOVA and Tukey’s post-hoc test.

Protease zymogen, trypsin inhibitor, and lysosomal cathepsin levels in the pancreas of
C57BL/6N and FVB/N mice

To investigate the reason behind the different intrapancreatic protease activation kinetics induced by cerulein in
the two strains, we used activity assays to measure trypsinogen (Fig. 4A), chymotrypsinogen (Fig. 4B), proelastase
(Fig. 4C) and amylase (Fig. 4D) levels, and employed western blotting to assess expression of the mouse cationic
(T7) trypsinogen (Fig. 4E), the endogenous trypsin inhibitor serine protease inhibitor Kazal-type 1 (SPINK1)
(Fig. 4F) and the lysosomal hydrolases cathepsin B and L (CTSB and CTSL) (Fig. 5A). We also determined
the total protein (Fig. 5B) and DNA (Fig. 5C) content of the pancreata. Unexpectedly, we found that protease
zymogens, amylase, and SPINK1 levels were lower in the pancreas of FVB/N mice than C57BL/6N animals even
though their total protein and DNA contents were comparable. The difference was statistically significant for
trypsinogen (~40% less), proelastase (~35% less) and amylase (~20% less). Western blot analysis of pancreas
homogenates showed significantly lower expression of cationic (T7) trypsinogen (~20% less) and SPINK1
(~60% less) in FVB/N mice relative to the C57BL/6N strain. The observations indicate that the trypsinogen-
to-inhibitor ratio is larger in FVB/N versus C57BL/6N mice, which might explain the higher propensity for
intrapancreatic trypsin activation in this strain despite its lower total trypsinogen content. Interestingly, while no
difference was observed in the levels of the trypsinogen activator CTSB, we found significantly lower expression
of the trypsinogen-degrading enzyme CTSL in FVB/N mice compared to the C57BL/6N strain. Thus, in addition
to the reduced SPINK1 expression, low CTSL levels are also presumed to contribute to the increased trypsin
activity observed in FVB/N mice.

Sex-specific differences in C57BL/6N and FVB/N mice

We performed subgroup analysis on C57BL/6N and FVB/N mice to evaluate whether biological sex affects
pancreatic protein content, intrapancreatic protease activation, and susceptibility to experimental pancreatitis.
We found no differences in pancreatic protein content and protease activities between males and females.
Although some acute pancreatitis parameters displayed minor variations, there was no significant sex-dependent
effect on pancreatitis severity (not shown).

Recurrent acute pancreatitis in FVB/N mice

In a previous study, we used cerulein to induce recurrent acute attacks of pancreatitis in the C57BL/6N strain
and found that mice developed more severe acute pancreatitis during the second and third attacks relative to the
initial episode!2. We also observed that despite the histological recovery after the initial episode of pancreatitis,
there remained an increased number of tissue-resident macrophages that might contribute to the increased
severity of recurrent episodes. Here, we employed a similar experimental protocol in FVB/N mice and induced
two acute pancreatitis attacks with 10 hourly cerulein injections given 7 days apart. Mice were euthanized
1 h after the last cerulein administration on day 1 (1-episode group), after the 7-day recovery period on day
8 (recovery group), or 1 h after the last cerulein injection on day 8 (2-episode group) (Fig. 6A). During the
first episode of acute pancreatitis, significant elevations in pancreas weight (Fig. 6B), pancreatic water content
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Fig. 4. Protease zymogen and SPINK1 trypsin inhibitor levels in the pancreas of C57BL/6N and FVB/N

mice. The total (A) trypsinogen, (B) chymotrypsinogen, (C) proelastase, and (D) amylase content of pancreas
homogenates were determined by activity assays, as described in Methods. Results were expressed as percent of
the average C57BL/6N values. Expression levels of (E) cationic (T7) trypsinogen and (F) SPINK1 protein were
assessed by western blotting and densitometry. ERK1/2 was detected as loading control. Representative blots
from three experiments are shown. Densitometry results are graphed as individual data points with the mean
and standard deviation indicated. The difference of means between groups was analyzed by the unpaired ¢-test.
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Fig. 5. Lysosomal protease expression, protein content, and DNA content in the pancreas of C57BL/6N

and FVB/N mice. (A) Western blot analysis of pancreas homogenates to measure cathepsin B (CTSB) and
cathepsin L (CTSL) levels was performed as described in Methods. ERK1/2 was detected as loading control. (B)
Total protein and (C) DNA content of pancreas homogenates were measured as described in Methods.

(Fig. 6C), plasma amylase (Fig. 6D), and pancreatic MPO content (Fig. 6E) were observed, which returned to
normal levels following the 7-day recovery period. During the second episode of acute pancreatitis, FVB/N
mice exhibited somewhat different pathological responses than reported previously for C57BL/6N mice. Thus,
pancreas weight, water content, and plasma amylase were reduced whereas pancreatic MPO content was
significantly increased relative to the first episode. When hematoxylin-eosin-stained pancreas sections were
evaluated (Fig. 7A), we observed more extensive edema and inflammatory cell infiltration after the second
versus the first episode of pancreatitis. Histology scoring of multiple sections confirmed these differences in
edema (Fig. 7B) and inflammatory cells (Fig. 7C). We also noted that histological edema and inflammatory cell
numbers did not completely normalize by the end of the recovery period after the first episode. Finally, histology
scoring indicated that acinar cell necrosis was significantly increased during the first pancreatitis attack, returned
to normal by the end of the recovery phase, and remained low during the second episode (Fig. 7D).

Discussion

Several previous studies demonstrated that various inbred mouse strains exhibited different pathological responses
in experimental pancreatitis models. Zhong and Omary (2004) found that Balb/c and FVB/N mice manifested
different susceptibility to injury in two pancreatitis models, induced by cerulein or choline/methionine-
deficient, ethionine-supplemented (CDE) diet!*. The same group published a follow-up study in 2017 in which
the differential sensitivity was maintained only in the cerulein-induced model®. Proteomic analysis failed to
reveal the underlying cause for the difference. Using the experimental models of cerulein administration and
CDE diet, Wang et al. (2010) compared 5 mouse strains used in Japan (JF1, C57BL/6], BALB/c, CBA/J and C3H/
HeJ) and documented strain-specific disease outcomes'”. In probably the most detailed study to date, Ulmasov
etal. (2013) investigated pancreatitis severity in the ] and N substrains of C57BL/6 mice using a cerulein-induced
chronic pancreatitis model'®. The authors described stronger pathological responses in C57BL/6] mice relative
to the N substrain, however, despite comprehensive gene expression analyses, they were unable to pinpoint
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Fig. 6. Cerulein-induced recurrent acute pancreatitis in FVB/N mice. (A) Experimental protocol. Solid
triangles indicate the two episodes of acute pancreatitis elicited by 10 hourly injections of cerulein on day 1
and day 8. Arrows indicate the time of euthanasia. (B) Pancreas weight in mg units and expressed as percent
of body weight, (C) pancreatic water content, (D) plasma amylase activity, and (E) pancreatic myeloperoxidase
(MPO). For clarity, data from the saline-treated control groups of mice were pooled and graphed as a single
group. Individual values with the mean and standard deviation are shown. The difference of means between
groups was analyzed by one-way ANOVA and Tukey’s post-hoc test.

the genetic cause of this difference. While studying the pain-relieving effect of metamizole during cerulein-
induced acute pancreatitis, Stumpf et al. (2016) described that FVB/N mice exhibited more severe disease than
C57BL/6] mice!”. Seifert et al. (2017) used ductal taurocholate injection to elicit necrotizing acute pancreatitis
in 9 mouse strains and noted diverse pathological responses!®. Finally, in the most recent paper directly relevant
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Fig. 7. Histology of cerulein-induced recurrent acute pancreatitis in FVB/N mice. (A) Representative
hematoxylin-eosin-stained pancreas sections. Scale bars correspond to 100 um. Histology scoring of pancreas
sections for (B) edema, (C) inflammatory cells, and (D) necrosis. For clarity, data from the saline-treated
control groups of mice were pooled and graphed as a single group. Individual values with the mean and
standard deviation are shown. The difference of means between groups was analyzed by one-way ANOVA and
Tukey’s post-hoc test.

to our study, Zhang et al. (2017) compared the severity of cerulein-induced acute pancreatitis in FVB/N and
C57BL/6 mice, and found that FVB/N mice developed more inflammation and showed delayed regeneration'.
Unfortunately, the authors did not disclose the substrain of the C57BL/6 mice used.

In the present study, we re-visited this problem and compared pathological responses in the C57BL/6N and
FVB/N strains in cerulein-induced acute and recurrent acute pancreatitis. Since 2018 we have used C57BL/6N
mice to generate various mutant and gene-deleted strains to model hereditary and other forms of genetically-
determined pancreatitis?!~*. More recently, we used C57BL/6N mice to demonstrate that after a sentinel acute
episode, subsequent episodes were more severe!? and that intrapancreatic trypsin activity is a marker rather
than a driver of the early pancreatitis responses'>. It has remained unclear, however, whether these important
observations would hold true in other inbred mouse strains. Therefore, using our routine experimental protocols
of cerulein-induced acute pancreatitis, we compared disease severity and intrapancreatic protease activity in
C57BL/6N and FVB/N mice.

When a single episode of acute pancreatitis was induced by 10 hourly injections of cerulein, our findings
confirmed and extended the published observations, and demonstrated the heightened susceptibility of
the FVB/N strain to pancreatic inflammation. To investigate the underlying cause for this phenomenon, we
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compared cerulein-induced intrapancreatic trypsin and chymotrypsin activities in pancreas homogenates form
the two strains. After a single cerulein injection, we measured not only the early protease activities but also their
decline over time. We found higher initial trypsin activity in FVB/N mice which decreased more slowly than
in the C57BL/6N strain. While early chymotrypsin peaks were comparable, a slower decay was evident again in
FVB/N animals. The reason for the difference in the intrapancreatic trypsin activity can be explained by the lower
expression of the trypsin inhibitor SPINK1 and the trypsinogen-degrading lysosomal enzyme CTSL in FVB/N
mice relative to C57BL/6N animals. Our recently published data indicated that the early trypsin peak during
cerulein-induced intrapancreatic activation does not mediate pathological responses'?. Therefore, we speculate,
the sustained trypsin levels in FVB/N mice may be responsible for the increased severity of pancreatitis. Taken
together, we propose that cerulein treatment generates higher intrapancreatic trypsin activity in FVB/N mice,
which, in turn, results in stronger pancreatitis responses relative to C57BL/6N mice.

We also investigated whether an episode of cerulein-induced acute pancreatitis would change the severity
of a subsequent attack in FVB/N mice. We recently published similar studies with the C57BL/6N strain, where
we found that the second pancreatitis episode was more severe than the first, sentinel attack!'2. Unexpectedly,
here we found that FVB/N mice showed less pancreas edema, lower plasma amylase elevation, and reduced
acinar cell necrosis during the second pancreatitis attack when compared to the sentinel episode. We speculate
that these seemingly lesser pathological responses during the second pancreatitis episode may be related to the
significant acinar cell necrosis observed during the first episode and the incomplete recovery after this attack.
In case of the previously studied C57BL/6N mice, acinar cell necrosis was minimal and histological recovery
was nearly complete!?. Other parameters, however, indicated increased severity during the second pancreatitis
episode in FVB/N mice. Thus, we observed higher MPO levels in pancreas homogenates and increased number
of inflammatory cells on histological sections during the second attack; signs of a stronger inflammatory
response. Furthermore, there was visibly more histological edema on pancreas sections during the second
versus the first pancreatitis episode. Hegyi et al. (2021) reported similar results of lower serum amylase and
higher inflammatory cells during the second versus the first episodes of cerulein-induced pancreatitis in FVB/N
mice®. Similarly to our protocol, the authors used 10 hourly injections of cerulein to induce the acute attacks but
allowed only 3 days for recovery, suggesting that the second attack might have been elicited in a partly inflamed
pancreas. Del Poggetto et al. (2021) also published similar findings with C57BL/6] mice, where lower serum
amylase levels were detected during the second attack after a 4-week recovery period>®!. Taken the published and
new data together, it appears that pathological responses during recurrent attacks in mice strongly depend on the
mouse strain and the experimental protocol employed. The severity of the sentinel episode, acinar cell necrosis
in particular, and the recovery time before the second episode are likely the strongest determinants of severity
in the second episode.

In summary, using C57BL/6N and FVB/N mice, we confirmed and extended prior observations that
inbred mouse strains exhibit differences in their pathological responses during acute and recurrent acute
pancreatitis. The results argue that considering the genetic background is critical for the correct interpretation
of experimental pancreatitis data. Limitations of our study include the lack of a detailed analysis of the
inflammatory microenvironment and associated intracellular signaling pathways that would provide further
mechanistic insights. It is possible that besides cathepsin L and SPINK1 levels, differences in other factors such
as calcium signaling in acinar cells and/or immune cells affect trypsinogen activation in a strain-dependent
manner. As highlighted in a review by Petersen at el. (2021)*?, aberrant intracellular calcium signaling through
various calcium channels can drive pathological acinar cell responses, including premature zymogen activation,
ATP depletion, and cell death. Additionally, sustained calcium influx into stellate cells and macrophages may
exacerbate these pathogenic responses®*~3>. A detailed examination of these cellular interactions would provide a
deeper and more comprehensive understanding of strain-dependent susceptibility to experimental pancreatitis.

Methods

Animals

C57BL/6N and FVB/N mice were obtained from Charles River Laboratories (Wilmington, MA) or produced in
our breeding facilities from the same stock. Both male and female mice were studied. The number of mice used
in the experiments are shown in the figures.

Study approval

Animal studies were conducted in agreement with the animal research: reporting of in vivo experiments
(ARRIVE) guidelines. Experiments were performed at the University of California Los Angeles with the approval
and oversight of the Animal Research Committee, including protocol review and post-approval monitoring
and at Boston University with the approval and oversight of the Institutional Animal Care and Use Committee
(IACUC). The animal care programs at these institutions are managed in full compliance with the US Animal
Welfare Act, the United States Department of Agriculture Animal Welfare Regulations, the US Public Health
Service Policy on Humane Care and Use of Laboratory Animals and the National Research Council’s Guide for
the Care and Use of Laboratory Animals. The University of California Los Angeles and Boston University have
approved Animal Welfare Assurance statements on file with the US Public Health Service, National Institutes of
Health, Office of Laboratory Animal Welfare. Both institutions are accredited by the Association for Assessment
and Accreditation of Laboratory Animal Care International (AAALAC). All experiments were approved by the
Boston University Institutional Biosafety Committee (IBC). All methods were performed in accordance with
the relevant guidelines and regulations, including those established by the IBC and applicable institutional and
national biosafety standards.
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Cerulein-induced acute pancreatitis

Acute pancreatitis was induced in 9-10-week-old mice with 10 intraperitoneal injections of the secretagogue
peptide cerulein (50 pg/kg dose, catalog number C9026, Sigma-Aldrich, St. Louis, Missouri), administered
hourly. Control animals received saline injections. To assess severity of a single acute pancreatitis attack,
mice were euthanized 1 h after the last injection. To evaluate the degree of recovery after an episode of acute
pancreatitis, mice were euthanized 7 days after the last cerulein injection. Mice undergoing two episodes of
pancreatitis were euthanized 1 h after the second series of cerulein injections. Euthanasia was performed using
CO, asphyxiation, followed by cervical dislocation. Pancreas tissue and blood were harvested.

Pancreatic water content

Approximately 50 mg pancreatic tissue was weighed (wet weight), dried for 72 h at 65 °C, and weighed again (dry
weight). Tissue water content was calculated by subtracting the dry weight from the wet weight value and then
expressed as percent of the wet weight.

Plasma amylase activity and tissue amylase content

For plasma amylase activity, blood was collected through cardiac puncture with heparinized syringes, and
plasma was isolated by centrifuging blood samples at 2000g for 15 min at 4 °C. Amylase activity was determined
from 1 pL of plasma diluted with 9 uL normal saline and mixed with 190 uL of 2-chloro-p-nitrophenyl-a-p-
maltotrioside substrate (catalog number A7564-60, Pointe Scientific, Canton, MI). The increase in absorbance
due to the release of 2-chloro-nitrophenol was monitored in a microplate reader at 405 nm for 2 min. Rate of
substrate cleavage was expressed in mOD/min units.

Tissue amylase content was determined from pancreas homogenates. Briefly, 30-40 mg pancreas tissue
was homogenized in 300-400 pL ice-cold 20 mM Na-HEPES (pH 7.4) buffer. To remove heavy particulate
matter, homogenates were centrifuged at 850¢ for 10 min at 4 °C. Amylase activity was measured from 1 pL of
100 x diluted homogenate, as described above. The rate of substrate cleavage was normalized to the total protein
content and expressed as percent of a designated reference value, as indicated in the figure legends.

Pancreatic myeloperoxidase content

Myeloperoxidase (MPO) content was determined using an ELISA kit (catalog number HK210-01, Hycult Biotech,
Plymouth Meeting, PA) according to the manufacturer’s instructions, as described previously. The absorbance
measured at 450 nm was converted to ng/mL MPO concentration using a calibration curve, normalized to total
protein concentration, and expressed in ng MPO/mg protein units.

Intrapancreatic trypsin and chymotrypsin activity

Cerulein-induced intrapancreatic protease activity was determined at 30 min, 2, 4 and 8 h after a single cerulein
injection (50 pg/kg body weight dose), as described previously*’. The rate of substrate cleavage was normalized
to the total protein in the assay mixture and enzyme activity was expressed as relative fluorescent units (RFU)
per sec per mg protein.

Histology

Pancreas tissue was fixed in 10% neutral buffered formalin, paraffin-embedded, sectioned, and stained with
hematoxylin—eosin at the Translational Pathology Core Laboratory of University of California Los Angeles and
at the Boston University Experimental Pathology Laboratory Service Core. Histology slides were digitalized
using the Pannoramic DESK slide scanner and evaluated for edema, inflammatory cell infiltration, and necrosis
as described previously?®.

Pancreatic protease zymogen content

To determine the total pancreatic trypsinogen, chymotrypsinogen and proelastase content of C57BL/6N and
FVB/N mice (10 weeks of age), 30-40 mg pancreas tissue was homogenized in 300-400 pL ice-cold 20 mM Na-
HEPES (pH 7.4) buffer and centrifuged at 850¢ for 10 min at 4 °C. To activate protease zymogens, 5 UL aliquot of
the supernatant was treated with 50 x diluted human enteropeptidase (catalog number 1585-SE, R&D Systems;
4 uL was used for trypsinogen activation and 2 pL for chymotrypsinogen and proelastase activation) in 100 pL
final volume of 0.1 M Tris-HCI (pH 8.0), 10 mM CacCl, and 0.05% Tween-20. Enzyme activities were followed
every 5 min by withdrawing a 2 uL aliquot and mixing it with 48 pL assay buffer (0.1 M Tris-HCl at pH 8.0,
1 mM CaCl, 0.05% Tween-20) and 150 uL 200 pM substrate dissolved in assay buffer (N-CBZ-Gly-Pro-Arg-
pNA for trypsin, Suc-Ala-Ala-Pro-Phe-pNA for chymotrypsin, and Suc-Ala-Ala-Pro-Ala-pNA for elastase).
The increase in absorbance was monitored in a microplate reader at 405 nm. The rate of substrate cleavage was
normalized to the total protein content of the reaction and results were expressed as percent of the average of
C57BL/6N values.

Protein measurement

To determine the total pancreatic protein content in C57BL/6N and FVB/N mice, we used pancreas homogenates
as described above. The homogenate was diluted ten-fold and 2 uL was mixed with 8 uL water and 190 uL of
the colorimetric Pierce™ Bradford Plus Protein Assay Reagent (Thermo Scientific, catalog number 23238). The
absorbance was measured in a microplate reader at 595 nm and converted to mg units using a calibration curve
prepared with bovine serum albumin. Results was expressed as mg protein per mg tissue.
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DNA measurement

To determine the total DNA content in pancreas homogenates from C57BL/6N and FVB/N mice, we used a
slightly modified version of a published protocol®. Briefly, 30-40 mg pancreas tissue was homogenized in 300~
400 uL 20 mM Na-HEPES (pH 7.4) buffer and sonicated for 20 s. The homogenate (4 pL) was mixed with 2 pL
0.1 mg/mL Hoechst 33,258 stain (Thermo Fisher, H3569, 10 mg/mL stock solution diluted 100 x in water) and
194 uL 20 mM Na-HEPES buffer. The fluorescence was measured in a plate reader at 356 nm excitation and
458 nm emission wavelengths. Fluorescence units were converted to DNA concentration using a calibration
curve prepared with calf thymus DNA (Thermo Fisher, 15,633-019, diluted in 20 mM Na-HEPES buffer).
Results were expressed as ug DNA per mg tissue.

Western blot and densitometry

For western blotting, 30-40 mg pancreas tissue from 10-week-old mice was homogenized in 300-400 pL ice-
cold PBS (pH 7.4) supplemented with Halt protease and phosphatase inhibitor (catalog number 78440, Thermo
Scientific) and centrifuged at 13,500 rpm for 10 min at 4 °C. 30 pug homogenate was electrophoresed SDS-PAGE
minigels, and transferred onto an Immobilon-P membrane (catalog number IPVH00010, MilliporeSigma). After
blocking with 10% solubilized milk powder, the membrane was incubated with the primary antibody overnight
at 4 °C and then with the secondary antibody for 1 h at room temperature. Cationic (T7) trypsinogen and
ERK1/2 were detected using SuperSignal West Pico chemiluminescent substrate (catalog number 34580, Thermo
Scientific). SPINK1 protein was detected by SuperSignal West Femto Maximum Sensitivity chemiluminescent
substrate (catalog number 34095, Thermo Scientific). ERK1/2 loading control was detected on the same
membranes following stripping. Antibodies and dilutions were as follows. Cationic (T7) trypsinogen was
detected using a custom-made rabbit polyclonal antibody at a 1:10,000 dilution®!. A rabbit polyclonal antibody
against mouse SPINK1 was used at a dilution of 1:1,000 (catalog number 2744, Cell Signaling Technology,
Danvers, MA). A rabbit monoclonal antibody against ERK1/2 (p44/42 MAPK 137F5) was used at 1:1,000
dilution (catalog number 4695, Cell Signaling Technology, Danvers, MA). A rabbit monoclonal antibody against
CTSB was used at 1:1,000 dilution (catalog number ab214428, Abcam). A polyclonal goat antibody against
CTSL was used at 1:1,000 dilution (catalog number AF1515, R&D Systems). A horseradish peroxidase (HRP)-
conjugated goat anti-rabbit IgG (catalog number HAF008, R&D Systems) was used at 1:10,000 dilution to detect
(T7) trypsinogen, SPINK1, and ERK1/2, and at 1:5000 dilution to detect CTSB. A HRP-conjugated anti-goat IgG
(catalog number HAF109, R&D Systems) was used at 1:5000 dilution to detect CTSL. Densitometric evaluation
was performed using the Image]J software (version 1.52a).

Statistical analyses

Experimental results were graphed as individual data points with the mean and standard deviation (SD) indicated.
Difference of means was analyzed by unpaired t-test when comparing two groups, and by one-way ANOVA
followed by Tukey’s post-hoc analysis in case of multiple groups (GraphPad Prism). Statistical significance was
defined as p <0.05, and p values were shown in the figures when the difference was significant.

Data availability
Materials, datasets, and protocols associated with the study are available from the corresponding author upon
request.
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