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Abstract

Acute pancreatitis has several underlying etiologies, and results in consequences ranging from 

mild to complex multi-organ failure. The wide range of pathology suggests a genetic 

predisposition for progression. We compared the susceptibility to acute pancreatitis in BALB/c 

and FVB/N mice, coupled with proteomic analysis, in order to identify potential protein 

associations with pancreatitis progression.

Methods—Pancreatitis was induced in BALB/c and FVB/N mice by administration of cerulein 

or feeding a choline-deficient, ethionine-supplemented (CDE) diet. Histology and changes in 

serum amylase were examined. Proteome profiling in cerulein-treated mice was performed using 

2-dimensional difference in-gel electrophoresis (2D-DIGE) followed by mass spectrometry 

analysis and biochemical validation.

Results—Male and female FVB/N mice manifested more severe cerulein-induced pancreatitis as 

compared with BALB/c mice, but both strains were similarly susceptible to CDE-induced 

pancreatitis. Few of the 2D-DIGE alterations were validated by immunoblotting. Clusterin was 

markedly up-regulated after cerulein-induced pancreatitis in FVB/N but less-so in BALB/c mice. 

Pyrroline-5-carboxylate reductase (Pycr1), an enzyme involved in proline biosynthesis, had higher 

basal levels in FVB/N male and female mouse pancreata compared with BALB/c pancreata, and 
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remained relatively more resistant to degradation in FVB/N pancreata. However, serum and 

pancreas tissue proline levels were similar in the two strains.

Conclusion—FVB/N is more susceptible than BALB/c mice to cerulein-induced but not CDE-

induced pancreatitis. Most of the 2D-DIGE alterations in the two strains likely relate to 

posttranslational modifications rather than protein level differences. Clusterin levels increase 

dramatically in association with pancreatitis severity, while Pycr1 is higher in FVB/N versus 

BALB/c pancreata basally and after induction of pancreatitis. Changes in proline metabolism may 

represent a novel potential genetic modifier in the context of pancreatitis.

Graphical Abstract

1. Introduction

Acute pancreatitis (AP) is an inflammatory disease whose manifestations range from mild 

forms to complex multi-organ failure. Currently, AP is the most common diagnosis for 

hospitalization among gastrointestinal diagnosis in the United States, and ranks as the 15th 

most common cause of gastrointestinal death with 8236 deaths caused by or contributed to 

by AP in 2012 [1]. Despite decades of research, treatments for pancreatitis remains relegated 

primarily to supportive care [2,3], thus there is much need to identify early predictors and 

new molecular targets for therapeutic intervention. Although alcohol continues to be a major 

cause of AP, epidemiologic data suggests that only a fraction of individuals who consume 

alcohol develop pancreatitis, and this susceptibility to pancreatitis is markedly dependent on 

race [4,5]. Earlier study have indicated that the highest frequency of acute alcoholic 

pancreatitis were noted among Africans, as compared to Caucasian, Hispanic, Asian and 

American Indian patients [4,6,7]. Differences in susceptibility to acute pancreatitis were also 

observed in different strains of mice [8]. Thus identifying the genetic modifiers conferring 

increased susceptibility to pancreatitis in particular strains of mice might help unfold new 

targets for therapeutic intervention.

One of the well characterized models of AP involves administration of supra-maximal doses 

of cerulein, a cholecystokinin analogue [9,10]. Cerulein results in mild edematous 

pancreatitis which recovers within few days [11]. Previously Wang et al. showed the 

difference in susceptibility to cerulein and choline-deficient, ethionine supplemented (CDE) 

diet-induced pancreatitis in five different mouse genetic background [8] (JF1, C57BL/6J, 

BALB/c, CBA/J, C3H/HeJ). In that study they focused on the differences in genetic-driven 
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expression of Spink3 and Prss1 proteins as potential factors manifesting susceptibility to 

pancreatitis.

An earlier study that examined cytoskeletal alternations in the context of pancreatitis showed 

that FVB/N mice were more susceptible to cerulein-induced pancreatitis as compared with 

BALB/c mice [12]. In the present study, an unbiased proteomic approach was used to 

identify potential genetic modifiers that manifest different pancreatic protein expression 

profiles in FVB/N and BALB/c mice using two pancreatitis models: cerulein-induced or 

CDE diet-induced pancreatitis.

2. Materials and Methods

2.1. Animals and induction of pancreatitis

BALB/c and FVB/N mice were obtained from Jackson Laboratory and housed per 

guidelines of the University Committee on Use and Care of Animals at the University of 

Michigan. Pancreatitis was induced using two models. For the cerulein model [9,10,11], 8-

week old male mice were fasted overnight with free access to water, then administered 

saline or 50 µg/kg mouse weight cerulein (Sigma) by intraperitoneal injections hourly (seven 

total injections). Female mice were also tested independently. For CDE diet-induced AP 

[13], 4-week old female mice were fasted overnight with free access to water, and then fed 

with normal chow or choline and methionine-deficient diet (Harlan Laboratories) 

supplemented with 0.5 % DL-ethionine (Sigma). The mice were then euthanized at 12, 24 or 

48 hours (from time of cerulein initial administration); or after 2, 3 or 4 days of control or 

CDE diet feeding followed by collection of the pancreas or serum for subsequent analysis.

2.2. Serum Amylase and histologic analysis

The extent of pancreatic injury was determined by measuring serum amylase level using 

Phadebas reagent (Magle Life Sciences) as recommended by the supplier. For a histological 

analysis, pancreata were fixed in 10% neutral buffered formalin and stained with 

hematoxylin and eosin, then scored using five parameters (edema, necrosis, hemorrhage, 

inflammation and vacuolization) as described [14] with some modifications wherein 

vacuolization was scored as the number of vacuolated cells per high power field using the 

scale: 0 = absent; 0.5 = 1–2; 1.0 = 3–4;1.5 = 5–9; 2.0 = 10–14; 2.5 = 15–19; 3.0 = 20–24; 

3.5 = 25–29; 4.0 = 30 or more vacuoles. The analysis was carried out by pathologist (D.M.) 

in a blinded fashion.

2.3. Two Dimensional-Difference in Gel Electrophoresis (2D-DIGE) and MS/MS analysis

2D-DIGE was performed on total pancreas lysates from BALB/c and FVB/N injected with 

saline or cerulein, similar to what was described for liver proteomic analysis [15]. Briefly, 

pancreatic lysates from the saline-injected group were labeled with fluorescent Cy3 dye, 

while lysates from the cerulein group were labeled with Cy5. The internal control was 

stained with Cy2. The samples were resolved 2-dimensionally using isoelectric focusing 

(first dimension) then SDS-PAGE (second dimension). Differentially expressed proteins 

were analyzed, and approximately 90 spots that had preferential Cy3 or Cy5 dye staining 

were subjected to mass spectrometric identification.
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2.4. Western blotting

Total pancreatic lysates were prepared by homogenizing the pancreata in SDS-sample buffer. 

The amount of protein was normalized by tissue weight and Coomassie staining. Lysates 

were resolved on 4–20% gradient SDS-PAGE gels, transferred to polyvinylidene difluoride 

membrane then probed with antibodies to: Adi1 and Pycr1 (Proteintech); Apoa1, Erp29, 

Eef2, Reg1 and Prdx6 (Abcam); Clusterin and SerpinA3K (Santacruz); and caspase-7 (Cell 

Signaling). The binding signal was detected using enhanced chemiluminescence, and 

densitometric analysis was carried out by measuring the mean band intensity (Adobe 

Photoshop CS software).

2.5. TUNEL assay

Detection of apoptotic cells were carried out using TUNEL (Terminal-deoxynucleotidyl-

transferase-mediated dUTP nick-end labeling) assay kit (Roche) as described [16]. Total 

apoptotic cells were calculated by counting the number of TUNEL and DAPI (4′,6-

diamidino-2-phenylindole) double-positive cells.

2.6. Real time PCR

RNA was extracted using RNAeasy kit (Qiagen), then 2 µg RNA was reverse transcribed to 

cDNA using TaqMan reverse transcriptase kit (Applied biosystems). Real time PCR was 

carried out using Brilliant SYBR green master mix and specific primers in MyiQ real time 

PCR detection system (Bio-Rad Laboratories). Primers used in this study are as follows: 

Pycr1 (F: 5′-TGCTTTATGGGCTCTGCTTT-3′, R: 5′-TTGGTTGGTTGTTGGTCTCA-3′) 
and Actb (F: 5′-GGCATAGAGGTCTTTACGGATGT-3’ R: 

TATTGGCAACGAGCGGTTCC-3′).

2.7. Free Proline measurement

Free proline levels were measured in the pancreas and serum as described [17,18]. Briefly, 

the tissue was homogenized in Triton X-100 and the lysate was precipitated using 

sulfosalicyclic acid. The supernatant was then subjected to acid hydrolysis in acidic 

ninhydrin followed by elution of the red formazone complex with toluene and optical 

density measurement at 520nm.

2.8. Statistical analysis

Statistical significance was determined by student’s t-test using Graph pad software. A p-

value < 0.05 was considered statistically significant.

3. Results

3.1. Proteomic differences in BALB/c and FVB/N pancreata under basal conditions and 
after cerulein-induced pancreatitis

Similar to prior findings which did not specifically test male versus female differences [12], 

FVB/N male mice are more susceptible to cerulein-induced pancreatitis than BALB/c mice 

(Fig. 1A–C). Notably and not reported previously, female FVB/N are also more susceptible 

to cerulein-induced pancreatitis than their BALB/c counterparts (Supplementary Fig. 
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S1A,B). This indicated that FVB/N male and female mice were more susceptible to cerulein 

induced pancreatitis as compared to BALB/c mice.

We then performed 2D-DIGE pancreas profiles to identify potential differential protein 

expression in saline- or cerulein-treated mice in both FVB/N and BALB/c strains. 2D-DIGE 

manifested several green and red fluorescent spots, which indicated decreased or increased 

protein charged isoform species respectively, when the mice were treated with cerulein or 

under basal conditions. From the 2D-DIGE analysis we selected 94 spots (Supplementary 

Fig. S2) which were excised and further subjected to mass spectrometry to determine their 

protein identities. From 94 selected spots, MS/MS analysis identified 48 proteins 

(Supplementary Table 1) of which 9 proteins had a difference of 1.5-fold or more in 

intensity between the strains. The identified proteins were related to metabolism, stress 

response and inflammation pathways (Fig. 1D).

3.2. Validation of the 2D-DIGE analysis

The 9 proteins listed in Fig. 1D were then tested by immunoblotting (Fig. 2A). Some of the 

2D-DIGE alterations, such as peroxiredoxin 6 (Prdx6) and endoplasmic reticulum protein 29 

(Erp29), which showed maximum basal fold-change by initial 2D-DIGE (15.4 and 10.7 

respectively), were not present when tested by immunoblotting (Fig. 2A) which estimates 

total protein changes. This suggests that the 2D-DIGE alterations are likely due to post-

translational modification/isoforms of these proteins [19,20], though validation of potential 

post-translational modification alterations is beyond the scope of this study. Clusterin and 

serine protease inhibitor A3K (Serpina3k) were markedly upregulated in both strains during 

pancreatitis, with clusterin in FVB/N showing a more significant increase compared with 

BALB/c (Fig. 2A,B). The difference in clusterin induction was also observed in female mice 

challenged with cerulein (Supplementary Fig. S1C). Since clusterin is known to inhibit 

apoptosis [21], the levels of caspase-7 activation were analyzed with findings showing that 

cleaved caspase-7 was increased in BALB/c but not FVB/N pancreata (Fig. 2A). TUNEL 

staining manifested a nonstatistically significant trend for more TUNEL-positive staining in 

BALB/c pancreas (Fig. 2C).

The only protein that manifested a difference in expression under basal conditions was the 

proline biosynthesis enzyme, pyrroline-5-carboxylate reductase (Pycr1), which was higher 

in FVB/N pancreata and remained higher after induction of pancreatitis (Fig. 2A,B; 

Supplementary Fig. S1C). Pycr1 mRNA was similar in both mouse strains, and decreased 

similarly in both strains after cerulein (Fig. 3A). Pycr1 is the last enzyme in proline 

biosynthetic pathway, and high level of proline have been reported to generate superoxide 

radicals that induce apoptosis [22]. However, proline levels in serum and pancreatic tissues 

did not vary among the two strains under basal conditions or after induction of pancreatitis 

(Fig. 3B,C).

3.3. Proteomic analysis in CDE-diet induced pancreatitis

We then tested whether the protein alterations we observed in the cerulein pancreatitis model 

also carry over to a second model, namely that the CDE diet-induced pancreatitis. Pancreata 

were collected from BALB/c and FVB/N female mice fed with normal chow or CDE diet for 

Iyer et al. Page 5

Biochem Biophys Res Commun. Author manuscript; available in PMC 2018 January 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



48, 72, and 96 hours, followed by analysis of the protein alterations by immunoblotting. 

Unlike the cerulein model, the extent of damage induced by CDE-diet was more severe but 

comparable in BALB/c and FVB/N based on serum amylase levels and histology (Fig. 4A; 

Supplementary Fig. S3A,B), suggesting that susceptibility to pancreatitis depends on the 

underlying disease mechanism. Similar to the cerulein model, there was up-regulation of 

clusterin and SerpinA3k and a decrease in Pycr1 during CDE-diet induced pancreatitis, 

whereas eEf2 levels decreased dramatically which was distinctive in CDE-induced 

pancreatitis and possibly related to the disease severity (Fig. 4B). Densitometric analysis 

showed that the differences before and after pancreatitis were similar between the strains for 

most of the tested proteins (Fig. 4C; Supplementary Fig. S3C). Clusterin protein levels in 

both strains were comparable, and the extent of apoptosis measured by cleaved caspase-7 

(Fig. 4B) and TUNEL staining were not altered significantly in CDE-induced pancreatitis 

(Supplementary Fig. S3D,E). Pycr1 decreased dramatically in pancreata of both strains but 

remained present at higher levels in FVB/N versus BALB/c during CDE diet-induced 

pancreatitis [Fig. 4B,C; as noted in the cerulein model (Fig. 2A,B)]. Taken together, FVB/N 

mice showed more susceptibility to cerulein-induced pancreatitis than BALB/c but this was 

not the case for CDE-induced pancreatitis. Changes in clusterin and Pycr1 in the cerulein 

model, and Pycr1 in the CDE model associated with the FVB/N and BALB/c strains.

4. Discussion

We hypothesized that testing the susceptibility to acute pancreatitis in two different strains of 

mice, coupled with global proteome analysis, could uncover differences in protein levels that 

reflect genetic modifiers for disease susceptibility. One other study by Wang et al had tested 

susceptibility to pancreatitis in five mouse strains and focused on the promoter regulation of 

serine protease inhibitor, Kazal type 3 [8], but FVB/N mice were not included in this study 

and a proteomic analysis was not part of the study. Findings herein show that BALB/c is less 

susceptible than FVB/N to cerulein-induced pancreatitis in both male and female mice, but 

both strains are similarly susceptible to CDE-mediated pancreatitis. For the CDE model, 

only young female mice were tested since male gender and increasing age are known to 

protect from pancreatitis in this model [13] which is the reason why male mice are not used 

in the CDE pancreatitis model.

For the unbiased protein profiling, most proteins that had a change in isoform level were 

previously known to be involved in pancreatitis. For example, Apoa1 is involved in 

inflammation and increased during pancreatitis in rats [23]; serpinA3k is reported to have a 

protective function in pancreatitis since it is a proteinase inhibitor and thus important to limit 

the activity of proteinases that are released prematurely in the pancreatic tissue [24]; and 

Prdx6 is associated with elevated oxidative stress [25,26]. None of these three proteins 

showed significant difference in protein levels between the two strains. However, Prdx6 and 

Erp29 showed maximum fold-change at the basal levels by 2D-DIGE (15.4 and 10.7 

respectively), but not at the total protein level, thereby suggesting differences in post-

translational modifications to account for the relative difference in isoform levels [19,20].

Among the notable differences were the decreases in pancreatic Pycr1 levels in BALB/c 

mice after cerulein-induced pancreatitis despite the observation that the FVB/n strain 
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undergoes more severe pancreatitis thereby indicating that the differences are not simply 

related to protein degradation per se. As the last enzyme in proline biosynthesis, Pycr1 and 

proline are implicated to provide anti-oxidant effects [27,28,29,30] although we did not 

observe differences in serum or pancreatic tissue proline levels. Pycr1 may serve its 

protective role from oxidative stress and apoptosis possibly through binding with other 

proteins, such as DJ-1 and ribonucleotide reductase small subunit B [29,31]. Although we 

did not observed changes in proline levels, other factors such as proline oxidase [32] may be 

involved. Regardless, the changes reported herein for Pycr1 are novel and the higher Pycr1 

levels in FVB/N pancreata correlate with the lower observed caspase-3 activation that we 

observed.

We also observed a robust increase in clusterin in pancreata of both mouse strains in the two 

pancreatitis models that were tested. Clusterin exists as three splice isoforms, which show 

unique functions and localization within cells. The major form detected in pancreas during 

pancreatitis is ~40-kD (based upon migration on SDS-PAGE) and corresponds to the 

secreted α- and β-subunit [33]. The increases in clusterin that we observed correlated with 

the severity of pancreatitis (FVB/N > BALB/c for the cerulein model; FVB/N similar to 

BALB/c for the CDE model) and suggest that clusterin levels could serve as a stress 

indicator and marker for the extent of damage. A previous report described induction of 

clusterin mRNA and protein in pancreas and pancreatic juice from rats with acute 

pancreatitis [34]. Both mRNA and protein of clusterin are not detectable in healthy 

pancreata; but become highly induced during acute pancreatitis with cerulein or sodium 

taurocholate or in chronic pancreatitis in rats and cultured acinar cells [35]. These findings 

suggest that a possible function of pancreatic clusterin is to protect against apoptosis. The 

significance of clusterin induction during pancreatitis may relate to its multifunctional role 

in cell survival, cell cycle, proliferation, differentiation and morphogenesis [36,37].

Taken together, our findings point to the potential importance of protein post-translational 

modifications under basal conditions in pancreata of two different mouse strains which, in 

turn, manifest significant differences in susceptibility to cerulein-induced pancreatitis. In 

addition, clusterin and proline metabolism present potential targets for further study in the 

context of pancreatitis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AP acute pancreatitis

CDE choline-deficient ethionine supplemented

Iyer et al. Page 7

Biochem Biophys Res Commun. Author manuscript; available in PMC 2018 January 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DIGE difference in-gel electrophoresis

Erp29 endoplasmic reticulum protein 29

Prdx6 peroxiredoxin 6

Pycr1 pyrroline-5-carboxylate reductase

Serpina3k serine protease inhibitor A3K

TUNEL terminal-deoxynucleotidyl-transferase-mediated dUTP nick-end labeling
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Figure 1. Analysis of cerulein-induced pancreatitis in male BALB/c and FVB/N mice
Eight week-old male BALB/c and FVB/N mice were injected with saline (Control, n=3/

condition) or cerulein (n=5/condition) followed by analysis at the indicated time points. (A) 

Serum amylase at the indicated time points in control and cerulein-administered mice. 

*p<0.05, **p<0.01. (B) Hematoxylin and eosin staining of pancreata from BALB/c or 

FVB/N mice (bar=200 µm). Similar findings were noted in two other independent biologic 

replicates. (C) Total histopathology score derived as described in Materials and Methods; 

*p<0.05. (D) The protein spots identified by mass spectrometry with an intensity change of 

more than 1.5.
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Figure 2. Validation of differentially-expressed proteins in pancreata from BALB/c and FVB/N 
mice treated with cerulein
(A) Total pancreatic extracts 24h after the first cerulein or saline administration (3 mice/

condition) were separated by SDS-PAGE then immunoblotted with antibodies to the 

indicated proteins. Similar findings were observed in two other independent experiments 

that included 3 mice/strain/condition/experiment. (B) Mean densiometric intensity of the 

proteins bands from panel A, with values summarized in the table below. Student’s t-test 

(*p<0.05) was used to test potential significant differences. N.A., not applicable. (C) 

TUNEL-positive cells of pancreata from BALB/c and FVB/N (n=3/treatment) mice after 

saline or cerulein exposure (bar=100 µm).
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Figure 3. Levels of pancreatic Pycr1 mRNA and pancreatic and serum free proline in response to 
cerulein-induced pancreatitis
(A) Pancreatic tissue (n=3/condition) was homogenized after saline or cerulein treatment 

followed by qPCR analysis to determine relative Pycr1 mRNA. (B, C) Free proline in 

pancreas and serum (n=3 separate specimen/group) from mice given saline or cerulein.
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Figure 4. Analysis of CDE-mediated pancreatitis severity and protein levels in the context of 
pancreatitis in BALB/c and FVB/N mice
BALB/c and FVB/N mice fed normal chow (n=3) or CDE diet (n=3). (A) Hematoxylin and 

eosin staining of pancreata of BALB/c and FVB/N analyzed after the indicated days of CDE 

feeding (bar=200 µm). (B) Total pancreatic extracts from the 3-day time-point were 

separated by SDS-PAGE then immunoblotted using antibodies to the indicated proteins. (C) 

Mean intensity of the proteins bands from immunoblotting were plotted after densitometric 

analysis. Similar findings were obtained from independent biologic replica using the same 

number of mice. N.A., not applicable. (D) A schematic chart showing conclusion.
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