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Abstract: Acute pancreatitis (AP), a common disease, causes significant morbidity and mortality in clinical practice. 
Our objective of this study was to establish an experimental mouse AP model with cerulein treatment and to explore 
the susceptibility of mouse strains on the severity of pancreatic injury and the subsequent repair and regeneration. 
C57BL/6 and FVB/N mouse strains were used in this study. AP model was induced by six hourly intraperitoneal (i.p.) 
injections of cerulein dissolved in saline (100 μg/kg) administered on four consecutive days. Animals were sacri-
ficed on 1, 3 and 7 days after last cerulein treatment, and then pancreas tissues were harvested and subjected to 
various histological, cellular and molecular analysis. Analyses of pancreatic injury and pancreatic amylase expres-
sion indicated that this cerulein-induced AP model was established successfully and that FVB/N mice showed more 
severe pancreatic injury and poor recovery compared to C57BL/6 strain. Analyses of myeloperoxidase (MPO), IL-1β 
and NF-κB showed that FVB/N strain exhibited more severe inflammation in the pancreas compared to C57BL/6 
mice. Immunofluorescence analysis of activated caspase-3 and TUNEL assay indicated that the pancreas of FVB/N 
strain had more apoptosis compared to C57BL/6 mice. Analysis of Ki67 indicated FVB/N mice experienced more 
active proliferation compared to C57BL/6 strain. Collectively, these results demonstrated that there exists differen-
tial susceptibility on pancreatic injury and regeneration between FVB/N and C57BL/6 mice in the cerulein-induced 
AP.
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Introduction

Acute pancreatitis (AP) is one of the most com-
mon gastrointestinal diseases for hospitaliza-
tion around the worldwide. Gallstones and alco-
hol are the two leading causes of AP [1]. The 
pathogenesis of AP is the inappropriate activa-
tion of trypsin inside pancreas, and thus induc-
ing the self-digestion, edema, bleeding and 
even necrosis of pancreas [2]. In the past 
decades, we have witnessed the increasing 
prevalence of AP with the overall mortality 
about 5% [3, 4]. According to the Atlanta 
Classification, the severity of AP is classified as 
mild, moderately severe and severe [5]. For 
severe AP, it is able to lead to multiple organ 
injuries, even death of individual [6, 7], there-
fore, AP has been attended from both basic 
mechanisms and clinical therapy in the world. 

Animal model is an ideal complement to study 
the mechanisms of human diseases. Several 
animal models of AP have been developed  
for various research purposes. These models 
include cerulein-induced AP, L-Arginine-induced 
AP, sodium taurocholate-induced AP, biliopan-
creatic duct ligation induced AP [8]. Cerulein-
induced AP is a widely accepted AP model 
[9-12] due to its relatively easy performance. 
Another advantage of this model is that it not 
only allows us to study the pancreatic injury, but 
also facilitates the investigation of repair and 
regeneration after pancreatic injury [13]. Re- 
cent reports have adopted cerulein-induced 
pancreatitis model to examine the regeneration 
of pancreas [14, 15].

Various animal models may be suitable for dif-
ferent research purposes. However, the results 
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sometime appeared to be inconsistent for cer-
tain disease models due to the use of different 
animal background/strains. Differential effects 
of different mouse strains have been observed 
in a variety of animal models in several previ-
ous studies. For instance, Fox GB [16] found 
that, in traumatic brain injury model, three 
background mouse strains (C57BL/6, FVB/N, 
and 129/SvEMS) showed significantly different 
behavioral responses. In Moran’s study [17], it 
has been found that, four common inbred 
mouse strains (FVB/N, C57BL/6, BALB/c and 
C3H/He) exhibited different bone-regeneration 
ability following bone marrow ablation. Li et  
al. [18] studied platelets from five mouse str- 
ains (C57BL/6, FVB/N, BALB/c, C3H/He, and 
129Sv) and found that platelets from FVB/N 
mice only expressed about half the amount of 
integrin2 as platelets from other mouse strains. 

In this study, we established an optimal ceru-
lein-induced AP mouse model using two diff- 
erent common mouse strains -- FVB/N and 
C57BL/6. The aim was to explore the effect of 
strain difference on severity of pancreatitis and 
the subsequent regeneration, which will pro-
vide critical and useful information for further 
mechanistic studies of AP. 

Materials and methods

Animals

Wild type (WT) C57BL/6 and FVB/N mice were 
purchased from the Jackson laboratory and 
maintained in the animal core facility at the 
SUNY Upstate Medical University. Male and 
female mice (8-10 weeks old, weighing 20-25 
g) were used in this study and were housed in 
the pathogen-free conditions. The protocol for 
this study (IACUC#410) has been approved by 
Institutional Animal Care and Use Committee at 
SUNY Upstate Medical University and meets 
the National Institutes of Health and ARRIVE 
guidelines on the use of laboratory animals.

Cerulein-induced acute pancreatitis (AP) 
model

In this study, AP was induced in 8-10 weeks old, 
sex-matched WT C57BL/6 and FVB/N mice, via 
six hourly i.p. injections of cerulein (Sigma-
Aldrich, C9026) dissolved in 0.9% saline (100 
μg/kg) administered on four consecutive days. 
Mice were sacrificed on different time points 
after last cerulein treatment, e.g. 1, 3 and 7 

days, 6 mice per group, and then pancreas tis-
sues were harvested for further analysis.

Histological analysis and pathological scoring 
method

Pancreas tissues were fixed in 10% formalin for 
24 hours, then embedded in paraffin. About 
4-μm sections from six mice for each group 
were stained with hematoxylin and eosin (H&E). 
These sections were evaluated under light 
microscope (Nikon ECLIPSE TE2000-U) by two 
experienced investigators who were blinded to 
the experiments. Pancreatic pathological score 
was based on edema, inflammation, vacuoliza-
tion, and necrosis according to the method 
described by Schmidt et al. [19].

Immunofluorescence analysis

Paraffin-embedded slides were incubated at 
60°C for 1 hour, de-paraffined with Xylene 
twice, then subjected to grade series of ethanol 
[100%, 95%, 90%, 80%, 70% and 50% etha-
nol]. Then slides were performed antigen re- 
trieval with Tris-EDTA buffer (PH 9.0) at boiling 
point for 10 minutes. Permeabilization was per-
formed with 0.02% Triton X-100 (Sigma-Aldrich, 
T9284). Slides were subsequently blocked with 
10% donkey serum (Abcam, ab7475) for 1 hour 
at room temperature. Slides were incubated 
overnight with primary antibodies listed below 
and then were incubated with Alexa conjugated 
secondary antibodies at room temperature for 
1 hour. Slides were mounted with DAPI contain-
ing mounting media (Abcam, ab104139) and 
stored at 4°C to protect from light. Incubation 
time of different primary antibodies was sub-
jected to slight adjustment.

Antibodies used in immunofluorescence analy-
sis include: Anti-Pancreatic alpha amylase anti-
body (1:200, Abcam, ab21156), Anti-Cleaved 
Caspase-3 antibody (1:200, Cell Signaling, 
#9661), Anti-Myeloperoxidase antibody (1:25, 
Abcam, ab9535), Donkey Anti-Rabbit IgG H&L 
Alexa Fluor 488 (1:200, Abcam, ab150073).  

Immunohistochemical analysis

In brief, slides were de-paraffined, after antigen 
unmasking, blocked endogenous peroxidase 
activity in 3% H2O2 for 10 minutes as described 
previously [20]. After incubating with 10% don-
key serum (Abcam, ab7475) for 1 hour at room 
temperature, the sections were incubated with 
anti-NF-κB antibody (1:200, Santa Cruz Bi- 
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otechnology, SC-109), or anti-IL-1β antibody 
(1:100, Abcam, ab9722), or anti-Ki67 antibody 
(1:50, Santa Cruz Biotechnology, sc-7856) at 
4°C overnight. Subsequently, biotinylated sec-
ondary antibody Goat Anti-Rabbit IgG (H+L)-
HRP Conjugate (1:200, Bio-Rad Laboratories, 
#170-6515) or Rabbit Anti-Goat IgG (H+L)-HRP 
Conjugate (1:200, Bio-Rad Laboratories, #172-
1034) was used for hybridization at room tem-
perature for 1 hour. DAB was used to develop 

color in the sections as a chromogenic sub-
strate. Then, the sections were counterstained 
with hematoxylin (Thermo Scientific, TA-125-
MH). Finally, slides were dehydrated in a graded 
series of ethanol [100%, 80%, 70%] and twice 
in xylene.

TUNEL assay

Terminal deoxynucleotidyl transferase dUTP 
nick end labeling (TUNEL) is a method for de- 

Figure 1. FVB/N mice showed more severe pancreatic injury compared to C57BL/6 mice. A-H. Pancreatic histology 
of control group and AP 1 d, 3 d, 7 d groups of C57BL/6 and FVB/N strains; I-P. The expression of amylase of pan-
creatic tissues in control group and AP 1 d, 3 d, 7 d groups of C57BL/6 and FVB/N strains; Q. Pancreas pathological 
scores of C57BL/6 and FVB/N strains; R. Statistical analysis of AMY+ pancreatic area (%) of C57BL/6 and FVB/N 
strains. **P<0.01, *P<0.05.
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tecting DNA fragmentation by labeling the 3’ - 
OH termini in the double-strand DNA breaks 
generated in the process of apoptosis. We 
used Click-iT Plus TUNEL Assay kit (Invitrogen, 
C10618) following the manufacturer’s instruc-
tions. In brief, slides were incubated at 60°C for 
1 hour, then de-paraffined slides in Xylene and 
a graded series of ethanol [100%, 95%, 90%, 
80%, 70% and 50%]. After fixing slides with 4% 
paraformaldehyde for 15 minutes, we perform- 
ed permebilization with proteinase K. Then 
slides were incubated with TdT reaction buffer 
for 10 minutes at 37°C. Then the slides were 
incubated with TdT reaction mixture for 1 hour 
at 37°C. After washing slides with 3% BSA and 
0.1% Triton X-100 in PBS, the slides were in- 
cubated with Click-It Plus TUNEL reaction cock-
tail for 30 minutes at 37°C and protected from 
light.

Statistical analysis

All the data were expressed as mean ± stan-
dard deviation. Statistical analysis was per-
formed using the SPSS software (SPSS 17.0, 
Chicago, Ill). Statistical differences were ass- 
essed using student’s T tests. P value less than 
0.05 was considered statistically significant.

Results

Characterization of cerulein-induced AP

Both strains showed acute pancreatic injury 
after cerulein treatment as described in the 
section of materials and methods. Compared 
to C57BL/6 strain, FVB/N mice displayed more 
severe injury on AP 1 d, 3 d, 7 d, respectively. 
There were severe lobules damage, neutrophil 
infiltration, acinar cell necrosis and fat cell 
necrosis in FVB/N mice on AP 1 d after 4-days 
cerulein treatment (Figure 1F), whereas 
C57BL/6 mice demonstrated milder inflamma-
tion at the time point (Figure 1B). C57BL/6 
mice recovered quickly after cerulein treat-
ment, and on AP 7 d, only mild inflammation 
could be observed in the pancreas of treated 
C57BL/6 mice (Figure 1D). But in FVB/N strain, 
there still existed injury of acinar cells on AP 7 
d, interstitial leukocyte infiltration remained at 
this time point (Figure 1H). Analysis of patho-
logical scores at each time point further dem-
onstrated the statistical difference of pancre-
atic injury between C57BL/6 and FVB/V strains 
(Figure 1Q).

To assess acinar cell injury and recovery, the 
expression of amylase was examined using 
immunofluorescence assay. As shown in Fig- 
ure 1I, 1M, both control groups showed normal 
expression of amylase. But treated FVB/N  
mice showed much less expression of amylase 
in pancreatic tissues compared to treated 
C57BL/6 mice on AP 1 d (Figure 1J, 1N, 
P<0.01). On AP 3 d and AP 7 d, there were still 
significant differences of the expression of 
amylase between the two strains (Figure 1K, 
1L, 1O, 1P, P<0.01). 

C57BL/6 mice showed less neutrophil infiltra-
tion than FVB/N strain

To investigate whether there was difference  
of neutrophil infiltration after pancreatitis be- 
tween the two strains, we performed immuno-
fluorescence to examine the expression of 
myeloperoxidase (MPO), which is a biomarker 
of neutrophil infiltration. As shown in Figure 2A, 
2E, both C57BL/6 and FVB/N control groups 
showed rare expression of MPO. However, on 
AP 1 d, FVB/N mice showed intense expression 
of MPO in infiltrated neutrophils, which was 
higher than that of C57BL/6 strain (Figure 2B, 
2F, P<0.01). The MPO+ cells decreased on AP 3 
d in both strains, but there was significant dif-
ference of MPO+ cell counts between the two 
strains (Figure 2C, 2G, P<0.01). Both strains 
showed decreased MPO+ cells on AP 7 d, but 
there was significant difference between the 
two strains (Figure 2D, 2H, P<0.05).

FVB/N mice showed more severe inflamma-
tory response than C57BL/6 strain

Analysis of immunohistochemistry was used to 
evaluate the expression of pro-inflammatory 
cytokines in pancreatic tissues. As shown in 
Figure 3F, intense expression of pro-inflamma-
tory cytokine IL-1β was observed in the FVB/N 
mouse pancreatic tissues on AP 1 d, whereas 
C57BL/6 strain exhibited a relatively lower 
expression of IL-1β at this time point (Figure 
3B, 3F, P<0.05), thus indicating that FVB/N 
mice experienced more severe inflammatory 
response than C57BL/6 strain. On AP 3 d and 
AP 7 d, both strains showed less IL-1β+ cells, 
but there was still significant difference be- 
tween the two strains (Figure 3C, 3D, 3G, 3H, 
P<0.05). Immunohistochemical analysis of 
nuclear expression of NF-κB further supported 
the results that FVB/N mice experienced more 
severe inflammation compared to C57BL/6 
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mice. As shown in Figure 3L, 3P, FVB/N mice 
exhibited intensive nuclear expression of NF-κB 
compared to C57BL/6 mice on AP 1 d. Both 
strains showed less nuclear NF-κB expression 
on AP 3 d and AP 7 d, respectively, but signifi-
cant difference was observed between the two 
strains (Figure 3M, 3N, 3Q, 3R, P<0.05).

FVB/N mice showed more apoptotic cells than 
C57BL/6 strain

Caspase-3 plays an important role in cell apop-
tosis. In this study, little expression of activated 
caspase-3 by anti-cleaved caspase-3 antibody 
was observed in both control groups (Figure 
4A, 4E), indicating rare apoptosis occurred in 
control groups, which was in consistent with 
our TUNEL assay that both control groups 
showed bare TUNEL+ cells (Figure 4I, 4M). On 
AP 1 d, FVB/N mice showed intense expression 
of activated caspase-3 in nucleus and cyto-
plasm of acinar cells and inflammatory cells 
(Figure 4F), and TUNEL+ cells increased signifi-
cantly compared with C57BL/6 mice (Figure 4J, 
4N, P<0.01). As shown in Figure 4C, 4G, 4K, 
4O, on AP 3 d, FVB/N mice still showed higher 

level of the expression of activated caspase-3, 
as well as more TUNEL+ cells than C57BL/6 
mice. On AP 7 d, both strains showed bare 
expression of activated caspase-3 (Figure 4D, 
4H). TUNEL+ cells decreased in both strains on 
7 days after cerulein treatment, but significant 
difference still existed between the two strains 
(Figure 4L, 4P, P<0.01).

FVB/N mice exhibited more cellular prolifera-
tion compared to C57BL/6 strain

Ki67 is a nuclear protein and is used as a bio-
marker of cellular proliferation. In this study, 
both control groups showed little expression of 
Ki67 (Figure 5A, 5E), indicating rare cellular 
proliferation in control. On AP 1 d, both strains 
showed increased Ki67 expression compared 
to control groups, and FVB/N mice exhibited 
more Ki67+ cells compared to C57BL/6 mice 
(Figure 5B, 5F, P<0.05), suggesting increased 
cellular proliferation in treated FVB/N mice 
compared to C57BL/6 strain. On AP 3 d, both 
strains showed increased Ki67+ cells compared 
to AP 1 d groups, FVB/N mice exhibited more 
Ki67+ cells compared to C57BL/6 mice (Figure 

Figure 2. FVB/N mice showed more infiltration of neutrophils than C57BL/6 mice. A-H. Myeloperoxidase (MPO)  
expression in control group and AP 1 d, 3 d, 7 d groups of C57BL/6 and FVB/N strains; I. Magnification of AP 1 d 
MPO expression of FVB/N strain; J. Statistical analysis of MPO+ cells of C57BL/6 and FVB/N strains. **P<0.01, 
*P<0.05.



Strain susceptibility in cerulein-induced pancreatitis

9939 Int J Clin Exp Pathol 2017;10(9):9934-9944

5C, 5G, P<0.05). On AP 7 d, both strains 
showed decreased Ki67+ cells compared to AP 
3 d groups, but there was still significant differ-
ence between the two strains (Figure 5D, 5H, 
P<0.05).

Discussion

Cerulein-induced pancreatic injury is an ideal 
model to study acute pancreatitis and the after-

wards recovery process. Previous studies have 
tested different doses of cerulein and the time 
course of cerulein treatment. Besides these 
two factors, different strains of mice used in 
the experiments also exert much influence on 
the severity of pancreatitis. Wang et al. [21] 
demonstrated that mouse strains did influence 
the severity of pancreatitis induced by cerulein 
by using C57BL/6J, BALB/c, CBA/J, JF1 and 

Figure 3. FVB/N mice experienced more severe inflammatory response after cerulein treatment than C57BL/6 
mice. A-H. IL-1β expression in control group and AP 1 d, 3 d, 7 d groups of C57BL/6 and FVB/N strains; I. Statistical 
analysis of IL-1β+ cells of C57BL/6 and FVB/N mice; J. Statistical analysis of nuclear NF-κB+ cells of C57BL/6 and 
FVB/N strains. K-R. Expression of nuclear NF-κB in control group and AP 1 d, 3 d, 7 d groups of C57BL/6 and FVB/N 
strains. *P<0.05.
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C3H/HeJ mouse strains, but they did not 
include the FVB/N strain. C57BL/6 and FVB/N 
mice are two commonly used mouse strains in 
basic biology and preclinical study. We used 
C57BL/6 and FVB/N strains to establish a 
4-days cerulein-induced AP model and inten-
sively examined three time points i.e. 1 d, 3 d, 7 
d-post injury, which allowed us to trace both  

the injury and recovery process after cerulein 
treatment. The important information will pro-
vide critical and solid base for further mecha-
nistic study in the AP disease.  

In this study, we induced AP by six i.p. injection 
of cerulein dissolved in 0.9% saline adminis-
tered at hourly intervals on four consecutive 

Figure 4. FVB/N mice showed more apoptosis after cerulein treatment than C57BL/6 mice. A-H. Activated caspase-3 
expression in control and AP 1 d, 3 d, 7 d groups of C57BL/6 and FVB/N strains; I-P. TUNEL levels in control and AP 
1 d, 3 d, 7 d groups of C57BL/6 and FVB/N strains; Q. Statistical analysis of activated caspase-3+ cells of C57BL/6 
and FVB/N mice; R. Statistical analysis of TUNEL+ cells of C57BL/6 and FVB/N strains. **P<0.01, *P<0.05.
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days. The pathological analysis confirmed the 
successful establishment of cerulein-induced 
AP. In this work, compared to C57BL/6 mice, 
FVB/N strain showed more severe pancreatic 
injury after cerulein treatment. The difference 
of the pancreatic injury, which was further con-
firmed by pathological scoring, indicated that 
mouse strain is an important factor that influ-
ences the severity of AP. 

During inflammation, neutrophils are recruited 
to sites of infection where they can recognize 
and eliminate pathogens through production of 
ROS (reactive oxygen species), releasing anti-
microbial ingredients and formation of NET 
(neutrophil extracellular traps) [22]. MPO ex- 
pressed in neutrophils is essential for the func-
tions of neutrophils and plays an important role 
in the elimination of pathogens. However, ex- 
cessive generation of MPO-derived oxidants 
may cause severe inflammation and subse-
quent tissue damage [23]. We observed FVB/N 
mice exhibited more MPO+ cell infiltration in the 
injured pancreatic areas compared to C57BL/6 
mice, which is in consistent with our findings 
that FVB/N mice experienced more severe neu-
trophil infiltration than C57BL/6 strain based 

on the pathological analysis. These suggested 
that compared to C57BL/6 mice, FVB/N strain 
went through more severe inflammation and 
injury in our cerulein-induced pancreatitis mo- 
del.

Nuclear factor κB (NF-κB) is an inducible dimer-
ic transcription factor that belongs to NF-κB/
Rel family [24]. It is an important intracellular 
messenger and regulates a large number of 
genes involved in cell growth, tissue develop-
ment, and responses to stress and pathogen 
infection. There exists different opinions as to 
its role in inflammation [25]. Some suggested 
the protective role of NF-κB in acute inflamma-
tion [26], while the others considered its pro-
inflammatory function. Yinon et al. [27] stated 
that although NF-κB is of much importance  
during stressful conditions and invasion of tis-
sues by microorganisms, the overprotection 
may cause the host suffering. NF-κB has been 
proved to play an important role in the develop-
ment of AP [28]. Huang et al. [29] used p65 
transgenic mice and cerulein-induced pancre-
atitis model, and found that increased expres-
sion of NF-κB in acinar cells correlated with the 
severity of AP. Intra-ductal injection of RelA/

Figure 5. FVB/N mice showed more cellular prolif-
eration than C57BL/6 mice. A-H. Ki67 expression in 
control and AP 1 d, 3 d, 7 d groups of C57BL/6 and 
FVB/N strains; I. Statistical analysis of Ki67+ cells of 
C57BL/6 and FVB/N strains. *P<0.05.
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p65 (Adp65) directly activated NF-κB and led to 
acinar cell injuries and neutrophil infiltration in 
pancreatic tissue [30]. Richard et al. [31] found 
that selective inhibition of NF-κB by NBD pep-
tide which is a peptide that binds to the NF-κB 
essential modifier binding domain (NBD) atten-
uated the severity of cerulein-induced pancre-
atitis. In this work, immunohistochemical analy-
sis of NF-κB demonstrated that FVB/N strain 
exhibited higher level of expression of nuclear 
NF-κB than C57BL/6 mice. Combined with the 
pathological analysis, it suggested a pro-inflam-
matory role of NF-κB in our cerulein-induced 
pancreatitis model.

IL-1β is a well-known pro-inflammatory cytokine 
and genes encoding IL-1β can be regulated by 
NF-κB [32]. At the same time IL-1β in turn plays 
critical role in the activation and regulation of 
canonical NF-κB pathway [33]. In this study, we 
observed the intense immunoactivity of IL-1β in 
the damaged areas of pancreatic tissues of 
FVB/N mice, which is much higher than that of 
C57BL/6 strain. These indicated more severe 
inflammation happened in FVB/N mice in our 
experimental conditions.

TUNEL staining has been considered generally 
as a standard method for the detection of DNA 
damage (DNA fragmentation or others). When it 
is combined with other specific methods of 
apoptotic assay, like activated caspase-3, it is 
more accurate for identifying apoptotic cells 
[34]. Caspase-3 is considered to play a central 
role in the induction of apoptosis [35]. In our AP 
model, FVB/N mice experienced more apop- 
tosis compared to C57BL/6 strain, which is 
strongly supported by the data from both 
TUNEL and activated caspase-3 assays. 

Antigen Ki-67 is a nuclear protein that is con-
sidered to be associated with cellular prolifera-
tion. Rankin et al. [36] demonstrated that in 
pancreatic duct ligation (PDL) induced pancre-
atitis, Ki67+ cells were significantly increased in 
tail pancreas at 7, 14, or 30 days compared to 
the controls. In our cerulein-induced AP model, 
FVB/N mice showed more cellular proliferation 
compared to C57BL/6 strain, indicating differ-
ential repair and regeneration between the two 
strains of mice.

Mouse model is an ideal tool to study cell and 
molecular mechanisms of human diseases. 
Accumulating clinical evidence suggested that 

the susceptibility and severity of pancreatic dis-
eases including AP are associated with genetic 
background [37]. In this study, we character-
ized the difference of severity of AP and subse-
quent repair and recovery between C57BL/6 
and FVB/N strains. We found that compared to 
C57BL/6 strain, FVB/N strain is more suscep-
tible to AP under our experimental setup, and 
experienced a longer time to recover from the 
pancreatic injury, which suggested that FVB/N 
strain rather than C57BL/6, may be a better 
choice for us to study the injury and regenera-
tion process after cerulein-induced pancrea- 
titis.
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