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Abstract. – OBJECTIVE: The study was de-
signed to investigate the JAK2/STAT3 signaling 
pathway in pancreatitis and its association with 
inflammation and cell death to provide a poten-
tial treatment method for pancreatitis.

MATERIALS AND METHODS: The rat pancre-
atic acinar AR42J cells were used for the study, 
and they were transfected with JAK2 and STAT3 
siRNAs to mimic knockdown condition. Cerulein 
was used to treat AR42J cells. Western blot and 
ELISA were employed to detect the expression 
of related proteins. Flow cytometry was done to 
analysis the necrosis of AR42J cells.

RESULTS: In this study, we found that cell 
death and the secretion of IL-6 and TGF-β1 were 
significantly increased, and the JAK2/STAT3 
signaling pathway was activated in cerulein-in-
duced AP. To determine the role of JAK2 and 
STAT3, JAK2 siRNA and STAT3 siRNA were 
used to block JAK2 and STAT3, respectively. 
The levels of IL-6 and TGF-β1 levels in the me-
dium were lower in JAK2 siRNA and STAT3 siR-
NA-treated cells compared with controls. Flow 
cytometry analysis showed that the level of cell 
death, expression of cleaved caspase-3, and the 
release of LDH were decreased following JAK2 
siRNA and STAT3 siRNA treatment.

CONCLUSIONS: These findings point to a 
novel role for the JAK2/STAT3 signaling path-
way in the progression of cerulein-induced AP.
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Introduction

Acute pancreatitis (AP) is one of the most com-
mon disorders of the exocrine pancreas which is 
characterized by the dysregulation of digestive 
enzyme production and secretion1,2. Although 

the underlying mechanisms have not been fully 
elucidated and there is no specific and effective 
therapy3,4, AP is believed to originate in the 
injured acinar cells due to uncontrolled inflam-
mation, which contributes to the death of acinar 
cells4. Indeed, inflammation and parenchymal 
cell death are prominent pathological phenotypes 
in patients with AP5. 

Cerulein is an ortholog of the intestinal hor-
mone cholecystokinin and is one of the most-char-
acterized and widely used agents in experimental 
animal models of pancreatitis5-7. Accumulating 
evidence demonstrates that cerulein induces the 
death of acinar cells, the formation of edema, 
and the infiltration of inflammatory cells into 
the pancreas in mice and rats8,9. The mechanism 
of cerulein action in vivo involves the promotion 
of oxidative stress and the release of pro-inflam-
matory cytokines10-12. However, the effects and 
molecular mechanisms of cerulein have not been 
extensively explored through in vitro models.

It is well-known that the Janus kinase 2 (JAK2) 
signal transducer and the activator of transcrip-
tion 3 (STAT3) pathway plays a key role in modu-
lating immune responses in several cell types13,14. 
This pathway generally transduces signals from 
activated receptors or intracellular kinases to 
the nucleus, thereby activating and regulating 
gene transcription. Its target genes include cy-
tokines, adhesion molecules, and other inflam-
matory mediators13,15,16. On the other hand, JAK2 
and STAT3 proteins are stimulated and activated 
by cytokines17,18. Considering that AP is caused 
by the production and release of various pro-in-
flammatory cytokines, the JAK2/STAT3 pathway 
is an important regulator of inflammation and 
cell death in the pancreas when exposed to an 
inflammatory stimulus like cerulein19,20. In this 
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study, we investigated the effect of cerulein on 
AR42J cells and the specific role of the JAK2/
STAT3 pathway in the AP model. We found 
that cerulein directly activated the JAK2/STAT3 
pathway leading to the production of IL-6 and 
TGF-β1. Downregulating the expression of JAK2 
and STAT3 by siRNAs abolished the cerulein-in-
duced production of IL-6 and TGF-β1, and in-
hibited cell death in AR42J cells. These results 
suggest that the JAK2/STAT3 signaling pathway 
mediates the cerulean-induced cell death and in-
flammation in AR42J cells.

Methods and Materials

Cell Culture and Transfection
The rat pancreatic acinar AR42J cells were 

cultured in F-12K medium supplemented with 
20% fetal bovine serum (FBS, Gibco, Rockville, 
MD, USA) and antibiotics (100 U/mL penicil-
lin and 100 μg/mL streptomycin) at 37°C in a 
humidified atmosphere containing 5% CO2. To 
develop an in vitro model of acute pancreatitis, 
AR42J cells were treated with cerulein (10-8 
M) and the expression of JAK2, phospho-JAK2, 
STAT3, and phospho-STAT3 were determined at 
a different time-points after cerulein treatment. 
Transfection of AR42J cells with siRNAs was do-
ne using Lipofectamine 2000 (11668019, Thermo 
Fisher Scientific, Waltham, MA, USA) according 
to the manufacturer’s instructions. The plasmid 
constructs encoding JAK2 and STAT3 siRNAs 
were used for the transfection. The sequence of 
JAK2 siRNA (sc-270385) and STAT3 siRNA (sc-
270027) and non-targeting siRNA pool (sc-36869) 
used as a control were purchased from Santa 
Cruz Biotechnology (Santa Cruz, CA, USA). 48 h 
after transfection, the effect of siRNAs silencing 
was tested by Western blot.

Western Blot
For Western blot analysis, the cells were ho-

mogenized in lysis buffer (1% Nonidet P-40, 20 
mM Tris, pH 8.0, 137 mM NaCl, 10% glycerol, 
1 mM phenylmethylsulfonyl fluoride (PMSF), 
sodium butyrate 1 mM, and protease inhibitors) 
at 4°C. After removal of cellular debris by cen-
trifugation, the supernatant was collected, and 
protein concentration in the lysate was mea-
sured by the Bradford assay (Bio-Rad, Hercules, 
CA, USA). 50 μg of each sample was boiled in 
the presence of sample buffer for 5 minutes be-
fore separation on 10% sodium dodecyl sulphate 

(SDS) polyacrylamide gel. Thereafter, the pro-
teins were transferred to polyvinylidene diflu-
oride (PVDF) membranes (Millipore, Billerica, 
MA, USA). The immunoblots were blocked with 
5% nonfat dry milk dissolved in phosphate-buff-
ered saline (PBS) for 60 min. The membranes 
were then incubated overnight at 4°C with pri-
mary antibody: rabbit anti-JAK2 (1:500, Santa 
Cruz Biotechnology, Santa Cruz, CA, USA), 
rabbit anti-phospho-JAK2 (1:1000, Cell Signal-
ing, Danvers, MA, USA), rabbit anti-STAT3 
(1:1000, Upstate Biotechnology, Lake Placid, 
NY, USA), rabbit anti-phospho-STAT3 (1:1000, 
Upstate Biotechnology, Lake Placid, NY, USA), 
rabbit anti-caspase-3 (1:1000, Upstate Biotech-
nology, Lake Placid, NY, USA), rabbit anti-β-ac-
tin (1:2500, Abcam, Cambridge, MA, USA). Pri-
mary antibody incubation was followed by three 
washes (5 min, rocking, at room temperature) in 
PBST (PBS containing 0.2% Tween 20) before 
incubation with goat anti-rabbit secondary anti-
body conjugated to horseradish peroxidase. The 
blots were washed three times and the protein 
expression was detected with Bio-Rad Imaging 
Systems (Hercules, CA, USA). β-actin was used 
as the loading control, and the optical densities 
of protein bands were quantitatively analyzed 
with Quantity One software (Bio-Rad, Hercu-
les, CA, USA).

Biochemical Assays
The levels of IL-6, TGF-β1, and LDH in the 

medium were determined by enzyme-linked im-
munosorbent assay (ELISA) kits (IL-6: R&D 
System, Minneapolis, MN, USA; TGF-β1: R&D 
System, Minneapolis, MN, USA). All the pro-
cedures were performed according to the manu-
facturer’s instructions. At the end of the assays, 
fluorescence intensities of the 96 well microplates 
were read by an assay reader (Tecan, Männedorf, 
Switzerland). After averaging the results of dupli-
cate wells, the value of IL-6 and TGF-β1 of each 
sample was calculated as pg/mL medium. 

Quantification of Cell Death
Necrosis of AR42J cells was determined by 

flow cytometry analysis after incubation with 
cerulein for 24 h using Cell Death Detection kit 
(BD Biosciences, San Jose, CA, USA) according 
to the manufacturer’s protocol.

Statistical Analysis
All values were expressed as mean ± SEM. 

The data were analyzed using one-way ANOVA 
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and New-Keul’s test, followed by post hoc test. 
A p-value < 0.05 was considered statistically 
significant. 

Results

Cerulein Increased Cell Death and 
Production of Inflammatory Cytokines 
in AR42J Cells

To determine the effect of cerulein on AR42J 
cells, we examined the expression of cleaved 
caspase-3 by Western blot. As shown in Figure 
1A, 1B, after culturing for 6 h and 12 h, cerulein 
increased the level of cell death significantly. 
Similarly, measurement of inflammatory cyto-
kines by ELISA revealed that the production of 
IL-6 and TGF-β1 were increased following ce-
rulein treatment (Figure 1C, 1D). These datasets 
suggest that both cell death and inflammatory cy-
tokines are increased in cerulean-treated AR42J 
cells.

Cerulein Induced JAK2/STAT3 Activation 
in AR42J Cells

To determine the effect of cerulein (the analog 
of cholecystokinin) on the JAK2/STAT3 pathway, 
we examined the protein expression of JAK2, 
phospho-JAK2, STAT3, and phospho-STAT3 at 
different time-point after cerulean treatment. The 
immunoblots of AR42J cell lysates demonstrated 
that the expression of pJAK2 and pSTAT3 were 
slightly increased at 2 h and significantly increased 
at 6 h and 12 h in the cerulein-treated group (Figure 
2A-2D), indicating a marked activation of JAK2 
and STAT3 following cerulein administration. We 
further investigated whether cerulein stimulated 
the secretion of IL-6 and TGF-β1 in AR42J cells. 
The level of IL-6 and TGF-β1 in the medium 
was assessed before or after cerulein treatment 
by ELISA. We found that the secretion of IL-6 
and TGF-β1 was significantly increased following 
cerulein treatment compared to the controls (Fig-
ure 2E-2F). These findings suggest that cerulein 
induced JAK2/STAT3 activation in AR42J cells.

Figure 1. Cerulein promoted cell death and increased the production of inflammatory cytokines. AR42J cells were treated 
with cerulein for 0, 2, 6, 12 h. Expression of cleaved caspase-3 was determined by Western blot. The level of IL-6 and 
TGF-β1 in the medium was measured by ELISA. A, Changes of cleaved caspase-3 in AR42J cells. B, Density ratio of cleaved 
caspase-3, *p < 0.05, **p < 0.01. C, The level of IL-6 in the medium after treatment with cerulein, **p < 0.01. D, The level of 
TGF-β1 in the medium after treatment with cerulein, **p < 0.01.
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Effects of JAK2 and STAT3 siRNAs on 
Cerulein-Induced Secretion of Cytokines 
in AR42J Cells

Next, we examined whether the JAK2/STAT3 
signaling pathway is required for cerulein-induced 
cytokines secretion. We used siJAK2 and siSTAT3 
to knockdown JAK2 and STAT3, respectively. The 
efficiency of siRNAs transfection was detected by 
Western blot. In cerulein-treated AR42J cells, the 
expression of JAK2 in siJAK2 group and the ex-
pression of STAT3 in siSTAT3 group were signifi-
cantly lower compared with their corresponding 
control groups (non-targeting siRNA) (Figure 3A, 
3B). Moreover, siJAK2 significantly reduced the 
expression of pJAK2 and pSTAT3 while siSTAT3 
reduced the expression of pSTAT3 (Figure 3A, 3B). 

The levels of IL-6 and TGF-β1 in siRNAs 
groups are shown in (Figure 3C-3D). In ceru-
lein-treated siRNA control group, IL-6 was 75.3 

± 3.12 pg/mL and TGF-β1 was 80.1 ± 10.27 pg/
mL in the cell media. Suppressing pJAK2 and 
pSTAT3 expression by siJAK2 and siSTAT3, 
respectively, led to a decreased secretion of IL-6 
(siJAK2: 32.8 ± 3.96 pg/mL; siSTAT3: 39.6 ± 4.02 
pg/mL) and TGF-β1 (siJAK2: 54.7 ± 9.11 pg/mL; 
siSTAT3: 60.5 ± 7.26 pg/mL). These results sug-
gest that inhibiting the JAK2/STAT3 signaling 
pathway may prevent inflammation by reducing 
IL-6 and TGF-β1 levels in pancreatic acinar cells. 

Reduced JAK2 or STAT3 Expression 
Decreased Cell Death in Cerulein-Treated 
AR42J Cells

To further confirm the role of the JAK2/STAT3 
pathway on cell death in response to acute pan-
creatitis, we investigated the apoptosis of AR42J 
cell treated with cerulein. Compared with control 
siRNA group, apoptosis level was significantly 

Figure 2. Cerulein activated the JAK2/STAT3 pathway. AR42J cells were treated with cerulein for 0, 2, 6, 12 h. The protein 
expression of JAK2, p-JAK2, STAT3, and p-STAT3 were determined by Western blot. A, Changes of JAK2 and p-JAK2 in 
AR42J cells. B, Density ratio of p-JAK2 and JAK2, *p < 0.05, **p < 0.01. C, Changes of p-STAT3 and STAT3 in AR42J cells. 
D, Density ratio of p-STAT3 and STAT3. E, The secretion of IL-6 following cerulein treatment. F, The level of TGF-β1 after 
cerulein culture, *p < 0.05, **p < 0.01. 
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reduced in siJAK2 and siSTAT3 groups (Figure 
4A, 4B). Western blot analysis of the expression 
of cleaved caspase-3 revealed that its protein lev-
els were significantly decreased in siJAK2 and 
siSTAT3 groups compared to the control siRNA 
groups (Figure 4C, 4D). Additionally, the release 
of LDH was also decreased in siJAK2 and si-
STAT3 groups (Figure 4E). The results implied 
that down-regulation of JAK2 and STAT3 may 
decrease apoptosis induced by cerulein.

Discussion

Acute pancreatitis (AP) is an inflammatory 
disease characterized by premature activation of 
zymogens leading to acinar cell injury21-24 and the 

release of chemokines and cytokines that trigger 
an inflammatory response. Pain is the major 
symptom of AP which usually resolves within 
1 week25-27. However, severe AP may cause tis-
sue auto-digestion, multiorgan failure and even 
death28-30. In the present work, cerulein signifi-
cantly induced cytokines (IL-6 and TGF-β1) pro-
duction, cell death and activation of the JAK2/
STAT3 pathway 6 h after cerulein treatment 
in AR42J cells. Using siJAK2 and siSTAT3 to 
knockdown JAK2 and STAT3 gene expression, 
we showed that the level of IL-6 and TGF-β1 
significantly decreased, and the expression of 
cleaved caspase-3 and release of LDH were also 
decreased in siJAK2 or siSTAT3 groups.

Since AP is an inflammatory condition, it is 
important to explore the molecular mechanisms 

Figure 3. The JAK2/STAT3 signaling pathway is required for cerulein-induced cytokines secretion. In cerulein-treated 
AR42J cells, the JAK2/STAT3 signaling pathway was activated while silencing JAK2 and STAT3 expression (siRNA) reduced 
IL-6 and TGF-β1 production. A, Expression of JAK2 and STAT3 as determined by Western blot. B, Expression of p-JAK2 and 
p-STAT3 as determined by Western blot. C, The level of IL-6 in the medium after treatment with JAK2 and STAT3 siRNA, 
**p < 0.01. D, The level of TGF-β1 in the medium after treatment with JAK2 and STAT3 siRNA, **p < 0.01.
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of inflammation in the progress of AP5,31. The 
JAK/STAT (signal transducer and activator of 
transcription) cascade is an essential inflamma-
tory signaling pathway that modulates immune 
responses. STAT targeted genes include cyto-
kines, adhesion molecules, and other inflamma-
tory mediators32-34. In this study, we found that 
cerulein directly activated JAK2 and STAT3 pro-
teins and markedly increased the production of 

cytokines IL-6 and TGF-β1. IL-6 is a well-known 
proinflammatory cytokine which reflects the se-
verity of pancreatitis. In the pancreas, TGF-β1 
regulates the remodeling of the extracellular ma-
trix and is considered to be an important contrib-
uting factor to the pathogenesis of pancreatitis35. 
The TGF-β1 expression is enhanced in human 
chronic pancreatitis. Fibrosis and inflammation 
were found in the pancreas of transgenic mice 

Figure 4. Effects of JAK2-siRNA and STAT3-siRNA on cell apoptosis and necrosis in cerulein-treated AR42J cells. A, Cell 
apoptosis as measured by flow cytometry: apoptotic cells are presented in the lower right quadrant of the figure (Q4), dead cells 
are shown in the upper right quadrant (Q2), living cells are shown in the lower left quadrant (Q3), and cell debris are shown 
in the upper left quadrant (Q1). B, Percentage of cell apoptosis and necrosis in cerulein-treated AR42J cells, *p < 0.05, **p < 
0.01. C, Expression of cleaved caspase-3 as determined by Western blot. D, Density ratio of cleaved caspase-3, *p < 0.05, **p 
0.01. E, LDH release in medium, *p < 0.05.
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overexpressing TGF-β1. Therefore, the expres-
sion of IL-6 and TGF-β1 is important to the de-
velopment of pancreatitis36. Interestingly, block-
ing JAK2 and STAT3 decreased the expression 
of IL-6 and TGF-β1 significantly. Hence, we 
demonstrated that the JAK2/STAT3 pathway is 
required for inflammatory responses in cerule-
an-treated AR42J cells.

The development of acute pancreatitis is a 
complex process that is characterized by inflam-
mation and parenchymal cell death5,37. It has been 
shown38,39 that the occurrence of cell death in 
different inflammatory diseases is not similar. 
As for acute pancreatitis, the severity of inflam-
mation is directly correlated with necrosis and 
inversely correlated with apoptosis. Therefore, 
shifting death responses from necrosis to apop-
tosis has a therapeutic value40. In this research, 
we demonstrated that necrosis and apoptosis of 
AR42J cells were increased following cerulein 
treatment in addition to the increased expression 
of cleaved caspase-3 and release of LDH. Ad-
ministration of JAK2 siRNA and STAT3 siRNA 
showed a therapeutic effect on cerulein-induced 
pancreatitis. 

Conclusions

The activation of JAK2/STAT3 signaling path-
way increased the production of cytokines and 
cell death which were eliminated by blocking 
JAK2 and STAT3 expression. Our findings indi-
cates that the JAK2/STAT3 signaling pathway is 
a potential therapeutic target in the management 
of acute pancreatitis.
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