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Abstract. Acute pancreatitis (AP) is a serious disease char-
acterized by the activation of trypsin, autodigestion, edemas, 
hemorrhages and necrosis. However, the mechanisms of regu-
lating the apoptosis and inflammation of acinar cells in AP 
remain unclear. The endoplasmic reticulum (ER) stress‑related 
molecule, C/EBP homologous protein (CHOP), has pro‑apoptotic 
and pro‑inflammatory properties, in addition to regulating ER 
stress responses. In the present study, a lentivirus‑mediated 
RNA interference (RNAi) approach was used to specifically 
knockdown the expression of CHOP in the pancreatic tissue of 
Sprague‑Dawley rats to investigate the potential role of CHOP 
during AP, which was induced by the retrograde injection of 5% 
taurocholate into the biliopancreatic duct of rats. Pre‑treatment 
with melatonin was further used to identify the potential 
anti‑inflammatory mechanisms in AP. Pancreatic tissues were 
procured for western blot analysis, histological examination, 
reverse transcription‑quantitative polymerase chain reaction and 
immunohistochemical staining. ER stress was rapidly activated 
in the early stage and increased over time in the rat AP model. 
However, the silencing of CHOP expression markedly inhibited 
apoptosis and ER stress, reducing the activation of nuclear 
factor‑κB and inflammation injury in AP. Melatonin also exhib-
ited anti‑inflammatory and apoptotic effects, and significantly 

decreased the expression of CHOP. Thus, it can be concluded 
that the CHOP‑mediated pathway serves an important role in 
the development of AP, and that melatonin can reduce pancre-
atic damage via the inhibition of CHOP expression.

Introduction

The endoplasmic reticulum (ER) is one of the largest and 
most important cellular organelles, serving a vital role in the 
synthesis, folding and modification of proteins, and is the 
largest Ca2+ pool, participating in intracellular signal trans-
duction. Various pathophysiological stimuli can contribute to 
the accumulation and aggregation of unfolded or misfolded 
proteins within the ER, resulting in ER stress (1). When cells 
are exposed to ER stress, a series of mechanisms are triggered, 
known as the unfolded protein response (UPR). The UPR 
signaling pathways are activated by three ER membrane‑asso-
ciated proteins, namely the PERK, ATF6 and IRE1 proteins (2), 
which act to meet the folding demand within the ER and 
promote cell survival (1,3‑5). However, if cells ultimately fail 
to balance the folding capacity and restore homeostasis to the 
ER, uncontrolled ER stress will, through the UPR pathways, 
initiate apoptosis (6,7). Several molecules, including C/EBP 
homologous protein (CHOP), Caspase‑12, IRE1, JNK, Bax and 
Bak, have been reported to be involved in ER stress‑induced 
apoptosis (1). However, it has been demonstrated that numerous 
pro‑apoptotic factors induced by CHOP, such as DR5, BIM, 
TRB3 and GADD34, promote protein synthesis and exacerbate 
oxidative stress in stressed cells (8‑11). Furthermore, the involve-
ment of CHOP‑mediated apoptosis has been demonstrated in 
various diseases, including diabetes, brain and renal injury, 
neurodegenerative abnormalities, and even certain cardiovas-
cular diseases (3,12‑15). Notably, CHOP serves a crucial role in 
ER stress and cell apoptosis, and evidence suggests that CHOP 
is deleterious to cells when they are subjected to ER stress (16).

One of the most serious diseases of the exocrine pancreas 
is acute pancreatitis (AP), which is characterized by perivas-
cular infiltration and inflammation, as well as tissue edema, 
hemorrhage, and acinar and fat necrosis in the pancreas (17,18). 
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However, the understanding on the complicated pathogenesis 
of this disease is currently limited. Several potential factors 
have been proposed to explain pancreatic injury, including 
pathological intra‑acinar trypsinogen activation, intracellular 
calcium overload, inf lammatory mediators, bacterial 
infections, apoptosis, activation of nuclear factor (NF)‑κB and 
oxidative stress (19‑22). All these factors interact with each 
other and form a complex network control system to mediate 
acinar cell injury and the inflammatory response, and certain 
of these are also considered to be potential causes of ER 
stress (2,23‑25). Indeed, the pancreas is particularly vulnerable 
to ER stress since its cells possess particularly abundant ER to 
support the organ's prominent role in the synthesis of digestive 
enzymes (1,26,27). Recently, evidence surfaced that ER stress 
and UPR were activated in AP, and were indispensable in the 
acceleration of the development of AP.

ER stress induces significant morphological changes during 
AP pathogenesis (28,29). Kubisch et al (30) reported that ER 
stress‑associated receptors, including IRE1, PERK and ATF6, 
along with their downstream signaling pathway‑associated 
molecules, such as eIF2, XBP1, CHOP and Caspase‑12, were 
markedly activated in the early stage of AP in a rat model induced 
by arginine, leading to the formation of vesicle particles inside the 
ER. It was also reported that PERK and phosphorylation of eIF2a 
were activated at an early stage (within 4 h) in cerulein‑induced 
pancreatitis (31). In pancreatitis, excessive IRE1a activated the 
phosphorylation of JNK and other ‘warning genes’, such as p38 
and NF‑κB, which strongly responded to ER stress during AP 
injury, promoting transcription of various inflammatory genes 
and pancreatic neutrophil infiltration (32‑34).

The aforementioned studies demonstrated that the ER 
stress response serves a major role in pancreatic acinar injury 
and AP induction. However, earlier studies indicated that ER 
stress had a protective role in AP; for instance, XBP1 or PERK 
deficiency was reported to aggravate the exocrine pancre-
atic dysfunction  (35,36). Furthermore, in alcohol‑induced 
pancreatitis, ER stress was attenuated by a robust UPR 
involving XBP1 in acinar cells, which markedly weakened 
eIF2 phosphorylation and the expression of PERK, ATF4 and 
CHOP, controlling the severity of ER stress and alleviating the 
AP injury (37). Thus, ER stress‑response appears to regulate 
the injury of pancreatic acinar cells differently, by either aggra-
vating or attenuating it, possibly depending on the balance 
between CHOP‑mediated pro‑apoptotic and pro‑survival ER 
stress responses (3). However, the direct involvement of CHOP 
in the AP pathological process has not been fully explored.

Melatonin, which is secreted by the pineal gland, exerts 
several prominent cell‑protective functions, including anti‑
inflammatory, antioxidant and anti‑apoptotic properties (38). 
Studies have confirmed that pretreatment with melatonin 
markedly reduced lipid peroxidation, tissue edema and 
inflammation in cerulein‑induced AP in rats (39). However, 
whether melatonin exhibits an anti‑inflammatory effect via the 
CHOP‑mediated pathway remains unclear.

Thus, in the present study, a lentivirus‑mediated RNA 
interference (RNAi) approach was used to specifically knock-
down the expression of CHOP to investigate whether and how 
the CHOP‑mediated pathway contributes to the development 
of AP injury in the pancreatic tissue of Sprague‑Dawley (SD) 
rats. The potential role of melatonin in the CHOP‑mediated 

signaling pathway to decrease inflammation and apoptosis 
was further demonstrated in the rat AP model.

Materials and methods

Animals. A total of 40 clean‑grade male SD rats, weighing 
200‑300 g (6 to 8‑weeks‑old), were purchased from the Shanghai 
Laboratory Animal Center, Chinese Academy of Sciences 
(Shanghai, China). The animals were maintained under tandard 
conditions in a room with a 12‑h light/dark cycle, and were 
provided free access to food and water. All animals were adapted 
in the animal center for at least 1 week and deprived of rat chow 
for 12 h before experimentation, but allowed unlimited access 
to water throughout the experimental period. All procedures 
were performed in accordance with the Guidelines for Animal 
Experiments of Wenzhou Medical University (Wenzhou, China). 
All the animal studies complied with the current ethical consid-
erations and were approved by the Laboratory Animal Ethics 
Committee of Wenzhou Medical University.

Animal groups and procedures. All SD rats were anesthetized 
by intraperitoneal injection of 10% chloral hydrate (300 mg/kg), 
and randomly assigned to the negative control (NC; n=8), 
sham‑operated (SO; n=8), AP (n=8), melatonin treatment (MT; 
n=8) or CHOP knockdown (CK; n=8) groups. In the SO group, 
the rats underwent the same surgical procedure as other exper-
imental groups, but without infusion with 5% taurocholate. 
The surgical procedure performed involved cannulating the 
biliopancreatic duct via penetration of the duodenum with a 
24‑guage catheter. In the AP group, after clamping the hepatic 
duct using a microclip, AP was induced by an infusion of 
5% taurocholate (1 ml/kg body weight; Sigma‑Aldrich; Merck 
KGaA) into the biliopancreatic duct via a microinjection pump 
at a rate of 0.2 ml/min. In the MT group, melatonin (50 mg/kg 
body weight; Sigma‑Aldrich; Merck KGaA) was administered 
via intraperitoneal injection 30 min before AP was induced. In 
the CK group, rats underwent the same surgical procedure as 
rats in the AP group but also underwent lentiviral transfection 
silencing CHOP expression prior to AP induction. All surgical 
procedures were performed under sterile conditions. After 
9 h, the rats were sacrificed by exsanguination under anes-
thesia with chloral hydrate (300 mg/kg), and the pancreatic 
tissues were rapidly collected and divided into two parts. Part 
of the tissue samples was fixed in 4% paraformaldehyde and 
prepared for routine paraffin‑embedding prior to immunohis-
tochemical and pathological examination analyses, while the 
remaining tissue was stored at ‑80˚C for the western blot and 
reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analyses.

Lentivirus‑mediated stable RNA interference of CHOP 
in pancreatic tissue. A lentivirus (vehicle: hU6‑MCS‑
Ubiquitin‑EGFP‑IRES‑puromycin), which carried a short 
hairpin (sh)RNA targeting the CHOP gene (GenBank 
no. NM_024134), was purchased from GeneChem Co., Ltd. 
(Shanghai, China). This lentivirus was used for CHOP silencing 
and termed LV‑shCHOP. Briefly, the rats were anesthetized 
through intraperitoneal injection of 300 mg/kg chloral hydrate. 
Subsequently, LV‑shCHOP (50 µl; 4x108 TU/ml; GeneChem 
Co., Ltd.) was injected into their left gastric artery of the rats 
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via a microinjection pump at a rate of 0.2 ml/min, and the left 
gastric artery was then ligated to avoid reflux of the virus. After 
5 days, the AP model was induced in rats. After 9 h of induction, 
the rats were sacrificed by exsanguination as aforementioned, 
and the pancreatic tissues were rapidly collected; some tissues 
were stored as frozen sections (14 µm). Subsequently, the green 
fluorescent protein (GFP)‑positive cells in pancreatic tissue 
were observed with a Nikon inverted fluorescence microscope 
(Nikon Corporation, Tokyo, Japan). The effect of CHOP 
expression silencing in the pancreatic tissues was then analyzed 
by western blot analysis and RT‑qPCR.

Western blot analysis. Total proteins from pancreatic tissues 
were extracted and homogenized in ice‑cold lysis buffer 
containing radioimmunoprecipitation assay, phosphatase and 
phenylmethane sulfonyl fluoride (ratio, 100:10:1) for 30 min 
on ice. Next, the extracts were transferred to a microcentrifuge 
tube and centrifuged at 1.2x104 x g for 15 min (4˚C), and protein 
concentrations were determined using a BCA assay kit (Thermo 
Fisher Scientific, Inc., Waltham, MA, USA). Subsequently, 
45 µg total protein was separated through 10% SDS‑PAGE 
and then transferred onto polyvinylidene difluoride membranes 
(EMD Millipore, Billerica, MA, USA) at 300 mA for 1 h. The 
membranes were blocked with 5% skim milk for 2 h at 25˚C 
and then incubated with primary antibodies overnight at 4˚C. 
The primary antibodies used in this analysis included 78 kDa 
glucose‑regulated protein (GRP78; cat. no. ab108615; Abcam, 
Cambridge, UK), CHOP (cat. no. ab179823; Abcam), tumor 
necrosis factor α (TNF‑α; cat. no. ab6671; Abcam), B‑cell 
lymphoma 2 (Bcl‑2; cat. no. ab32124; Abcam), Bcl‑2‑associated 
X protein (Bax; cat. no. ab182733; Abcam), caspase-3 (cat. 
no. ab32351; Abcam), phospho‑NF‑κB inhibitor α (p‑IκBα; 
Ser 32; cat. no. 2859; Cell Signaling Technology, Inc., Danvers, 
MA, USA), phospho‑NF‑κB p65 (p‑p65; Ser 536; cat. no. 3033; 
Cell Signaling Technology, Inc.), and β‑actin (Cell Signaling 
Technology, Inc.) at a 1:1,000 dilution. β‑actin was used as an 
internal control. On the following day, membranes were washed 
three times with Tris‑buffered saline/Tween‑20 (TBST) and 
incubated for 1 h at room temperature with a goat anti‑rabbit 
IgG secondary antibody conjugated to horseradish peroxidase 
(1:5,000; Bioworld Technology, Inc., St. Louis Park, MN, USA), 
and then washed three times with TBST. Finally, the protein 
bands were visualized using a Western Bright ECL detection kit 
(Advansta, Menlo Park, CA, USA). The density of specific bands 
was quantified using Image Lab software with a ChemiDoc MP 
imaging densitometer (Bio‑Rad Laboratories, Inc., Hercules, 
CA, USA). Each experiment was performed in triplicate.

RT‑qPCR analysis. Total RNA from pancreatic tissues was 
extracted using TRIzol reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.). Next, total RNA was reverse transcribed into 
cDNA using an RT kit (Thermo Fisher Scientific, Inc) at 25˚C 
for 5 min, 42˚C for 60 min and 70˚C for 5 min; the concen-
tration of RNA was determined with a spectrophotometer 
by measuring the optical density at 260/280 nm. The qPCR 
procedure was subsequently conducted using a Real‑Time 
qPCR system (Bio‑Rad Laboratories, Inc.) and the Takara 
Power SYBR‑Green PCR Master mix (cat. no. DRR820A; 
Takara Bio, Inc., Otsu, Japan). The PCR primers were synthe-
sized by Sangon Biotech Co., Ltd. (Shanghai, China), and 

the sequences were as follows: GRP78, 5'‑CAA​GAA​CCA​
ACT​CAC​GTC​CA‑3' (forward) and 5'‑ACC​ACC​TTG​AAT​
GGC​AAG​AA‑3' (reverse); CHOP, 5'‑CCA​GGA​AAC​GAA​
GAG​GAA​GA‑3' (forward) and 5'‑CTT​TGG​GAG​GTG​CTT​G 
TG​A‑3' (reverse); Bcl‑2, 5'‑AGG​ATT​GTG​GCC​TTC​TTT​GA‑3' 
(forward) and 5'‑CAG​ATG​CCG​GTT​CAG​GTA​CT‑3' (reverse); 
Bax, 5'‑CAG​GAT​CGA​GCA​GAG​AGG​AT‑3' (forward) and 
5'‑GTC​CAG​TTC​ATC​GCC​AAT​TC‑3' (reverse); caspase‑3, 
5'‑ACT​GGA​CTG​TGG​CAT​TGA​GA‑3' (forward) and 5'‑AAT​
TTC​GCC​AGG​AAT​AGT​AAC​C‑3' (reverse); TNF‑α, 5'‑TGA​
TCC​GAG​ATG​TGG​AAC​TG‑3' (forward) and 5'‑CGA​GCA​
GGA​ATG​AGA​AGA​GG‑3' (reverse); IL‑6, 5'‑TAC​CCC​AAC​
TTC​CAA​TGC​TC‑3' (forward) and 5'‑GGT​TTG​CCG​AGT​
AGA​CCT​CA‑3' (reverse); β‑actin, 5'‑CGT​GAA​AAG​ATG​
ACC​CAG​AT‑3' (forward) and 5'‑ACC​CTC​ATA​GAT​GGG​
CAC​A‑3' (reverse). β‑actin was used as an internal control. The 
cDNA was amplified over the course of a 40‑cycle program at 
95˚C for 30 sec, 95˚C for 5 sec and 60˚C for 30 sec. Finally, 
the quantified relative gene expression levels of GRP78, 
CHOP, Bcl‑2, Bax, caspase‑3, IL‑6 and TNF‑α mRNA were 
calculated using the 2‑ΔΔCq method (40). Each experiment was 
performed in triplicate.

Histological analysis and pathological scores of pancreatic 
tissues. The pancreatic tissue samples were fixed in 4% 
paraformaldehyde for 24 h, then embedded in paraffin wax and 
stained with hematoxylin‑eosin. Alterations in the pancreatic 
tissue were assessed by an experienced pathologist who was 
blinded to the experimental protocol. Eight randomly selected 
visual areas in each pathological section were observed 
under a light microscope (Nikon Corporation) and scored 
by an experienced histologist using standards obtained from 
a study by Schmidt et al (41). Briefly, the pancreatic tissues 
were scored for edema, inflammatory cell infiltration, acinar 
cell degeneration and hemorrhage, each on a scale for 0‑3. The 
maximum score for each visual area was 12. Each experiment 
was performed in triplicate.

Immunohistochemical staining. Pancreatic tissue samples 
were fixed in 4% paraformaldehyde and embedded in paraffin. 
Sections (4 µm) were deparaffinized with xylene and hydrated 
through a graded ethanol series, followed by microwave heat 
repair using citrate buffer (pH 6.0; OriGene Technologies, 
Inc., Beijing, China) for 15‑20 min and cooling for 10 min 
in an ice‑water bath. Tissue sections were then treated with 
3% hydrogen peroxide (OriGene Technologies, Inc.) to suppress 
the activity of endogenous peroxidase. Next, the tissue sections 
were blocked with 5% goat serum (Beijing Solarbio Science & 
Technology Co., Ltd., Beijing, China) for 1 h at room tempera-
ture and then incubated with CHOP and Bcl‑2 antibodies in 
a 1:100 dilution overnight at 4˚C. Subsequently, the sections 
were incubated with a goat anti‑rabbit secondary IgG antibody 
conjugated to biotin (undiluted; cat. no. DS‑0005; OriGene 
Technologies, Inc.) for 1 h at room temperature, followed by 
staining with DAB (OriGene Technologies, Inc.) and hema-
toxylin (Solarbio Science & Technology Co., Ltd.). Images 
were captured using a light microscope (Nikon Corporation) 
and quantified using the ImagePro‑Plus software 6.0 (Media 
Cybernetics, Inc., Rockville, MD, USA). Each experiment was 
performed in triplicate.
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Statistical analysis. Data are expressed as the mean ± standard 
error of the mean. SPSS version 20.0 software (IBM Corp., 
Armonk, NY, USA) was used for statistical analysis, while 
data comparisons were made using the analysis of variance 
and Newman‑Keuls multiple comparison tests, as appropriate. 
P<0.05 was considered to denote a statistically significant 
difference.

Results

Transduction efficacy of LV‑shCHOP‑mediated RNAi in 
pancreatic tissue. Highly efficient transduction (>85%) of 
LV‑shCHOP in pancreatic tissue was achieved after 5 days of 
infection (Fig. 1). The GFP‑positive cells were also observed 
with a Nikon Inverted fluorescence microscope (Fig. 1).

Effects of taurocholate and treatment with melatonin on 
markers of ER stress in the pancreatic tissue. As illustrated 
in Fig. 2A and B, GRP78 and CHOP levels were markedly 

elevated in the AP group compared with the SO and NC groups. 
By contrast, the MT and CK groups exhibited significantly 
reduced protein levels of GRP78 and CHOP compared with 
the AP group. In the CK group, silencing of CHOP expres-
sion in the pancreatic tissue was achieved, which significantly 
attenuated the ER stress following the induction of AP, while 
pre‑treatment with melatonin also downregulated the CHOP 
levels and restrained ER stress in AP.

Effects of taurocholate and treatment with melatonin 
on inflammation and apoptosis‑associated molecules in 
pancreatic tissue. TNF‑α, p‑p65 and p‑IκBα levels were 
markedly increased in the AP group compared with the SO 
and NC groups. However, the CK and MT groups exhibited a 
significant reduction in the levels of these molecules compared 
with the AP group (Fig. 3A and B). Furthermore, Fig. 4A and B 
demonstrates that the levels of Bax and caspase‑3 were 
significantly elevated, while Bcl‑2 level was reduced, in the 
AP group relative to the SO and NC groups. By contrast, the 

Figure 1. Efficacy of LV‑shCHOP‑mediated RNA interference in pancreatic tissue. The stable transduction efficiency of LV‑shCHOP in pancreatic tissue was 
detected using light and fluorescent microscopy (original magnification, x40; bar, 100 µm). LV‑shCHOP, lentiviral‑mediated C/EBP homologous protein short 
hairpin RNA.

Figure 2. Expression of markers of ER stress in pancreatic tissue obtained from rats after 9 h of treatment in the NC, SO, AP, MT and CK groups. (A) GRP78 
and CHOP protein expression levels in the pancreatic tissue were examined by western blot analysis, and β‑actin was used as an internal control. (B) mRNA 
levels of GRP78 and CHOP were quantified by reverse transcription‑quantitative polymerase chain reaction. Data (n=8 per group) are expressed as the 
mean ± standard error of at least three independent experiments. *P<0.05 vs. the SO and NC groups; #P<0.05 vs. the AP group. CHOP, C/EBP homologous 
protein; GRP78, 78 kDa glucose‑regulated protein; NC, negative control; SO, sham‑operated; AP, acute pancreatitis; MT, melatonin treatment; CK, CHOP 
knockdown.
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CK and MT groups demonstrated significantly enhanced 
protein levels of Bcl‑2 and reduced protein levels of Bax and 
caspase‑3, compared with the AP group. These levels indi-
cated that knockdown of CHOP expression in pancreatic tissue 
reduced the activation of the NF‑κB pathway, inflammation 
and apoptosis response following the induction of AP, while 

pre‑treatment with melatonin also relieved inflammation and 
apoptosis in AP. Therefore, CHOP was observed to exacer-
bate AP injury through inducing apoptosis, and activating 
the NF‑κB pathway and inflammation response. Besides, 
melatonin reduced apoptosis, and alleviated AP severity and 
tissue injury through CHOP‑mediated pathways.

Figure 3. Expression levels of inflammation‑associated molecules in pancreatic tissue collected from rats after 9 h of treatment in the different groups. 
(A) p‑p65, p‑IκBα and TNF‑α protein expression levels in the pancreatic tissue, examined by western blot analysis. (B) mRNA levels of TNF‑α and IL‑6 were 
quantified by reverse transcription‑quantitative polymerase chain reaction. Data (n=8 per group) are expressed as the mean ± standard error of at least three 
independent experiments. *P<0.05 vs. the SO and NC groups; #P<0.05 vs. the AP group. IκBα, nuclear factor‑κB inhibitor α; TNF‑α, tumor necrosis factor α; 
IL, interleukin; p‑, phosphorylated; NC, negative control; SO, sham‑operated; AP, acute pancreatitis; MT, melatonin treatment; CK, C/EBP homologous 
protein knockdown.

Figure 4. Expression levels of apoptosis‑associated molecules in pancreatic tissue samples collected from rats after 9 h of treatment in the different groups. 
(A) Bax, Bcl‑2 and caspase‑3 protein expression levels in the pancreatic tissue were examined by western blot analysis, and β‑actin was used as an internal 
control. (B) mRNA levels of Bax, Bcl‑2 and caspase‑3 were quantified by reverse transcription‑quantitative polymerase chain reaction. Data (n=8 per group) 
are expressed as the mean ± standard error of at least three independent experiments. *P<0.05 vs. the SO and NC groups; #P<0.05 vs. the AP group. Bcl‑2, 
B‑cell lymphoma 2; Bax, Bcl‑2‑associated X protein; NC, negative control; SO, sham‑operated; AP, acute pancreatitis; MT, melatonin treatment; CK, C/EBP 
homologous protein knockdown.
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Pathological scoring and histopathological examination of 
pancreatic tissues. Microscopic examination of pancreatic 
samples from the SO group displayed a normal morphology 
at 9 h after surgery. The AP group tissues exhibited evident 

edema, hemorrhage and inflammatory cell infiltration. By 
contrast, the injury to pancreatic tissues in the MT and CK 
groups was significantly alleviated compared with the AP 
group (Fig. 5A). The mean pathological score of pancreatic 

Figure 6. Expression levels of CHOP and Bcl‑2 in pancreatic tissue samples from rats after 9 h of treatment in the different groups. (A) Expression levels of 
CHOP and Bcl‑2 in the pancreatic tissue, as determined by immunohistochemistry (original magnification, x40; bar, 100 µm). (B) Image analysis of the area 
of CHOP and Bcl‑2 staining. Data (n=8 per group) are expressed as the mean ± standard error of at least three independent experiments. *P<0.05 vs. the SO 
and NC groups; #P<0.05 vs. the AP group. CHOP, C/EBP homologous protein; Bcl‑2, B‑cell lymphoma 2; NC, negative control; SO, sham‑operated; AP, acute 
pancreatitis; MT, melatonin treatment; CK, CHOP knockdown.

Figure 5. Histological changes and pathological scores of pancreatic tissues obtained from rats after 9 h of treatment in the different groups. (A) Histological 
changes were more severe in the AP group as compared with those in the SO and NC groups, but were less pronounced in the MT and CK group after 9 h 
of induction (H&E staining; original magnification, x40; bar, 100 µm). (B) Pathological scores of pancreatic tissues. Data (n=8 per group) are expressed as 
the mean ± standard error of at least three independent experiments. *P<0.05 vs. the SO and NC groups; #P<0.05 vs. the AP group. NC, negative control; 
SO, sham‑operated; AP, acute pancreatitis; MT, melatonin treatment; CK, C/EBP homologous protein knockdown; H&E, hematoxylin‑eosin.
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samples in the MT and CK groups was significantly lower 
compared with the AP group, although it remained markedly 
higher than that in the SO and NC groups (Fig. 5B).

Effect of taurocholate and treatment with melatonin 
on CHOP and Bcl‑2 expression in pancreatic tissue by 
immunohistochemistry. The immunohistochemical analysis 
results further revealed significantly higher expression of 
Bcl‑2 and lower expression of CHOP in the CK and MT 
groups, as compared with the expression in the AP group 
(Fig. 6A and B). This result further revealed that silencing 
of the CHOP gene in pancreatic tissue significantly reduced 
the expression of the CHOP protein; RT‑qPCR and western 
blotting indicated that silencing CHOP expression reduced 
the expression of pro‑apoptotic proteins, Bax and caspase‑3, 
and increased that of anti‑apoptotic Bcl‑2, which suggested a 
reduction in apoptosis during AP. In addition, in the MT group, 
the expression of CHOP and apoptosis were also significantly 
attenuated, indicating that melatonin reduced apoptosis 
through CHOP‑mediated pathways.

Discussion

Although AP is one of the most lethal diseases of the 
exocrine pancreas, the underlying mechanisms remain 
unclear. Therefore, various cellular and animal models have 
been developed in order to identify the early mechanisms 
of AP, which determine the ultimate severity of the disease. 
In recent years, studies have demonstrated that ER stress 
serves an indispensable role in the development and progres-
sion of AP (42). The present study demonstrated that the ER 
stress‑induced CHOP‑mediated pathway was activated in the 
early stage of AP inflammation and served an important role in 
exacerbating pancreatic injury by inducing apoptosis, NF‑κB 
pathway activation and the expression of proinflammatory 
cytokines. Furthermore, the study also provided a new insight 
by demonstrating that melatonin protects against pancreatitis 
inflammation via inhibition of the CHOP‑mediated pathway.

GRP78 is an important molecular chaperone (43), which 
is located in the ER and widely used as an ER stress marker 
and a key regulator of the UPR. Normally, it is expressed at a 
very low level, however, when responding to ER stress, GRP78 
expression significantly increases and is separated from three 
ER transmembrane proteins (PERK, ATF6 and IRE1), thereby 
activating the UPR signaling pathway (1). In the current study, 
GRP78 was found to be upregulated early in a rat AP model, 
suggesting that ER stress was activated early in AP.

CHOP/GADD153 is an ER stress‑specific transcription 
factor that belongs to the C/EBP family of basic leucine zinc 
finger structure transcription factors and is a signaling molecule 
involved in ER stress‑induced apoptosis (44). Previous studies 
have reported that, under normal conditions, the expression of 
CHOP is low; however, when responding to ER stress, IRE‑1, 
PERK and ATF6 are able to promote CHOP activation, with 
overexpression of CHOP resulting in cell apoptosis (1,18,45), 
with the PERK signaling pathway being the most important 
driver of this process. Ji et al (46) identified through mice fed 
with ethanol that hepatocellular apoptosis was significantly 
reduced in CHOP‑deficient mice compared with wild‑type mice, 
while other genes associated with apoptosis were also changed, 

such as Jun D, Bcl‑xl and Gadd45. ER stress is addressed via 
UPR‑activated CHOP protein, and thus far, several mecha-
nisms have been proposed for CHOP‑mediated apoptosis. Such 
mechanisms include the increase of the levels of pro‑apoptosis 
proteins, such as Bax/Bak, the decrease of the antiapoptotic 
protein Bcl‑2 levels (47), the release of cytochrome c from 
mitochondria, and the activation of apoptotic‑associated 
caspase cascade (48,49). All of these previous studies, as well 
as the results of the current study, demonstrated that CHOP was 
activated in the early stage of inflammation and also increased 
over time, alongside increased Bax and caspase‑3 levels and 
decreased Bcl‑2, supporting the idea that CHOP‑mediated 
apoptosis mainly occurs via a mitochondria‑dependent 
pathway. Furthermore, the present study western blot and 
RT‑qPCR results indicated that silencing of CHOP in pancre-
atic tissue suppressed apoptosis by inhibiting the expression 
of Bax and caspase‑3, and activating Bcl‑2 during AP. These 
results were also confirmed by immunohistochemistry, which 
revealed a significantly higher expression of Bcl‑2 in the CK 
group as compared with that in the AP group. All these results 
demonstrated that CHOP served a potentially important role in 
AP‑associated apoptosis. The results of the present study were 
in agreement with previous findings reporting that CHOP defi-
ciency can protect cells from ER stress‑induced apoptosis (16).

The current observations indicate that UPR can initiate 
an inflammatory response via various mechanisms  (50). 
Besides its pro‑apoptotic role. A number of studies have also 
revealed a pro‑inflammatory role for the CHOP‑mediated 
pathway  (3,39,51,52), however, the mechanisms between 
inflammation and CHOP have not been fully explored, particu-
larly in rat AP models. In the present study, it was proposed 
that the pro‑inflammatory mechanisms of the CHOP‑mediated 
pathway may occur via NF‑κB activation. This was a possibility 
supported by the study of Allagnat et al (2), who reported that 
CHOP directly supported the activation of NF‑κB pathway and 
subsequent expression of pro‑inflammatory cytokines, which 
aggravated ER stress and promoted CHOP expression. In turn, 
CHOP promoted the degradation of IκBα and amplified the 
activity of the NF‑κB pathway. NF‑κB is a member of the tran-
scription factor family involved in the transcriptional regulation 
of a variety of inflammatory genes and serves an important role 
in the inflammatory response (2). Such a positive feedback loop 
may exacerbate inflammatory responses and injury, resulting in 
the development of AP. Consistently, the present study proved 
this point, as silencing of CHOP was able to significantly reduce 
NF‑κB activation and inflammatory cytokine levels in an 
in vivo AP model. Additionally, pathological examination and 
immunohistochemistry analysis results revealed that CHOP 
silencing significantly reduced pancreatic injury and inflam-
matory cell infiltration. According to the experimental results, 
it was concluded that the CHOP‑mediated pathway effectively 
promoted the inflammatory response in AP. Nevertheless, the 
potential molecular mechanism associating the inflammatory 
response and the CHOP‑mediated pathway is of great impor-
tance and deserves further investigation.

Previous results have indicated that melatonin prevents or 
attenuates the severity of experimental severe acute pancreatitis 
(SAP) (39). However, the mechanisms of its anti‑inflammatory 
effects in AP are currently unclear. Recently, ER stress was 
reported to be involved in the development and progression 
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of AP, and several studies have confirmed that melatonin 
suppressed ER stress in different models of cell damage. For 
instance, treatment with melatonin resulting in attenuation 
of cell apoptosis after brain ischemia was associated with 
the reduction of ER stress (53), and similar effects were also 
observed in lethal fulminant hepatitis (54). The main finding 
of the present study was that melatonin significantly alleviated 
pancreatic injury, inflammation and apoptosis in the AP rat 
model, accompanied by downregulation of the expression of 
CHOP (a hallmark of ER‑associated apoptosis) and GRP78 
(ER stress marker). The role of CHOP in aggravating the 
inflammation and apoptosis in AP was confirmed earlier in the 
present study; therefore, it is hypothesized that melatonin can 
inhibit the CHOP‑mediated pathway to reduce injury in AP.

In conclusion, the current study indicates that the ER 
stress‑induced, CHOP‑mediated pathway is activated soon 
after the induction of AP. This pathway subsequently exacer-
bates AP injury not only by inducing the apoptosis of pancreatic 
tissue, but also by enhancing tissue inflammation. Therefore, 
the CHOP‑mediated pathway may represent a potential target 
for developing new protection strategies against AP injury. 
Furthermore, the findings of the present study provided 
further preclinical evidence of the pancreas‑protective effect 
of melatonin during AP via inhibition of the CHOP‑mediated 
pathway. Owing to its efficacy and low toxicity, it is also 
suggested that melatonin urgently requires further evaluation 
through clinical applications.
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