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 Background: This study aimed to investigate the effects of maresin-1 (MaR1) in a mouse model of caerulein-induced acute 
pancreatitis (AP).

 Material/Methods: Fifty C57BL/6 mice with caerulein-induced AP were divided into the untreated control group (N=10), the un-
treated AP model group (N=10), the MaR1-treated (low-dose, 0.1 μg) AP model group (N=10), the MaR1-treated 
(middle-dose, 0.5 μg) AP model group (N=10), and the MaR1-treated (high-dose, 1 μg) AP model group (N=10). 
Enzyme-linked immunoassay (ELISA) measured serum levels of amylase, lipase, tumor necrosis factor-alpha 
(TNF-a), interleukin-1b (IL-1b), and IL-6 and mRNA was measured by reverse transcription-quantitative poly-
merase chain reaction (RT-qPCR). Malondialdehyde (MDA), protein carbonyls, superoxide dismutase (SOD), and 
the ratio of reduced glutathione/oxidized glutathione (GSH/GSSG) were measured. Histology of the pancreas 
included measurement of acinar cell apoptosis using the terminal-deoxynucleotidyl transferase-mediated nick 
end-labeling (TUNEL) assay. Western blot measured Toll-like receptor 4 (TLR4), MyD88, and phospho-NF-kB 
p65, and apoptosis-associated proteins Bcl-2, Bax, cleaved caspase-3, and cleaved caspase-9.

 Results: Following treatment with MaR1, serum levels of amylase, lipase, TNF-a, IL-1b, and IL-6 decreased, MDA and 
protein carbonyl levels decreased, SOD and the GSH/GSSG ratio increased in a dose-dependent manner. In the 
MaR1-treated AP mice, inflammation of the pancreas and the expression of inflammatory cytokines, pancreat-
ic acinar cell apoptosis, Bcl-2 expression, and expression of TLR4, MyD88, and p-NF-kB p65 were reduced, but 
Bax, cleaved caspase-3, and cleaved caspase-9 expression increased.

 Conclusions: In a mouse model of caerulein-induced AP, treatment with MaR1 reduced oxidative stress and inflammation 
and reduced apoptosis.
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Background

Acute pancreatitis (AP) is a severe medical condition that can 
be fatal, as it may lead to multiple organ failure [1]. Worldwide, 
the incidence of AP is increasing with a reported annual inci-
dence rate of 13–45/100,000 [2]. Approximately 30% of pa-
tients with AP develop severe acute pancreatitis (SAP), which 
presents with an acute abdomen and has high morbidity and 
mortality [2]. AP is characterized by inflammation, apoptosis of 
pancreatic acinar cells, and the release of pancreatic enzymes, 
including amylase and lipase [3,4]. Severe AP is associated with 
pancreatic necrosis [3,4]. Increased production of reactive ox-
ygen species (ROS) has been shown to be associated with the 
progression of AP [5]. Oxidative stress has an important role 
in the pathogenesis of inflammatory disease, including AP [6]. 
However, the mechanisms involved in the pathogenesis of AP 
are poorly understood, and effective treatments remain to be 
developed. Possible developments in the treatment of AP in-
clude inhibition of oxidative stress and control of inflammation.

Maresin is a pro-inflammatory degradation product derived 
from docosahexaenoic acid (DHA) and is synthesized by mac-
rophages, and maresin-1 (MaR1) is the earliest chemical isomer 
of maresin [7,8]. A recent study showed that MaR1 promoted 
the resolution of acute inflammation in renal ischemia-reper-
fusion injury [9]. Studies have shown that MaR1 reduces the 
inflammatory response and mitochondrial dysfunction induced 
by sepsis and suppresses acute lung injury induced by lipo-
polysaccharide in mice [10,11]. A previously published study 
showed that MaR1 reduced lipopolysaccharide-induced inflam-
mation and apoptosis in human vascular endothelial cells [12]. 
Also, MaR1 regulates lipid toxicity, apoptosis, and endoplas-
mic reticulum stress in nonalcoholic fatty liver disease [13]. 
However, there have been no previous studies on the effect 
of MaR1 on AP. Therefore, this study aimed to investigate the 
effects of MaR1 in a mouse model of caerulein-induced AP.

Material and Methods

Experimental animals

Fifty male C57BL/6 mice, 6–8 weeks old and weighing between 
22–25 g, were purchased from Shanghai Laboratory Animal 
Company (SLAC) Limited (Shanghai, China). All animals were 
housed in temperature-controlled cages with free access to 
food and water. They were allowed to acclimate to the envi-
ronment for at least a week before the experiments began. 
This study was conducted in accordance with the guidelines 
for the Care and Use of Laboratory Animals and was approved 
by the Ministry of Science and Technology of China. The study 
protocols were approved by the Ethics Committee on Animal 
Experiments of Zhejiang University.

Establishment of the mouse model of caerulein-induced 
acute pancreatitis (AP)

Fifty C57BL/6 mice with caerulein-induced AP were divided into 
the untreated control group (N=10), the untreated AP model 
group (N=10), the MaR1-treated (low-dose, 0.1 μg) AP model 
group (N=10), the MaR1-treated (middle-dose, 0.5 μg) AP model 
group (N=10), and the MaR1-treated (high-dose, 1 μg) AP mod-
el group (N=10). Mice were injected intraperitoneally with cae-
rulein in saline at a dose of 50 mg/kg (Sigma-Aldrich, St Louis, 
MO, USA) to establish the model of AP [14,15]. Mice were in-
jected hourly for 6 h, as previously reported [14,15]. The control 
animals were given intraperitoneal injections of saline vehicle 
hourly for 6 h. Intraperitoneal injection of MaR1 was given after 
the last injection of caerulein. After a further 12 hours, the mice 
were euthanized by dislocation of the neck while anesthetized. 
Blood and pancreas tissue were harvested for further analysis.

Histopathology

Equal amounts of mouse pancreas tissues were fixed in 4% 
paraformaldehyde overnight at 4°C and routinely embedded 
in paraffin wax. Tissue sections at 5 μm were cut onto glass 
slides, stained with hematoxylin and eosin (H&E), dehydrated, 
mounted, and coverslipped for light microscopy. The slides 
(N=8) were examined by light microscopy at a magnification 
of ×100 by an experienced pathologist who was blinded to 
the treatment groups.

Measurement of serum levels of amylase and lipase

Blood samples were centrifuged at 3,500 rpm for 10 minutes 
to obtain the serum. The levels of amylase and lipase in se-
rum were measured by the assay kits according to the man-
ufacturer’s instructions (Nanjing Jiancheng Bioengineering 
Institute, Nanjing, China.

Enzyme-linked immunosorbent assay (ELISA)

Serum levels of tumor necrosis factor-alpha (TNF-a), interleu-
kin-1b (IL-1b), and interleukin-6 (IL-6) were measured using 
ELISA kits, according to manufacturer’s instructions (Shanghai 
Xitang Biotechnology Co., Ltd., Shanghai, China.

Measurement of markers of oxidative stress in pancreas 
tissues

The levels of oxidative stress markers in the pancreas were 
measured, including malondialdehyde (MDA), protein car-
bonyls, superoxide dismutase (SOD) and the ratio of reduced 
glutathione/oxidized glutathione (GSH/GSSG) according to the 
manufacturer’s instructions for the kits used (Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China).
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Terminal-deoxynucleotidyl transferase-mediated nick end-
labeling (TUNEL) assay

The TUNEL assay was used to examine the apoptotic pancreatic 
acinar cells in paraffin-embedded pancreatic tissues. Following 
staining with hematoxylin for 15 min at room temperature, the 
nuclei of healthy cells were stained blue, while those in apop-
totic cells showed brown/yellow staining, which was identi-
fied as TUNEL-positive cells. Integrated optical density (IOD) 
analysis was used to identify the apoptotic cells. Specimens 
were mounted and examined using routine light microscopy.

Reverse transcription-quantitative polymerase chain 
reaction (RT-qPCR)

Total RNA was extracted from pancreatic tissues using TRIzol 
reagent (Invitrogen, Carlsbad, CA, USA). The purity of total RNA 
was evaluated by spectrophotometry. Then, cDNA was synthe-
sized using a RevertAid First Strand cDNA Synthesis Kit (K1622) 
(Fermentas, Thermofisher Scientific, Waltham, MA, USA) ac-
cording to the manufacturer’s instructions. RT-qPCR was per-
formed using iTaq™ Universal SYBR® Green Supermix (Bio-Rad, 
Hercules, CA, USA). Cycling conditions were 95°C for 10 min 
followed by 40 cycles of denaturation for 30 sec at 95°C, fol-
lowed by annealing at 60°C for 30 sec, extension at 72°C for 
30 sec. The primers used were: 
TNF-a, forward 5’-GGAACACGTCGTGGGATAATG-3’;
TNF-a, reverse: 5’-GGCAGACTTTGGATGCTTCTT-3’;
IL-1b, forward: 5’-GAAATGCCACCTTTTGACAGTG-3’;
IL-1b, reverse: 5’-TGGATGCTCTCATCAGGACAG-3’;
IL-6, forward: 5’-GGTGCCCTGCCAGTATTCTC-3’,
IL-6, reverse: 5’-GGCTCCCAACACAGGATGA-3’;
GAPDH, forward: 5’-TGGATTTGGACGCATTGGTC-3’;
GAPDH, reverse: 5’-TTTGCACTGGTACGTGTTGAT-3’.
GAPDH or U6 was used as an internal control. CTRP3 expres-
sion was analyzed using the 2–DDCt method.

Western blot

Pancreas tissues were lysed on ice in RIPA lysis buffer (Beyotime, 
Shanghai, China). A BCA Protein Quantitation kit was used to 

measure the concentration of total protein (Beyotime, Shanghai, 
China). A total of 40 μg of protein was isolated by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and 
transferred onto polyvinylidene fluoride (PVDF) membranes. 
The membranes were blocked with 5% dried skimmed milk 
powder for 1 h, and incubated with primary antibodies over-
night at 4°C. The primary antibodies were obtained from Cell 
Signaling Technology (Boston, MA, USA) and included anti-Bcl-2 
(3498S), anti-Bax (14796S), anti-cleaved caspase-3 (9664S), 
anti-cleaved caspase-9 (9509T), anti-TLR4 (14358S), anti-MyD88 
(4283S), anti-phospho-NF-kB p65 (3033S), anti-NF-kB p65 
(8242S), and anti-GAPDH (5174S). Protein expression was 
normalized to GAPDH levels. The membranes were incubat-
ed with horseradish peroxidase (HRP)-conjugated secondary 
antibody (ab6721) (Abcam, Cambridge, UK) for 2 h. Enhanced 
chemiluminescence (ECL) reagent was used for visualization. 
ImageJ software (National Institutes of Health, Bethesda, MD, 
USA) was used to analyze the results.

Statistical analysis

All experiments were performed in triplicate. Data were ana-
lyzed using SPSS version 14.0 software (IBM, Chicago, IL, USA). 
Data were expressed as the mean ± standard deviation (SD). 
Statistical comparisons were made using a two-tailed Student’s 
t-test or one-way analysis of variance (ANOVA). A P-value <0.05 
was considered to be statistically significant.

Results

Maresin-1 (MaR1) reduced pancreatic inflammation in the 
mouse model of caerulein-induced acute pancreatitis (AP).

To determine the effects of MaR1 in the mouse model of AP, 
routine light microscopy was used to examine the pancreat-
ic tissues. Figure 1 shows pancreatic necrosis and inflamma-
tion in the AP mouse model group when compared with the 
control group. Inflammation and necrosis were reduced fol-
lowing treatment with MaR1, which was most significant in 
the high-dose MaR1 group. These results indicated that the 

Control AP Low Middle High

Figure 1.  Photomicrographs of the histology of the pancreatic tissues from mice with caerulein-induced acute pancreatitis (AP) treated 
with maresin-1 (MaR1). Representative photomicrographs from each experimental group at 12 hours after the induction of 
acute pancreatitis. Hematoxylin and eosin (H&E). Magnification ×100. MaR1 – maresin-1; AP – acute pancreatitis.
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mouse model of AP was established and that MaR1 treatment 
reduced the pathological changes in the pancreatic tissue.

MaR1 reduced the levels of serum amylase and lipase in 
the mouse model of AP

Serum levels of amylase and lipase were used as biochemical 
markers of AP. The results are shown in Figure 2A, 2B. Serum 
amylase and lipase levels were significantly increased in the 
mouse model of AP compared with the control group at 0 h, 
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Figure 2.  Mice with caerulein-induced acute pancreatitis (AP) treated with maresin-1 (MaR1) showed reduced levels of serum amylase 
and lipase. Assay kits measured serum levels of (A) amylase and (B) lipase. *** P<0.001 vs. control; ### P<0.001 vs. AP. 
MaR1 – maresin-1; AP – acute pancreatitis
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Figure 3.  Mice with caerulein-induced acute pancreatitis (AP) treated with maresin-1 (MaR1) showed reduced expression of markers 
of oxidative stress in the pancreas. The levels of (A) malondialdehyde (MDA), (B) protein carbonyls, (C) superoxide dismutase 
(SOD), and (D) the ratio of reduced glutathione/oxidized glutathione (GSH/GSSG) were measured using kits. *** P<0.001 
vs. control; # P<0.05, ## P<0.01, ### P<0.001 vs. AP. MaR1 – maresin-1; AP – acute pancreatitis; MDA – malondialdehyde; 
SOD – superoxide dismutase; GSH/GSSG – reduced glutathione/oxidized glutathione.
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6 h, and 12 h after induction of AP. Following treatment with 
MaR1, the levels of serum amylase and lipase decreased in a 
concentration-dependent manner at 0 h, 6 h, and 12 h. These 
findings showed that MaR1 treatment reduced the levels of 
serum amylase and lipase in the experimental model of AP.

MaR1 reduced the expression of markers of oxidative 
stress in the mouse model of AP

Oxidative stress markers in pancreatic tissue were examined 
to evaluate the effect of MaR1 on reactive oxygen species 
(ROS) induced by caerulein. Levels of malondialdehyde (MDA) 
and protein carbonyls were significantly increased, the levels 
of superoxide dismutase (SOD) and the ratio of reduced glu-
tathione/oxidized glutathione (GSH/GSSG) were significant-
ly decreased in the model group (Figure 3A–3D). Following 
treatment with MaR1, the levels of MDA and protein carbonyls 
were reduced, accompanied with an increase in SOD and the 
GSH/GSSG ratio, and the greatest effect found in the high dose 
group (Figure 3A–3D). These findings showed that treatment 
with MaR1 reduced oxidative stress in the mouse model of AP.

MaR1 reduced the levels of inflammatory cytokines in the 
mouse model of AP

The levels of inflammatory cytokines, levels of tumor necrosis 
factor-alpha (TNF-a), interleukin-1b (IL-1b), and IL-6 in serum 
and pancreatic tissues were measured to investigate the effect 
of MaR1 on inflammatory cytokines. As shown in Figure 4A–4C, 
the levels of TNF-a, IL-1b, and IL-6 in serum in the model group 
were significantly increased when compared with the control 
group at 0 h, 6 h, and 12 h after induction of AP. Following 
treatment with MaR1, serum levels of TNF-a, IL-1b, and IL-6 
were significantly reduced, and the high dose group treated 
with MaR1 showed the greatest inhibitory effect. The mRNA 
expression of TNF-a, IL-1b, and IL-6 in pancreatic tissues sup-
ported the serum findings (Figures 4D–4F). These results in-
dicated that MaR1 could reduce the expression of inflamma-
tory cytokines in the mouse model of AP.

MaR1 increased apoptosis in pancreatic acinar cells in the 
mouse model of AP

In this study, the terminal-deoxynucleotidyl transferase-medi-
ated nick end-labeling (TUNEL) assay was used to measure 
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Figure 4.  Mice with caerulein-induced acute pancreatitis (AP) treated with maresin-1 (MaR1) showed reduced expression of 
inflammatory cytokines. Serum levels of (A) tumor necrosis factor- a (TNF-a), (B) interleukin-1b (IL-1b), and (C) IL-6 in serum 
were measured by enzyme-linked immunoassay (ELISA). Expression of (D) TNF-a, (E) IL-1b, and (F) IL-6 in pancreatic tissues 
were detected by reverse transcription-quantitative polymerase chain reaction (RT-qPCR). ** P<0.01, *** P<0.001 vs. control; 
# P<0.05, ## P<0.01 vs. AP. MaR1 – maresin-1; AP – acute pancreatitis.
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the degree of pancreatic acinar cell apoptosis. As shown in 
Figure 5, animals in the AP model group showed low levels 
of apoptosis. Following treatment with MaR1, the apoptosis 
index of pancreatic acinar cells was significantly higher com-
pared with the model group. Also, the expression of apoptosis-
associated proteins was measured by Western blot. As shown 
in Figure 6, the expression of the anti-apoptosis protein, Bcl-2, 
was downregulated accompanied by upregulation of the ex-
pression of the pro-apoptotic proteins Bax, cleaved caspase-3, 
and cleaved caspase-9 in the mouse model of AP compared 
with the control. After treatment with MaR1, the expression 
level of Bcl-2 decreased, while Bax, cleaved caspase-3, and 
cleaved caspase-9 increased in a concentration-dependent 
manner. These results showed that MaR1 activated apoptosis 
in the mouse model of AP.

MaR1 reduced the expression of proteins in the 
TLR4/NF-kB signaling pathway in the mouse model of AP

To further investigate the regulatory mechanisms of MaR1 on AP, 
the expression of proteins in the TLR4/NF-kB signaling pathway 
were measured by Western blot. As shown in Figure 7, the ex-
pression levels of TLR4, MyD88, and p-NF-kB p65 were signifi-
cantly increased in the AP model group compared with the con-
trol group. Decreased expression of TLR4, MyD88, and p-NF-kB 
p65 was found in a concentration-dependent manner following 
treatment with MaR1. These results indicated that MaR1 inhibit-
ed the TLR4/NF-kB signaling pathway in the mouse model of AP.

Discussion

Acute pancreatitis (AP) is an inflammatory disease that can have 
a mild to severe course. Because of the limited treatment op-
tions, AP continues to be closely associated with high morbid-
ity and mortality [16]. Therefore, the aim of this study was to 
investigate the effects of maresin-1 (MaR1) in a mouse model 
of caerulein-induced AP. The findings were that treatment with 
MaR1 reduced the course of AP by inhibiting oxidative stress 
and the inflammatory response as well as inducing apoptosis.

Oxidative stress is one of the factors implicated in the progression 
of AP [17]. Malondialdehyde (MDA) is the final product of lipid per-
oxidation induced by reactive oxygen species (ROS), which cause 
pancreatic damage during AP [18]. Protein carbonyls are produced 
following catalytic oxidation of metal ions [19]. When oxidative 
stress occurs, excessive production of ROS leads to an imbalance 
between oxidation and antioxidants in the body, which were re-
flected in this study by measurement of the levels of superoxide 
dismutase (SOD), and the ratio of reduced glutathione/oxidized 
glutathione (GSH/GSSG). In the current study, in the mouse mod-
el of AP, MaR1 treatment reduced the levels of MDA and protein 
carbonyls and increased the levels of SOD and GSH/GSSG, which 
were findings supported by previous studies [20,21]. These re-
sults suggested that MaR1 treatment reduced tissue damage in 
pancreatitis by suppressing the production of ROS.

Increased activation of inflammatory cytokines contributes to 
the development of AP [22]. Also, the activation of NF-kB signal-
ing is induced by the increased production of ROS [23]. TNF-a is 
a dominant regulatory factor in the initiation of AP, and TNF-a 
is one of the first inflammatory cytokines to increase during 
AP [24]. Increased accumulation of TNF-a promotes the pro-
duction of other inflammatory cytokines, including IL-1b and 
IL-6, which will result in the activation of an inflammatory cas-
cade leading to damage in multiple tissues and organs [25]. 
The levels of IL-1b and IL-6 are correlated with the severity of 
AP [26]. Therefore, inhibition of these pro-inflammatory cyto-
kines could reduce the severity of pancreatitis. Previous stud-
ies have shown that MaR1 suppressed the inflammatory re-
sponse and reduced tissue damage in multiple organs [10,11]. 
For these reasons, the role of MaR1 in caerulein-induced AP 
was studied. The findings showed that MaR1 reduced pancre-
atic necrosis and inflammation on histology, and reduced the 
serum levels of amylase and lipase. Importantly, the expres-
sion levels of TNF-a, IL-1b, and IL-6 were significantly reduced. 
These findings indicate that MaR1 reduced tissue damage in 
pancreatitis by inhibiting inflammation.

Because cell apoptosis is associated with inflammation, a re-
duced apoptotic cell index can be an indicator of reduced 

Control AP Low Middle High

Figure 5.  Mice with caerulein-induced acute pancreatitis (AP) treated with maresin-1 (MaR1) showed increased apoptosis of pancreatic 
acinar cells. Photomicrographs of representative images of cell apoptosis in the mouse pancreas measured by the terminal-
deoxynucleotidyl transferase-mediated nick end-labeling (TUNEL) assay. Magnification ×100. MaR1 – maresin-1; AP – acute 
pancreatitis; TUNEL – terminal-deoxynucleotidyl transferase-mediated nick end-labeling.
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severity of AP. In the pancreas, inflammation is associated 
with damaged acinar cells that can undergo apoptosis or ne-
crosis. Apoptotic cells maintain their membrane integrity, but 
cell necrosis is associated with the release of intracellular con-
tents and triggers an inflammatory cascade [3,27]. Therefore, 

a switch from necrosis to apoptosis in pancreatic acinar cells 
may be important in the clinical treatment of AP [3,28]. In the 
present study, MaR1 treatment in the mouse model of AP sig-
nificantly increased cell apoptosis in pancreatic tissues, as mea-
sured using the terminal-deoxynucleotidyl transferase-mediated 
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Figure 6.  Mice with caerulein-induced acute pancreatitis (AP) treated with maresin-1 (MaR1) showed increased expression of 
apoptosis-associated proteins. Western blot shows the expression levels of Bcl-2, Bax, cleaved caspase-3 and cleaved 
caspase-9. *** P<0.001 vs. control; ## P<0.01, ### P<0.001 vs. AP. MaR1 – maresin-1; AP – acute pancreatitis
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Figure 7.  Mice with caerulein-induced acute pancreatitis (AP) treated with maresin-1 (MaR1) showed inhibition of the TLR4/NF-kB 
signaling pathway. Western blot shows reduced expression levels of TLR4, MyD88, and p-NF-kB p65. *** P<0.001 vs. control; 
## P<0.01, ### P<0.001 vs. AP. MaR1 – maresin-1; AP – acute pancreatitis; TLR4 – toll-like receptor 4; p-NF-kB p65 – phospho-
NF-kB p65.

nick end-labeling (TUNEL) assay. Also, there was a concentra-
tion-dependent reduction in the expression level of Bcl-2 and 
an increase in Bax, cleaved caspase-3, and cleaved caspase-9.

Toll-like receptors (TLRs), a family of pattern recognition re-
ceptors (PRRs), recognize pathogen-associated and damage-
associated molecular pattern molecules, and promote the ini-
tiation of immune responses [29]. TLR4 has received particular 
attention because of its role in inflammation [29]. TLR4 inter-
acts with the adaptor molecule, MyD88, and following a se-
ries of signal transductions, leads to NF-kB activation and the 
further synthesis of pro-inflammatory cytokines [30]. The find-
ings from previously published studies have shown that the 
inhibition of TLR4/NF-kB signaling reduced inflammation and 
tissue damage in AP [31,32]. The findings of the present study 
showed that the expression of TLR4, MyD88, and p-NF-kB p65 
was significantly downregulated following treatment with 
MaR1, which consistent with the findings from a previous 
study [33]. These results confirmed that MaR1 could inhib-
it the TLR4/NF-kB signaling pathway in a mouse model of AP.

Conclusions

This study aimed to investigate the effects of maresin-1 (MaR1) 
in a mouse model of caerulein-induced acute pancreatitis (AP). 
The results showed that treatment of the mouse model with 
MaR1 reduced pancreatic inflammation, oxidative stress, inflam-
mation, the expression of inflammatory cytokines, and reduced 
apoptosis of pancreatic acinar cells. These findings support the 
anti-inflammatory role of MaR1 in this animal model.
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