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Abstract. Severe acute pancreatitis (SAP) is a severe clinical 
condition associated with high rates of morbidity and mortality. 
Multiple organ dysfunction syndrome that follows systemic 
inflammatory response syndrome is the leading cause of 
SAP‑related death. Since the inflammatory mechanism of SAP 
remains unclear, there is currently a lack of effective drugs 
available for its treatment. Therefore, it is important to study 
effective therapeutic drugs and their molecular mechanisms 
based on studying the inflammatory mechanism of SAP. In 
the present study, in vivo, a mouse model of AP induced by 
cerulein (CR) combined with lipopolysaccharide (LPS) was 
established to clarify the therapeutic effect of artesunate (AS) 
in AP mice by observing the gross morphological changes of 
the pancreas and surrounding tissues, calculating the pancre‑
atic coefficient, and observing the histopathology of the 
pancreas. The serum amylase activity in AP mice was detected 
by iodine colorimetry and the superoxide dismutase activity 

in the pancreas was detected by WST‑1 assay. The levels of 
proinflammatory cytokines in the serum, the supernatant of 
pancreatic tissue homogenates and the peritoneal lavage fluid 
were detected by ELISA assay. The total number of perito‑
neal macrophages was assessed using the cellular automatic 
counter, and the expression of proteins related to autophagy, 
and the TLR4 pathway was detected by immunohistochem‑
istry and western blotting. In vitro, the effect of trypsin (TP) 
combined with LPS was observed by detecting the release 
of proinflammatory cytokine levels from macrophages by 
ELISA assay, and detecting the expression of proteins related 
to autophagy and the TLR4 pathway by immunofluorescence 
and western blotting. The present study revealed that AS 
reduced pancreatic histopathological damage, decreased 
pancreatic TP and serum amylase activities, increased super‑
oxide dismutase activity, and inhibited pro‑inflammatory 
cytokine levels in a mouse model of AP induced by cerulein 
combined with lipopolysaccharide. In vitro, TP combined with 
LPS was found to synergistically induce pro‑inflammatory 
cytokine release from mouse macrophages and RAW264.7 
cells, while AS could inhibit cytokine release. Furthermore, 
CR combined with LPS synergistically increased amylase 
activity in acinar cells, whereas AS decreased amylase 
activity. Autophagy serves an important role in the release 
of pro‑inflammatory cytokines. In the present study, it was 
revealed that the autophagy inhibitor LY294002 suppressed 
the release of pro‑inflammatory cytokines from macrophages 
treated with TP combined with LPS, and pro‑inflammatory 
cytokine release was not further reduced by AS combined 
with LY294002. Furthermore, AS not only inhibited the 
expression of important molecules in the Toll‑like receptor 4 
(TLR4) signaling pathway, but also inhibited autophagy 
proteins and reduced the number of autolysosomes in mice 
with AP and in macrophages. In conclusion, these results 
suggested that AS may protect against AP in mice via inhibi‑
tion of TLR4‑dependent autophagy; therefore, AS may be 
considered a potential therapeutic agent against SAP.
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Introduction

Severe acute pancreatitis (SAP) is one of the most common 
and serious gastrointestinal inflammatory diseases, which is 
associated with high rates of morbidity and mortality. Notably, 
it has been reported that 20‑30% of patients who develop SAP 
have a mortality rate as high as 20‑40% globally (1,2).

The basis of AP is inflammation, in which pancreatic 
enzymes are activated and then cause inflammation of the 
pancreatic tissue, which locally manifests as pancreatic diges‑
tion, edema, bleeding and pancreatic necrosis. The injured 
pancreatic tissue releases a large amount of pro‑inflammatory 
cytokines, including tumor necrosis factor α (TNF‑α), inter‑
leukin (IL)‑6 and IL‑1β, triggering a cascade of inflammatory 
mediators, which develops rapidly from local inflammation 
into systemic inflammatory response syndrome (SIRS) (3). 
Inflammation is present throughout the pathophysiological 
course of AP; therefore, if SIRS is not controlled, sepsis, septic 
shock and multiple organ dysfunction syndrome (MODS), 
resulting from the presence of infectious factors (such as 
surgical infection), can occur (4,5).

Autophagy is an evolutionarily conserved self‑protection 
mechanism that is closely related to the occurrence and 
development of inflammation. Under normal conditions, 
autophagy is maintained at a low level; however, starvation, 
stress, infection, immune disorders and other conditions can 
induce increased autophagy (6,7). Previous studies have shown 
that autophagy is involved in the inflammatory process of 
SAP (8,9), and the inhibition of key molecules in the process 
of autophagy can reduce the degree of inflammation in model 
animals with SAP (10).

Although the activation of trypsin (TP) in pancreatic tissue 
is considered a key cause of pancreatic tissue inflammation, 
experimental results have suggested that the activation of TP 
alone is insufficient, and lipopolysaccharide (LPS) from the 
gut may be involved in the development of pancreatitis (11‑13). 
However, whether there is a synergistic effect between TP and 
LPS remains unclear.

Artesunate (AS) is a World Health Organization‑approved 
first‑line drug for the treatment of severe malaria in adults and 
children (14). In addition to its anti‑malarial effects, in recent 
years, it has been shown that AS can exert notable anti‑inflam‑
matory and antitumor effects (15). In our previous study, AS 
was revealed to inhibit the Toll‑like receptor 4 (TLR4)/nuclear 
factor‑κB (NF‑κB) signaling pathway, which could decrease 
digestive enzyme activity and pro‑inflammatory cytokine 
expression, thereby improving survival in rats with SAP (16). 
However, the detailed molecular mechanism of AS in AP is 
not yet clear.

In the present study, the effects of AS on an animal model 
of AP induced by cerulein (CR) and LPS were investigated. 
Subsequently, the synergistic effects of TP and LPS on mouse 
macrophages, and CR combined with LPS on acinar cells were 
investigated, as well as the synergistic effects and molecular 
mechanisms of TP and LPS on mouse macrophages.

Materials and methods

Reagents. AS for injection was purchased from Guilin 
Pharmaceutical Co., Ltd. For the in vivo experiments, AS 

was dissolved in dimethyl sulfoxide (100%; 0.02 ml/10 g 
administration volume, determined to have no negative effect 
in preliminary experiments); for the in vitro experiments, AS 
was dissolved in 1 ml 5% sodium bicarbonate and then diluted 
in 0.9% sterile normal saline (NS).

LPS (from Escherichia coli O55:B5) was purchased from 
MilliporeSigma. CR was purchased from MedChemExpress 
(cat. no.  HY‑A0190). LY294002 were purchased from 
MedChemExpress (cat. no. HY‑10108). TP was purchased 
from Nanjing Jiancheng Bioengineering Institute (cat. 
no. I015‑1‑1). The primary antibodies used for western blotting 
(WB) and immunofluorescence staining were: Anti‑Beclin‑1 
(cat. no. 3738), anti‑TNF receptor associated factor 6 (TRAF6; 
cat. no. 8028), anti‑microtubule associated protein 1 light 
chain 3 (LC3; cat. no.  2775), anti‑myeloid differentiation 
primary response 88 (MyD88; cat. no. 4283), anti‑TLR4 (cat. 
no. 38519), anti‑ATG16L1 (cat. no. 8089), anti‑β‑actin (cat. 
no.  4967) and anti‑GAPDH (cat. no.  2118) (all from Cell 
Signaling Technology, Inc.). The secondary antibodies were 
horseradish peroxidase (HRP)‑conjugated goat anti‑rabbit 
(cat. no. SA00001‑2) or anti‑mouse (cat. no. SA00001‑1) (both 
Proteintech Group, Inc.). The primary antibodies used for 
immunohistochemistry were: Anti‑Beclin‑1 (cat. no. A7353; 
ABclonal Biotech Co., Ltd.), anti‑LC3 (cat. no. 2775; Cell 
Signaling Technology, Inc.) and anti‑TLR4 (cat. no. ab22048; 
Abcam).

The enzyme‑linked immunosorbent assay (ELISA) 
kits used to detect cytokines, including TNF‑α (cat. 
no.  BMS607‑3TEN) and IL‑6 (cat. no.  KMC0061), were 
purchased from Thermo Fisher Scientific, Inc. The amylase 
(cat. no. C016‑1‑1), TP (cat. no. A080‑2‑2) and superoxide 
dismutase (SOD; cat. no. A001‑3‑2) assay kits were purchased 
from Nanjing Jiancheng Bioengineering Institute. The total 
protein extraction kit (cat. no. BB‑3101) was purchased from 
BestBio Ltd. The 2‑step plus Poly‑HRP Anti Mouse/Rabbit IgG 
Detection System (with DAB solution) (cat. no. E‑IR‑R‑217) 
was purchased from Elabscience Biotechnology Co., Ltd. 
Anti‑rabbit Alexa Fluor 555 immunofluorescent staining 
kit (cat. no. P0179) was purchased from Beyotime Institute 
of Biotechnology. Autophagic double‑labeled adenovirus 
HBAD‑monomeric red fluorescent protein (mRFP)‑green 
fluorescent protein (GFP)‑LC3 (cat. no. HB‑AP210 001) was 
purchased from Hanheng Biotechnology (Shanghai) Co., Ltd.

Animals. Kunming (KM) mice (age, 3‑4  weeks; weight, 
18‑22 g) were obtained from Hunan SJA Laboratory Animal 
Co., Ltd. All mice were housed in a pathogen‑free facility 
(temperature, 20‑25˚C; humidity, 50‑65%) at Zunyi Medical 
University (Zunyi, China) under a 12‑h artificial light‑dark 
cycle, and with ad libitum access to food and purified water. All 
protocols and experimental procedures involving live animals 
were approved by the Animal Care Welfare Committee of 
Zunyi Medical University [approval no. ZMU (2020) 2‑296]. 
All of the experiments were conducted in compliance with the 
National and Institutional Guidelines for the Care and Use of 
Experimental Animals (17).

Cell lines, cell culture and mouse peritoneal macrophage (PM) 
purification. The mouse macrophage cell line RAW264.7 and 
the rat pancreatic exocrine cell line AR42J were obtained from 
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American Type Culture Collection. RAW264.7 cells were 
cultured in Dulbecco's modified Eagle's medium (DMEM; cat. 
no. 11965092; Gibco; Thermo Fisher Scientific, Inc.) supple‑
mented with 10% (v/v) fetal bovine serum (FBS; Biological 
Industries; Sartorius AG) at 37˚C in 5% CO2. AR42J cells 
were cultured in Ham's F‑12K (Kaighn's) medium (F12K; 
cat. no.  21127022; Gibco; Thermo Fisher Scientific, Inc.) 
containing 10% FBS at 37˚C in 5% CO2.

Murine PMs from normal male KM mice were isolated and 
cultured according to previously published methods (18,19). 
After each mouse was intraperitoneally injected with 10 ml 
NS, PMs were collected by aspiration, suspended in DMEM, 
added to a cell culture dish and incubated for 3 h at 37˚C in a 
humidified incubator containing 5% CO2. Thereafter, the cells 
were washed with phosphate‑buffered saline (PBS) to remove 
floating cells. Adherent cells were considered to be PMs with 
~90% purity. All reagents and appliances used in the experi‑
ments were endotoxin‑free.

Establishment of an animal model of AP and treatment. 
The mouse model of AP was established by the intraperi‑
toneal injection of CR (100 µg/kg) once every hour for 6 h, 
followed immediately by the intraperitoneal injection of LPS 
(10 mg/kg) (20). Briefly, 28 KM mice were divided into four 
groups (n=6/group): i) The NS group was intraperitoneally 
injected with NS (0.1 mg/10 g); ii) the AP group received CR 
(100 µg/kg) intraperitoneally once an hour for 6 h, and the 
mouse model of AP was successfully established by intraperi‑
toneal injection of LPS (10 mg/kg) immediately after the last 
CR injection; and the iii) AS5 + AP and iv) AS15 + AP groups, 
in which the mice were intraperitoneally injected with 5 or 
15 mg/kg AS, respectively, immediately after the last injection 
of LPS.

The whole experiment lasted 24 h. During the experimental 
period, the health status of mice was observed every 2 h and 
the mortality rate of mice was 0%. The mice were euthanized 
through cervical dislocation at 2, 8 (28 mice each time) and 
18 h (only 4 mice in the NS group with AP + AS15 and 5 mice 
in the AP group with AP + AS5) after model establishment 
to minimize the time required for loss of consciousness. In 
addition, predetermined humane endpoints were set, which if 
reached meant the animal experiments could not continue (21). 
The experiment was terminated when the mice appeared weak, 
and lost the ability to eat and drink on their own. Death was 
verified by the loss of heartbeat. No mice reached the humane 
endpoints.

Collection of serum, pancreatic tissue and peritoneal lavage 
fluid. A total of 2, 8 and 18 h after establishment of the AP 
model, serum was collected by removing the eyeballs from the 
sacrificed mice at the 2‑h time point and leaving them for 2 h 
at room temperature. After centrifugation of the blood from 
the eye socket after eyeball removal was performed at 4˚C and 
1,008 x g for 10 min, the supernatant was collected to detect 
pro‑inflammatory cytokine levels and amylase activity.

In addition, mice were sacrificed by cervical dislocation 
at the 2‑, 8‑ and 18‑h time points. Mice were injected intra‑
peritoneally with 5 ml PBS and rubbed gently for 2 min at 
the 2 h time point. The peritoneal lavage fluid was then aspi‑
rated using a pipette, centrifuged at 178 x g for 3 min at room 

temperature, and the pellet and supernatant were separated 
to detect the number of PMs and pro‑inflammatory cytokine 
levels, respectively.

The pancreas was excised by laparotomy, observed visu‑
ally to detect the presence or absence of edema, hyperemia 
and necrosis, and then images of the pancreatic tissue were 
captured at the 2‑h time point. Detection of the pancreatic 
coefficients at the 8‑h time point, and the pancreatic coefficient 
was calculated as follows: Wet gland weight (mg)/mouse weight 
(g). Subsquently, one‑third of the pancreatic tissue (pancreatic 
tail) of each mouse was cut off for homogenization (45 Hz, 
50 sec, three times) at the 2‑h time point and the 18‑h time 
point. Since the volumes and masses of the aforementioned 
pancreatic tissues from each mouse were different, different 
volumes of saline were added for homogenization according 
to the mass, in order to obtain the same mass concentration 
of the pancreatic tissue homogenate. Finally, the homogenates 
were centrifuged at 4˚C and 1,008 x g for 10 min, and the 
supernatant was obtained to detect pro‑inflammatory cytokine 
levels (2‑h time point), TP activity (18‑h time point) and SOD 
activity (2‑h time point).

The specific activity of an enzyme is internationally 
expressed as U/mg protein, which indicates the number 
of units of enzyme activity per unit weight (mg) of protein. 
Therefore, U/mg protein was used to express TP and SOD 
activities, according to the instructions of the kit manufacturer. 
Amylase activity, on the other hand, since there is no protein 
involved, was expressed in U/dl according to the kit manufac‑
turer's instructions. The international unit of pro‑inflammatory 
cytokines was formulated by the International Organization 
for Standardization  (22) and is expressed in the form of 
international unit (IU). Different inflammatory factors have 
different IUs, for example, the IU of IL‑1β is pg/ml (not used 
here), the IU of TNF‑α is pg/ml or pg/106 cells and the IU 
of IL‑6 is pg/ml or pg/106 cells. Therefore, the use of pg/ml 
was standardized when indicating pro‑inflammatory cytokine 
levels according to the instructions provided with the ELISA 
kits. Therefore, the units of pro‑inflammatory cytokines were 
different from those of digestive enzyme activity.

PM count in ascites. After centrifuging the mouse peritoneal 
fluid, the supernatant was poured into an Eppendorf tube and 
retained. Subsequently, 1 ml PBS was added to the pellet 
and mixed, after which, 20 µl of the suspension was added 
to an automated cell counter (Countstar; Shanghai Ruiyu 
Biotechnology Co., Ltd.), and the total number of PMs was 
counted.

Histological examination of pancreatic tissue. The pancreatic 
tissue was fixed in 4% paraformaldehyde at 4˚C for 24 h, 
embedded in paraffin and cut into 3‑ to 4‑µm sections. The 
sections were stained with in hematoxylin solution for 10 min, 
with color separation in acid water and ammonia for 3 sec 
each, rinsed in running water for 1 h and then put into distilled 
water. Sections were dehydrated in 70 and 90% alcohol for 
10 min each, and then stained with eosin staining solution for 
3 min at room temperature using an ST5010 AutoStainer (Leica 
Microsystems GmbH). Finally, the changes in pulmonary 
histopathology were observed under a BX43 light microscope 
(Olympus Corporation).
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Immunohistochemistry. Pancreatic sections were deparaf‑
finized using xylene and hydrated in different concentrations 
of ethanol, 100, 95, 90, 85 and 70% for 5 min each, and then 
rinsed in tap water for 10 min, before being treated with citrate 
antigen repair solution (pH 6.0) at 100˚C for 18 min. The 
sections were then treated with 3% H2O2 at 37˚C for 10 min to 
block endogenous peroxidase, blocked with goat serum (from 
cat. no. E‑IR‑R‑217 kit) for 30 min at 37˚C, and then incubated 
with anti‑TLR4 (1:50), anti‑LC3 (1:100) and anti‑Beclin‑1 
(1:50) antibodies at 4˚C for 18 h. Subsequently, the sections 
were incubated with polyperoxidase‑anti‑mouse/rabbit IgG 
(from cat. no. E‑IR‑R‑217 kit) at 37˚C for 30 min, with DAB 
for 30  sec and with hematoxylin at room temperature for 
10 min. After 10 sec of differentiation solution fractionation 
configured from 5% ethanol hydrochloride, the sections were 
dehydrated through a concentration gradient of ethanol and 
xylene, sealed with neutral resin and images were captured 
under a light microscope. Semi‑quantification of protein 
expression was performed in three randomly selected regions 
using ImageJ software version 1.54d (National Institutes 
of Health). The average optical density value is obtained by 
dividing the cumulative optical density by the area of the effec‑
tive target distribution. Dark brown staining of cells indicated 
a positive signal.

Transmission electron microscopy. The pancreatic tissues 
were fixed in 2.5% glutaraldehyde fixative at 4˚C for 24 h, 
dehydrated through a graded ethanol series and embedded 
in epoxy resin for pre‑polymerization at 45˚C for 12 h, then 
polymerized at 60˚C for 24 h. After staining with toluidine 
blue, the pancreatic tissues were sectioned to a thickness of 
1‑3 µm using an ultrathin sectioning machine. The obtained 
sections were double stained with uranyl acetate and lead 
nitrate for 30 min at room temperature, and were then observed 
using transmission electron microscopy (JEM‑1400Plus; Japan 
Electronics Co., Ltd.).

Treatment of macrophages with AS. Mouse PMs were 
isolated, grown and adhered to 96‑well plates (5.0x104 cells/well) 
at 37˚C in 5% CO2 for 4 h. AS (20 µg/ml) in serum‑free DMEM 
was added after attachment, and after 2 h of incubation at 
37˚C in 5% CO2, the cells in the 96‑well plates were stimulated 
with TP (1, 5 and 20 µg/ml) or LPS (1, 3 and 9 ng/ml). After 
4 h of incubation at 37˚C in 5% CO2, the supernatants were 
collected to detect TNF‑α and IL‑6 levels.

RAW264.7 cells were grown to confluence in 96‑well 
plates (5.0x104 cells/well), washed twice and incubated with 
serum‑free DMEM for 12 h. AS (35 µg/ml) in serum‑free 
DMEM was added after attachment, and after 2 h of incuba‑
tion at 37˚C in 5% CO2, the cells in the 96‑well plates were 
stimulation with TP (10 µg/ml) or different concentrations of 
LPS (1, 3 and 9 µg/ml). After 4 h of incubation, the superna‑
tants were collected to detect TNF‑α levels (TP10 + LPS9 only 
made two independent samples, while the other groups had 
three independent samples).

Treatment of macrophages with autophagy inhibitor. Mouse 
PMs (5.0x104 cells/well) were grown on 96‑well plates at 37˚C 
in 5% CO2 for 4 h. LY294002 (10 µM) or LY294002 (10 µM) 
combined with AS (20 µg/ml) in serum‑free DMEM was 

added after attachment, and after 2 h of incubation at 37˚C 
in 5% CO2, the cells were stimulated with TP (5 µg/ml) or 
LPS (1 ng/ml) for 4 h at 37˚C in 5% CO2. Subsquently, the 
supernatants were collected to detect TNF‑α and IL‑6 levels.

AS treatment of AR42J cells. AR42J cells (5.0x104 cells/well) 
were grown to confluence in 96‑well plates, washed twice 
and incubated with F12K culture medium (containing 10% 
FBS) for 24 h at 37˚C in 5% CO2. After CR (0.5 nM) or LPS 
(0.1, 0.3 and 0.9 µg/ml) were added (only three independent 
samples for the Medium, LPS0.1 and LPS0.3 groups, while 
the other groups had four independent samples), the cells 
were treated with AS (0.5 µg/ml) for 24 h at 37˚C in 5% CO2 

(only three independent samples for the Medium group, while 
the other groups had four independent samples). Thereafter, 
the supernatants were collected to detect amylase activity.

Im munof luorescence  s ta in ing.  R AW26 4.7  cel l s 
(1.0x105 cells/well) in 24‑well plates (each well plus coverslips) 
were treated with AS (35 µg/ml) for 2 h at 37˚C in 5% CO2, 
and then treated with TP (10 µg/ml) and/or LPS (3 ng/ml) for 
1 h at 37˚C in 5% CO2. The cells were collected and fixed 
in 4% paraformaldehyde for 1 h at room temperature, after 
which, blocking was performed with goat serum for 1 h at 
room temperature. After incubating the slides with polyclonal 
antibodies against LC3 (1:100) at 4˚C for 24 h, the slides 
were washed with PBS, and then incubated with fluorescein 
isothiocyanate‑labeled goat anti‑rabbit IgG antibody (1:200; 
from cat. no. P0179 kit) for 24 h at 4˚C. Finally, the slides were 
washed with PBS and the cell nuclei were stained with 1 mg/ml 
DAPI for 5 min at room temperature. After PBS washing and 
glycerol mounting, the LC3 levels in the cells were observed 
using fluorescence microscopy (BX43; Olympus Corporation).

HBAD‑mRFP‑GFP‑LC3 infection analysis. RAW264.7 cells 
(1.0x104/well) in 24‑well plates (each well plus coverslips) 
were infected with autophagic double‑labeled adenovirus 
mRFP‑GFP‑LC3 at 1x108 PFU/ml for 8 h at 37˚C in 5% CO2 
according to the manufacturer's instructions, and then the 
virus‑containing medium was aspirated and the cells were 
washed twice with PBS. Subsequently, RAW264.7 cells 
in 24‑well plates were treated with AS (35 µg/ml) for 2 h at 
37˚C in 5% CO2, and then treated with TP (10 µg/ml) and/or 
LPS (3 ng/ml) for 1 h at 37˚C in 5% CO2. After the cells were 
collected, PBS was added and the cells were washed twice, and 
then 400 µl paraformaldehyde was added and fixed for 20 min 
at room temperature. A small amount of fluorescence quencher 
was added to the slide in advance. After fixation with parafor‑
maldehyde, the slides were washed with PBS, and the plates 
were observed under a laser confocal microscope and images 
were captured (STELLARIS5; Leica Microsystems GmbH).

Assays of pro‑inflammatory cytokine levels and enzyme 
activities. The TNF‑α and IL‑6 levels in the mouse serum, 
pancreatic homogenates, lavage fluid and cellular supernatant 
were measured using ELISA kits according to the manufac‑
turer's protocols. The activities of amylase in the mouse serum 
and cellular supernatant, and TP and SOD in the pancreatic 
homogenates, were determined using their respective enzyme 
activity assay kits.
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WB. Total protein was extracted from RAW264.7 cells and 
mouse pancreatic tissues using the Total Protein Extraction Kit, 
and the protein concentration was determined by BCA Protein 
Concentration Measurement Kit (Enhanced) (cat. no. P0009; 
Beyotime Institute of Biotechnology). Equal amounts (20 µg) 
of proteins were supersampled. LC3 was separated by 15% 
sodium dodecyl sulfate polyacrylamide gel electrophoresis, 
and the rest of the proteins were separated by 10% sodium 
dodecyl sulfate polyacrylamide gel electrophoresis, followed 
by transfer to polyvinylidene fluoride membranes and blocked 
with 5% skimmed milk for 2 h at room temperature. After 
cutting the membranes according to different molecular 
weights, anti‑LC3 (1:1,000), anti‑ATG16L1 (1:1,000), 
anti‑TLR4 (1:1,000), anti‑MyD88 (1:1,000), anti‑TRAF6 
(1:1,000), anti‑Bcelin‑1 (1:1,000), anti‑β‑actin (1:1,000) and 
anti‑GAPDH (1:1,000) antibodies were incubated at 4˚C for 
18 h. Subsequently, the chemiluminescent substrates were 
enhanced with HRP‑conjugated goat anti‑rabbit secondary 
antibody (1:2,000) or anti‑mouse secondary antibody 
(1:2,000) for 1  h at room temperature. Subsequently, the 
membrane regeneration solution (cat. no. SW3020; Beijing 
Solarbio Science & Technology Co., Ltd.) was used to elute 
the antibodies and the membranes were incubated again with 
alternative primary antibodies, followed by further incubation 
with horseradish peroxidase‑conjugated secondary antibodies. 
Chemiluminescent‑labeled immunoreactive protein bands 
were visualized using the ChemiDoc™ Touch imaging system 
and the SuperSignal chemiluminescent substrate (both from 
Bio‑Rad Laboratories, Inc.), and were analyzed using the 
ImageJ software package.

Statistical analysis. Data are presented as the mean ± SD and 
each experiment was performed in triplicate. Data from each 
group were statistically analyzed using one‑way ANOVA and 
Tukey's post hoc test using GraphPad Prism 8.4.2 software 
(Dotmatics). P<0.05 was considered to indicate a statistically 
significant difference.

Results

AS significantly alleviates damage to the pancreatic tissue in 
AP model mice. To investigate the therapeutic effect of AS 
on a mouse model of AP induced by CR combined with LPS, 
the general condition of the pancreatic tissue, the pancreatic 
coefficient and pathological changes in the pancreatic tissue 
were observed.

Gross observation showed that the surface of the pancre‑
atic tissue in the NS group was smooth, with no bleeding 
spots; however, the pancreatic tissue from the mice in the AP 
group was swollen, gray‑colored, and there were a number of 
saponified and bleeding points on the tissue surface (Fig. 1A). 
AS treatment (5 and 15 mg/kg) did not reduce the edema of the 
pancreatic tissues but reduced the number of bleeding points, 
and adhesion between pancreatic tissues and surrounding 
tissues could be observed to be markedly reduced during the 
sampling process. Furthermore, the pancreatic coefficient 
was high in the AP group compared with NS group but was 
decreased in the AS treatment groups (Fig. 1B).

Histopathological observation of pancreatic tissue showed 
that in the NS group, the pancreatic lobular septum was clear, 

the acinar arrangement was regular and no obvious changes 
were observed (Fig. 1C). In the AP group, the pancreatic tissue 
structure was disorganized, the septa of the lobules were 
markedly enlarged, large coagulated necrosis was observed 
in the glandular parenchyma, which was accompanied by 
bleeding, and a large number of inflammatory cells infiltrated 
around the necrotic lesion. In the AP + AS5 and AP + AS15 
groups, pancreatic hemorrhage, necrosis and inflammatory 
cell infiltration were reduced compared with those in the AP 
group. The effect in the AP + AS15 group was more obvious 
than that in the AP + AS5 group. These results indicated that 
AS reduced the degree of pancreatic tissue damage in a mouse 
model of AP.

AS reduces both the activation of enzymes and the levels of 
pro‑inflammatory cytokines in pancreatic tissue. Enzyme 
activation is a hallmark of AP (23); in particular, TP activity 
is closely related to the severity of pancreatitis. The activation 
of pancreatic enzymes and the levels of pro‑inflammatory 
cytokines in pancreatic tissue are closely related to the degree 
of local inflammatory response in the pancreatic tissue, as well 
as the subsequent systemic inflammatory response (24).

The results of the present study showed that pancreatic TP 
activity was significantly increased in the AP group compared 
with that in the NS group, whereas AS (5 and 15 mg/ml) 
significantly decreased its activity (Fig. 2A). Furthermore, 
compared with those in the NS group, pancreatic TNF‑α 
and IL‑6 levels were significantly increased in the AP group, 
but were significantly decreased in the AP + AS15 group 
(Fig. 2B and C).

Excessive production of oxygen free radicals is closely 
related to the inflammatory state of the human body, and 
SOD serves an important role in scavenging oxygen free 
radicals  (25,26). Therefore, SOD activity was assessed in 
pancreatic tissue. The results showed that the SOD activity 
was significantly decreased in the AP group compared with 
that in the NS group, but was significantly increased in the AS 
groups (Fig. 2D).

AS reduces pancreatic enzyme activity and pro‑inflammatory 
cytokine levels in the blood. Pancreatic enzymes that are 
released in response to pancreatic tissue damage enter 
the bloodstream; therefore, the serum levels of pancreatic 
enzymes are closely related to the severity of pancreatitis (27). 
In particular, the activity of pancreatic amylase in the blood 
is closely related to the severity of pancreatitis (27). In the 
present study, pancreatic amylase activity was investigated. 
The results showed that the activity of serum amylase was 
significantly increased in the AP group compared with that in 
the NS group, but was significantly decreased in the AP + AS 
group (Fig. 3A).

The local inflammatory response in pancreatitis can trigger 
a systemic inflammatory response known as SIRS; therefore, 
pro‑inflammatory cytokine levels are strongly associated 
with local and systemic inflammation during AP (28,29). In 
the present study, the serum levels of TNF‑α and IL‑6 were 
investigated. The results showed the levels of TNF‑α and IL‑6 
in the AP group were significantly increased compared with 
those in the NS group, but were significantly decreased in the 
AS groups (Fig. 3B and C).
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AS significantly reduces the levels of pro‑inflammatory cyto‑
kines and the number of PMs in the peritoneal lavage fluid. 
Macrophages are a major source of pro‑inflammatory cytokine 
production. The peritoneal cavity contains a large number of 
macrophages, and the number and function of PMs are closely 
related to the severity of pancreatitis (30,31).

The results of the present study showed that compared 
with that in the NS group, the total number of PMs in the AP 
group was significantly increased; however, AS treatment 
significantly decreased the total number of PMs (Fig. 4A). 
The levels of TNF‑α and IL‑6 in the peritoneal lavage fluid 
were significantly higher in the AP group than those in the 
NS group, whereas AS significantly decreased TNF‑α levels 
(Fig. 4B and C).

AS inhibits autophagy and TLR4 signaling pathway‑related 
proteins in vivo. Autophagy serves an important role in the 

pathophysiological process of AP. In the late stage of autophagy, 
autophagic lysosomes with a single membrane are present (32). 
Transmission electron microscopy showed no autophagic abnor‑
malities in the NS group, whereas a large number of autophagic 
lysosomes were apparent in the AP group compared with that in 
the NS group; however, almost no autophagic lysosomes were 
observed in the AP + AS15 group (Fig. 5A).

LC3 is a molecular hallmark for the occurrence of 
autophagy in cells  (33) and autophagy‑related gene (ATG) 
is also involved in regulating the formation of cellular 
autophagosomes  (34). The present study observed the 
changes in LC3 and ATG16L1 in the pancreatic tissues of 
mice with AP. Immunohistochemistry results showed that 
LC3 protein expression was significantly increased in the 
AP group compared with that in the NS group, whereas it 
was significantly decreased in the AS groups (Fig. 5B). WB 
results showed that LC3II and ATG16L1 protein expression 

Figure 1. AS significantly alleviates the damage to pancreatic tissues in a mouse model of AP. (A) Gross observation of pancreatic tissues at the 2 h time point 
(n=6). (B) Pancreatic coefficient at the 8 h time point (n=6). (C) Hematoxylin and eosin staining of the pancreatic tissues at the 2 h time point. Magnification, 
x40. Data are presented as the mean ± SD and were analyzed by one‑way ANOVA and Tukey's test. *P<0.05, **P<0.01. AP, acute pancreatitis; AS, artesunate; 
NS, normal saline.
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Figure 2. AS significantly reduces pancreatic enzyme activity and the levels of pro‑inflammatory cytokines in pancreatic tissues. (A) Trypsin activity 18 h 
after AP establishment (n=4‑5). (B) TNF‑α levels, (C) IL‑6 levels and (D) SOD activity in pancreatic tissues at the 2 h time point (n=6). Data are presented as 
the mean ± SD and were analyzed by one‑way ANOVA and Tukey's test. *P<0.05, **P<0.01. AP, acute pancreatitis; AS, artesunate; IL, interleukin; NS, normal 
saline; SOD, superoxide dismutase; TNF‑α, tumor necrosis factor α.

Figure 3. AS significantly reduces pancreatic enzyme activity and the levels of pro‑inflammatory cytokines in the blood. (A) Amylase activity, (B) TNF‑α 
levels and (C) IL‑6 levels in the serum at the 2 h time point (n=6). Data are presented as the mean ± SD and were analyzed by one‑way ANOVA and Tukey's 
test. *P<0.05, **P<0.01. AP, acute pancreatitis; AS, artesunate; IL, interleukin; NS, normal saline; TNF‑α, tumor necrosis factor α.
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levels were significantly increased in the AP group compared 
with those in the NS group, whereas they were significantly 
decreased in the AS groups (Fig. 5C). These results indicated 
that AS may inhibit the expression of key molecules in the 
autophagy pathway in the pancreatic tissues of mice with AP.

The LPS‑induced autophagy process is closely related to 
the TLR4/TRAF6/Beclin‑1 signaling pathway (35); therefore, 
immunohistochemistry and WB were used to detect changes 
in the expression levels of important molecules in the TLR4 
signaling pathway in the pancreatic tissues of mice with AP, 
and further observed the effects of AS on inflammation and 
autophagy. Immunohistochemistry showed that the protein 
expression levels of TLR4 and Beclin‑1 were significantly 
increased in the AP group compared with those in the NS 
group, whereas they were significantly decreased in the AS 
groups (Fig. 5D and E). The results of WB showed that the 
expression levels of MyD88, TRAF6 and Beclin‑1 were signif‑
icantly increased in the AP group compared with those in the 
NS group, whereas they were significantly decreased in the AS 
groups (Fig. 5F). These findings indicated that AS inhibited the 
expression of molecules related to the TLR4/TRAF6/Beclin‑1 
signaling pathway in the pancreatic tissues of mice with AP.

AS inhibits the release of pro‑inflammatory cytokines from 
mouse macrophages treated with TP and LPS in  vitro. 

Macrophages serve important roles in the occurrence and 
development of AP  (36,37), and TP and LPS can induce 
macrophages to release pro‑inflammatory cytokines (19,38); 
however, whether TP combined with LPS could synergisti‑
cally induce the release of more pro‑inflammatory cytokines 
than TP or LPS alone is unclear. In the present study, both the 
mouse RAW264.7 cell line and PMs were used to determine 
the effect of TP combined with LPS.

Firstly, PMs were treated with a low concentration of LPS 
(1 ng/ml) combined with different concentrations of TP (1, 5 
and 20 µg/ml). After 4 h, the cell supernatant was collected 
and the levels of TNF‑α in the supernatant were detected. 
The results showed that LPS and different concentrations of 
TP could induce TNF‑α release; however, TP5 + LPS1 group 
could induce significantly higher TNF‑α release (Fig. 6A). 
In addition, PMs were treated with TP (5 µg/ml) combined 
with different concentrations of LPS (1, 3 and 9 ng/ml). The 
results also showed that the TP5 + LPS1 group could induce 
significantly more TNF‑α release (Fig.  6B). The TNF‑α 
levels induced by the combination of LPS (1 ng/ml) and TP 
(5 µg/ml) were significantly higher than those using either 
factor alone; therefore, 1 ng/ml LPS plus 5 µg/ml TP were used 
in subsequent experiments in PMs.

Secondly, the effects of TP plus LPS on TNF‑α were 
validated in RAW264.7 cells. RAW264.7 cells were treated 

Figure 4. AS significantly reduces the levels of pro‑inflammatory cytokines and the number of PMs in the peritoneal lavage fluid of AP mice. (A) Total number 
of PMs, (B) TNF‑α levels and (C) IL‑6 levels in the peritoneal lavage fluid at the 2 h time point (n=6). Data are presented as the mean ± SD and were analyzed 
by one‑way ANOVA and Tukey's test. *P<0.05, **P<0.01. AP, acute pancreatitis; AS, artesunate; IL, interleukin; NS, normal saline; PM, peritoneal macrophage; 
TNF‑α, tumor necrosis factor α.
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with TP (10 µg/ml) combined with different concentrations of 
LPS (1, 3 and 9 ng/ml) for 4 h. The RAW264.7 cell valida‑
tion results were consistent with those detected using PMs 
(Fig. 6C). Based on the aforementioned results, a combination 
of 10 µg/ml TP with 3 ng/ml LPS was selected for subsequent 
experiments using RAW264.7 cells.

Furthermore, the effects of AS (20 and 35 µg/ml) on PMs 
and RAW264.7 cells treated with TP and LPS were observed. 
The results showed that AS significantly inhibited the release 
of TNF‑α and IL‑6 induced by TP combined with LPS in 
PMs (Fig. 6D and E). The results in RAW264.7 cells were 

consistent with those in PMs (Fig. 6F and G). These results 
demonstrated that TP combined with LPS could significantly 
increase the release of pro‑inflammatory cytokines from 
mouse macrophages, whereas AS could markedly inhibit this 
pro‑inflammatory cytokine release.

AS decreases the amylase activity induced by CR combined 
with LPS in vitro. Parenchymal cells release large amounts of 
pancreatic enzymes, but less pro‑inflammatory cytokines, to 
participate in inflammation (39). Cholecystokinin can induce 
pancreatic acinar cells to produce amylase (40). CR is a gastric 

Figure 5. AS inhibits autophagy and TLR4 signaling pathway‑related protein expression in AP model mice. (A) Representative transmission electron micros‑
copy images of pancreatic tissues at the 2 h time point. White arrows indicate autophagic lysosomes. Magnification, x20,000. (B) Immunohistochemical 
analysis of LC3 protein expression in pancreatic tissues at the 2 h time point (n=3). A dark brown color in the cells indicates a positive signal. (C) Western 
blot analysis of LC3II and ATG16L1 protein expression in the pancreatic tissues of mice with AP at the 2 h time point (n=6). Immunohistochemical analysis 
of (D) TLR4 and (E) Beclin‑1 protein expression in pancreatic tissues at the 2 h time point (n=3). A dark brown color in the cells indicates a positive signal. 
Magnification, x40. (F) Western blotting of MyD88, TRAF6 and Beclin‑1 protein expression in the pancreatic tissues of mice with AP at the 2 h time point 
(n=6). Data are presented as the mean ± SD and were analyzed by one‑way ANOVA and Tukey's test. *P<0.05, **P<0.01. AP, acute pancreatitis; AS, artesunate; 
ATG, autophagy‑related gene; LC3, microtubule associated protein 1 light chain 3; MOD, mean optical density; MyD88, myeloid differentiation primary 
response 88; NS, normal saline; TLR4, Toll‑like receptor 4; TRAF6, tumor necrosis factor receptor associated factor 6.
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Figure 6. TP combined with LPS increases the release of pro‑inflammatory cytokines from mouse macrophages, whereas AS inhibits their release. (A) LPS 
combined with different concentrations of TP induced the release of TNF‑α by PMs (n=3). (B) TP combined with different concentrations of LPS induced the 
release of TNF‑α by PMs (n=3). (C) TNF‑α levels in the supernatant of TP and LPS‑treated RAW264.7 cells (n=2‑3). Effect of AS on the release of (D) TNF‑α 
and (E) IL‑6 from PMs treated with LPS combined with TP (n=3). Effect of AS on the release of (F) TNF‑α and (G) IL‑6 from RAW264.7 cells treated with 
LPS combined with TP (n=3). Data are presented as the mean ± SD and were analyzed by one‑way ANOVA and Tukey's test. *P<0.05, **P<0.01; #P>0.05. AS, 
artesunate; IL, interleukin; LPS, lipopolysaccharide; PM, peritoneal macrophage; TNF‑α, tumor necrosis factor α; TP, trypsin.



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE  55:  25,  2025 11

regulatory molecule similar to cholecystokinin in function 
and composition, which can stimulate the secretion of amylase 
from the stomach, bile duct and pancreas; therefore, CR is 
often used in animal and cell experiments to replace cholecys‑
tokinin (41‑43). In the present study, CR combined with LPS 
was used to treat the AR42J acinar cell line, and the amylase 
activity in acinar cells was measured.

The results showed that either 0.5 nM CR or 0.9 µg/ml LPS 
alone could significantly increase amylase activity compared 
with that in the control (Medium) group, whereas 0.9 µg/ml 
LPS combined with 0.5 nM CR significantly increased the 
amylase activity compared with that induced by either factor 
alone (Fig. 7A). Thus, the combination of 0.5 nM CR and 
0.9  µg/ml LPS was selected for subsequent experiments. 
Based on the aforementioned experiments, the effect of AS 
(0.5 µg/ml) on amylase activity was investigated. The results 
showed that AS significantly decreased the amylase activity 
induced by CR combined with LPS (Fig. 7B).

Autophagy serves an important role in the release of 
pro‑inflammatory cytokines, and AS inhibits autophagy and 
TLR4 signaling pathway‑related proteins in vitro. To detect 
whether macrophages treated with TP combined with LPS 
induced excessive autophagy in AP, the effects of the autophagy 
inhibitor LY294002 (10 µM) on the release of TNF‑α and IL‑6 
induced by LPS (1 ng/ml) and TP (5 µg/ml) were observed in 
PMs. The results showed that LY294002 could significantly 
decrease the levels of TNF‑α and IL‑6 released by PMs treated 
with TP combined with LPS (Fig. 8A and B), Subsequently, 
the effects of AS (20 µg/ml) combined with the autophagy 
inhibitor LY294002 (10 µM) were observed on the release of 
TNF‑α and IL‑6 induced by LPS (1 ng/ml) and TP (5 µg/ml) 
in PMs. The results showed that both AS and LY294002 could 
significantly decrease the levels of TNF‑α and IL‑6 released 
by PMs treated with TP combined with LPS (Fig. 8C and D). 
However, compared with in the group treated with AS or 
LY294002 alone, the combination of AS and LY294002 did 

not further reduce the levels of TNF‑α and IL‑6 induced by 
LPS and TP.

To observe the effects of AS on autophagy, the 
HBDA‑mRFP-GFP‑LC3 adenovirus was used to monitor 
autophagic flow in real‑time; mRFP can be used to label and 
track LC3, and the attenuation of GFP indicates the fusion 
of lysosomes and autophagosomes to form autolysosomes. 
The results showed that the number of autophagosomes and 
autolysosomes was significantly increased after TP (10 µg/ml) 
combined with LPS (3 ng/ml) treatment in RAW264.7 cells; 
however, AS (35 µg/ml) significantly reduced the number of 
autophagosomes and autolysosomes (Fig. 8E‑H), suggesting 
that AS could inhibit the excessive autophagy stimulated by 
TP combined with LPS in RAW264.7 cells.

Secondly, WB results showed that the protein expression 
levels of LC3II were significantly increased after TP (10 µg/ml) 
combined with LPS (3 ng/ml) treatment in RAW264.7 cells 
compared with that in the control (Medium) group, whereas 
AS (35 µg/ml) significantly decreased the protein expression 
levels of LC3II (Fig. 8I).

Furthermore, immunofluorescence microscopy showed 
that TP (10 µg/ml) and LPS (3 ng/ml), alone or in combina‑
tion, increased the expression of LC3 compared with that in 
the control group, whereas AS (35 µg/ml) notably decreased 
the expression of LC3 in RAW264.7 cells (Fig. 8J). These 
results demonstrated that the effect of AS on the release 
of pro‑inflammatory cytokines may be closely related 
to the inhibition of autophagy. Subsequently, the present 
study observed whether TP (10 µg/ml) combined with LPS 
(3 ng/ml) induced changes in important molecules (TLR4, 
Myd88, TRAF6 and Beclin‑1) in the TLR4 signaling pathway 
in RAW264.7 cells. The results showed that TP combined 
with LPS increased the protein expression levels of TLR4, 
Myd88, TRAF6 and Beclin‑1 in RAW264.7 cells compared 
with those in the control (Medium) group, whereas AS 
(35 µg/ml) significantly decreased their protein expression 
levels (Fig. 8K).

Figure 7. CR combined with LPS increases the activity of amylase in acinar cells, whereas AS decreases the activity of amylase. (A) Activity of amylase in the 
supernatant of AR42J cells treated with CR combined with LPS (n=3‑4). (B) AS reduced the amylase activity in the supernatant of AR42J cells treated with 
CR in combination with LPS (n=3‑4). Data are presented as the mean ± SD and were analyzed by one‑way ANOVA and Tukey's test. **P<0.01; #P>0.05. AS, 
artesunate; CR, cerulein; LPS, lipopolysaccharide.

https://www.spandidos-publications.com/10.3892/ijmm.2024.5466


LIU et al:  ARTESUNATE PROTECTS AGAINST AP IN MICE BY INHIBITING TLR4-DEPENDENT AUTOPHAGY12

Discussion

The results of the present study suggested that AS has a 
protective effect on AP in mice induced by LPS combined 
with CR, in which it reduces pro‑inflammatory cytokine 
release and pancreatic enzyme levels, and attenuates pancre‑
atic tissue damage. Furthermore, it was indicated that the 
molecular mechanism of AS treatment of AP may be closely 
related to inhibition of the TLR4/NF‑κB signaling pathway 
and autophagic signaling.

Most AP models have been performed in rodents, and the 
commonly used methods are pancreatic duct ligation (44), 
intraperitoneal injection of an L‑arginine inducer (45), retro‑
grade injection of sodium taurocholate into the biliopancreatic 
duct (46), and intraperitoneal injection of CR into the pancre‑
atic duct (47). Our previous study established a rat model of 

AP using retrograde injection of sodium taurocholate into the 
biliopancreatic duct, which produced AP that was similar in 
severity to the human disease (16). However, it is not an ideal 
model of AP‑MODS because it requires surgery and delicate 
manipulation, and is not easily replicated (48). Therefore, an 
AP model that has the advantages of being noninvasive, easy 
to perform and reproducible was chosen for the present study, 
namely intraperitoneal injection of LPS combined with CR, 
which also increases the severity of AP and MODS compared 
with the AP model established using CR alone (49,50), and 
mimics AP‑related sepsis (51).

The present results showed that the mouse pancreatic 
tissues developed lesions characterized by interstitial edema, 
hemorrhage and necrotic acinar cells in response to LPS 
combined with CR. In addition, enhanced amylase and TP 
activities, significantly elevated levels of pro‑inflammatory 

Figure 8. Continued.
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Figure 8. AS inhibits the protein expression levels of key molecules associated with TLR4‑dependent autophagy in PMs and RAW264.7 cells. Autophagy inhibitor 
LY294002 significantly inhibited (A) TNF‑α and (B) IL‑6 release from PMs induced by TP combined with LPS (n=3). AS combined with autophagy inhibitor 
LY294002 had no significant effect on the release of (C) TNF‑α and (D) IL‑6 from PMs induced by TP combined with LPS (n=3). (E) AS inhibited autophagic flow 
induced by TP combined with LPS in RAW264.7 cells (n=3). Autophagosomes (yellow) and autolysosomes (red) were observed and counted. Scale bar, 17 µm. 
Number of (F) autophagosomes, (G) autolysosomes, and (H) autophagosomes and autolysosomes. AS inhibited LC3II protein expression induced by TP combined 
with LPS in RAW264.7 cells, as determined by (I) western blotting and (J) laser scanning confocal microscope. Magnification, x400. (K) AS inhibited the protein 
expression levels of TLR4, MyD88, TRAF6 and Beclin‑1 in RAW264.7 cells treated with TP combined with LPS (n=3). Data are presented as the mean ± SD and 
were analyzed by one‑way ANOVA and Tukey's test. *P<0.05, **P<0.01; #P>0.05. AS, artesunate; GFP, green fluorescent protein; IL, interleukin; LC3, microtubule 
associated protein 1 light chain 3; LPS, lipopolysaccharide; mRFP, monomeric red fluorescent protein; MyD88, myeloid differentiation primary response 88; NS, 
normal saline; TLR4, Toll‑like receptor 4; TNF‑α, tumor necrosis factor α; TRAF6, TNF receptor associated factor 6; TP, trypsin.
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cytokines and PM counts, and significantly decreased SOD 
activity suggested that LPS combined with CR could be used 
to successfully establish a mouse model of AP.

AP is an acute gastrointestinal disorder with high morbidity 
and mortality rates (52,53). The severe systemic inflammation 
induced by AP frequently leads to the development of MODS 
and subsequent death  (54,55). The pathogenesis of AP is 
complex, and although numerous studies have been conducted 
to gain a better understanding of its pathophysiology (56,57), 
and several clinical drug trials have been performed, including 
those applying protease inhibitors, such as ulinastatin and 
somatostatin (58), their therapeutic efficacy remains question‑
able (59). There is no effective treatment for AP; therefore, the 
search for effective and safe drugs has become an important 
research goal in the treatment of AP.

AS, a sesquiterpene lactone obtained from the plant 
Artemisia annua (60), is a stable derivative of artemisinin and 
is an effective drug used to treat malaria, improve inflamma‑
tion and treat tumors (such as lung and liver cancer) (61,62). 
Our previous study showed that AS can inhibit the 
TLR4/NF‑κB signaling pathway to reduce digestive enzyme 
activity and pro‑inflammatory cytokine expression, thereby 
improving the survival rate of rats with SAP (16). Therefore, 
the role of AS was investigated in the present mouse model of 
AP, and the results suggested that AS may produce significant 
inflammatory protection in mice with AP.

In the diagnosis of AP, digestive enzymes are highly sensi‑
tive and specific markers (63). In addition, oxygen radicals are 
involved in the process of pancreatic necrosis (25). Therefore, 
the activities of amylase, TP and SOD in mice can reflect the 
severity of AP in the model and the therapeutic effect of drugs. 
In addition to digestive enzymes, pro‑inflammatory cytokines 
released by local macrophages, alveolar cells and distal macro‑
phages are markers of AP severity  (64). The mononuclear 
macrophage system serves an important role in maintaining 
internal environment stability. PMs are mononuclear macro‑
phages, the number and functional status of which can reflect 
the state of the macrophage system; therefore, the total number 
of PMs is important in AP (65).

In the present study, the results indicated that although 
the edema of pancreatic tissues in mice with AP was not 
reduced after the administration of AS, the adhesion between 
pancreatic tissues and surrounding tissues could be observed 
to be markedly reduced during the sampling process, and the 
number of hemorrhagic spots was reduced. Moreover, AS 
could reduce the pancreatic coefficient, pancreatic hemorrhage, 
necrosis and inflammatory cell infiltration in mice; all of these 
results indicated that AS could reduce the degree of pancreatic 
injury in mice with AP. Moreover, AS not only significantly 
decreased serum amylase and TP activities, and increased 
SOD activity, in mice with AP, but also significantly decreased 
TNF‑α and IL‑6 levels in the serum, pancreatic tissue and 
peritoneal lavage fluid. In addition, the number of PMs was 
significantly reduced after AS treatment. This suggested 
that PMs are important in AP and that AS could reduce the 
inflammatory response in mice with AP by reducing the levels 
of pro‑inflammatory cytokines and digestive enzymes, and 
increasing the activity of SOD.

During the development of SAP, LPS induces the 
release of large amounts of pro‑inflammatory cytokines 

from macrophages and acinar cells, which are involved in 
the pathophysiological process of pancreatitis development 
and promote the progression from local to systemic inflam‑
mation (13,66). AR42J cells treated with a combination of 
CR and LPS exhibited markers of more severe pancreatitis, 
including enhanced secretion of digestive enzymes and 
pro‑inflammatory cytokines, compared with CR stimulation 
alone, as well as less apoptosis and substantial evidence of 
necrosis  (67), which is more conducive to the therapeutic 
effect of drugs in AP. Therefore, the present study established 
a cellular model of AP by treating AR42J cells with CR 
combined with LPS, which was consistent with models gener‑
ated in national and international studies, and previous results 
from our laboratory (68,69). The present results showed that 
CR combined with LPS could induce a further increase in the 
level of secreted amylase activity in AR42J cells compared 
with CR and LPS alone, with a significant synergistic effect. 
These findings suggested that CR combined with LPS could 
successfully establish a cell model of AP.

Both TP and NF‑κB activation, which are independent 
events (70), can be observed in the early stages of AP, and can 
further exacerbate pancreatic tissue damage and the systemic 
inflammatory response. Activated TP and intestinal‑trans‑
ported LPS coexist during AP; therefore, LPS can amplify the 
TP‑induced inflammatory response, and the same TP can also 
amplify the LPS‑induced inflammatory response, which could 
better mimic the pathological process of AP. Therefore, the 
present study established a cellular model of AP by treating 
macrophages with LPS combined with TP. The results showed 
that small doses of LPS combined with TP could induce a 
large release of TNF‑α and IL‑6 from PMs, with a significant 
synergistic effect, which was more effective than that induced 
by LPS or TP alone. The synergistic effect was also verified 
in RAW264.7 cells. This result suggested that LPS combined 
with TP could successfully establish a cell model of AP.

The levels of pro‑inflammatory cytokines and digestive 
enzyme activity in the supernatants of the three cell models 
were observed, the results showed that AS significantly 
reduced the levels of TNF‑α and IL‑6, and amylase activity, 
suggesting that AS could exert its anti‑inflammatory effects 
by inhibiting digestive enzyme activity and the release of 
pro‑inflammatory cytokines.

It has been reported that activation of trypsinogen may 
be associated with abnormal autophagy in pancreatic cells. 
Moreover, excessive autophagy could be involved in, or 
induced by, the development of an excessive inflammatory 
response (71,72). During AP, autophagy is activated, but is 
impaired and incomplete. It has been shown that aberrant 
autophagy in pancreatic cells caused by excessive activa‑
tion of autophagy or blockade of the autophagic pathway 
promotes the development and progression of AP  (73). 
Therefore, the present study determined the effects of 
the autophagy inhibitor LY294002 on TP combined with 
LPS‑stimulated PMs, and showed that it could inhibit the 
release of pro‑inflammatory cytokines from PMs. This 
suggested that autophagy may be aberrantly activated 
during AP and that AP is closely related to autophagy. 
However, after treatment with a combination of AS and the 
autophagy inhibitor, the levels of TNF‑α and IL‑6 were not 
further reduced, thus it was hypothesized that the effects 
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of AS and autophagy inhibitors may be the same, and both 
inhibit excessive autophagy.

TLR4 is an important component of the innate immune 
response that has an important role in the recognition of and 
defense against invading pathogens. LPS activates TLR4 in a 
MyD88‑dependent manner, triggering a classical inflammatory 
cascade response, leading to the activation of NF‑κB and the 
release of pro‑inflammatory cytokines (74). The TLR4/NF‑κB 
signaling pathway and autophagic pathways serve important 
roles not only in immune cells, but also in AR42J acinar 
cells (75‑77). The current gold standard for the detection of 
autophagy is the observation of autophagosomes by elec‑
tron microscopy and the detection of the autophagy marker 
LC3 (78). During autophagy, LC3I is modified and processed 
to produce LC3II, which is localized to autophagic vesicles. 
Thus, both LC3 and LC3II present in autophagic vesicles are 
used as molecular markers for the occurrence of autophagy in 
cells, and the amount of LC3II is proportional to the degree 
of autophagy (79). Beclin‑1 is also a key molecular marker of 
autophagy (80). The present results showed that AS not only 
decreased LC3 and ATG16L1 protein levels, and reduced 
autophagic lysosome production, but also significantly inhib‑
ited the protein expression levels of TLR4, MyD88, TRAF6 
and Beclin‑1 in the LPS combined with CR‑induced mouse 
model of AP, suggesting that the therapeutic effects of AS on 
the AP model mice are closely related to the TLR4/NF‑κB 
signaling pathway and autophagy. In the LPS combined with 
TP‑induced RAW264.7 cell inflammation model, AS was 
observed to reduce the number of autophagosomes and autoly‑
sosomes under laser confocal microscopy; and AS reduced 
the protein expression levels of LC3II, TLR4, MyD88, TRAF6 
and Beclin‑1. The immunofluorescence results also showed 
that AS significantly reduced the excessive elevation of LC3 
induced by TP combined with LPS stimulation in RAW264.7 
cells. In combination, these results suggested that the mecha‑
nism by which AS exerts its anti‑inflammatory effects on AP 
might be closely related to inhibition of TLR4/NF‑κB and 
autophagic signaling pathways.

In conclusion, AS exhibited a significant protective effect 
toward mice with AP via a mechanism that could be related 
to inhibition of the TLR4/NF‑κB and autophagy signaling 
pathways, and reduction in digestive enzyme activity and 
pro‑inflammatory cytokine expression. Therefore, AS may be 
considered as a valuable therapeutic agent for AP.
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