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Abstract
Background  Acute pancreatitis (AP) is a common inflammatory disease that may develop to severe AP (SAP), resulting in 
life-threatening complications. Impaired autophagic flux is a characteristic of early AP, and its accumulation could activate 
oxidative stress and nuclear factor κB (NF-κB) pathways, which aggravate the disease process.
Aim  To explore the therapeutic effects of regulating autophagy after the onset of AP.
Methods  In this study, intraperitoneal injections of 3-methyladenine (3-MA) and rapamycin (RAPA) in the l-arginine or 
cerulein plus lipopolysaccharide (LPS) Balb/C mouse model. At 24 h after the last injection, pulmonary, intestinal, renal 
and pancreatic tissues were analyzed.
Results  We found that 3-MA ameliorated systemic organ injury in two SAP models. 3-MA treatment impaired autophagic 
flux and alleviated inflammatory activation by modulating the NF-κB signaling pathway and the caspase-1-IL-1β pathway, 
thus decreasing the injuries to the organs and the levels of inflammatory cytokines.
Conclusion  Our study found that the regulation of autophagy could alter the progression of AP induced by l-arginine or 
cerulein plus LPS in mice.

Keywords  Acute pancreatitis · Autophagy · 3-methyladenine · Inflammatory

Abbreviations
AP	� Acute pancreatitis
SAP	� Severe AP
NF-κB	� Nuclear factor κB
IP	� Intraperitoneal
3-MA	� 3-methyladenine

RAPA	� Rapamycin
LPS	� Lipopolysaccharide
LC3-II	� Microtubule-associated protein 1 light chain 3
ZO-1	� Zonula occludens-1
IHC	� Immunohistochemistry
LDH	� Lactate dehydrogenase
ELISA	� Enzyme-linked immunosorbent assay
BCA	� Bicinchoninic acid
SDS	� Sodium dodecyl sulfate
PVDF	� Polyvinylidene fluoride
ECL	� Enhanced chemiluminescence
JAM	� Junctional adhesion molecules

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s1062​0-018-5053-0) contains 
supplementary material, which is available to authorized users.

Liang Xia and Nonghua Lu equal contribution by the 
corresponding authors.

 *	 Liang Xia 
	 xialiang79@163.com

 *	 Nonghua Lu 
	 lunonghua@ncu.edu.cn

	 Jianhua Wan 
	 18942337437@163.com

	 Jie Chen 
	 18270916863@163.com

	 Dangyan Wu 
	 wudangyan00@163.com

	 Xiaoyu Yang 
	 18720998268@163.com

	 Yaobin Ouyang 
	 18720997548@163.com

	 Yin Zhu 
	 zhuyin27@sina.com

1	 Department of Gastroenterology, The First Affiliated 
Hospital of Nanchang University, 17 Yongwaizheng Street, 
Nanchang 330006, Jiangxi, People’s Republic of China

http://orcid.org/0000-0001-7209-9407
http://crossmark.crossref.org/dialog/?doi=10.1007/s10620-018-5053-0&domain=pdf
https://doi.org/10.1007/s10620-018-5053-0


2640	 Digestive Diseases and Sciences (2018) 63:2639–2650

1 3

ALI	� Acute lung injury
PI3K	� Phosphatidylinositol 3-kinase
ROS	� Reactive oxygen species

Introduction

Acute pancreatitis (AP) is an inflammatory condition of the 
pancreas that is not confined only to the pancreas paren-
chyma but also frequently combined with a systemic inflam-
matory response. Although mild AP always presents as a 
self-limiting disorder in a majority of AP patients, some 
patients develop severe AP (SAP), which is characterized 
with pancreatic necrosis, systemic inflammatory response 
syndrome, multiple organ failure, sepsis and mortality [1]. 
Recent studies have revealed that SAP begins with the acti-
vation of zymogens in pancreatic acinar cells, dysregulation 
of multiple signaling pathways, release of pro-inflammatory 
cytokines and chemokines, induction of local and systemic 
inflammatory responses and pancreatic necrosis through 
acinar cell death [2]. Treatments for SAP have had rapidly 
developed during recent years, but mortality from SAP has 
not been significantly decreased. Thus, the development of 
specific pharmacotherapies to treat or prevent the progres-
sion of SAP by clarifying the complex disease pathogenesis 
is urgently needed.

Autophagy is a lysosomal degradation pathway that 
recycles organelles and long-lived proteins. In most cells, 
autophagy is a major protective mechanism that enables 
cell survival and adaptation to fluctuations in environmental 
conditions. In the physiological state, the pancreas exhib-
its a high rate of zymogen synthesis, and thus, there is an 
increased need to remove defective or excessive proteins by 
autophagy [3]. In AP, autophagic flux is impaired, causing 
an accumulation of autolysosomes in acinar cells, which 
exhibit increased levels of the lysosomal markers microtu-
bule-associated protein 1 light chain 3 (LC3-II) and p62/
sequestosome 1 (SQSTM1) [4]. Impaired autophagy could 
increase the accumulation of reactive oxygen species (ROS) 
due to defective clearance of damaged or depolarized mito-
chondria and activate oxidative stress and nuclear factor κB 
(NF-κB) pathways to aggravate the disease process. Thus, 
effective intervention of autophagy is expected to be a means 
to reduce the progression of pancreatitis.

So far, very few studies of AP have addressed the role of 
autophagy in vivo. Yang et al. reported that NF-κB path-
way activation stimulates autophagy during sodium tauro-
cholate-induced acute necrotizing pancreatitis in rats [5]. 
However, the regulation of autophagy to ameliorate injury 
in pancreatic acinar cells during SAP and whether it can 
affect the prognosis of SAP in mice has not yet been eluci-
dated. This study was designed to investigate the regulation 
of autophagy in two SAP experimental models generated by 

the administration of l-arginine or cerulein combined with 
lipopolysaccharide (LPS) in mice.

Materials and Methods

Reagents

Cerulein (Catalog No. C9026), LPS (Catalog No. L4130), 
l-arginine (Catalog No. A5006), 3-methyladenine (3-MA) 
(Catalog No. M9281) and rapamycin (RAPA) (Catalog No. 
PHZ1235) were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). The primary antibodies used for immunoblot-
ting were as follows: P62 (Catalog No. 5114), IL-1B cas-
pase-1 (Catalog No. 2225), IκBα (Catalog No. 9242), bec-
lin-1 (Catalog No. 3738) and p-p65 (Ser536) (Catalog No. 
3031) purchased from Cell Signaling Technology (Danvers, 
MA, USA); and occludin (Catalog No. 71-1500) and zonula 
occludens-1 (ZO-1) (Catalog No. 40-2200) purchased from 
Life Technologies Inc. The primary antibodies used for 
immunohistochemistry (IHC) were LC3 purchased from 
Sigma-Aldrich and beclin-1 (Catalo No. ab62557), p65 
(Catalo No. ab16502), myeloperoxidase (MPO) (Catalo No. 
ab134132), caspase-1 (Catalo No. ab1872), IκBα (Catalo 
No. ab32518), p-p65 (phospho S536) (Catalo No. ab86299) 
and claudin-4 (Catalo No. ab15104) purchased from Abcam 
(Inc., Cambridge, MA, USA). Amylase assay kits (C016-
1), lipase assay kits (A054-2), lactate dehydrogenase (LDH) 
assay kits (A020-2) and myeloperoxidase assay kits (A044) 
were purchased from Nanjing Jiancheng Bioengineering 
Institute (Jiancheng Biotech, Nanjing, China).

Mice

Male BALB/C mice (25 ± 3 g; 6–8 weeks old) were pur-
chased from Hunan SJA Laboratory Animal Co., Ltd. 
(HSLAC, Hunan, China). All animals were housed in an 
environmentally controlled room (22 ± 2 °C; 50% relative 
humidity; 12-h light/dark cycle). After 1 week of acclima-
tization, the mice were deprived of food 12 h before the 
experiments but had free access to water. All animal experi-
ments were approved by the Institutional Animal Care and 
Use Committee of The First Affiliated Hospital of Nanchang 
University and performed in accordance with the guidelines 
of the Animal Care and Use Committee.

Experimental Design

Two SAP models were applied in this study. Cerulein pan-
creatitis was induced as previously described [6]. Briefly, 
mice were treated by 10 h intraperitoneal (IP) injections 
of a supramaximal dose of cerulein (100  μg/kg). The 
cerulein plus LPS model was induced by IP injection of 
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lipopolysaccharide (5 mg/kg) immediately after the 10-h 
IP injections of a supramaximal dose of cerulein (100 μg/
kg). Mice were killed 24 h after the last cerulein injection. 
Arginine pancreatitis was induced as previously described 
[7]. Mice were IP injected twice with l-arginine solution 
(8%, pH = 7.4) at an interval of 1 h and a dose of 4 g/kg. The 
mice were killed 24 h after the last l-arginine injection. An 
equal amount of saline was injected into the control mice. 
Cerulein, LPS and l-arginine were dissolved in saline solu-
tion. A total of 8–12 mice were randomly assigned to each 
group. Serum as well as pulmonary, intestinal, renal and 
pancreatic tissues was obtained for subsequent analyses.

Drug Treatment

SAP was induced by l-arginine or cerulein plus LPS. 3-MA 
(10 or 20 mg/kg), and RAPA (2 or 4 mg/kg) was admin-
istered by IP injection 2 h after the last LPS or l-arginine 
injection. Mice were killed 24 h after the last cerulein or 
l-arginine injection. Blood samples were taken for the analy-
sis of cytokine and enzyme levels. Pulmonary, intestinal, 
renal and pancreatic tissue was rapidly removed and fixed 
in formalin for subsequent analyses.

Histological Analysis

Fresh specimens of mice were fixed in 10% formalin for 
over 24 h, embedded in paraffin, and cut into 4-mm-thick 
sections, which were processed for hematoxylin and eosin 
(H&E) staining. The morphological changes were observed 
under a microscope by two pathologists in a blinded manner. 
An assessment of vacuolization, edema, acinar cell necrosis 
and inflammatory cell infiltration was carried out. Pancreatic 
injury was scored on a scale of 0–3 according to four items: 
edema (0 absent, 1 focally increased between lobules and 2 
diffusely increased); inflammatory cell infiltrate (0 absent, 
1 in ducts (around ductal margins), 2 in the parenchyma 
(< 50% of the lobules) and 3 in the parenchyma (> 50% 
of the lobules)); hemorrhage and fat necrosis (0 absent, 1 
(1–2 foci), 2 (3–4 foci), 3 (> 5 foci)); and acinar necrosis 
(0 absent, 1 periductal necrosis (< 5%), 2 focal necrosis 
(5–20%) and 3 diffuse parenchymal necrosis (20–50%)), as 
previously described [8, 9].

Measurements of Serum Cytokine, Amylase, Lipase, 
MPO and LDH Activity

Blood was collected by cardiac puncture and centrifuged 
at 3000  rpm for 10 min to collect serum. The levels of 
serum cytokines, including TNF-α, IL-1β, IL-6, IL-10 and 
IL-17, in murine serum were analyzed using a commercially 
available enzyme-linked immunosorbent assay (ELISA) 
kit (eBioscience, San Diego, CA, USA) according to the 

manufacturer’s instructions. The serum activities of amylase 
and lipase were measured using a commercially available 
kit (Jiancheng Biotech, Nanjing, China) and expressed as 
units per liter (U/L). Enzyme activity was determined using 
MPO and LDH detection kits according to the manufac-
turer’s instructions (Jiancheng Biotech, Nanjing, China).

Electron Microscopy

The pancreatic tissues were cut to a suitable size (approxi-
mately 1 × 1 × 1 mm3) in 2% glutaraldehyde buffer and then 
post-fixed with 2% osmium tetroxide. Ultrathin sections 
(70 nm) were sectioned using a microtome. The sections 
were viewed by electron microscopy (JEM 1230, JEOL, 
Tokyo, Japan) to determine changes in the pancreatic acinar 
autophagic vacuoles.

Immunohistochemistry

Pancreatic and pulmonary tissues of mice were taken and 
immediately fixed in 10% buffered formalin for over 24 h, 
dehydrated by an automatic tissue hydroextractor, embed-
ded in paraffin and cut into 4-mm sections. After blocking 
endogenous peroxidase with 3% H2O2 for 8 min, the sec-
tions were incubated overnight with primary antibodies. 
Then, the sections were incubated in secondary antibodies, 
developed with 3,3-diaminobenzidine (DAB) solution and 
counterstained with hematoxylin. Negative controls were 
established using rabbit IgG instead of primary antibod-
ies. The sections were observed by light microscopy at a 
magnification of ×200 (CKX41, Olympus, Tokyo, Japan). 
The histological sections were evaluated by two experienced 
pathologists, and the degree of staining was scored as fol-
lows: 0 (0%), 1 (1–25%), 2 (26–50%), 3 (51–75%) and 4 
(76–100%) for positive staining; and 0 (normal), 1 (weak), 
2 (medium) and 3 (strong) for the staining intensity [10].

Western Blotting

Total protein was extracted from the pancreatic tissues of 
mice by centrifugation. Protein concentrations were quanti-
fied using the bicinchoninic acid (BCA) protein assay (Tian-
gen, Beijing, China). Proteins were separated by sodium 
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis 
and then transferred to a polyvinylidene fluoride (PVDF) 
membrane. After blocking with 2% bovine serum albumin 
(BSA), the membranes were immunoblotted with the indi-
cated primary antibodies (including anti-LC3, anti-p62, anti-
beclin-1, anti-ubiquitin, anti-phos-p65 and anti-NF-κb p65) 
and then with HRP-conjugated secondary antibody for 4 h 
at 4 °C. The proteins were visualized using an enhanced 
chemiluminescence (ECL) system (Thermo Scientific).
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Statistical Analysis

The data are expressed as the mean ± SEM. Statistical 
analyses, including the Mann–Whitney nonparametric U 
test and 2-tailed Student’s t test, were performed using 
SPSS statistical software 20.0 (IBM Corp., Armonk, NY, 
USA). In all cases, P values < 0.05 were considered to be 
statistically significant.

Results

3‑MA and RAPA Affected Serum Amylase and Lipase 
Levels as well as Induced Histopathological 
Alterations of the Pancreas in Cerulein Plus 
LPS‑Induced SAP Mice

The model of SAP induced by cerulein combined with LPS 
had been shown in previous studies [6]. The autophagy-
regulating compounds 3-MA and RAPA were administered 
by IP injection 2 h after the last injection of LPS (Fig. 1a). 
Mortality in the cerulein plus LPS group at 24 h was 36% 

Fig. 1   The autophagy-regulating compounds affected the sever-
ity of SAP in cerulein plus LPS-induced mice. a SAP was induced 
in BABL/c mice with a high dose of cerulein (100 μg/kg × 10) plus 
LPS (5  mg/kg), and the autophagy-regulating compounds 3-MA 
(10 or 20  mg/kg) and RAPA (2 or 4  mg/kg) were intraperitoneally 
administered 2 h after the last injection of LPS. The mice were killed 
under anesthesia at 24  h after the last injection of LPS. b The sur-
vival rate of each group at different time points during the 24 h after 

the last injection of LPS. c H&E staining of pancreas tissue from 
each group indicated different tissue injuries, including pancreatic 
edema, extravascular infiltration and acinar cell necrosis (×200). 
d Histopathological score of pancreatitis severity. e, f Serum amyl-
ase (U/L) and serum lipase (U/L) activity. Each value represents 
the mean  ±  standard deviation (n = 8–12 per group). *P < 0.05, 
**P < 0.01, and ***P < 0.001
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(5/14) versus 44% (4/9) and 55% (5/9) in the 2 and 4 mg/
kg RAPA groups, respectively. However, all animals in the 
control and the two 3-MA groups survived at 24 h com-
pared with the untreated cerulein plus LPS mice (P < 0.05) 
(Fig. 1b). Compared with the normal pancreas, histological 
examination of the pancreas after cerulein plus LPS induc-
tion showed tissue injury characterized by marked edema, 
inflammatory cell infiltration and a large number of necrotic 
acinar cells (Fig. 1c, d). Necrosis of the pancreatic acinar 
cells and inflammatory cell infiltration were significantly 
reduced in the 3-MA-treated cerulein plus LPS mice com-
pared with the untreated cerulein plus LPS mice. In contrast, 
the pathological damage in the pancreatic tissues was still 
very serious following treatment with RAPA (Fig. 1c, d). At 
both doses, 3-MA significantly ameliorated the decrease in 
serum amylase and lipase activity compared to the untreated 
cerulein plus LPS mice; however, both doses of RAPA led 
to elevated serum amylase and lipase activity compared to 
the untreated cerulein plus LPS mice (Fig. 1e).

Levels of Serum Cytokines and LDH After Regulating 
Autophagy in Cerulein Plus LPS‑Induced SAP Mice

Serum cytokine levels reflect the severity of inflamma-
tion and can predict prognosis in cases of human AP [11]. 
Pro-inflammatory cytokines, such as TNF-α, IL-1β, IL-6, 
IL-10 and IL-17, play key roles in the pathogenesis of 
SAP [12–14]. In cerulein plus LPS mice, those inflamma-
tory cytokines, including TNF-α, IL-1β, IL-6, IL-10 and 
IL-17, were significantly increased compared to the control 
mice (P < 0.01) (Fig. 2a). When the cerulein plus LPS mice 
were treated with a high dose of 3-MA, the levels of IL-1β, 

IL-6 and IL-17 were significantly decreased compared to 
the untreated cerulein plus LPS mice (P < 0.05) (Fig. 2a). 
IL-10, a cytokine synthesis inhibitory factor, was signifi-
cantly increased following treatment with 3-MA (P < 0.05) 
(Fig. 2a). However, the level of IL-1β was higher in the 
RAPA group than other groups (P < 0.05) (Fig. 2a). LDH 
activity was examined to evaluate the degree of pancre-
atic acinar cell necrosis [15]. Mice with cerulein plus LPS 
showed increased LDH activity in the serum and pancreas; 
however, 3-MA significantly reduced LDH activity (Fig. 2b, 
c).

3‑MA Inhibited Autophagy and Pancreatic 
Inflammation as well as Down‑Regulated NF‑κB 
Signaling in Cerulein Plus LPS Mice

Transmission electron microscopy, an important technique 
for the observation autophagy, revealed autophagic vacu-
oles in the activated autophagy samples. The percentage of 
autophagic vacuoles per cytoplasmic area was significantly 
increased in the cerulein plus LPS group compared with 
that in the control group. However, the administration of 
3-MA significantly decreased the percentage of autophagic 
vacuoles per cytoplasmic area compared with the cerulein 
plus LPS group (Fig. 3a). To determine whether autophagy 
was over-activated, the expression levels of autophagy pro-
teins beclin-1 and LC3I/II were detected by immunohisto-
chemistry and western blotting. The level of beclin-1, p62 
and LC3II expression was significantly increased in the 
cerulein plus LPS group compared with that in the con-
trol group, as determined by immunoblotting (Fig. 3b and 
Sup Fig. 1). Excessive cell vacuolization and accumulation 

Fig. 2   Levels of serum 
cytokines and LDH after modu-
lating autophagy in cerulein 
plus LPS mice. a ELISA was 
used to determine the levels 
of serum TNF-α, IL-1β, IL-6, 
IL-10 and IL-17 (pg/mL) in 
each treatment group. b, c 
Serum LDH (U/L) and pancre-
atic LDH (U/gprot). Each value 
represents the mean ± standard 
deviation (n = 8–12 per group). 
*P < 0.05, **P < 0.01, and 
***P < 0.001
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of p62 together with LC3-II are markers of impaired 
autophagy. In addition, the administration of 3-MA sig-
nificantly decreased beclin-1, LC3II and p62 expression 
compared with untreated cerulein plus LPS mice (Fig. 3b 
and Sup Fig. 1). Similar expression patterns of beclin-1 
and LC3I/II were observed using immunohistochemis-
try (Fig. 3c). The evaluation of inflammation in the pan-
creas of cerulein plus LPS mice by immunohistochemis-
try and/or western blotting revealed elevated expression 
levels of MPO, caspase-1 and IL-1β in the cerulein plus 
LPS group compared with that in the control and 3-MA 
groups (Fig. 3d and Sup Fig. 1). The activation of NF-κB 

increases the severity of pancreatic inflammatory cascades 
in cerulein plus LPS mice, and thus, strategies to inac-
tivate NF-κB activity may be used to treat SAP. NF-κB 
p65 nuclear protein and phosphorylated-p65 expression in 
the pancreas was significantly increased in cerulein plus 
LPS mice, and 3-MA treatment reduced the expression of 
p65 nuclear protein and phosphorylated-p65 (Fig. 3d and 
Sup Fig. 1). Immunohistochemistry and western blotting 
showed that the expression of IκBα, the NF-κB inhibitor, 
was significantly reduced in the cerulein plus LPS group 
compared the control and 3-MA groups (Fig. 3d and Sup 
Fig. 1).

Fig. 3   3-MA treatment ameliorated pancreatic inflammation and 
reduced NF-κB signaling in cerulein plus LPS mice. a Autophagic 
vacuoles were detected in pancreatic tissue samples by transmis-
sion electron microscopy (TEM) (×10,000). Two different doses 
of 3-MA reduced the formation of autophagic vacuoles compared 
to the untreated cerulein plus LPS group. b Immunohistochemical 
evaluation revealed the effect of the two 3-MA doses on autophagy 
by revealing the expression levels of beclin-1 and LC3 II in the pan-
creas (×200). The immunohistochemical scores of beclin-1 and LC3 
II staining were analyzed. c Protein expression of p62 and beclin-1 

was determined by western blotting, and the gray values were cal-
culated. d Immunohistochemical evaluation of pancreatic inflam-
mation and NF-κB signaling in the mice treated with two different 
doses of 3-MA, revealing the expression levels of caspcase-1, IκBα, 
p65 nuclear protein and phosphorylated-p65 in the pancreas (×200). 
The immunohistochemical scores of caspcase-1, IκBα, p65 nuclear 
protein and phosphorylated-p65 were analyzed. Each value repre-
sents the mean ± standard deviation (n = 8–12 per group). *P < 0.05, 
**P < 0.01 and ***P < 0.001
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3‑MA Alleviated Damages of the Lung, Intestine 
and Kidney in Cerulein Plus LPS‑Induced SAP Mice

SAP often causes systemic inflammation that leads to sys-
temic multiple organ dysfunction syndrome, including lung, 
intestinal and kidney injury [15]. The histological features of 
lung injury in cerulein plus LPS mice include more obvious 
thickening of the alveoli, neutrophil infiltration and alve-
olar congestion than in the control mice. However, treat-
ment of 3-MA at different doses led to markedly reduced 
pathological characteristics (Fig. 4a). Similarly, the expres-
sion levels of MPO in the lung were significantly higher in 
the cerulein plus LPS mice than in the two 3-MA groups 
(Fig. 4b). Therefore, 3-MA could be effective for reducing 
neutrophil transmigration into the lungs. Intestinal barrier 
function is established by complex junctional structures 
that are intracellularly connected to zonulins, including the 

zonula occludens (ZO) family; the tight junctions, which 
are made up of transmembrane proteins, such as occludin; 
junctional adhesion molecules (JAM); and claudins. Micro-
scopic morphological evidence of gut injury, including loss 
of the unstirred mucus layer and neutrophil infiltration, was 
observed in the cerulein plus LPS group compared to the 
control group, but 3-MA treatment significantly reduced the 
damages in the intestine (Fig. 4c). The expression levels 
of proteins that reflect intestinal barrier function, including 
occludin, ZO-1 and claudin-4, were significantly lower in 
the cerulein plus LPS group but were restored in the two 
3-MA groups, as determined by western blot and immu-
nohistochemistry (Fig. 4d, e). Light microscopy of kidney 
tissue in the cerulein plus LPS group revealed renal tubular 
epithelial cell necrosis, interstitial edema and inflammatory 
cell infiltration; additionally, 3-MA treatment was effective 
in reducing the severity of kidney tissue injury (Fig. 4f).

Fig. 4   3-MA treatment alleviated damages in the lung, intestine and 
kidney of cerulein plus LPS mice. a H&E staining of lung samples 
from the four groups of mice revealed different tissue injuries, includ-
ing alveolar thickening and inflammation (×200). b Immunohis-
tochemical evaluation of inflammation in mice treated with the two 
doses of 3-MA based on the expression level of MPO in the lung 
(×200). The immunohistochemical scores of MPO were analyzed. c 
H&E staining of intestinal tissue from the four groups of mice exhib-
ited different tissue injuries, such as disintegration of the lamina pro-
pria, crypt layer injury and transmural infarction (×200). d, e Immu-

nohistochemical and western blotting evaluation of the intestinal 
barrier function of mice treated with the two doses of 3-MA based 
on the expression level of occludin, ZO-1 and claudin-4 in the intes-
tine (×200). The immunohistochemical scores of occluding, ZO-1 
and claudin-4 were analyzed. f H&E staining of kidney tissue from 
the four groups revealed different tissue injuries, including renal tubu-
lar epithelial cells necrosis, interstitial edema, and inflammatory cell 
infiltration (×200). Each value represents the mean ± standard devia-
tion (n = 8–12 per group). *P < 0.05, **P < 0.01 and ***P < 0.001
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3‑MA Could not Reduce the Systemic Inflammatory 
Response Induced by LPS but Could Significantly 
Reduce Pancreatic Injury Induced by Cerulein

Next, we identified the role of 3-MA in the model of 
SAP induced by cerulein combined with LPS admin-
istration. Interestingly, the survival rate was lower in 
the LPS + 3-MA groups than in the LPS group without 
cerulein (Fig. 5a). The histological features of lung injury 
in the LPS + 3-MA group included more severe thick-
ening of the alveoli and neutrophil infiltration than in 
the LPS group (Fig. 5b). The expression levels of MPO 
in the lung were significantly higher in the LPS + 3-MA 
group than in the LPS group without cerulein (Fig. 5b). 

In LPS-induced mice, IL-6 expression was also signifi-
cantly lower than that in the LPS + 3-MA-treated mice 
(P < 0.05) (Fig.  5c). The level of serum amylase and 
lipase activity in AP was increased in the cerulein-treated 
group compared to the control group (Fig. 5d). However, 
histological examination of the pancreas after cerulein-
induction showed tissue injury characterized by mild 
edema, inflammatory cell infiltration and several necrotic 
acinar cells; histological examination of the pancreas in 
the cerulein + 3-MA group revealed that it appeared very 
similar to that in the control group (Fig. 6e). The per-
centage of autophagic vacuoles per cytoplasmic area was 
significantly reduced in the cerulein + 3-MA group com-
pared with the cerulein group (Fig. 6e). In AP-treated 

Fig. 5   3-MA treatment could not reduce the systemic inflamma-
tory response induced by LPS but could significantly reduce the 
pancreatic injury induced by cerulein. a Survival rate of the LPS or 
LPS + 3-MA groups at different time points during the 24 h after the 
last LPS injection. b Histological analysis and immunohistochemical 
analysis of MPO revealed the damage and inflammation in the lung 
(×200). c ELISA revealed the effects of LPS or LPS + 3-MA treat-
ment on the levels of serum TNF-α, IL-1β, IL-6, IL-10 and IL-17 

(pg/mL). d Serum amylase (U/L) and serum lipase (U/L) activity in 
the Cn and Cn + 3-MA groups. e Histological analysis (×200) and 
TEM (×10,000) revealed the pathological damage and autophagic 
vacuoles in the pancreas, respectively. f ELISA revealed the effects of 
Cn or Cn + 3-MA groups on the levels of serum TNF-α, IL-1β, IL-6, 
IL-10 and IL-17 (pg/mL). Each value represents the mean ±  stand-
ard deviation (n = 8–12 per group). *P < 0.05, **P < 0.01, and 
***P < 0.001
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mice, the expression of inflammatory cytokines, includ-
ing TNF-α, IL-1β, IL-6, IL-10 and IL-17, was also signif-
icantly increased compared to the control mice, and IL-1β 
expression was also significantly increased compared to 
the cerulein  + 3-MA mice (P < 0.05) (Fig. 5f). 

Protective Effects of 3‑MA on l‑Arginine‑Induced 
SAP Mice

SAP was induced by l-arginine administration as previ-
ously reported [7]. The inhibitor of autophagy, 3-MA, was 
intraperitoneally administered 2 h after the last injection 

Fig. 6   Protective effects of 3-MA on SAP mice induced by l-argi-
nine. a SAP was induced by a high dose of l-arginine (2  g/kg × 2) 
in BABL/c mice, and the autophagy inhibitor 3-MA (20 mg/kg) was 
intraperitoneally administered 2  h after the last injection of l-argi-
nine. The mice were killed after anesthesia at 24 h after the last injec-
tion of l-arginine. b The survival rate of each group at different time 
points during the 24 h after the last injection of l-arginine. c Histo-
logical analysis (×200) and TEM (×10,000) revealed the pathologi-
cal damage and autophagic vacuoles in the pancreas, respectively. d 
The histopathological score of pancreatitis severity, and serum amyl-

ase (U/L) and serum lipase (U/L) activity. e Histological analysis and 
immunohistochemical analysis of MPO revealed damage and inflam-
mation in the lungs of l-arginine- or l-arginine + 3-MA-treated mice. 
f Serum LDH (U/L) activity in the l-arginine or l-arginine + 3-MA 
groups. g ELISA revealed the effects of l-arginine or l-argi-
nine + 3-MA treatment on the levels of serum TNF-α, IL-1β, IL-6, 
IL-10 and IL-17 (pg/mL). Each value represents the mean ±  stand-
ard deviation (n = 8–12 per group). *P < 0.05, **P < 0.01 and 
***P < 0.001
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of l-arginine (Fig.  6a). The survival rate was lower in 
the l-arginine-induced SAP groups than in the l-argi-
nine + 3-MA group (Fig.  6b). In the l-arginine group, 
necrosis, hemorrhage and inflammatory cell infiltration 
were observed (Fig. 6c). In the l-arginine + 3-MA group, 
pathological changes in the pancreas included minor edema 
of the glands (Fig. 6c). The percentage of autophagic vacu-
oles per cytoplasmic area was significantly reduced in the 
l-arginine + 3-MA group compared with the l-arginine 
group (Fig. 6c). The pathological score of the pancreas 
was significantly higher in the l-arginine group than in the 
l-arginine + 3-MA group (P < 0.05, Fig. 6d). The serum 
amylase and lipase content was significantly higher in 
the l-arginine group than in the l-arginine + 3-MA group 
(P < 0.05, Fig. 6d). The histological features of lung injury 
in the l-arginine group included more severe thicken-
ing of the alveoli and neutrophil infiltration than in the 
l-arginine + 3-MA group (Fig. 6e). The expression levels 
of MPO in the lung were significantly higher in the l-argi-
nine group than in the l-arginine + 3-MA group (Fig. 6e). 
Serum LDH activity was significantly higher in the l-argi-
nine group than in the l-arginine + 3-MA group (P < 0.05, 
Fig. 6f). The expression of inflammatory cytokines, includ-
ing TNF-α, IL-1β, IL-6, IL-10 and IL-17, was also sig-
nificantly increased in the l-arginine-induced mice com-
pared to the control mice (P < 0.05) (Fig. 6g). The levels of 
IL-1β, IL-6 and IL-17 were significantly decreased in the 
l-arginine + 3-MA group compared to the l-arginine group 
(P < 0.05) (Fig. 6g).

Discussion

SAP is associated with high mortality and morbidity rates 
due to uncontrolled inflammatory progression and a poorly 
understood pathogenesis. Therefore, animal models were 
essential to advancing our understanding of the pathophysi-
ological processes responsible for SAP. SAP mice were 
generated by the administration of a high dose of cerulein 
(100 μg/kg) plus LPS (5 mg/kg) in BABL/c mice; the SAP 
mice exhibited severe pathological changes in the pancreas 
and lungs, as described in previous research [6]. The combi-
nation of cerulein plus LPS induces more SAP than cerulein 
alone. LPS is an aggravating agent and impairs the local and 
systemic inflammatory response during acute experimental 
pancreatitis. In our study, the survival rate of this cerulein 
plus LPS model was only 64% (9/14), which is similar to 
that for SAP patients in the clinic [16]. Pancreatic pathol-
ogy after SAP induction revealed obvious necrosis, and the 
presence of acute lung injury (ALI) also showed the sever-
ity of the lung injuries in this model. In a previous study, 
l-arginine-induced AP was associated with a different pan-
creatic necrosis rate depending on the mouse strain, and the 

l-arginine (2 × 4 g/kg IP)-induced BALB/c mice showed a 
relatively low rate of pancreatic necrosis (approximately 
15%) [7]. Serum amylase and lipase activity and histologi-
cal grading suggested that the l-arginine model of AP was 
successfully established in our study.

To maintain cellular homeostasis, autophagy degrades 
and recycles organelles as well as long-lived proteins 
through a lysosome-driven process, which plays a protective 
role against adverse environmental conditions. Autophagy 
controls inflammation through regulatory interactions with 
innate immune signaling pathways, by removing endogenous 
inflammasome agonists and through effects on the secre-
tion of immune mediators [17]. Beclin-1 (the mammalian 
orthologue of the yeast protein ATG-6) and autophagy-
related LC3 proteins (the mammalian paralogues of the yeast 
ATG-8 protein) are key regulators of phagophore forma-
tion [18]. During the phagophore closure process, cytosolic 
LC3-I is modified and becomes LC3-II, which is translo-
cated to the membrane. P62/sequestosome 1 (SQSTM1), 
which can activate oxidative stress and NF-κB pathways if 
left to accumulate due to impaired autophagy, is specifi-
cally degraded through autophagy [19, 20]. Rapamycin spe-
cifically inhibits mTOR activity to induce autophagy [21], 
which also could effectively induce apoptosis and autophagy 
in pancreatic cancer cells [22]. 3-MA, a phosphatidylinositol 
3-kinase (PI3 K) inhibitor, inhibits autophagy by preventing 
PI3 K-III from binding with beclin-1 to form autophago-
somes [23]. To reduce the accumulation of autolysosomes, 
3-MA, a commonly used early autophagy inhibitor, was used 
to treat experimental pancreatitis. AP is characterized by 
lysosomal/autophagic dysfunction and impaired autophagic 
flux manifested by a decreased rate of long-lived protein 
degradation as well as increased levels of LC3-II and p62 
[3]. Impaired autophagy, inefficient protein degradation and 
defective cathepsin maturation impart features of a lysoso-
mal disease to pancreatitis [24]. In the current study, the 
administration of 3-MA and RAPA significantly affected 
the severity of AP in cerulein plus LPS-induced mice, and 
the marker proteins of autophagy also showed correspond-
ing changes. In response to inhibited autophagic flux by 
3-MA, systemic and local injury was ameliorated, which 
suggests that 3-MA may be an effective therapeutic interven-
tion. Xiao et al. reported that spautin-1, a well-documented, 
highly effective autophagy inhibitor, could reverse impaired 
autophagy to ameliorate AP and alleviate calcium overload 
in cerulein- or l-arginine-induced AP mice [25]. Similarly, 
hydrogen sulfide exacerbated taurocholate-induced AP 
by over-activating autophagy via the inhibition of mTOR 
[26]. At present, most compounds used to treat experimen-
tal pancreatitis are not yet suitable for clinical treatment 
of pancreatitis. Nevertheless, compounds for the treat-
ment of experimental pancreatitis could prevent only post-
endoscopic retrograde cholangiopancreatography (ERCP) 
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pancreatitis, which is a common complication after ERCP. 
Therefore, choosing the 2 h after the last cerulein plus LPS 
injection time point may be more relevant to clinical treat-
ment of pancreatitis. Acinar cell vacuolization in pancreatitis 
models is associated with decreased rates of degradation 
of long-lived proteins and the accumulation of p62, which 
indicate impaired autophagic flux. 3-MA, a commonly used 
early autophagy inhibitor, notably ameliorated the impaired 
autophagy in pancreatitis.

The nuclear factor κB (NF-κB) family, which consisted 
of five members, p65 (RelA), p50 (RelB), c-Rel, p105/p50 
(NF-κB1) and p100/p52 (NF-κB2), plays a role in the reg-
ulation of inflammation, immunity, cell proliferation, dif-
ferentiation and survival [27]. The p50/p65 heterodimer is 
the most common form in all cell types, and the activation 
of NF-κB causes the p50/p65 in the cytoplasm to translo-
cate into the nucleus and bind specific DNA elements. IκB 
proteins are the main suppressor protein of NF-κB heter-
odimers; the most common isoform is IκBα. Recent stud-
ies have indicated that NF-κB activation is associated with 
most inflammatory diseases, including AP, in experimental 
models [28]. Specific knockdown or activation of NF-κB 
activity in AP confirms that NF-κB activity increases the 
severity of pancreatic inflammation, and the reduction in 
NF-κB activity may be used to treat patients with AP [29]. 
Wang et al. showed that both Acanthopanax and 3-MA 
may exert their therapeutic effects by inhibiting the PI3 K/
Akt or NF-κB signaling pathways and inhibiting abnormal 
autophagy activation in pancreatic acinar cells [30]. In our 
study, 3-MA ameliorated the impaired autophagic flux to 
alleviate inflammation by modulating the NF-κB signaling 

pathway and caspase-1-IL-1β pathway, therefore decreas-
ing injuries to the organs and the expression of inflam-
matory cytokines. Caspase-1 activated the production of 
cytokines IL-1β and IL-18, and its inhibition alleviates 
IL-1β-mediated lung and renal injuries in SAP rats [31, 
32]. IL-1β is a pivotal initiating factor in SAP because 
it can induce the release of inflammatory cytokines. In 
lung tissue, LPS-induced lung damage leads to induced 
autophagy to reduce inflammation by removing accumu-
lated ROS. However, treatment with 3-MA, an autophagy 
inhibitor, results in the accumulation of ROS and increased 
IL-1β secretion [33]. In our study, cerulein plus LPS treat-
ment increased the degree of necrosis and inflammation 
in the pancreas, but obvious pancreatic pathology was not 
observed in the LPS-only group. Although the effect of 
3-MA on non-autophagy-related anti-inflammatory activ-
ity is unclear, 3-MA may play a possible role, which is 
worth studying in the future.

The present study determined the role autophagy regu-
lation using two models of SAP mice. The results showed 
that the inhibition of autophagy by 3-MA could signifi-
cantly reduce the severity of pancreatitis pathology and 
improve prognosis, including the amelioration of injury 
in other organs. We also found that the amelioration of 
impaired autophagy could significantly reduce NF-κB 
signaling and the levels of serum cytokines. Our findings 
provide new insight into the role of autophagy regulation 
in the prognosis of SAP mice (Fig. 7). These data provided 
in our study show that ameliorating impaired autophagy 
by 3-MA treatment can be a potential therapy for SAP.

Fig. 7   The mechanism underlying the regulation of autophagy
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