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Abstract
Background  In acute necrotizing pancreatitis (ANP), bacterial translocation (BT) from the gastrointestinal tract is the essen-
tial pathogenesis in the development of septic complications. Although high-mobility group box-1 (HMGB1) is associated 
with BT and organ dysfunction in ANP, the mechanism of HMGB1 in the intestinal barrier dysfunction and BT has not been 
well addressed. In this study, we intend to address the role of HMGB1 in ANP involving BT and intestinal barrier dysfunction.
Methods  Experimental ANP was achieved in male Sprague–Dawley rats through a retrograde injection of taurocholate into 
the common biliopancreatic duct following a laparotomy operation. HMGB1 blockade intervention was conducted with a 
subcutaneous injection of anti-HMGB1 antibody immediately before the laparotomy procedure. Twenty-four hours after ANP 
induction, pancreatic and intestinal tissues and blood samples were collected for a histopathological assessment and lipid 
peroxidation or glutathione (GSH) evaluation. AP-induced barrier dysfunction was determined by an intestinal permeability 
assessment. Tight junction proteins and autophagy regulators were investigated by western blotting, immunohistological 
analysis and confocal immunofluorescence imaging.
Results  ANP developed as indicated by microscopic parenchymal necrosis and fat necrosis, which were associated with 
intestinal mucosal barrier dysfunction. HMGB1 inhibition played a protective role in intestinal mucosal barrier dysfunc-
tion, protected against microbiome changes in ANP, and relieved intestinal oxidative stress. Additionally, HMGB1 inhibi-
tion attenuated intestinal permeability; preserved the expression of TJs, such as claudin-2 and occludin; and decreased 
autophagy. Furthermore, the autophagy regulator LC3 and TJ protein claudin-2 were both upregulated in ANP according 
to dual immunofluorescence analysis.
Conclusion  HMGB1 inhibition ameliorated the severity of experimental ANP though beneficial effects on BT, mainly 
involving in TJ function.

Keywords  High-mobility group box-1 · Intestinal permeability · Tight junctions · Autophagy · Acute necrotizing 
pancreatitis

Abbreviations
ANP	� Acute necrotizing pancreatitis
TJs	� Tight junctions
HMGB1	� High-mobility group box-1

MDA	� Malonaldehyde
SOD	� Superoxide dismutase
MPO	� Myeloperoxidase
GSH	� Glutathione
GSSG	� Oxidized glutathione
MLN	� Mesenteric lymph node
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Introduction

Severe bacterial infections or sepsis complications are the 
main pathophysiological mechanisms of acute necrotizing 
pancreatitis (ANP) and are closely related to the severity 
of ANP [1–3]. It is generally accepted that intestinal bar-
rier dysfunction with resulting bacterial translocation (BT) 
is the primary cause of systemic inflammation and sepsis 
complications in patients with severe acute pancreatitis [4, 
5]. Barrier dysfunction was demonstrated to include dam-
age to the structure and function of the intestinal mucosa, 
through which intestinal permeability is regulated by tight 
junctions (TJs) [6, 7]. Any factors involved in epithelial 
TJ disruption should contribute to barrier dysfunction and 
achieve the pathogenesis by which pathogens and foreign 
antigens cross the epithelial barrier [8, 9].

High-mobility group box-1 (HMGB1), the key inflam-
matory mediator, has a confirmed association with many 
diseases involving inflammation, such as sepsis, rheuma-
toid arthritis, and aortic aneurysm [10, 11]. Furthermore, 
HMGB1 has been found to influence the biological func-
tion of the intestinal mucosa, which plays a role in intes-
tinal barrier injury of ANP [3, 12, 13]. HMGB1 blockade 
using a neutralizing antibody significantly improved the 
histological alterations of the pancreas in ANP and ame-
liorated the elevation of the serum amylase level in ANP. 
However, it remains unclear why HMGB1 is able to modu-
late the intestinal barrier function.

We previously found that the Arpin protein affects the 
expression of tight junction proteins and may have an 
impact on BT [14]. Some intermediates were also pro-
posed to be involved in HMGB1-mediated disruption of 
intercellular junction proteins, such as RAGE, ERK1/2, 
IL-1β, TLR2, TLR4, among others. Thus, the purpose 
of this study was to characterize the intestinal mucosal 
barrier in experimental ANP and to explore the possible 
mechanisms of HMGB1 in the tight junctions in intesti-
nal mucosal barrier dysfunction in rats. Determining the 
exact role of HMGB1 in the pathogenesis of ANP should 
provide a comprehensive understanding of this disease and 
novel targets for therapy.

Materials and methods

Animal model

The experimental protocol was approved by the Qingdao 
University Animal Use Committee. Male Sprague–Dawley 
rats weighing 280–320 g were obtained from the experi-
mental animal center of Qingdao University. All animals 

were maintained in the laboratory for 1 week to accli-
mate to their surroundings; food was withdrawn for 12 h 
before the induction of ANP (rats had free access to water 
throughout the experimental period).

ANP was induced through a retrograde infusion of tau-
rocholate into the biliopancreatic duct and clamping of 
the hepatic duct as previously reported [3]. Briefly, after 
anesthesia via sevoflurane (Abbott, Istanbul, Turkey) inha-
lation, 1  ml/kg 5% sodium taurocholate (1  ml/kg body 
weight; Sigma-Aldrich, St. Louis, MO, USA) was infused 
into the common biliopancreatic duct under laparotomy 
through a midline incision. In the HMGB1 blockade study, 
rats were randomly subjected to subcutaneous injections 
of the neutralizing polyclonal chicken IgY anti-HMGB1 
antibody (10 mg/kg/day; Shino-Test Corporation, Tokyo, 
Japan) immediately before the laparotomy procedure, with 
the volume-matched chicken IgY antibody as a control. At 
12 or 24 h after surgery, rats were killed by an intracar-
diac injection of pentobarbital (200 mg/kg). Blood samples 
(2 ml) from each rat in each group were collected from the 
heart before the animals were killed via a postcava puncture 
and split into two. Pancreas and ileum tissues adjacent to the 
cecum were collected and divided into two parts. One part 
was fixed in 4% paraformaldehyde and sectioned at 4 μm 
for hematoxylin and eosin (H&E) staining for histochemi-
cal analysis. The other part was frozen in liquid nitrogen 
for storage as frozen sections and for western blot analysis.

Morphological scoring

The same anatomical locations of pancreas and ileum tis-
sues in each rat were assigned to histological and morpho-
logical analyses. The degrees of pancreas and intestinal 
mucosal injuries were scored on the histological sections by 
a pathologist blinded to the study conditions in 6 animals per 
group, 12 fields/animal. The scores of each pancreas were 
calculated as defined previously [15]. The scoring system 
for mucosal injury was graded as: normal (0); epithelial cell 
lifting or separation (1); necrosis to the mid-villous level (2); 
necrosis of the entire villus (3); and transmural necrosis (4).

Quantitative cultures and bacterial identification

To assess BT, the spleen, liver, venous blood and mesenteric 
lymph nodes were collected on post-operative day 1 and 
homogenized in sterile thioglycolate under sterile conditions 
as described previously [16]. The samples were plated onto 
blood agar plates (containing 5% sheep blood) to collect 
total aerobic bacteria or onto BBL brucella agar plates (con-
taining 5% horse blood; BD) and incubated under aerobic or 
anaerobic conditions at 37 °C for 48–72 h, respectively, fol-
lowed by the counting of colony-forming units (CFUs). Bac-
terial counts are expressed as colony-forming units/g tissue.
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Gut microbiota analysis

Microbiota analysis was performed as previously described 
by our group with minor modifications [16]. Briefly, at 12 h 
after surgery, fecal samples were collected and subjected to 
DNA extraction using a fecal DNA isolation kit (Mo Bio 
Laboratories, USA). The V3–V5 regions of the bacterial 
16S rRNA gene were amplified using a primer containing a 
unique 10-base barcode. Pyrosequencing data were analyzed 
using an open source software package, Quantitative Insight 
into Microbial Ecology (QIIME version 1.7.0; National 
Center for Biotechnology Information database accession 
No. SRP032495) as described previously [17]. Principal 
coordinate analysis (PCoA) plots were generated using the 
Jackknifed Beta Diversity workflow based on ten distance 
metrics calculated using ten subsampled operational taxo-
nomic unit (OTU) tables. A diversity measure, including the 
observed species number (97% sequence identity threshold) 
and Chao1, Shannon, and phylogenetic diversity indexes, 
was calculated for the rarefied OTU tables.

Immunohistochemical measurements

Immunohistochemical staining analyses were conducted 
according to our published protocols [14]. Slides were incu-
bated with primary antibodies, including beclin1 (1:600; 
MBL International), LC3 (1:600; MBL International), 
claudin-2 (1:500), occludin (1:200) and ZO-1 (1:200). The 
detailed information for LC-3, claudin-2, occludin and ZO-1 
is presented in Table 1. Immune complexes were detected 
with the appropriate peroxidase-coupled secondary anti-
body and visualized using the Liquid DAB Plus Substrate 
Kit (Life Technologies, Carlsbad, CA, USA). Images were 
acquired under light microscopy by a blinded observer, and 
enumeration of positively stained cells was accomplished 
by counting 10 × 40 microscopic fields in six sections from 
six rats per group.

Dual immunofluorescence

Dual immunofluorescence was performed following 
the protocol published by our group [18]. Frozen sec-
tions (4 mm thick) were processed and incubated with 

primary antibodies, including LC3 and claudin-2, occlu-
din, and ZO-1, as indicated in Table 1. Slides were ana-
lyzed using a Zeiss Axioplan 2 fluorescence microscope 
(Carl Zeiss, Thornwood, NY, USA) equipped with FITC 
(green), PE (red) and DAPI (blue) filter sets. All digital 
images were processed and merged using Photoshop soft-
ware, v.6.0 (Adobe Systems, San Jose, CA, USA).

Western blot analysis

Western blot analysis was performed following a previ-
ously published protocol [14]. The following antibodies 
were used as primary antibodies: HMGB1 (1: 80, Shino-
Test Corporation, Tokyo, Japan), Apaf-1 (Santa Cruz 
Biotechnology), caspase-3 (Santa Cruz Biotechnology), 
LC-3 (MBL International), beclin-1 (MBL International), 
claudin-1 (MBL International), p62 (BD Biosciences), 
claudin-2, occludin and ZO-1. The detailed information 
for LC-3, claudin-2, occludin and ZO-1 is presented in 
Table 1. Proteins were detected using the ECL Plus West-
ern Blotting Detection System (Amersham Life Science, 
Braunschweig, Germany). All critical blot experiments 
were repeated at least three times. The relative intensities 
of the bands were evaluated to compare protein expression 
between groups by densitometry using Image-Pro Plus 6.0 
(Media Cybernetics, MD, USA). The optical density (OD) 
levels from each sample were normalized to the OD of the 
corresponding β-actin samples.

Glutathione and glutathione disulfide measurements

The glutathione (GSH) and oxidized glutathione (GSSG) 
measurements were conducted using a commercially avail-
able assay (Glutathione Assay Kit II, Merck Chemicals, 
Hull, UK) as previously described [16]. In brief, homog-
enized supernatant fractions of intestinal tissues (1 mg) 
were collected and subjected to GSH and GSSG measure-
ments using the Assay Cocktail reagents. The GSH/GSSG 
content is expressed as nmol/mg protein. Values are pre-
sented as the mean of three independent experiments ± SD.

Table 1   Paired antibodies 
for dual confocal 
immunofluorescence

Paired Primary Host Catalog Manufacturer Secondary antibodies (invitrogen)

1 LC3 Mouse M152-3 MBL International Goat anti-mouse AlexaFluor 594
Claudin-2 Rabbit 32-5600 Thermo Fisher Goat anti-rabbit AlexaFluor 488

2 LC3 Mouse M152-3 MBL International Goat anti-mouse AlexaFluor 594
Occludin Rabbit 71-1500 Zymed Laboratories Goat anti-rabbit AlexaFluor 488

3 LC3 Mouse M152-3 MBL International Goat anti-mouse AlexaFluor 594
ZO-1 Rabbit ab96587 Abcam Goat anti-rabbit AlexaFluor 488
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Intestinal permeability assessment

In vivo intestinal permeability was determined as previously 
described with minor modifications [19]. The day following 
ANP induction, mice were gavaged with 0.44 mg/g body 
weight of a 100 mg/ml solution of fluorescein isothiocyanate 
(FITC) conjugated to dextran (70 kDa; Sigma-Aldrich, St. 
Louis, MO, USA) in PBS (pH 7.4). Four hours later, animals 
were killed to collect whole blood (50 mL) and small intes-
tines. Blood was allowed to clot overnight at 4 °C and sub-
sequently centrifuged to collect serum. The serum fluores-
cence values were compared with serial dilutions of known 
FITC-dextran concentrations.

Amylase and lipase activities

Amylase and lipase activities in plasma (U/l) were measured 
by routine methods in our clinical chemistry laboratory via a 
two-step specific pancreas amylase assay (DiaSys Diagnostic 
Systems International, Holzheim, Germany).

Endotoxin assay

The levels of LPS were measured using photometric detec-
tion test kits (Beijing Jinshan Science and Technology Co., 
Ltd., Beijing, China) according to the manufacturer’s pro-
tocol. The results were analyzed, and a cut-off point was set 
at 10 pg/mL according to the manufacturer’s instructions.

Measurements of malonaldehyde (MDA), 
superoxide dismutase (SOD) and myeloperoxidase 
(MPO) in the intestine

Intestinal tissues were first homogenized in 5 mM butyl-
ated hydroxytoluene to prevent sample oxidation, and the 
intestinal malonaldehyde (MDA) content and superoxide 
dismutase (SOD) activity were determined in supernatants 
using the respective commercial kits according to the manu-
facturer’s instructions as previously described. The MDA 
content in the intestine is expressed as nmol/mg protein con-
tent. The SOD activity in the intestine is expressed as U/mL. 
The results were normalized to the protein contents of the 
crude homogenates. The myeloperoxidase (MPO) activity 
was measured as described previously [20].

Statistical analysis

Statistical measurements were performed using SPSS soft-
ware (SPSS, Inc., Chicago, IL, USA). The continuous para-
metric data shown in figures are expressed as the mean ± SD 
(standard deviation). Student’s unpaired t test was used to 
determine differences between two groups. One-way anal-
ysis of variance (one-way ANOVA) multiple comparison 

tests were used to identify differences in mRNA expression, 
serum amylase levels and detailed histopathologic scores 
(e.g., edema and acinar necrosis). The statistical significance 
of the separation among PCoA score plots was assessed by 
multivariate analysis of the variance test. p ≤ 0.05 was con-
sidered to indicate a statistically significant difference.

Results

HMGB1 inhibition ameliorated the severity of ANP

Under histopathological evaluation, ANP was character-
ized by pancreatic hyperemia, edema, infiltration of neutro-
phils, mass of dissolved acinar cell membrane and necrosis 
(Fig. 1a). HMGB1 inhibition significantly alleviated pancre-
atic injury by over 50%, as revealed by the histopathological 
scores (Fig. 1b, c). Similarly, HMGB1 inhibition signifi-
cantly affected plasma amylase and lipase during pancreatic 
injury (Fig. 1d, e).

Western blot analysis revealed that HMGB1 protein 
expression was also elevated at 12 h after induction of ANP 
compared with that in the control group (Fig. 1f, g). Con-
sistent with the HMGB1 protein level, HMGB1 mRNA 
increased in ANP-damaged pancreatic tissues compared 
with the control (Fig. 1h) and was significantly positively 
correlated with the HMGB1 protein level. Because the 
HMGB1 inhibitor is an antibody, its inhibition efficiency 
exhibited through downregulation of the expression level.

HMGB1 inhibition protected against microbiome 
changes in ANP

Next, the extent of BT was evaluated with HMGB1 inhi-
bition. As indicated in Fig. 2a–c, HMGB1 inhibition sup-
pressed BT across the intestinal barrier into mesenteric 
lymph nodes and the spleen, as induced by ANP. Further-
more, serum LPS exhibited a similar tendency compared to 
BT (Fig. 2d).

The qualitative composition of the intestinal microbiome 
was investigated by qPCR using universal 16S rRNA bac-
terial primer sets. The total number of intestinal microbi-
omes in mice with experimental ANP exhibited a significant 
decrease compared with the control (Fig. 2e). The richness 
of microbial species, as estimated by the Chao1 estimator 
(Fig. 2f), presented a significant decrease in the ANP group 
compared to that in the control group, with HMGB1 inhibi-
tion preserving a greater richness of microbial species. Like-
wise, the Shannon index and Simpson index demonstrated 
similar patterns, suggesting that HMGB1 inhibition reversed 
the loss of microbiome diversity in ANP rats.

The similarities (principle component analysis, PCA) 
between the gut microbiota composition of the different 
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samples (Fig. 2g) showed that the treated and control 
groups clustered separately and that the control samples 
clustered more tightly than the ANP samples. Control and 
HMGB1 inhibition for ANP appeared to cluster together, 
while the ANP samples clustered separately (Fig. 2g). 
Thus, the microbiota of animals with ANP was charac-
terized by remarkably higher differences in overall com-
position with respect to the microbiota of animals with 
HMGB1 inhibition of ANP compared to control animals.

HMGB1 inhibition relieved intestinal mucosal injury 
in ANP rats

ANP intestinal mucosal injury (Fig. 3a) was characterized 
under light microscopy by parenchyma hemorrhage, villus 
denudation, infiltration of inflammatory cells, and lamina 
propria disintegration, with the HMGB1 neutralizing anti-
body significantly decreased in the associated-ANP mucosal 
injury (Fig. 3b).

Fig. 1   HMGB1 inhibition reduces tissue damage associated with 
acute pancreatitis. Histological sections of pancreas obtained from 
rats 12  h after ANP induction, treated as indicated, were subjected 
to H&E staining for morphometric analyses, as described previously 
(n = 6 animals, 12 fields/animal). a Representative ANP showing a 
severe degree of pancreatic damage characterized with the infiltra-
tion of inflammatory cells, widespread edema, and focal necrosis 
(arrowhead). Scale bar = 50  mm. Morphometric analyses revealing 
that treatment with HMGB1 neutralizing antibody ameliorates the 
changes of Spormann’s score (b) and the acinar cell necrosis percent-
age (c), which reduced pancreatic injury of ANP. Measurement of 
plasma amylase (d) and lipase (e) was performed in rats treated as 
indicated. Columns: average values of six independent experiments 
per groups; bars: − SD; *p < 0.05 compared with the corresponding 
sham operation control, #p < 0.05 compared with the corresponding 

ANP group, one-way ANOVA. f mRNA of HMGB1 in rats treated 
as indicated, expressed relative to the housekeeping gene 18 s rRNA. 
Columns: average values of a minimum of three independent experi-
ments; bars: − SD. *p < 0.05 compared with the corresponding sham 
operation control, #p < 0.05 compared with the corresponding ANP 
group (one-way ANOVA). g Immunoblot analysis revealing the pan-
creatic protein levels of HMGB1 in rats treated as indicated. A repre-
sentative example from a minimum of three independent experiments 
is shown. h The quantitative data of the relative intensity for immu-
noblot analysis were calculated relative to β-actin. Columns: aver-
age values of three independent experiments; bars: – SD. *p < 0.05 
compared with the corresponding sham operation control, #p < 0.05 
compared with the corresponding ANP group (one-way ANOVA). 
ANOVA analysis of variance, HMGB1 high-mobility group box-1
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Along with the increase in intestinal mucosal injury, 
mucosal apoptosis and intestinal mucosal permeability were 
increased in mice with ANP and were reversed by HMGB1 
inhibition (Fig. 3c–e). Furthermore, the expression of the 
apoptosis marker caspase-3, as determined by SDS-PAGE 
(Fig. 3f–g), was significantly attenuated in intestinal tissue 
by HMGB1 inhibition.

Oxidative stress induced by ANP could be 
eliminated by HMGB1 inhibition

Because they could be used to measure lipid peroxida-
tion, we next measured the increase of the lipid peroxida-
tion markers MDA, MPO and SOD in intestinal tissue that 
exhibited oxidative cellular damage caused by ANP, and this 
increasing trend could be normalized with HMGB1 inhibi-
tion (Fig. 4a–c).

We further investigated whether mucosal oxidized glu-
tathione (GSSG) and GSH accounted for the aforementioned 

mucosal lipid peroxidation in ANP. As indicated in 
Fig. 4d–f, the GSH levels increased twofold in ANP com-
pared with control animals, and HMGB1 inhibition did pre-
vent this increase. In experimental ANP mice, the GSSG/
GSH ratio increased to 1.4 from approximately 0.2 in the 
control (Fig. 4f), indicating severe intestinal oxidative stress, 
and HMGB1 inhibition was found to alleviate the GSSG/
GSH ratio by approximately 50%, suggesting an antioxida-
tive capacity of the anti-HMGB1 antibody.

Anti‑HMGB1 antibody prevented disruption of tight 
junction proteins

The expression of multiple TJ proteins was further investi-
gated to explore ileal mucosal barrier dysfunction, which 
revealed a trend toward an increase in these proteins com-
pared with controls. We observed significant changes in 
the levels of claudin-1, claudin-2 and occludin, but not 
in the level of ZO-1, in the ANP group via western blot 

Fig. 2   HMGB1 inhibition affects bacterial translocation and the gut 
microbiota in ANP. Quantification of bacterial growth from mesen-
teric lymph nodes (a), the liver (b), and the spleen (c) of rats 12  h 
after ANP induction under the indicated conditions. The data are 
presented as the means of a minimum of three independent experi-
ments. Bars: – SD. *p < 0.05 compared with the corresponding sham 
operation control, #p < 0.05 compared with the corresponding ANP 
group (one-way ANOVA). d Endotoxin levels (LPS) relative to the 
sham operation control are presented (n = 5–10 animals per groups). 
*p < 0.05 compared with the corresponding sham operation control, 

#p < 0.05 compared with the corresponding ANP group (one-way 
ANOVA). e The total population of intestinal microbes detected by 
qPCR in mice with the indicated treatments. f The Chao1 richness 
index evaluated in mice with the indicated treatments. The horizontal 
lines indicate mean values. *p < 0.05 compared with the correspond-
ing control groups (one-way ANOVA), #p < 0.05 compared with the 
corresponding ANP group (one-way ANOVA). g PCA of the cecal 
microbiota in different experimental groups. Each symbol represents 
one microbiota (dot)
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analysis (Fig. 5a–d). Furthermore, administration of the 
anti-HMGB1 antibody significantly downregulated some 
of the TJ proteins (Fig. 5b–d).

The pore-forming TJ protein claudin-2 was only barely 
detectable in the immunohistochemical examination of 
control animals, whereas rats from the ANP group showed 
intense staining of claudin-2 from the crypts to the surface 
of the small intestine (Fig. 5e). The anti-HMGB1 antibody 
could reverse this pattern of expression in ANP rats. In 
contrast to claudin-2, the expression and distribution of 
occludin and ZO-1 were similar in control and ANP tis-
sues (Fig. 5e).

HMGB1 inhibition decreased intestinal expression 
of autophagy regulators

Previous work has indicated that autophagy contributes to the 
pathogenesis of intestinal injury. Next, we determined AP-
associated intestinal autophagy, as indicated by the turnover of 
the beclin-1 and LC3 or SQSTM1/p62 contents using immu-
noblotting to monitor autophagy flux. Only a low basal level 
expression of beclin1 and LC3 was detected in the control. The 
opposite expression pattern of SQSTM1/p62 to beclin 1 and 
LC3 verified autophagy activation in ANP rats. Furthermore, 
HMGB1 inhibition exhibited an impaired autophagy flux, with 

Fig. 3   HMGB1 blockade attenuates acute pancreatitis-associated 
intestinal mucosal damage. a Histologic sections of intestinal tissues 
obtained from rats treated as indicated on post-operative day 1 were 
subjected to H&E staining for morphometric analyses (n = 6 animals, 
12 fields/animal). Representative H&E stainings of three independ-
ent replicate coverslips per condition are shown (scale bars 50 μm). 
b Histogram of the severity scores of the terminal ileums (n = 10) 
graded microscopically by two independent pathologists. The data are 
presented as the mean ± SD. *p < 0.05 compared with the correspond-
ing sham operation control, #p < 0.05 compared with the correspond-
ing ANP group, one-way ANOVA. c Histogram of multiple flow 
cytometry experiments; the columns represent the mean percentage 
of Annexin V-positive cells from three independent experiments. The 
data are presented as the mean ± SD, *p < 0.05 compared with the 
corresponding sham operation control, #p < 0.05 compared with the 
corresponding ANP group, one-way ANOVA. d Representative flow 

cytometry diagrams of at least three independent experiments are 
presented. e The concentration of serum FITC-dextran from rats 12 h 
after ANP induction treated as indicated. The values presented as the 
mean ± SD. A minimum of three independent experiments were per-
formed. *p < 0.05 compared with the corresponding sham operation 
control, #p < 0.05 compared with the corresponding ANP group, one-
way ANOVA. f Immunoblotting analysis of Apaf-1 and caspase-3 
proteins in intestinal homogenates from rats 12 h after ANP induction 
treated as indicated. The data are representative of three independent 
experiments with the protein weights indicated (in kDa). β-actin was 
used as a loading control. The quantitative intensities of Apaf-1 (g) 
and caspase3 (h) were calculated relative to β-actin. Columns: aver-
age values of three independent experiments; bars: SD. *p < 0.05 
compared with the corresponding sham operation control, #p < 0.05 
compared with the corresponding ANP group, one-way ANOVA
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relatively low levels of both Beclin 1 and LC3II (Fig. 6a–c) 
and an increase of SQSTM1/p62, suggesting a protective effect 
of autophagy with HMGB1 inhibition against ANP-associated 
injury.

The expression of LC3 was almost undetectable in the 
control, was clearly visible in intestinal epithelial cells of 
rats exposed to ANP (Fig. 6d), and was reduced in ANP rats 
exposed to HMGB1 inhibition. The same results were found 
for beclin1 expression (Fig. 6d).

The functional relationship between the autophagy regula-
tor LC3 and tight junction proteins was further investigated 
using the dual immunostaining method. Typical images of 
dual-stained LC3 and TJs (arrows) of the intestinal tissues are 
shown in Fig. 7a. A higher degree of colocalization of LC3 and 
TJs was revealed in the merged images from intestinal tissues 
with ANP (Fig. 7a, b). Additionally, a relatively low degree 
of colocalization of the autophagy regulator LC3 and tight 
junction proteins was observed with anti-HMGB1 antibody 
administration.

Discussion

The present study demonstrated that HMGB1 blockade 
using an anti-HMGB1 neutralizing antibody ameliorated 
the severity of ANP through preventing intestinal perme-
ability, which was associated with the transport of dan-
gerous bacteria and/or toxins through the intestinal wall. 
HMGB1 inhibition ameliorated the disruption of TJs and 
autophagy exhibited in ANP and adjusted oxidative stress 
to maintain the internal environment. These observations 
suggested, for the first time, that HMGB1 plays a critical 
role in the pathogenesis of ANP by affecting intestinal 
permeability and autophagy.

As HMGB1 is an essential cytokine that modulates the 
activation of inflammation, HMGB1 blockade has been 
proposed to be a novel strategy to inhibit the inflammatory 
process in multiple pathologic processes, including infec-
tious diseases [21], acute lung injury [22], brain injury 

Fig. 4   HMGB1 inhibition 
reduces acute pancreatitis-
induced oxidative stress in 
intestinal tissues. The levels of 
MDA (a), SOD (b), MPO (c), 
GSH (d), and GSSG (e) and 
the GSH to GSSG ratio (f) in 
intestinal homogenates from 
rats 12 h after ANP induction 
treated as indicated were deter-
mined. The columns represent 
the average values of three 
independent experiments; bars, 
SD. *p < 0.05 compared with 
the corresponding sham opera-
tion control, #p < 0.05 compared 
with the corresponding ANP 
group, one-way ANOVA. g 
mRNA expression of TLR4 
relative to β-actin mRNA was 
evaluated in intestinal homoge-
nates from rats 12 h after ANP 
induction treated as indicated
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[23], liver disease [24], intestinal barrier disruption [25], 
and precancerous lesions [26]. Acting as a key mediator of 
inflammation, HMGB1 also seems to be associated with 
pancreatic tissue damage and intestinal barrier injury [27]. 
In the present study, we observed that the anti-HMGB1 
antibody could eliminate the severity of ANP, with edema, 
acinar cell necrosis, fat necrosis, and perivascular inflam-
mation resolved in pancreatic tissues exposed to the anti-
HMGB1 antibody.

The severity and mortality of AP resulted from the infec-
tion process of pancreatic necrosis, which was considered to 
mainly result from the pathophysiological role of the gastro-
intestinal tract, with BT and endotoxin permeation crossing 
the intestinal barrier. The resulting sepsis was the impor-
tant factor that initiated and aggravated organ dysfunction 
syndrome (MODS) involved in ANP [28–30]. In preventing 
ANP development, intestinal barrier maintenance is of great 

importance to prevent intestinal mucosal injury and cecal 
bacterial overgrowth and decrease gut motility and compro-
mised host immune functions [31]. The present study further 
confirmed that BT interruption and gut barrier dysfunction 
amelioration by HMGB1 blockade could eventually alleviate 
the severity of ANP. In the present study, obvious histologi-
cal lesions with vascular dilation and congestion were indi-
cated in the small intestine with ANP, and the alleviation of 
ileal mucosal injury and intestinal permeability, as well as 
decreased endotoxin levels, was observed after the admin-
istration of the anti-HMGB1 antibody. We also found fewer 
pancreatic super infections in HMGB1 antibody-adminis-
tered rats than in control animals.

The structure of the intestinal microbiota is sparse during 
the early stages of ANP, suggesting that intestinal coloni-
zation might be affected by the pathogenesis of ANP [32, 
33], which is associated with the initiation of intestinal 

Fig. 5   HMGB1 inhibition prevents the disruption of tight junction 
proteins. a Immunoblotting analysis of occludin, claudin-1, claudin-2 
and ZO-1 in intestinal homogenates from experimental ANP rats 12 h 
after ANP induction treated as indicated. The data are representative 
of three independent experiments, with the protein weights indicated 
(in kDa). β-actin was used as a loading control. The quantitative 
intensities of occludin (b), claudin-2 (c), ZO-1 (d) were calculated 
relative to β-actin. Columns: average values of three independent 

experiments; bars: SD. *p < 0.05 compared with the corresponding 
sham operation control, #p < 0.05 compared with the corresponding 
ANP group, one-way ANOVA. e Immunohistochemistry staining of 
occludin, claudin-2 and ZO-1 in intestinal sections from experimental 
ANP rats 12 h after ANP induction treated as indicated. Representa-
tive staining of three independent replicate coverslips per condition 
are shown. Bar = 50 µm
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inflammation. Our study demonstrated that both the number 
and diversity of gut microbiota were disturbed in the cecum 
with ANP. HMGB1 inhibition accelerated the re-establish-
ment of the disruption of intestinal microbial homeostasis 
in the intestine to the previous level, which in turn, pre-
vented intestinal BT. In experimental ANP models, some 
Bacteroides and Bacillus species that had been previously 
suggested to protect against disease development were main-
tained with the HMGB1 inhibition.

Oxidative stress is believed to play an important role 
in many inflammatory illnesses, including ANP, which 
should be the mechanism of BT [34]. Under physiologi-
cal conditions, ROS are captured by sufficient amounts 
of antioxidants. A lack of sufficient antioxidative reserve 
leads to oxidative stress with increased-ROS production. 
GSH plays a pivotal role in preventing oxidative dam-
age and maintaining the mucosal barrier through main-
tenance of the redox balance (expressed as GSH/GSSG 

ratios) [16]. Indeed, our data showed that ANP induced 
oxidative damage to lipid membranes, as revealed by the 
MDA and SOD levels, which was prevented by HMGB1 
inhibition, providing further evidence that oxidative stress 
exerts deleterious effects on the mucosal barrier function.

Several mechanisms for intestinal permeability have 
been proposed, including intestinal epithelial cell apop-
tosis and/or tight junction integrity disruption [35, 36]. 
During ANP, oxidative stress might disrupt the structure 
of TJs, which determine the epithelial barrier properties. 
In the present study, disruption of TJs resulted in increased 
mucosal permeability, promoting the release of luminal 
LPS, bacteria, and proinflammatory cytokines. Previous 
reports have suggested that claudin-1 distribution alter-
nation and claudin-2 upregulation are present in AP [37] 
and are also found in inflammatory bowel disease [38] and 
NEC [39]. Further, immunostaining in the current study 
revealed that HMGB1-antibody administration maintained 

Fig. 6   Effect of HMGB1 inhibition on autophagy in the ileum of 
experimental ANP rats. a Immunoblotting analysis of the beclin 1, 
LC3 and p62 proteins in intestinal homogenates from experimental 
ANP rats 12  h after ANP induction treated as indicated. The data 
are representative of three independent experiments, with the protein 
weights indicated (in kDa). β-actin was used as a loading control. The 
quantitative intensities of beclin 1 (b) and LC3 (c) were calculated 
relative to β-actin. Columns: average values of three independent 

experiments; bars: SD. *p < 0.05 compared with the corresponding 
sham operation control, #p < 0.05 compared with the corresponding 
ANP group, one-way ANOVA. d Immunohistochemistry staining of 
beclin 1 and LC3 in intestinal sections from experimental ANP rats 
12 h after ANP induction treated as indicated. LC3B was present in 
the cytoplasm of intestinal epithelial cells. Representative stainings 
of three independent replicate coverslips per condition are shown. 
Bar = 50 µm
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a normal distribution of TJ proteins, including claudin-1 
and claudin-2.

Autophagy plays an important role in many biological 
activities through removing damaged cells and proteins [40]. 
Whether autophagy has a function in intestinal mucosal 
injury is pending description, although recent studies have 
attempted to investigate the role of autophagy in intestinal 
development and diseases [41]. Additionally, the connection 
between tight junction integrity and autophagy has not yet 
been addressed. Our data clearly demonstrated an increased 
mucosal expression of beclin-1 and LC3 in ANP-associated 
intestinal injury. In the current setting, increased autophagy 
was associated with intestinal permeability and subsequent 
intestinal injury. Uncontrolled autophagy destroyed the 
structure of TJ proteins due to excessive degradation, ulti-
mately leading to apoptosis, and this process was reversed 
by HMGB1 inhibition. These findings require additional 

experiments to determine the pathophysiological relevance 
of autophagy and intestinal permeability in ANP.

In summary, our findings provide new insights into 
the role of HMGB1 inhibition in rats with experimental 
ANP. We demonstrate that the protective effect of HMGB1 
blockade on ANP may be due, at least in part, to the elimi-
nation of oxidative stress and preservation of TJ molecular 
expression, which should enhance intestinal barrier func-
tion. These results provide a potential therapeutic approach 
for intestinal mucosal barrier dysfunction in ANP through 
HMGB1 manipulation.
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