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Abstract. Severe acute pancreatitis (SAP) is an extremely 
dangerous acute abdominal disorder which causes multiple 
complications and has a high mortality rate. Previous research 
has suggested that high-mobility group box 1 (HMGB1) plays 
an important role in the pathogenesis of SAP; however, the 
mechanisms underlying this strong correlation remain unclear. 
In this study, to further investigate whether HMGB1 acts as a 
stimulating factor, and whether Toll-like receptor 4 (TLR4) acts 
as its major mediator in the development of pancreatic injury 
during SAP, recombinant human HMGB1 (rhHMGB1) and 
TLR4-deficient mice were used. We found that HMGB1 and 
TLR4 were highly expressed, and nuclear factor-κB (NF-κB) 
was activated in our mouse model of SAP. We noted that the 
rhHMGB1 pancreas-targeted injection activated the TLR4-
mediated NF-κB signaling pathway and induced pancreatic 
injury in wild-type mice. In TLR4-deficient mice, the rhHMGB1-
induced activation of NF-κB and pathological changes in the 
pancreas were less evident than in wild-type mice. Therefore, 
this study provides evidence that HMGB1 promotes the patho-
genesis of pancreatitis, and its downstream TLR4-mediated 
NF-κB signaling pathway is a potential important mediator in 
the development of this form of pancreatic injury.

Introduction

Severe acute pancreatitis (SAP) is an extremely dangerous 
acute abdominal disorder which causes multiple complications, 

and has a high mortality rate (1,2). Despite significant improve-
ments to the methods of diagnosis and management of SAP, 
the mortality rate has not declined significantly in the past few 
decades (3). Therefore, the treatment of SAP remains problem-
atic. It is thus critical to investigate the molecular mechanisms 
responsible for the development of this complex disease, partic-
ularly those that activate the innate immune response (4). Some 
previous studies have suggested that the severity and outcome 
of pancreatitis may be determined by events that occur after 
acinar cell injury (4,5).

The high-motility group box protein 1 (HMGB1), with a low 
molecular weight (approximately 30 kDa), was originally iden-
tified as a non-histone DNA-binding nuclear protein which is 
involved in both intracellular and extracellular activities (6-10). 
Extracellular HMGB1 with cytokine-like properties (7,10) is 
a proximal trigger that induces the release of other cytokines, 
including tumor necrosis factor-α (TNF-α), interleukin (IL)-1β 
and IL-6, which are classically associated with mediating the 
inflammatory response (11,12). We, as well as others have 
previously indicated that HMGB1 is elevated in pancreatic 
tissue during acute pancreatitis, and this elevation is closely 
linked with the severity of the disease (1,3,13,14). These results 
suggest that HMGB1 plays a pivotal role in the pathogenesis of 
SAP. However, the mechanisms underlying this strong correla-
tion remain unclear.

Toll-like receptor (TLR)4 is one of the least common 
11 mammalian pattern-recognition receptors that comprise 
the innate immune response. It is activated by the proto-
typical pathogen-associated molecular pattern (PAMP) and 
damage-associated molecular pattern (DAMP) proteins, 
such as heat shock protein 70 (HSP70) and HMGB1 (15,16). 
Extracellular PAMPs or DAMPs that bind to TLR4 cause the 
myeloid differentiation primary response gene 88 (MyD88) 
to activate nuclear factor-κ-B (NF-κB). Activated NF-κB is 
transported to the nucleus from the cytoplasm, where it induces 
the expression of inflammatory factors, including TNF-α, 
IL-1β and IL-6 (17-19). Extracellular HMGB1 functions as a 
damage-associated molecular pattern molecule, and it activates 
pro-inflammatory signaling pathways by activating pattern 
recognition receptors, including TLR2/4 and the receptor for 
advanced glycation end-products (RAGE) (20,21). Previous 
studies have shown that TLR4 plays an important role in the 
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pathogenesis of HMGB1-mediated acute lung injury (6,22). 
Moreover, TLR4 is widely distributed in the tissue and vascular 
endothelial cells of the pancreas, and has been reported to 
be associated with pancreatic injury during acute pancre-
atitis (4,5,23). The triggering of the TLR4 signaling pathway 
by HMGB1 activates NF-κB, which subsequently induces 
the expression of inflammatory factors (6,22). Excessive 
cytokine-mediated inflammation plays a fundamental role in 
the pathogenesis of SAP.

Based upon these findings, we hypothesized that HMGB1 
is involved in the pathogenesis of SAP, and that its downstream 
TLR4-mediated NF-κB signaling pathway acts as an important 
mediator in the development of pancreatic injury. In this study, 
a murine model of acute pancreatitis, induced by the intraperi-
toneal injection of L-arginine, was used. To examine the role 
of TLR4 in the pathogenesis of HMGB1-induced pancreatic 
injury, TLR4-deficient mice were used.

Materials and methods

Experimental animals. Male C57BL/6 mice (Shandong 
University Experimental Animal Center, Jinan, China) and 
male C57BL/10ScNJ TLR4-/- mice (Jackson Laboratories, 
Bar Harbor, ME, USA) were used in this study. The mice were 
housed and bred in micro-isolators under specific pathogen-
free conditions, in a climate-controlled enrivonment with an 
ambient temperature of 22˚C and a 12:12 h light/dark cycle. 
They were fed standard laboratory chow, and drinking water 
was available ad libitum. All experiments were performed 
using wild-type (WT) and deficient mice that were 6-8 weeks 
old and weighed 20-30 g. All experimental protocols were 
approved by the Ethics Review Board of Shandong University. 
All animals received care in accordance with the guidelines 
for animal care published by the United States National 
Institutes of Health (NIH) for animal care (Guide for the Care 
and Use of Laboratory Animals, Department of Health and 
Human Services, NIH Publication no. 86-23, revised 1985).

Animal model and experimental groups
Induction of pancreatitis. The model of L-arginine-induced 
SAP was created as previously described (24). Male C57BL/6 
mice were used and were randomly divided into the following 
2 groups: i) the sham injection group (sham): animals in this 
group received 2 sham intraperitoneal injections of sterile 
saline alone, with a 1-h interval between injections; and ii) the 
SAP group: animals in this group received 2 intraperitoneal 
injections of 8% L-arginine, which were both at concentrations 
of 400 mg/100 g body weight, with a 1-h interval between 
injections. Under intraperitoneal anesthesia with 10% chloral 
hydrate, the mice were sacrificed by exsanguination 48 h after 
the second injection (n=6). 

rhHMGB1 stimulation model. To create the model of 
rhHMGB1-induced pancreatic injury, C57BL/6 (TLR4+/+) mice 
were randomly divided into the following 3 groups (n=6/group) 
and were administered a pancreas-targeted injection. The mice 
were divided into the following 3 groups: i) the sham injection 
group (sham): animals in this group received a pancreas-targeted 
ultrasound-guided injection of 0.25 ml sterile saline alone; 
ii) the low-dose group (HM-LD): animals in this group received 
a pancreas-targeted ultrasound-guided injection of rhHMGB1 

(SinoBio, Shanghai, China; 50 µg/kg body weight), diluted in 
0.25 ml sterile saline; and iii) the high-dose group (HM-HD): 
animals in this group received a pancreas-targeted 
ultrasound-guided injection of rhHMGB1 (100 µg/kg body 
weight), diluted in 0.25 ml sterile saline. Under intraperitoneal 
anesthesia with 10% chloral hydrate, the animals were sacrificed 
by exsanguination 48 h after treatment.

TLR4-def icient model. The C57BL/6 (WT) and 
C57BL/10ScNJ (TLR4-deficient; TLR4-/-) mice were indepen-
dently and randomly divided into the WT and TLR4-deficient 
groups (n=6/group): i) the WT group: the C57BL/6 mice in 
this group received a pancreas-targeted ultrasound-guided 
injection of rhHMGB1 (100 µg/kg body weight), diluted in 
0.25 ml sterile saline; ii) the TLR4-deficient group (TLR4-/-): 
C57BL/10ScNJ mice in this group received the same treatment 
as the mice in the WT group. Under intraperitoneal anesthesia 
with 10% chloral hydrate, the animals were sacrificed by 
exsanguination 48 h post-treatment.

Sample collection. The animals were anesthetized with an 
intraperitoneal injection of pentobarbital sodium (100 mg/kg). 
The serum and pancreas were stored at -80˚C until further use. 
Tissues for histopathological analysis were fixed in 10% buff-
ered formaldehyde solution overnight. The tissue was then 
embedded the following day.

Histopathological analysis. For assessing the changes 
occurring in the pancreatic tissue at the morphological level, 
5-µm-thick sections of pancreatic tissue were stained with 
hematoxylin and eosin (H&E). The severity of SAP in the 
pancreatic tissue was measured using the improved methods 
of Schmidt et al (25) and Pozsar et al (26) with i) edema: 
0, null; 1, interlobar space broadened gently; 2, interlobar 
space broadened severely; 3, interacinous space broadened; 
4, intercellular space broadened; ii) necrosis: 0, null; 1, 1-10% 
necrotic area; 2, 11-20% necrotic area; 3, 21-30% necrotic area; 
and 4, >30% necrotic area; iii) hemorrhage: 0, negative; and 
1, positive; and iv) inflammatory cell infiltration: the number of 
leucocytes in the lobule and around blood vessels was counted 
in a high-power field with 0, 0-1; 1, 2-10; 2, 11-20; 3, 21-30; and 
4, >30 or micro-abscesses. Moreover, a total pancreatic injury 
score was calculated as the sum of the 4 components. Five 
fields of each section were counted, and the average score of 
these 5 fields was the pathological injury score of this section.

Western blot analysis. The levels of pancreatic HMGB1, TLR4 
and NF-κB p65 were measured by western blot analysis. The 
pancreas was harvested, washed 3 times in sterile saline and 
then homogenized in RIPA buffer (Beyotime Institute of 
Biotechnology, Suzhou, China) containing a protease inhibitor 
cocktail (Thermo Scientific, Rockford, IL, USA). Nucleus 
extraction from the pancreatic tissue was prepared using 
the Pierce Nucleus and Cytoplasmic Extraction Reagent kit 
(Thermo Scientific) containing a protease inhibitor cocktail 
and phosphatase inhibitor cocktail (Roche, Basel, Germany) 
according to the manufacturers' instructions. Following 
centrifugatoin at 16,000 x g at 4˚C for 30 min, the supernatant 
was collected.

Protein was quantified using a BCA Protein Assay kit 
(Beyotime Institute of Biotechnology). Samples of 40 µg were 
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run on 8% SDS-PAGE (TLR4) and 10% SDS-PAGE (HMGB1 
and NF-κB p65) gels. Proteins were then electrotransferred 
onto polyvinylidene difluoride (PVDF) membranes (Beyotime 
Institute of Biotechnology). The membranes were incubated in 
TBST containing 5% non-fat dried milk for 1 h at 25˚C. The 
blots were then incubated overnight at 4˚C with primary anti-
bodies to HMGB1 (ab79823), TLR4 (ab22048), p65 (ab16502; 
all from Abcam, Boston, MA, USA), β-actin (sc-47778; 
ZSGB-BIO, Beijing, China) or histone H3 (ab76307; Abcam). 
Subsequently, they were incubated with the appropriate horse-
radish peroxidase (HRP)-conjugated anti-rabbit (ZB-2301) or 
anti-mouse (ZB-2305) secondary antibodies (ZSGB-BIO) for 
1 h at 25˚C and visualized with an enhanced chemilumines-
cence assay (Thermo Scientific). The bands were quantified 
using MultiGauge version 3.2 software. Experiments were 
repeated independently 3 times, and the relative expression 
of the target protein was normalized to the level of β-actin or 
histone H3 in the same sample.

Enzyme-linked immunosorbent assay (ELISA). The levels 
of serum amylase and lipase were detected by the labora-
tory of Shandong Provincial Hospital affiliated to Shandong 
University. The serum levels of HMGB1 were detected using 
commercial ELISA kits (Shino-Test Corp., Tokyo, Japan) 
according to the manufacturer's instructions. Blood samples 
were collected from the eye veins of the mice after they were 
anesthetized, and the samples were centrifuged at 3,000 x g for 
10 min at 4˚C to collect the serum. The serum was kept at -80˚C 
until analysis.

The TNF-α and IL-1β levels in the pancreatic tissue were 
detected using commercial ELISA kits (ExCell Bio, Shanghai, 
China) according to the instructions provided by the manufac-
turer. Protein extraction and concentration determination were 
performed using the same procedures as described for western 
blot analysis.

Reverse transcription-quantitative PCR (RT-qPCR). Total 
RNA was extracted from the pancreatic tissue using TRIzol 
reagent (Takara, Tokyo, Japan). Using 1 µg total RNA, first-
strand cDNA was synthesized by the AMV enzyme in 20 µl 
reaction mixture (Takara). Using 2 µl reverse transcriptase 
products, quantitative PCR was performed in a final volume of 
20 µl using gene-specific primers. The following primers 
designed by Takara were used: mouse TLR4, 5'-CATGGATCA 
GAAACTCAGCAAAGTC-3' (sense), and 5'-CATGCCAT 
GCCTTGTCTTCA-3' (antisense); mouse HMGB1, 5'-TTTA 
GATAGCCCTGTCCTGGTGGTA-3' (sense), and 5'-GTGCA 
CCAACAAGAACCTGCTTTA-3' (antisense); and mouse actin, 
5'-CATCCGTAAAGACCTCTATGCCAAC-3' (sense), and 
5'-ATGGAGCCACCGATCCACA-3' (antisense). Amplifi-
cation was carried out as follows: 95˚C, 30 sec, 1 cycle; 95˚C, 
3 sec and 60˚C 30 sec for 40 cycles; subsequently, the melting 
curve was determined. Gene transcripts were quantified with 
SYBR Premix Ex Taq kit (Takara). Data were calculated using 
the 2-ΔΔCT method and presented as the fold change of trans-
cripts for the HMGB1 and TLR4 genes in the pancreatic tissue 
of the other groups compared with the control group (defined 
as 1.0-fold). Mouse actin was used as a constitutive control. 
The relative expression of the target gene was normalized to 
the level of actin in the same cDNA.

Statistical analysis. All values are expressed as the means ± SD. 
Analysis of variance (ANOVA) followed by Tukey's multiple 
comparison tests were used. A P-value <0.05 was considered 
to indicate a statistically significant difference.

Results

Mouse model of SAP induced by L-arginine. The murine 
model of acute pancreatitis induced by L-arginine is a widely 
accepted model (4,24,27-29). In the present study, 48 h following 
treatment with 8% L-arginine, SAP was observed, according 
to the morphological characteristics and serum amylase and 
lipase levels. In the SAP group, the pancreatic tissue exhibited 
marked edema and was infiltrated by inflammatory cells; a 
mass of necrotic acinar cells and the disappearance of normal 
structure in the pancreatic lobes were also observed in the mice 
in this group (Fig. 1A, panel b). As shown in Fig. 1C, in the 
mice in the SAP group, but not those which received the sham 
injection, a marked increase in the serum amylase and lipase 
levels was noted.

Elevated HMGB1 and TLR4 expression in mice with SAP. 
Compared with the animals treated with the sham injection, 
the mice with SAP exhibited increased HMGB1 mRNA and 
protein levels in pancreatic tissue (Fig. 2A). The mice with 
SAP also exhibited increased serum HMGB1 levels (Fig. 2A, 
panel a), which indicated that HMGB1 was likely secreted into 
the extracellular space. Compared with the mice which received 
the sham injection, increased TLR4 mRNA and protein levels 
were observed in the mice with SAP (Fig. 2B).

NF-κB is activated during SAP. As shown in Fig. 2C, compared 
with the mice treated with the sham injection, the protein levels 
of nuclear p65 in the pancreatic tissue from the mice in the SAP 
group were significantly increased. The results from ELISA 
revealed that the TNF-α and IL-1β levels in the pancreatic tissue 
of the mice in the SAP group were higher than those in the tissue 
of the mice in the sham injection group (Fig. 2C).

rhHMGB1 induces pancreatic injury in mice. WT 
mice (C57BL/6) were administered a pancreas-targeted 
ultrasound-guided injection of rhHMGB1 to determine whether 
it contributes to pancreatic injury. Histological analysis of the 
pancreas was performed 48 h following treatment. As shown in 
Fig. 3A, the pancreatic tissue from the mice in the sham injec-
tion group had a normal structure. By contrast, the pancreatic 
tissue from the mice in the rhHMGB1 groups exhibited char-
acteristics of pancreatic injury, including considerable edema, 
neutrophil infiltration and acinar cell necrosis. More intense 
accumulation of neutrophils and a mass of necrotic acinar cells 
were also observed in the high-dose group, indicating a change 
in the histology in response to various doses of rhHMGB1. 
The serum amylase and lipase levels were also increased in a 
dose-dependent manner in the rhHMGB1 groups compared to 
the sham injection group.

rhHMGB1 increases TLR4 expression and activates NF-κB. 
Following the administration of rhHMGB1, the TLR4 mRNA 
expression level in the pancreatic tissue was significantly 
increased in the rhHMGB1 groups compared to sham injec-
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tion group. Similar results were also observed in relation to the 
protein expression levels (Fig. 4A).

Following the administration of rhHMGB1, as shown in 
Fig. 4B, NF-κB was activated in the rhHMGB1 groups, as 
observed from the increase in nuclear p65 expression and its 
downstream TNF-α and IL-1β expression. Additionally, in 
relation to rhHMGB1 stimulation, TLR4 expression and NF-κB 
activation was noted to be dependant on the concentration of 
rhHMGB1.

TLR4 mediates rhHMGB1-induced pancreatic injury. The 
assessment was performed at 48 h following the high-dose 
administration of rhHMGB1. The pancreatic tissue from the 
mice in the WT group exhibited characteristics of pancreatic 
injury, including considerable edema, infiltration of inflamma-
tory cells, a mass of necrotic acinar cells and the disappearance 
of the normal pancreatic lobe structure (Fig. 5A). However, in 
the TLR4-deficient group, there was a significant reduction in 
pancreatic injury (Fig. 5A, panel b). The serum amylase and 
lipase levels of mice in the deficient group were also signifi-
cantly reduced compared to the mice in the WT group (Fig. 5B, 
panel b).

As shown in Fig. 5C, NF-κB in the TLR4-deficient group 
was moderately activated compared with the intense activation 
in the WT groups following the administration of rhHMGB1. 
These results are clear from nuclear p65 expression and its 
downstream concentrations of TNF-α and IL-1β in both groups 
of mice.

Discussion

SAP is an acute necrotic inflammation process that suddenly 
occurs in the peripheral and internal areas of the pancreas. 
At present, the pathogenesis of SAP remains incompletely 
understood, leading to a lack of proper strategies for 
treating SAP. However, the previously proposed inflamma-
tory mediator theory provides new information for SAP 
research (2). The increase in the levels of inflammatory 
cytokines is closely associated with the severity of SAP, and 
these inflammatory cytokines cause systemic inflamma-
tory response syndrome SIRS), multiple organ dysfunction 
syndrome (MODS) and death.

We, as well as others have previously demonstrated that 
HMGB1 is involved in the systematic inflammatory response 
of SAP, that it appeares in the late phase and has a long dura-
tion (1,3,13); however, the underlying mechanisms have not 
yet been fully elucidated. Yang et al (6) and Deng et al (22) 
found that TLR4 mediated HMGB1-induced acute lung injury. 
However, to the best of our knowledge, no studies to date have 
demonstrated the potential role of TLR4 in HMGB1-induced 
pancreatic injury.

The aim of this study was to further investigate whether 
HMGB1 is involved as a stimulating factor, and whether its 
downstream TLR4-mediated NF-κB signaling pathway medi-
ates the development of experimental pancreatic injury, with 
the aim of developing further treatments for SAP. In this study, 
C57BL/6 mice exposed to L-arginine had detectable SAP, as 

Figure 1. Model of severe acute pancreatitis (SAP). (A) Histopathological changes of the pancreas: representative H&E-stained micrographs (original mag-
nification, x200) from the (a) sham and (b) SAP groups are presented. The pancreatic tissues in the SAP group exhibited marked edema and infiltration of 
inflammatory cells; a mass of necrotic acinar cells and the disappearance of normal structure in pancreas lobes were also observed. (B) Histological scores 
of the pancreas in the sham and SAP groups. (C) Changes in serum amylase and lipase levels in sham and SAP groups. Data are expressed as the means ± SD 
(n=6/group). *P<0.01 compared to the sham injection group (control group). Sham, sham injection.
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observed at the pathological level and through serum amylase 
and lipase levels, which is consistent with previous reports on 
L-arginine-induced SAP (4,24,27-29). Moreover, significantly 
elevated levels of HMGB1, TLR4 and NF-κB activation in the 
pancreatic tissue were observed in the mice with SAP. These 
results from our study are in agreement with previous observa-
tions (3,12-14,23). Therefore, we suggest that the HMGB1 and 
the TLR4-mediated NF-κB signaling pathway play a coopera-
tive role in the development of pancreatic injury during acute 
pancreatitis.

HMGB1, which was originally identified as a DNA-binding 
protein, exhibits pro-inflammatory cytokine-like properties 
when it is excreted into the extracellular space. In previous 
studies, HMGB1 was found to be a regulator and inducer 
that is involved in a number of diseases, such as sepsis, 

ischemia-reperfusion injury, rheumatoid arthritis, throm-
boangiitis obliterans, abdominal aortic aneurysm and acute 
pancreatitis (12,14,30-35). In addition, anti-HMGB1-based 
therapy using HMGB1 inhibitors, such as neutralizing anti-
HMGB1 antibody, A box and the anti-inflammatory agents, 
ethyl pyravate and sodium butyrate, has been shown to have 
beneficial effects on HMGB1-related diseases (12,14,30-35). 
In the present study, we noted that in mice with SAP, serum 
HMGB1 levels significantly increased, indicating that HMGB1 
was secreted into the extracellular space. To determine whether 
HMGB1 alone induced pancreatic injury in mice, we used a 
pancreas-targeted ultrasound-guided injection of various doses 
of rhHMGB1 in mice and then observed pancreatic histology 
48 h after administration. We observed considerable edema, 
infiltration of inflammatory cells, a mass of necrotic acinar 

Figure 2. Expression of high-mobility group box 1 (HMGB1) and Toll-like receptor 4 (TLR4) and activation of nuclear factor-κB (NF-κB) in pancreatic tissue from 
mice after L-arginine administration or sham injection. (A) Serum HMGB1 concentrations [(a) ELISA] were assessed in the sham and severe acute pancreatitis 
(SAP) groups. The expression of HMGB1 was assessed using the mRNA [(b) qPCR] and protein [(c) western blot analysis] levels in the pancreas tissue from the 
sham and SAP groups. (B) The expression of TLR4 was assessed with the mRNA [(a) qPCR] and protein [(b) western blot analysis] levels in the pancreatic tissue 
from the sham and SAP groups. (C) The activation of NF-κB was assessed from the nuclear p65 [(a) western blot analysis] and its downstream, relative levels of 
tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) [(b) ELISA] in the pancreatic tissue from the sham and SAP groups. *P<0.01 compared to the sham 
group (control group). The relative levels of HMGB1 and TLR4 protein and mRNA compared to the control group are normalized to β-actin. The relative levels 
of nuclear p65 protein compared to the control group are normalized to histone H3. The relative levels of TNF-α and IL-1β compared to the control group are 
normalized to the total protein concentration of each sample. Data are expressed as the means ± SD (n=6/group). Blots shown are from a representative experiment 
that was repeated 3 times with similar results (n=6/group). Sham, sham injection.
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Figure 3. Pancreatic injury induced by recombinant human high-mobility group box 1 (rhHMGB1). (A) Histopathological changes of the pancreas in response to 
rhHMGB1 administration in mice at 48 h. Representative H&E-stained micrographs (original magnification, x200) from the (a) sham, (b) low dose of HMGB1 
(HM-LD) and (c) high dose of HMGB1 (HM-HD) groups. The pancreatic tissues in the HM-LD group exhibited marked edema, neutrophil infiltration and acinar 
cell necrosis; more intense accumulation of neutrophils and a mass of necrotic acinar cells were also observed in the HM-HD group. (B) Histological scores of the 
pancreas in the sham, HM-LD and HM-HD groups. (C) Serum amylase and lipase changes in the sham, HM-LD and HM-HD groups. Data are expressed as the 
means ± SD (n=6/group). *P<0.01 compared to the sham group (control group); #P<0.05 compared to the HM-LD group. Sham, sham injection.

Figure 4. Toll-like receptor 4 (TLR4) expression and nuclear factor-κB (NF-κB) activation in pancreatic tissue after recombinant human high-mobility group box 1 
(rhHMGB1) administration. (A) The expression of TLR4 was assessed using the mRNA [(a) qPCR] and protein [(b) western blot analysis] levels in the pancreatic 
tissue from the sham, low-dose of HMGB1 (HM-LD) and high-dose of HMGB1 (HM-HD) groups at 48 h after rhHMGB1 administration. (B) The activation of 
NF-κB was assessed from the nuclear p65 [(a) western blot analysis] and its downstream, relative levels of tumor necrosis factor-α (TNF-α) and interleukin-1β 
(IL-1β) [(b) ELISA] in the pancreatic tissue of the sham, HM-LD and HM-HD groups. *P<0.01 compared to the sham group (control group); #P<0.05 compared 
to the HM-LD group. The relative levels of the TLR4 protein and mRNA compared to the control group are normalized to β-actin. The relative levels of nuclear 
p65 protein compared to the control group are normalized to histone H3. The relative levels of TNF-α and IL-1β concentrations compared to the control group are 
normalized to the total protein concentration of each sample. Data are expressed as the means ± SD (n=6/group). Blots shown are from a representative experiment 
that was repeated 3 times with similar results (n=6/group). Sham, sham injection.
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cells, disappearance of the normal pancreas lobe structure 
and significantly elevated serum amylase and lipase levels in 
the mice in the rhHMGB1 groups, accounting for pancreatic 
injury. These results are similar to previous observations 
made in relation to mice and rats, which showed that acute 
lung inflammatory injury was prompted by the intratracheal 
instillation of HMGB1 (12,22,36). In the present study, we also 
found that the severity of pancreatic injury was dose dependent. 
These results suggest that extracellular HMGB1 alone induces 
pancreatic injury in a dose-dependent manner. Recently, 
Kang et al (37) found that intracellular HMGB1 inhibited 
inflammatory nucleosome release and exerted a protective 
function in cases of acute pancreatitis. This was due to the fact 
that nuclear HMGB1 directly interacted with the nucleosome 
to maintain chromosomal structure, function and stability and 
regulate DNA damage responses (38-43). Kang et al (37) also 

found that extracellular HMGB1 acted as a pro-inflammatory 
cytokine in cases of acute pancreatitis, which was consistent 
with our finding.

TLR4 plays an important role in the innate immune response. 
It is both an immune recognition receptor on the cell surface and 
a transmembrane signal transduction molecule. When TLR4 is 
activated by PAMPs or DAMPs, it activates the MyD88- and 
TRIF-dependent pathways, activating intracellular signaling 
molecules, such as the interleukin-1 receptor-associated kinases 
(IRAKs), tumor necrosis factor receptor-associated factors 
(TRAFs) and TAK1. Therefore, it ultimately forms the primary 
and secondary signal waves that activate NF-κB, which induces 
the transcription and translation of inflammatory cytokines and 
leads to the massive release of inflammatory mediators (17-19,44). 
In this study, using a murine model of pancreatitis, the expres-
sion of TLR4 and NF-κB activation were elevated in pancreatic 

Figure 5. Response of Toll-like receptor 4 (TLR4)-deficient mice to recombinant human high-mobility group box 1 (rhHMGB1) administration. (A) Pancreatic 
histopathological changes in wild-type (WT) and TLR4-deficient mice 48 h after the administration of a high dose of rhHMGB1. Representative H&E-stained 
micrographs (original magnification, x200) from the (a) WT and (b) TLR4-/- groups. The pancreatic tissues in the wild-type group exhibited marked edema, infiltra-
tion of inflammatory cells, a mass of necrotic acinar cells and the disappearance of the normal lobe structure in the pancreas; there was a significant reduction in 
the TLR4-deficient group. (B-a) Histological scores of the pancreas and (b) serum amylase and lipase changes in the WT and TLR4-/- groups. (C) The activation of 
nuclear factor-κB (NF-κB) was assessed from the nuclear p65 [(a) western blot analysis] and its downstream, relative levels of tumor necrosis factor-α (TNF-α) and 
interleukin-1β (IL-1β) [(b) ELISA] in the pancreatic tissue from the WT and TLR4-/- groups. *P<0.01 compared to the WT group. The relative levels of nuclear p65 
protein compared to the control group are normalized to histone 3 (H3). The relative levels of TNF-α and IL-1β compared to the control group are normalized to the 
total protein concentration of each sample. Data are expressed as the means ± SD (n=6/group). Blots shown are from a representative experiment that was repeated 
3 times with similar results (n=6/group). WT, WT mice given a high dose of rhHMGB1; TLR4-/-, TLR4-deficient mice administered a high dose of rhHMGB1.
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tissue, and these results suggest that the TLR4-mediated NF-κB 
signaling pathway plays a role in this form of pancreatic injury. 
HMGB1 activates inflammatory pathways by stimulating 
TLR4 in many types of tissue injury (6,22,45,46). However, it 
remains to be determined whether the TLR4-mediated NF-κB 
signaling pathway mediates HMGB1-induced pancreatic injury. 
To evaluate this form of pancreatic injury, we administered 
pancreas-targeted rhHMGB1 to WT and TLR4-deficient mice 
and then harvested pancreatic tissues 48 h after treatment. In the 
WT group, we noted that rhHMGB1 upregulated TLR4 expres-
sion, activated NF-κB and induced pancreatic injury. These 
results suggest that rhHMGB1 alone upregulates TLR4 expres-
sion and activates the TLR4-mediated NF-κB signaling pathway 
to induce pancreatic injury. However, in TLR4-deficient mice, 
the extent of pancreatic injury was significantly reduced, and the 
activation of NF-κB was lower than that in the WT mice. In spite 
of the modest effect on pancreatic injury in TLR4-deficient mice 
after the rhHMGB1 injection, we found that HMGB1-induced 
pancreatic injury is predominantly mediated by the TLR4-
mediated NF-κB signaling pathway.

In conclusion, our results suggest that HMGB1 is involved 
in the development of SAP. These findings contribute to a better 
understanding of the mechanisms underlying the pathogenesis 
of SAP. Manipulation of the interaction between HMGB1 and 
TLR4 will likely ultimately lead to the development of novel 
therapies for treating and preventing the progression of SAP.
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