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Abstract
AIM: To characterize high-mobility group protein 
1-toll-like receptor 4 (HMGB1-TLR4) and downstream 
signaling pathways in intestinal ischemia/reperfusion (I/
R) injury.

METHODS: Forty specific-pathogen-free male C57BL/6 
mice were randomly divided into five groups (n = 8 
per group): sham, control, anti-HMGB1, anti-myeloid 
differentiation gene 88 (MyD88), and anti-translocating-
chain-associating membrane protein (TRIF) antibody 
groups. Vehicle with the control IgG antibody, anti-
HMGB1, anti-MyD88, or anti-TRIF antibodies (all 1 mg/kg, 
0.025%) were injected via  the caudal vein 30 min prior to 
ischemia. After anesthetization, the abdominal wall was 
opened and the superior mesenteric artery was exposed, 
followed by 60 min mesenteric ischemia and then 60 
min reperfusion. For the sham group, the abdominal 
wall was opened for 120 min without I/R. Levels of 
serum nuclear factor (NF)-κB p65, interleukin (IL)-6, and 
tumor necrosis factor (TNF)-α were measured, along 
with myeloperoxidase activity in the lung and liver. In 
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addition,morphologic changes that occurred in the lung 
and intestinal tissues were evaluated. Levels of mRNA 
transcripts encoding HMGB1 and NF-κB were measured 
by real-time quantitative PCR, and levels of HMGB1 and 
NF-κB protein were measured by Western blot. Results 
were analyzed using one-way analysis of variance.

RESULTS: Blocking HMGB1, MyD88, and TRIF 
expression by injecting anti-HMGB1, anti-MyD88, or 
anti-TRIF antibodies prior to ischemia reduced the levels 
of inflammatory cytokines in serum; NF-κB p65: 104.64 
± 11.89, 228.53 ± 24.85, 145.00 ± 33.63, 191.12 ± 
13.22, and 183.73 ± 10.81 (P < 0.05); IL-6: 50.02 ± 
6.33, 104.91 ± 31.18, 62.28 ± 6.73, 85.90 ± 17.37, and 
78.14 ± 7.38 (P < 0.05); TNF-α, 43.79 ± 4.18, 70.81 ± 
6.97, 52.76 ± 5.71, 63.19 ± 5.47, and 59.70 ± 4.63 (P 
< 0.05) for the sham, control, anti-HMGB1, anti-MyD88, 
and anti-TRIF groups, respectively (all in pg/mL).
Antibodies also alleviated tissue injury in the lung and 
small intestine compared with the control group in the 
mouse intestinal I/R model. The administration of anti-
HMGB1, anti-MyD88, and anti-TRIF antibodies markedly 
reduced damage caused by I/R, for which anti-HMGB1 
antibody had the most obvious effect.

CONCLUSION: HMGB1 and its downstream signaling 
pathway play important roles in the mouse intestinal 
I/R injury, and the effect of the TRIF-dependent 
pathway is slightly greater.

Key words: C57BL/6 mouse; High-mobility group protein 
1; Intestinal ischemia-reperfusion injury; Myeloid diff-
erentiation gene 88; Nuclear factor-κB translocating-
chain-associating membrane protein
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Core tip: Intestinal mucosal barrier injury induced by 
intestinal ischemia/reperfusion is often the basis for 
a poor prognosis in many diseases. Despite extensive 
investigative efforts,the underlying mechanism remains 
a subject of debate, and there are currently no effective 
methods for its prevention or control. The findings 
reported here suggest that the high-mobility group 
protein 1-toll-like receptor 4 axis and the two down-
stream signaling pathways play important roles 
in ischemia/reperfusion injury and show potential 
therapeutic value for their blockade. This study has an 
important clinical significance, which could improve the 
survival rate and reduce complications in critically ill 
patients.
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INTRODUCTION
Ischemia/reperfusion (I/R) injury is a syndrome in 
which serious cellular structural damage and functional 
metabolic disorders occur and organ function is 
further aggravated when blood flow that was halted 
curing ischemia is restored after a period of time[1-4].
The gut is an important functional organ for the 
immune and endocrine systems, and it also serves as 
a protective barrier. Intestinal I/R injury is one of the 
main triggers that can lead to a systemic inflammatory 
response syndrome, acute lung injury, acute respiratory 
distress syndrome, and multiple organ dysfunction 
syndrome[5-8]. Although extensive investigative efforts 
have focused on characterizing the pathogenesis of 
distant organ injury induced by intestinal I/R, the 
underlying mechanism remains the subject of debate, 
and there are currently no effective methods for its 
prevention or control.

Recently, studies have suggested that I/R injury 
could be caused by interactions between toll-like 
receptor 4 (TLR4) and high-mobility group protein 
1 (HMGB1), an endogenous TLR4 ligand. HMGB1 
can activate TLR4, which can subsequently trigger 
downstream signal-transduction pathways[9]. The 
downstream signal transduction pathways initiated 
by TLR4 and HMGB1 are thought to include myeloid 
differentiation gene 88(MyD88)/TIR domain-containing 
adaptor protein (TIRAP)- and TIR domain-containing 
adaptor inducing interferon (IFN)-β (TRIF)/translocating-
chain-associating membrane protein (TRAM)-depen-
dent pathways[10]. In the process whereby TLR4 
stimulates the release of inflammatory cytokines 
induced by endotoxin, MyD88- and TRIF-dependent 
pathways both play critical roles[11]. However, only 
a few studies have examined these pathways in 
aseptic/noninfectious I/R injury. Furthermore, whether 
intestinal I/R induces local and distant organ injury 
via these pathways has been poorly characterized. 
This study aimed to determine whether administering 
HMGB1 antibody could reduce tissue damage induced 
by intestinal I/R and to characterize the role of the 
HMGB1-TLR4 axis in I/R injury by administrating anti-
HMGB1 antibody to block the binding of HMGB1 and 
TLR4 using a mouse intestinal I/R model. Additionally, 
to further investigate the MyD88/TIRAP or TRIF/TRAM 
pathways, we went on to characterize whether one 
pathway serves a dominant function in inducing a 
systemic inflammatory response and distant organ 
injury following intestinal I/R (Figure 1). This study has 
an important clinical significance that will inform efforts 
to identify an effective targeted therapy, which could 
improve the survival rate and reduce complications in 
critically ill patients.

MATERIALS AND METHODS
Animals
Forty, male C57BL/6 mice that were specific-pathogen-
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free grade and weighed 24-26g were purchased from 
Beijing Vital River Laboratory Animal Technology Co. 
Ltd (scxk 2007-0001). The mice were housed under 
barrier-sustained conditions at a temperature of 25 ℃ 
and 50% humidity with 12 h light/dark cycles, and 
had free access to water and food for 2 wk prior to 
the operation. The mice were randomly divided into 
five groups (n = 8 for each group): sham, control 
(injected vehicle with the control IgG antibody), anti-
HMGB1 (injected anti-HMGB1 antibody), anti-MyD88 
(injected anti-MyD88 antibody), and anti-TRIF (injected 
anti-TRIF antibody). All mice were maintained in 
accordance with the recommendations of the Guide for 
the Care and Use of Laboratory Animals. The research 
protocols were approved by the Academic Committee 
of Chinese Academy of Medical Sciences and Peking 
Union Medical College.

Intestinal I/R
Prior to the operation, all mice were fasted overnight, 
but were allowed access to water ad libitum. Vehicle with 
the control IgG antibody (Abcam, Cambridge, United 
Kingdom), anti-HMGB1(Abcam), anti-MyD88(Abcam), 
or anti-TRIF (Biolegend, San Diego, CA, United States) 
antibodies (all 1 mg/kg, 0.025%) were injected via 
the caudal vein 30 min prior to ischemia[12,13]. The 
dose used was based on references and the results of 
a preliminary experiment. The mice were anesthetized 
with an injection of 1% sodium pentobarbital (50 mg/
kg, ip). A midline incision was performed to bluntly 
separate the superior mesenteric artery(SMA). In 
addition to the sham group, the SMA was occluded 

for 60 min with a noninvasive artery clamp, followed 
by reperfusion for 60 min (according to the results 
of preliminary experiment). In the sham group, the 
abdominal cavity was only opened for 120 min without 
I/R. All animals were euthanized by barbiturate 
overdose (150 mg/kg pentobarbital sodium, ip) for 
tissue collection.

Specimen collection
Blood: After the operation, blood was collected from 
the eye socket vein and centrifuged at 3000 rpm for 
15 min at 4 ℃. Next, serum was separated and stored 
at -80 ℃ for further analysis.

Tissue: After mice were sacrificed, the left lower lobe 
of the lung, a 3-cm proximal section of the jejunum, 
and a 3-cm distal section of the ileum were excised, 
rinsed in ice-cold normal saline, and dried on filter 
paper for histologic examination. The right liver, left 
upper lobe, right lung, a 6-cm proximal section of the 
jejunum, and a 6-cm distal section of the ileum were 
stored at -80 ℃ after being quickly immersed in liquid 
nitrogen for all other measurements.

Hematoxylin and eosin staining of mice tissue slices
Samples of the intestine and lung were fixed in 
10% formalin solution and sectioned (4 μm) after 
dehydration, cleaning, and paraffin embedding. The 
sections were flattened, mounted, and heated on blank 
glass slides. Histologic evaluations were performed 
by hematoxylin and eosin staining and pathologic 
examination.

Lung histologic scoring system was applied as 
described[14]. Lung injury was scored in each sample 
according to the following four items: alveolar 
congestion, hemorrhage, infiltration or aggregation of 
neutrophils in the airspace or vessel wall, and thickness 
of the alveolar wall. A score of 0 represented normal 
findings and scores of 1, 2, 3, and 4 represented mild (< 
25%), moderate (25%-50%), severe (50%-75%), and 
very severe (> 75%) lung involvement, respectively. 
The overall score was based on the sum of all scores.

The degree of intestinal injury was evaluated 
according to the scoring system developed by Anthony 
Stallion et al[15] (Table 1).The scale ranges from 0 to 
4. No injury is scored as 0, with grade 4 depicting 
transmural necrosis of the intestine. The important 
components of injury include loss of villus height, 
infiltration of lymphocytes, and degree of necrosis.

Measurement of tissue myeloperoxidase (MPO) activity
Tissue MPO activity was determined in the lung 
and liver. The left upper lobe of lung and liver were 
harvested, rinsed, blotted dry, and frozen at -80 ℃. 
The samples were measured using an MPO detection 
assay according to the supplier’s specifications 
(Jiancheng Bio, Nanjing, China). Tissue MPO activity is 

HMGB1 antibody

MyD88 antibody TRIF antibody

TLR4 + HMGB1

MyD88 dependent TRIF dependent

TNF, ILs↓ IFNs, ILs↓

NF-κB↓ NF-κB↓

Figure 1  High-mobility group protein 1-toll-like receptor 4 and down-
stream signaling pathways. IFN: Interferon; IL: Interluekin; MyD88: Myeloid 
differentiation gene 88; NF-κB: Nuclear factor-κB; TNF: Tumor necrosis factor; 
TRIF: Translocating-chain-associating membrane protein; HMGB1: High-
mobility group protein 1; TLR4: Toll-like receptor 4.
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Table 1  Histologic grading of intestinal ischemia-reperfusion 
injury
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expressed as activity units per gram of protein.

Cytokines assay
The serum concentrations of interleukin (IL)-6,tumor 
necrosis factor (TNF)-α, and nuclear factor (NF)-κB 
p65 were determined using ELISA kits (ME044,ME055, 
and ME053, respectively; eBioscience Inc., San Diego, 
CA, United States) according to the manufacturer’s 
protocols.

Quantitative real-time reverse transcriptase- PCR for 
HMGB1and NF-κB in terminal ileum and lung
Total RNA was extracted from terminal ileum and 
lung tissue specimens using E.Z.N.A.® Total RNA KitII 
(Omega Bio-Tek Inc., Norcross, GA, United States). 
The purity of RNA was tested by spectrophotometric 
analysis. Reverse transcription PCR amplification was 
conducted with MyCycler PCR (Bio-Rad Laboratories, 
Inc., Hercules, CA, United States), in accordance with 
the illustrations of the GoScriptTM Reverse Transcription 
System (A5000; Promega, Madison, WI, United States). 
Utilizing 2 μL of reverse transcriptase products, real-
time quantitative PCR was performed in a final volume 
of 20 μL using the gene-specific primers. The following 
primers designed with Primer Express Software were 
used: 5′-TTAGTCCCAGCGAAGGCTAT-3′ (forward) and 
5′-CAAGTTTCCTGAGCAATCCA-3′ (reverse) for mouse 
HMGB1; 5′-GCTACACAGAGGCCATTGAA-3′ (forward) and 
5′-GTGGAGGAAGACGAGAGAGG-3′ (reverse) for mouse 
NF-κB; 5′-GGCATTTCACTGCTTGATGT-3′ (forward) and 
5′-TGACATTCCCATGAAACCTC-3′ (reverse) for mouse 
MyD88; 5′-TCAGAGAGTCCATCATTCGG-3′(forward) 
and5′-TACACGCCCACTCTTCTGAG-3′ (reverse) for 
mouse TRIF; 5′-GCAAGTTCAACGGCACAG-3′(forward) 
and 5′-CGCCAGTAGACTCCACGAC-3′ (reverse) for 
mouse GAPDH. Amplification was processed on Roche 
LightCycler® 480 as follows: 10 min at 95 ℃, followed 
by 40 cycles of 15 s at 95 ℃, 60 s at 60 ℃, and then 
the melting curve was determined. Gene transcripts 
were quantified with SYBR green PCR master mix 
(Applied Biosystems of Thermo Fisher Scientific, 
Waltham, MA, United States). Data were calculated 

by the 2-∆∆CT method and presented as fold change 
of transcripts for the HMGB1 and NF-κB in the ileum 
and lung tissue of other groups compared with sham-
operated mice (defined as 1.0-fold). Mouse GAPDH was 
used as an internal control. The relative expression of 
the target gene was normalized to the level of GAPDH 
in the same cDNA.

Western blots for detection of HMGB1 and NF-κB 
protein in jejunum, ileum, and lung
Total protein extract was prepared, and samples 
were separated using 10% SDS-PAGE. Proteins were 
then transferred to nitrocellulose membranes, which 
were then blocked for 2 h in 5% nonfat dry milk. 
The membranes were then incubated overnight in 
anti-HMGB1 (1:1000; Abcam), NF-κB (1:1000; Cell 
Signaling Technology, Inc.,Danvers,MA, United States) 
and β-actin (1:1000; Santa Cruz Biotechnology, 
Inc., Dallas, TX,United States) primary antibodies. 
Membranes were washed in PBST and incubated in 
horseradish-peroxidase-conjugated mouse secondary 
antibody in 5% nonfat milk (1:10000; Santa Cruz 
Biotechnology, Inc.) for 1 h at room temperature. 
Protein bands were visualized by chemiluminescence.

Statistical analysis
Quantitative data are presented as mean ± SD. 
Statistical software SPSS l9.0(IBM Corp., Armonk, NY, 
United States)was used to test the homogeneity of 
variance. Multiple comparisons were performed with 
one-way analyses of variance followed by a least-
significant difference tests.Statistical significance 
was determined by analyzing the data with the 
nonparametric Kruskal-Wallis test, followed by the 
Mann-Whitney test for the histologic score. Statistical 
significance was set at P < 0.05.

The statistical methods of this study were reviewed 
by Hai-Long Li from Department of Health Statistics of 
Peking Union Medical College.

RESULTS
Serum levels of inflammatory factors
Serum levels of IL-6, TNF-α and NF-κB p65 in the 
control, anti-HMGB1, anti-MyD88, and anti-TRIF groups 
were significantly higher than in the sham group 
(P < 0.05) (Table 2). However, the increased levels 
of inflammatory cytokines in the anti-HMGB1, anti-
MyD88, and anti-TRIF groups were significantly lower 
than in the control group (P < 0.05). Furthermore, the 
degrees of reduction in the anti-MyD88 and anti-TRIF 
groups were lower than in the anti-HMGB1 group (P < 
0.05). There was a slight but nonsignificant increase 
in the anti-MyD88 group compared with the anti-TRIF 
group.

Levels of MPO activity in the liver and lung
The levels of MPO activity (an enzyme marker for 
activated neutrophils) in the liver and lung in the control 

Grade Features

0 Normal,villus to crypt ratio 5-6:1, minimal number of 
lymphocytes and plasma cells, tall columnar surface epithelial 

cells
1 Epithelial cell degenerative changes (cuboidal,vacuolated) but 

intact, mild increase of lymphocytes and plasma cells in lamina 
propria

2 Decreased villus height, yielding villus to crypt ratio ≤ 1, 

epithelial cell necrosis or erosions, more chronic inflammation 
in lamina propria ± neutrophils, glandular dilatation

3 Villi effaced (flat surface), epithelial cell necrosis or erosions, 
pseudomembrane may appear on surface, glandular 

destruction, inflammation extending deep to muscle layer
4 Transmural changes (all of above plus change in muscle layer)
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Table 3  Levels of myeloperoxidase activity in the lung and 
liver (mean ± SD)

Table 2  Concentrations of inflammatory factors in serum 
(mean ± SD)
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and antibody-treatment groups were significantly higher 
than in the sham group (P < 0.05) (Figure 2, Table 3). 
The MPO levels in the three antibody-treatment groups 
were lower than in the control group (P < 0.05). The 
anti-HMGB1 group, which showed the largest reduction 
among the three experimental groups, showed a 
significant difference compared with the anti-MyD88 
and anti-TRIF groups (P < 0.05). However, there was 
no significant change between the anti-MyD88 and anti-
TRIF groups.

Histopathologic evaluation
Pathologic changes of lung: As shown in Figure 
3A, mice in the sham group had normal lung tissue 

with a complete and clear alveolar structure; neither 
edema nor alveolar hemorrhage was observed. 
Lung tissue from the control group showed features 
of substantial lung injury, including alveolar epithelial 
damage, fracture and fusion, alveolar septal thickening, 
interstitial and intra-alveolar edema with patchy 
hemorrhage, vascular congestion and some collapsed 
alveoli, as well as notable inflammatory cell infiltration 
(Figure 3B). Compared with the control group, tissue 
injury was markedly attenuated by HMGB1 antibody 
administration. Alveoli were well aerated and a mild 
neutrophil infiltration in the interstitium could be 
observed (Figure 3C). The degree of tissue injury in 
the anti-MyD88 and anti-TRIF treated groups was 
significantly lower than in the control group (P < 
0.05), but was markedly more serious than in the 
anti-HMGB1 group (Figure 3D, E, Table 4). There was 
a trend towards a reduction in lung injury in the anti-
TRIF group compared with the anti-MyD88 group, but 
this difference was not statistically significant.

Pathologic changes of the jejunum and ileum: 
By light microscopy, small intestine specimens of 
the sham group showed unchanged morphologic 
structures with an integrated mucosal epithelial, clear 
tissue layers, no congestion, and inflammatory cell 
infiltration. Compared with the sham group, the control 
group showed obvious tissue injury based on mucosal 
necrosis, erosion, edema, and hyperemia, as well as 
the reduction of intestinal villi height and mucosal 
thickness, regional bleeding in the mucosa and lamina 
propria, and a large amount of inflammatory cell 
infiltration. However, the anti-HMGB1 group showed 
slight damage in the villus apex and less inflammatory 
cell infiltration in the mucosa. The anti-HMGB1 group 
showed obvious attenuation of small intestinal injury 
compared with the control group. Our findings for 
intestinal injury in the anti-MyD88 and anti-TRIF 
groups were in accordance with the findings in lung 
(Figure 4, Table 5).

Expression of HMGB1, NF-κB, MyD88, and TRIF mRNA 
in ileum and HMGB1 and NF-κB mRNA in lung
The mRNA expression of HMGB1 and NF-κB in the lung 
and the ileum in the control and antibody-treatment 

Group 
(n  = 8)

p65 (pg/mL) IL-6 (pg/mL) TNF-α (pg/mL)

Sham 104.64 ± 11.89 50.02 ± 6.33 43.79 ± 4.18
Control  228.53 ± 24.85a  104.91 ± 31.18a  70.81 ± 6.97a

Anti-HMGB1    145.00 ± 33.63a,b    62.28 ± 6.73a,b    52.76 ± 5.71a,b

Anti-MyD88      191.12 ± 13.22a,b,c        85.90 ± 17.37a,b,c      63.19 ± 5.47a,b,c

Anti-TRIF      183.73 ± 10.81a,b,c      78.14 ± 7.38a,b,c      59.70 ± 4.63a,b,c

aP < 0.05 vs sham group; bP < 0.05 vs control group; cP < 0.05 vs anti-
HMGB1 group. HMGBI: High-mobility group protein 1; IL: Interleukin; 
MyD88: Myeloid differentiation gene 88; TNF-α: Tumor necrosis factor-α; 
TRIF: Translocating-chain-associating membrane protein.
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Figure 2  Levels of myeloperoxidase activity in the lung and liver. S: Sham 
group; C: Control group; H: Anti-high-mobility group protein 1 group; M: Anti-
myeloid differentiation gene 88 group; T: Anti-translocating-chain-associating 
membrane protein group; n = 4; aP < 0.05 vs sham group; bP < 0.05 vs control 
group; cP < 0.05 vs anti-HMGB1 group. MPO: Myeloperoxidase.

Group (n  = 4) Lung Liver

Sham 0.30 ± 0.12 0.25 ± 0.03
Control  0.76 ± 0.06a  0.68 ± 0.08a

Anti-HMGB1   0.46 ± 0.06a,b   0.40 ± 0.07a,b

Anti-MyD88    0.63 ± 0.03a,b,c     0.55 ± 0.03a,b,c

Anti-TRIF    0.57 ± 0.06a,b,c     0.50 ± 0.04a,b,c

aP < 0.05 vs sham group; bP < 0.05 vs control group; cP < 0.05 vs anti-
HMGB1 group. HMGBI: High-mobility group protein 1; MyD88: Myeloid 
differentiation gene 88; TRIF: Translocating-chain-associating membrane 
protein.
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Table 4  Lung injury score in all groups (mean ± SD)
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groups were all significantly higher than the sham 
group (all P < 0.05) (Tables 6 and 7). The increase 
in the control group was the most obvious, and was 
significantly higher than the anti-HMGB1 group (P 
< 0.05). The levels in the anti-MyD88 and anti-TRIF 
groups were significantly lower than in the control group 
(P < 0.05), but were the lowest in the anti-HMGB1 
group. There was a slight increase in the anti-MyD88 
group compared with the anti-TRIF group, but this was 
not significant. The mRNA expression of MyD88 in ileum 

in the anti-HMGB1 group and the anti-MyD88 group 
were all significantly lower than in the control group and 
the anti-TRIF group (P < 0.05); The mRNA expression 
of TRIF in ileum in the anti-HMGB1 group and the anti-
TRIF group were all significantly lower than in the 
control group and the anti-MyD88 group (P < 0.05).

Protein levels of HMGB1 and NF-κB in lung, jejunum, 
and ileum
After intestinal I/R injury, protein levels of HMGB1 and 

A B

C D

E

Figure 3  Hematoxylin and eosin staining of lungs in all groups (magnification × 400). A: Sham group; B: Control group; C: Anti-high-mobility group protein 1 
group; D: Anti-myeloid differentiation gene 88 group; E: Anti-translocating-chain-associating membrane protein group (magnification × 400; scale bars = 50 μm).

Group (n  = 6) Alveolar congestion Hemorrhage Neutrophil infiltration Alveolar wall thickness Total score

Sham 1.18 ± 0.21 0.63 ± 0.27 0.23 ± 0.08 0.17 ± 0.08  2.22 ± 0.64
Control 3.82 ± 0.18 2.72 ± 0.18 1.85 ± 0.15 2.37 ± 0.23 10.75 ± 0.73a

Anti-HMGB1 2.05 ± 0.12 1.02 ± 0.26 0.47 ± 0.10 0.55 ± 0.14     4.08 ± 0.60a,b

Anti-MyD88 3.07 ± 0.16 2.13 ± 0.26 0.87 ± 0.18 1.08 ± 0.23       7.15 ± 0.77a,b,c

Anti-TRIF 2.93 ± 0.16 1.92 ± 0.18 0.77 ± 0.14 1.02 ± 0.16       6.63 ± 0.62a,b,c

aP < 0.05 vs sham group; bP < 0.05 vs control group; cP < 0.05 vs anti-HMGB1 group. HMGBI: High-mobility group protein 1; MyD88: Myeloid differentiation 
gene 88; TRIF: Translocating-chain-associating membrane protein.
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NF-κB in the lung, jejunum, and ileum in the control 
and antibody-treatment groups were significantly 
increased compared with the sham group, but were 
significantly lower in the anti-HMGB1, anti-MyD88, and 
anti-TRIF groups compared with the control group (all 
P < 0.05) (Figure 5). The degrees of reduced injury 
in the anti-MyD88 and anti-TRIF groups were lower 
than in the anti-HMGB1 group (P < 0.05), and there 

was no significant difference between the anti-MyD88 
and anti-TRIF groups,though there was a slight trend 
towards attenuation in the anti-TRIF group compared 
with the anti-MyD88 group.

DISCUSSION
Surgery, trauma, shock, transplantation, and many 
other diseases often induce tissue I/R. I/R results in the 
recruitment and activation of a number of downstream 
adaptor proteins and signaling kinases[16]. Previous 
studies have shown that high levels of molecular oxygen 
and overproduction of toxic oxygen radicals play critical 
roles in the pathologic process of I/R injury[17]. Wu et 
al[18] summarized that during renal I/R injury, reactive 
oxygen species not only directly inhibit the reperfusion 
of renal tissue, but more importantly induce and amplify 
inflammatory responses via oxidative stress, thereby 
increasing renal injury and apoptosis. In additional, 
the study by Quesnelle et al[19] shows that hepatic I/R 
injury involves numerous pathophysiologic processes.

Figure 4  Hematoxylin and eosin staining of the jejunum and ileum in all groups (magnification × 100). Representative images from jejunum (A1-E1) and ileum 
(A2-E2). A: Sham group; B: Control group; C: Anti-high-mobility group protein 1 group; D: Anti-myeloid differentiation gene 88 group; E: Anti-translocating-chain-
associating membrane protein group (magnification × 100; scale bars = 200 μm).

Group (n  = 6) Jejunum Ileum

Sham 0.17 ± 0.08 0.22 ± 0.12
Control  2.97 ± 0.16a  3.15 ± 0.32a

Anti-HMGB1    1.23 ± 0.23a,b    1.32 ± 0.27a,b

Anti-MyD88      2.17 ± 0.22a,b,c      2.18 ± 0.29a,b,c

Anti-TRIF      2.08 ± 0.17a,b,c      2.05 ± 0.27a,b,c

aP < 0.05 vs sham group; bP < 0.05 vs control group; cP < 0.05 vs anti-
HMGB1 group. HMGBI: High-mobility group protein 1; MyD88: Myeloid 
differentiation gene 88; TRIF: Translocating-chain-associating membrane 
protein.

A1 B1 C1

D1 E1

A2 B2 C2

D2 E2
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Table 7  HMGB1, NF-κB, MyD88, and TRIF mRNA 
expression in ileum from all groups (mean ± SD)

Table 6  HMGB1and NF-κB mRNA expression in lungs from 
all groups (mean ± SD)
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For example, during I/R injury, reactive oxygen species 
are generated in excess, which leads to oxidative stress 
and results in cell injury and death. Furthermore, 
reactive oxygen species, along with oxidative stress, are 
an essential mediator in the release of HMGB1. As the 
gut is sensitive to ischemia, intestinal mucosal barrier 
injury induced by intestinal I/R can often be the basis 
for a poor prognosis in many diseases, but its specific 
mechanism remains unclear. Recently, studies have 
found that the expression of HMGB1 and TLR4 in heart, 
brain, liver, and kidney are increased during I/R and the 
HMGB1-TLR4 axis might be the most important trigger 
of the inflammatory response to I/R injury in many 
organs[20-23].

TLRs, which can recognize molecules such as 
danger-associated molecular patterns, are a family of 
transmembrane proteins that can bind to a range of 
microbial products and can also recognize endogenous 
ligands to mediate the secretion of cytokines and the 
generation of natural immune responses[24-26]. HMGs 
were originally identified as a type of highly conserved 
DNA binding proteins that are widely expressed in 
mammals. Within the nucleus, HMGs participate in 
the construction and stability of nucleosomes and also 
regulate gene transcription; outside the nucleus, HMGs 
mediate inflammatory reactions, and promote cell 
differentiation and tumor growth[27,28]. Among HMGs, 
HMGB1 has the closest association with I/R injury. 
HMGB1 can be released by monocytes/macrophages, 
and has been shown to bind to TLR4 after I/R[29,30]. The 

results of the current study show that the protein and 
mRNA levels of HMGB1 in the small intestine and lung 
and levels of serum inflammatory cytokines, including 
TNF-α and IL-6, in mice subjected to intestinal I/R 
were increased significantly compared with sham-
operated mice. Administering HMGB1 antibody prior to 
ischemia resulted in the marked attenuation of protein 
and mRNA levels of HMGB1 and inflammatory factors 
compared with the control group. These findings 
confirm that the HMGB1-TLR4 axis plays an important 
role in local and distant organ damage induced by I/R.

The HMGB1-TLR4-mediated signaling pathway 
mainly activates NF-κB, which plays a critical role 
in the release of inflammatory factors through two 
downstream pathways, including MyD88- and TRIF-
dependent pathways[31,32]. The MyD88/TIRAP pathway 
causes the release of various inflammatory factors, 
such as IL-1, IL-6, IL-8, IL-10, IL-12, IL-18, and TNF-α, 
mainly through the activation of NF-κB[32]. The TRIF/
TRAM pathway mainly depends on the activation of 
IFN regulatory factor 3, followed by the expression of 
IFN-β and IFN-induced genes (such as IP-10) and the 
activation of transcription factors (NF-κB) that induce 
the synthesis and release of inflammatory factors[32]. 
In the present study, the mRNA levels of MyD88 and 
TRIF in ileum of mice subjected to I/R were obviously 
increased, and the MyD88/TIRAP and TRIF/TRAM 
pathways could be blocked effectively by injecting anti-
MyD88 or anti-TRIF antibody, respectively. Previous 
studies reported that the contribution of these two 
downstream pathways is not equivalent in organ I/R 
injury. For example, the MyD88-dependent pathway 
was confirmed to play a key role in kidney I/R injury 
by comparing renal tubular epithelial cells between 
MyD88-deficient and wildtype animals[33]. Furthermore, 
the MyD88-dependent pathway might play a more 
important role in aseptic inflammatory reactions, such 
as rheumatoid arthritis. However, the TRIF-dependent 
pathway might play a dominant role in the process 
of nerve cell degeneration induced by brain I/R[34,35]. 
However, in intestinal I/R injury, whether there is 
a dominant pathway activated by TLR4 that drives 
pathology has not been reported. The results of the 
current study demonstrate that the serum levels of 
inflammatory cytokines IL-6, TNF-α, and NF-κB p65 
in anti-HMGB1, anti-MyD88, and anti-TRIF groups 
were significantly lower than in the control group. 
Additionally, the degree of reduction in the anti-HMGB1 
group was the most obvious (perhaps because HMGB1 
has an essential role, and downstream molecules 
MyD88 and TRIF might have partial redundancy). 
However, there was a slight increase in the anti-
MyD88 group compared with the anti-TRIF group, but 
this difference was not significant. Consistent changes 
were observed in lung and small intestinal morphology 
and levels of MPO activity in the liver and lung. Thus, 
we can make some preliminary conclusions.First, 
HMGB1-TLR4 plays an important function in intestinal 

Group (n  = 6) HMGB1 NF-κB

Sham 1.04 ± 0.19 1.03 ± 0.21
Control  2.67 ± 0.30a  2.04 ± 0.29a

Anti-HMGB1    1.89 ± 0.18a,b    1.42 ± 0.23a,b

Anti-MyD88      2.35 ± 0.31a,b,c      1.77 ± 0.18a,b,c

Anti-TRIF      2.29 ± 0.28a,b,c      1.70 ± 0.13a,b,c

aP < 0.05 vs sham group; bP < 0.05 vs control group; cP < 0.05 vs anti-
HMGB1 group. HMGBI: High-mobility group protein 1; MyD88: Myeloid 
differentiation gene 88; NF-κB: Nuclear factor-κB; TRIF: Translocating-
chain-associating membrane protein.

Group (n  = 6) HMGB1 NF-κB MyD88 TRIF

Sham 1.04 ± 0.19 1.03 ± 0.21 1.01 ± 0.10 1.01 ± 0.11
Control 2.67 ± 0.30a 2.04 ± 0.29a 2.55 ± 0.16a 3.05 ± 0.10a

Anti-HMGB1 1.89 ± 0.18a,b 1.42 ± 0.23a,b 2.37 ± 0.08a,b 2.90 ± 0.13a,b

Anti-MyD88 2.35 ± 0.31a,b,c 1.77 ± 0.18a,b,c 2.30 ± 0.16a,b 3.04 ± 0.13a,c

Anti-TRIF 2.29 ± 0.28a,b,c 1.70 ± 0.13a,b,c 2.53 ± 0.07a,c,d 2.85 ± 0.12a,b,d

aP < 0.05 vs sham group; bP < 0.05 vs control group; cP < 0.05 vs anti-
HMGB1 group; dP < 0.05 vs anti-MyD88 group. HMGBI: High-mobility 
group protein 1; MyD88: Myeloid differentiation gene 88; NF-κB: Nuclear 
factor-κB; TRIF: Translocating-chain-associating membrane protein.
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Figure 5  Expression of HMGB1 and NF-κB in lung, jejunum, and ileum in all groups. HMGB1 expression in: Lung (A1); Jejunum (A2); and Ileum (A3); 
respectively, in all groups; NF-κB expression in: Lung (B1); Jejunum (B2); and Ileum (B3). S: Sham group; C: Control group; H: Anti-HMGB1 group; M: Anti-myeloid 
differentiation gene 88 group; T: Anti-translocating-chain-associating membrane protein group. n = 4,aP < 0.05 vs sham group; bP < 0.05 vs control group; cP < 0.05 vs 
anti-HMGB1 group. HMGB1: High-mobility group protein 1; NF-κB: Nuclear factor-κB.
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I/R injury in mice by triggering MyD88- and TRIF-
dependent downstream signaling pathways.Second, 
these two downstream signaling pathways both play 
important roles, but the effect of the TRIF-dependent 
pathway might be slightly greater.Finally, the tissue 
damage caused by I/R was obviously alleviated by 
antibody administration.

The NF-κB family contains important transcription 
factors that play critical roles in regulating the 
expression of groups of genes involved in immune 
and inflammatory responses[36]. MyD88- and TRIF-
dependent pathways can both activate NF-κB to induce 
the release of inflammatory cytokines. The results of 
the present study show that the mRNA levels of NF-κB 
in the lung and ileum in the anti-HMGB1, anti-MyD88, 
and anti-TRIF groups were significantly lower than 
those in the control group. The degrees of reduction 
in the anti-MyD88 and anti-TRIF groups were lower 
than that in the anti-HMGB1 group. Measurements of 
NF-κB protein levels were in accordance with those of 
mRNA expression. These findings further suggest that 
HMGB1-TLR4 is key in local and distant tissue injury 
induced by intestinal I/R, and that the two downstream 
pathways both affect protein and mRNA expression.

The protein and mRNA levels of HMGB1 in lung 
and small intestine were markedly attenuated by 
administration of anti-HMGB1, anti-MyD88, and anti-
TRIF antibodies. There are several possible reasons 
for this finding. HMGB1 can stimulate the secretion 
of inflammatory factors, such as TNF-α, IL-6, IL-1β, 
and IL-8.In addition, inflammatory factors secreted 
after HMGB1 stimulation could promote monocyte/
macrophage secretion of HMGB1. Therefore, HMGB1 
could form a positive feedback loop to cause inflam-
matory signal cascade amplification[33]. Blocking the 
MyD88/TIRAP and TRIF/TRAM pathways by injecting 
anti-MyD88 and anti-TRIF antibodies, respectively, can 
partially inhibit the expression of inflammatory factors 
(e.g., NF-κB, IL-6, and TNF-α), and the reduction 
these, in some contexts, can attenuate levels of HMGB1 
expression.

Blocking HMGB1, MyD88 and TRIF expression 
by injecting anti-HMGB1, anti-MyD88, or anti-TRIF 
antibodies prior to ischemia can significantly reduce the 
levels of inflammatory cytokines in serum, including 
TNF-α, IL-6 and NF-κB, and can also alleviate tissue 
injury in the lung and small intestine compared with the 
control group in the mouse intestinal I/R model. The 
findings presented here also suggest that the HMGB1-
TLR4 axis and the two downstream signaling pathways 
all play important roles in I/R injury and show the 
potential therapeutic value of blocking these pathways. 
Interventions to prevent the release of HMGB1 and to 
block the two downstream signaling pathways could 
become a new clinical therapeutic method to reduce 
intestinal I/R injury in the future.

In conclusion, HMGB1 and its downstream signaling 
pathways play important roles in the mouse intestinal 
I/R injury, and the effect of the TRIF-dependent 

pathway tends to be slightly larger. The administration 
of anti-HMGB1, anti-MyD88, and anti-TRIF antibodies 
significantly reduce the damage caused by I/R, and 
the effect of the anti-HMGB1 antibody is the most 
obvious.
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The intestine is an important organ with immune, endocrine, and barrier 
functions. Intestinal ischemia reperfusion (I/R) injury is believed to lead to 
systemic inflammatory response syndrome, acute lung injury, acute respiratory 
distress syndrome, and multiple organ dysfunction syndrome, but the specific 
mechanism remains controversial. The interaction of toll like receptor 4(TLR4) 
and high-mobility group protein1 (HMGB1) and the two downstream signaling 
pathways have gained attention in organ injury induced by I/R.
Research frontiers
Recently, studies have found that the expression of HMGB1 and TLR4 in heart, 
brain, liver, and kidney are increased during I/R, and the HMGB1-TLR4 axis 
might be the most important trigger of the inflammatory response to I/R injury in 
many organs.
Innovations and breakthroughs
Only a few studies have examined TLR4-HMGB1 axis and the downstream 
signaling pathway in aseptic/noninfectious I/R injury. Furthermore, whether 
intestinal I/R induces local and distant organ injury via these pathways has been 
poorly characterized. This study aimed to determine whether administering an 
HMGB1 antibody could reduce tissue damage induced by intestinal I/R and to 
characterize the role of the HMGB1-TLR4 axis in I/R injury by administrating 
an anti-HMGB1 antibody. Additionally, to further investigate the myeloid 
differentiation gene 88(MyD88)/TIR domain-containing adaptor protein- and 
TIR domain-containing adaptor inducing interferon (IFN)-β/translocating-chain-
associating membrane protein-dependent pathways, the authors went on to 
characterize whether one pathway serves a dominant function in inducing a 
systemic inflammatory response and distant organ injury following intestinal I/R. 
Applications
The study results suggest that interventions to prevent the release of HMGB1 
and to block the two downstream signaling pathways could become a 
new clinical therapeutic method to reduce intestinal I/R injury in the future.
Furthermore, it has an important clinical significance that could improve the 
survival rate and reduce complications in critically ill patients.
Terminology
Intestinal I/R injury is associated with severe trauma, acute necrotizing 
pancreatitis, major surgery, extensive burns, and other stresses.HMGB1 is 
one of the endogenous ligands which can be recognized by and combine with 
TLR4, and is also the key factor of inflammation of aseptic injury. The MyD88-
dependent pathway is the downstream signaling pathway of TLR4-HMGB1 axis 
in I/R injury and causes the release of various inflammatory factors, through 
the activation of nuclear factor-κB.The TIR domain-containing adaptor inducing 
IFN-β-dependent pathway is the other downstream signaling pathway of 
TLR4-HMGB1 axis in I/R injury and mainly depends on the activation of IFN 
regulatory factor 3, followed by the expression of IFN-β and IFN-induced genes 
(such as IP-10) and the activation of transcription factors (NF-κB).
Peer-review
This is a good descriptive study in which authors show that HMGB1 and its 
downstream signaling pathways play important roles in the mouse intestinal I/R 
injury. The results are interesting and suggest that interventions to prevent the 
release of HMGB1 and to block the two downstream signaling pathways could 
become a new clinical therapeutic method to reduce intestinal I/R injury in the 
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