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Abstract. Inflammation is one of the most crucial mecha‑
nism underlying hepatic ischemia‑reperfusion injury (HIRI). 
Several studies have shown that Ac2‑26, the active N‑terminal 
peptide of Annexin A1, could modulate anti‑inflammatory 
processes and protect the organs from ischemia‑reperfusion 
injury (IRI). However the effects of Ac2‑26 on an HIRI model 
have not been reported to date. The purpose of the present 
study was to determine whether Ac2‑26 pretreatment could 
protect hepatocytes against acute HIRI by inhibiting neutro‑
phil infiltration through regulation of the high mobility group 
box protein 1 (HMGB1)/Toll‑like receptor 4 (TLR4)/NF‑κB 
signaling pathway. To this end, a total of 72 adult C57BL/6 
mice were randomly divided into sham operation (sham), 
ischemia‑reperfusion (I/R), I/R + Ac2‑26 and Ac2‑26 groups. 
The HIRI model was established by occluding the branch of 
the hepatic pedicle to the left and median liver lobes with an 
atraumatic vascular clamp for 45 min, followed by reperfusion 
for 24 h. The expression of HMGB1, TLR4, NF‑κB, IκBα and 
lymphocyte antigen 6 complex locus G6D (Ly6G) was detected 
using reverse transcription‑quantitative PCR, western blotting 
and immunohistochemical staining; serum levels of HMGB1 
were evaluated using an enzyme‑linked immunosorbent 
assay. Flow cytometry was used to detect the proportion of 

neutrophil. The results indicated that Ac2‑26 preconditioning 
rescued hepatocyte dysfunctions induced by HIRI. In addition, 
HIRI was associated with a significant increase in HMGB1 
expression and release, accompanied by increased expres‑
sion of TLR4, which was significantly inhibited by Ac2‑26. 
Furthermore, the expression of phosphorylated (p)‑NF‑κB 
and the ratio of p‑NF‑κB to NF‑κB were markedly increased, 
while the expression of IκBα was decreased in the I/R group 
compared with those in the sham group; however, these effects 
were reversed by Ac2‑26 administration. Additionally, Ac2‑26 
administration significantly inhibited neutrophil infiltration 
and resulted in low levels of neutrophils and Ly6G as well 
as reduced myeloperoxidase activity. Taken together, these 
results indicated that Ac2‑26 pretreatment serves a protective 
role against HIRI by regulating the HMGB1/TLR4/NF‑κB 
signaling pathway and inhibiting neutrophil infiltration.

Introduction

As a common pathophysiological condition, hepatic isch‑
emia‑reperfusion injury (HIRI) represents the primary cause 
of liver injury during hepatolobectomy, liver transplantation 
and hemorrhagic shock and may cause hepatocyte damage 
and even liver failure (1). Although numerous studies (1‑4) 
have been conducted on HIRI, the mechanism underlying this 
condition remains largely unknown and there are currently 
no effective measures of prevention or treatment measures. 
Therefore, there is an urgent need to study the potential 
mechanism of HIRI and explore new therapeutic targets.

During HIRI, local ischemia and hypoxia cause rapid 
depletion of ATP and glycogen, leading to cell death and the 
release of damage associated molecular patterns (DAMPs) 
from damaged or dying cells (2,3,5). High mobility group box 
1 (HMGB1), one of the most studied DAMPs involved in the 
ischemia‑reperfusion (I/R) process, has recently been found 
to be released from dying or damaged hepatocytes and bind 
to toll‑like receptor 4 (TLR4). Once bound to TLR4, HMGB1 
can induce an intracellular signaling cascade, which involves 
activating NF‑κB, which subsequently regulates the expres‑
sion of inflammatory cytokines, containing TNF‑α, IL‑1β and 

Ac2‑26 alleviates hepatic ischemia‑reperfusion 
injury based on inhibiting the positive feedback 

loop of HMGB1/TLR4/NF‑κB/neutrophils
CHEN BAI1*,  ZHENGCHEN JIANG2*,  HONGXIN JIANG3*,  SHUNA YU1,  MING LI1,  

FANGFANG CHU1,  YAXIN SHENG1,  JIANGUO LI1,  JIYING JIANG1  and  WANZHEN LI1

1Department of Anatomy, Basic Medical College of Weifang Medical University, Weifang, Shandong 261053;  
2General Surgery Department, Shandong Provincial Qianfoshan Hospital, Jinan, Shandong 250013;  

3Morphology Laboratory, Basic Medical College of Weifang Medical University, Weifang, Shandong 261053, P.R. China

Received May 4, 2022;  Accepted August 31, 2022

DOI: 10.3892/etm.2022.11609

Correspondence to: Dr Jiying Jiang or Dr Wanzhen Li, 
Department of Anatomy, Basic Medical College of Weifang Medical 
University, 7166 Baotong West Street, Weifang, Shandong 261053, 
P.R. China
E‑mail: jiangjy@wfmc.edu.cn
E‑mail: ameliali2020@163.com

*Contributed equally

Key words: Ac2‑26, hepatic ischemia‑reperfusion injury, high 
mobility group box protein 1/Toll‑like receptor 4/NF‑κB signaling, 
neutrophil infiltration



BAI et al:  Ac2-26 ALLEVIATES HEPATIC ISCHEMIA-REPERFUSION INJURY2

IL‑6 (4,6). Excessive inflammatory factors and chemokines 
can recruit neutrophils to infiltrate and damage the hepatic 
parenchymal cells. Furthermore, infiltrating neutrophils 
intensify hepatic injury by exacerbating inflammatory 
cascades induced by neutrophil extracellular traps (NETs). 
Subsequently, dead hepatocytes release additional HMGB1, 
which forms a positive feedback loop, thus augmenting hepatic 
injury (7). Accordingly, a strategy for inhibiting the positive 
feedback loop may be of therapeutic value for the prevention 
and treatment of HIRI.

Annexin A1 (AnxA1), an important glucocorticoid‑
regulating protein, inhibits the migration of leukocytes to the 
inflammation site as well as inflammatory response induced 
by pathogenic microbial infections and aseptic inflamma‑
tion (8). Ac2‑26, the N‑terminal‑derived peptide of AnxA1, 
serves an anti‑inflammatory role through multiple path‑
ways (8,9). As AnxA1 is easily inactivated in vitro, Ac2‑26 is 
often used as its substitute and is widely employed in experi‑
mental models of inflammation. Increasing evidence (10‑13) 
suggests that Ac2‑26 exhibits protective effects against the 
I/R‑induced inflammatory response and ameliorates organ 
dysfunctions. However, whether Ac2‑26 can alleviate HIRI 
by inhibiting neutrophil infiltration through regulation of 
the HMGB1/TLR4/NF‑κB signaling pathway remains to be 
elucidated.

Due to the involvement of sterile inf lammation in 
the pathogenesis of HIRI and the effect of Ac2‑26 on the 
inflammatory cascades of IRI of various organs, it was 
hypothesized that Ac2‑26 reduced inflammatory responses 
induced by HIRI and the present study was conducted 
with the aim of determining the effects of Ac2‑26 on the 
HMGB1/TLR4/NF‑κB axis and neutrophil infiltration. The 
present study could provide a potential therapeutic interven‑
tion for sterile inflammation following HIRI.

Materials and methods

Chemicals. Ac2‑26 was purchased from Shanghai Qiang 
Yao Biotechnology Co., Ltd. Anti‑GAPDH antibody 
(cat. no. 60004‑1‑Ig) was obtained from ProteinTech Group, 
Inc. Anti‑lymphocyte antigen 6 complex locus G6D (Ly6G) 
antibody (cat. no. 87048) was purchased from Cell Signaling 
Technology, Inc. Anti‑HMGB1 antibody (cat. no. ab18256) was 
obtained from Abcam. Anti‑TLR4 (cat. no. bs‑20379R), anti‑
NF‑κB (cat. no. bs‑3485R), anti‑p‑NF‑κB (cat. no. bs‑5512R) 
and anti‑IκBα (cat.  no.  bs‑1287R) antibodies were 
obtained from BIOSS. Anti‑CD16/32 was purchased from 
Elabscience Biotechnology, Inc. Peridinin chlorophyll protein 
complex‑conjugated anti‑CD45 antibody (cat. no. 103130) 
was from BioLegend, Inc. The Phycoerythrin‑conjugated 
anti‑Ly6G antibody (cat. no. 551461) was purchased from 
BD Bioscience. The BCA protein assay kit (cat. no. P0012) 
was purchased from Beyotime Institute of Biotechnology. 
The radioimmunoprecipitation assay (RIPA; cat. no. R0020) 
and phenylmethanesulfonyl fluoride (PMSF; cat. no. P0100) 
were purchased from Beijing Solarbio Science & Technology 
Co., Ltd. Horseradish peroxidase (HRP)‑conjugated 
secondary anti‑mouse antibody (cat.  no.  ZB‑2301) and 
DAB two‑step kit (cat.  no.  PV‑6001) were obtained from 
OriGene Technologies, Inc. The FITC‑conjugated secondary 

antibodies (cat.  no  805‑095‑180) came from Jackson 
ImmunoResearch Laboratories, Inc. The alanine transami‑
nase (ALT; cat. no. C009‑2‑1), aspartate transaminase (AST; 
cat. no. C010‑2‑1) and myeloperoxidase assay kits (MPO; 
cat. no. A044‑1‑1) were manufactured from Nanjing Jiancheng 
Bioengineering Institute. The HMGB1 enzyme‑linked 
immunosorbent assay kit (cat. no. ST51011) was purchased 
from IBL International. TRIzol® reagent (cat. no. 15596026) 
was purchased from Thermo Fisher Scientific, Inc. The 
ReverTra Ace qPCR RT kit (cat. no. FSQ‑101) was obtained 
from Toyobo Life Science. Lastly, the collagenase type Ⅳ 
(cat.  no.  LS004186) was purchased from Worthington 
Biochemical Corporation.

Animals and treatment. A total of 72 healthy male C57 black 6 
(C57BL/6) mice, aged 8 weeks with weights of 22‑25 g and SPF 
grade, were purchased from the Jinan Pengyue Experimental 
Animal Center. All mice were treated humanely during the 
entire experimental process, including housing under constant 
temperature and humidity (21‑26˚C and 50‑70%, respectively), 
with a 12‑h light/dark cycle and food and water provided 
ad libitum.

A week later, before the operation, the animals were 
randomly allocated into sham, I/R, I/R + Ac2‑26 and Ac2‑26 
groups (n=6). Mice in the I/R + Ac2‑26 group were admin‑
istered Ac2‑26 at a dose of 250 µg/kg via intraperitoneal 
injection 30  min before ischemia, whereas those in the 
sham and Ac2‑26 groups received the same anesthetic and 
laparotomy, with the exception of surgery. Briefly, mice were 
anesthetized via intraperitoneal injection of 1% pentobarbital 
sodium (40 mg/kg) and the left and middle branches of the 
hepatic pedicle were occluded by clamping them with a 
noninvasive vascular clip for 45 min, followed by 24 h of 
reperfusion. The liver color change from red to dark purple, 
which indicated that the model was successfully established. 
Body temperature was maintained with an appropriative 
heating pad at 37±0.4˚C upon surgical procedures. Animals 
were provided food and water after fully awake. During 
the operation three mice succumbed due to intraopera‑
tive bleeding (mortality rate of 4.2%). Animal's health and 
behavior was monitored every half hour after surgery, 
including respiratory rate and depth, mucous membrane 
coloration and wounds.

After 24 h of reperfusion, blood samples were collected 
from the retro‑orbital vein under pentobarbital sodium 
(40  mg/kg) until the mice lost consciousness. The blood 
samples were centrifuged at room temperature at 3,000 x g 
for 10 min in an Eppendorf centrifuge (5424R) to obtain 
the corresponding serum samples. The serum and left lobe 
samples were collected and then stored at ‑80˚C for further 
experiments. After blood sample collection, all animals were 
sacrificed by cervical dislocation under anesthesia (1% pento‑
barbital sodium 40 mg/kg). Animals were sacrificed if any 
of the following conditions occurred: The animal was unable 
to move and or respond to gentle stimuli, or had difficulty in 
breathing, or experienced inability to eat or drink. Animal 
mortality was verified by cardiac arrest, disappearance of 
spontaneous breathing and no response to tail pinch.

All procedures were carried out in line with the US 
National Institutes of Health Guide for the Care and Use of 
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Laboratory Animals 8th edition (14) and the guidelines of the 
Animal Ethics Committee of Weifang Medical University 
(Weifang, China), which approved the present study 
(approval no. 2020SDL187).

ALT and AST enzyme activity determination. The serum 
levels of ALT and AST were detected by commercial assay 
kits in line with the manufacturer's protocols. Briefly, the 
serum samples (5 µl) were mixed with matrix solution (20 µl) 
in the assay wells and kept at 37˚C for 30 min. Next, 20 µl 
chromogenic reagent was added and kept at room temperature 
again for 15 min. A wavelength of 510 nm was used to read 
plates with a microplate reader (Multiskan FC; Thermo Fisher 
Scientific, Inc.). The absolute OD value of ALT and AST was 
calculated by the following formula:

Absolute OD value = the OD of the experimental group ‑ the 
OD of the control.

Immunohistochemistry and immunofluorescent staining. 
Paraffin sections (5 µm) were dewaxed, hydrated, incubated 
in a microwave with citrate buffer repair solution, inactivated 
with 3% hydrogen peroxide and blocked with 1% goat serum 
(cat.  no.  AR0009; Wuhan Boster Biological Technology, 
Ltd.) for 1  h at 37˚C. Then the primary antibody against 
HMGB1 (1:150) was used to incubate the sections overnight 
at 4˚C, followed by incubation with a streptavidin‑peroxidase 
complex. The peroxidase conjugates were later visualized by 
the diaminobenzidine (DAB) solution for 5 min and counter‑
stained with hematoxylin for 20 sec at room temperature. The 
slides were subsequently washed with PBS between each step. 
The slides were then dehydrated, cleared, sealed with neutral 
gum, observed under an optical microscope and images 
captured (magnification, x200) for analysis.

For Ly6G immunofluorescence staining, 10‑µm‑thick 
frozen sections were collected, fixed in 4% paraformalde‑
hyde for 10 min and inactivated with 3% hydrogen peroxide 
for 10 min at room temperature, repaired by microwave at 
95‑100˚C until cooled to room temperature and blocked 
with goat serum of 1% for 1 h at 37˚C. Next, sections were 
incubated overnight with an antibody against Ly6G (1:200) 
at 4˚C and a FITC‑conjugated secondary antibody (1:150) for 
45 min at 37˚C, then mounting medium with DAPI was used 
to cover. Using a fluorescence microscope (Olympus FV500, 
Olympus Corporation; magnification, x200), the slides were 
judged by an investigator who was unaware of the corre‑
sponding study group.

Reverse transcription‑quantitative (RT‑q)PCR. TRIzol® 
reagent was used to extract the total RNA from hepatic tissue 
and the total RNA was reverse transcribed with the ReverTra 
Ace® qPCR RT kit. In line with the manufacturer's instructions, 
0.6 µl primers and 1 µl cDNA were used for reverse transcrip‑
tion polymerase. The thermocycling conditions were as follows: 
Pre‑denaturation at 95˚C for 3 min, annealing at 60˚C for 45 sec 
and repetition for 35 cycles. The primer sequences for HMGB1, 
TLR4 and GAPDH are shown in Table I. GAPDH standardized 
the total mRNA for genes apiece and the relative expression 
level was calculated using the reported 2‑ΔΔCq method (15). All 
the experiments were repeated ≥3 times for each condition 

Western blot analysis. Western blotting was used to analyze 
the protein expression level as previously reported  (16). 
Tissue protein samples were prepared from protein extraction 
reagents with hepatic tissues. In short, 80 mg of hepatic tissue 
was homogenized on ice in 1 ml of RIPA lysis buffer with a 
protease inhibitor mixture and PMSF. The BCA method was 
used to measure the protein concentrations. Next, a total of 
20 µg protein was subjected to 10% SDS‑PAGE and the protein 
was transferred to a PVDF membrane. After blocking in TBS 
with 0.1% Tween‑20 (TBST) buffer with 5% skimmed milk for 
2 h at room temperature, the PVDF membranes were incubated 
with the primary antibodies, such as anti‑GAPDH (1:1,000), 
anti‑HMGB1 (1:2,000), anti‑TLR4 (1:1,500), anti‑NF‑κB 
(1:500), anti‑p‑NF‑κB (1:500) and anti‑IκBα (1:1,000) on a 
shaker at 4˚C overnight with agitation, followed by incubation 
with a horseradish peroxidase‑conjugated secondary antibody 
lasted 1 h at room temperature. Band densitometry was visu‑
alized with an ECL detection system (ChemiDoc™ Touch; 
Bio‑Rad Laboratories, Inc.) and analyzed by ImageJ 1.8.0 
software (National Institutes of Health), the relative protein 
expression level were normalized to the ratio of GAPDH. 
Experiments were repeated ≥3 times for each condition.

Enzyme‑linked immunosorbent assay (ELISA). The 
serum levels of HMGB1 were observed by an ELISA kit 
(cat. no. ST51011; IBL International GmbH) according to the 
manufacturer's instructions. A wavelength of 450 nm was used 
to read the ELISA plates with a microplate reader (Thermo 
Fisher Scientific, Inc.).

Flow cytometry. Non‑parenchymal cells of the hepatic tissues 
were isolated using the enzyme digestion method. Briefly, liver 
samples were collected after in situ perfusion with HEPES 
solution without calcium ions until there was no capillary flow 
out and then perfused with 0.02% collagenase type Ⅳ, which 
had been preheated at 37˚C. After digestion in situ for 12 min, 
the left lobe samples were harvested, cut into tiny pieces and 
digested into a single‑cell suspension using 0.02% collagenase 
type Ⅳ for 20 min at 37˚C. Next, DMEM/F12 medium with 
10% fetal bovine serum was added to the digested tissue to 
terminate the reaction. The sample was then filtered through a 
200‑mesh nylon mesh and centrifuged at 4˚C and 30 x g. The 
supernatant was aspirated and the collected cells were washed 
twice, resuspended, counted and suspended to a density of 
1x106 cells/ml. Cells, except those in the control group, were 
then blocked with an anti‑CD16/CD32 (1:100) antibody for 
10 min to prevent non‑specific binding and next stained with 
a cocktail of fluorochrome‑tagged anti‑CD45 (1:1,800) and 
anti‑Ly6G (1:1,800) antibodies for 25 min in the dark at room 
temperature. A BD FACSVerse flow cytometer (cat. no. 651155; 
BD Biosciences) was used for the assay and FlowJo software 
10.4.0 (FlowJo LLC) was used for data analysis. The results 
were expressed as the percentage of positive cells.

MPO activity assay. The activities of MPO in the liver tissues 
were identified using assay kits from Nanjing Jiancheng 
Bioengineering Institute according to the manufacturer's 
protocol. The optical density at 450 nm was measured using a 
microplate reader. MPO activity was calculated with following 
formula:
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MPO activity (U/mg) = ΔOD/[11.3 x volume of hepatic tissues 
(mg/reaction solution)].

Statistical analysis. The Shapiro‑Wilk test was used to confirm 
the normality of the data. The data that met the normal distri‑
bution were expressed as the mean ± standard error of the 
mean. The Levene test was used for homogeneity of variance, 
one‑way ANOVA was used to analyze the data, followed by 
Tukey's test as appropriate. Data that did not show the normal 
distribution (P>0.05), such as MPO (Fig. 5E), were represented 
by the median and interquartile range and submitted to the 
Kruskal‑Wallis nonparametric test, followed by the Dunn's test 
to determine the differences among the groups (P<0.05). SPSS 
25.0 software (IBM Corp.) was applied to calculate the statis‑
tical significance, while GraphPad Prism 7 software (GraphPad 
Software, Inc.) was employed for drawing graphs. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Ac2‑26 preconditioning attenuates hepatic injury induced by 
HIRI. To evaluate whether Ac2‑26 protects hepatocytes against 
HIRI, the serum levels of ALT and AST, which are biomarkers 
of hepatocellular damage, were assessed spectrophoto‑
metrically using a microplate reader. The results showed that 
the serum levels of ALT and AST in the Ac2‑26 group were 
similar to those in the sham group (P>0.05; Fig. 1A and B), 
which indicated that Ac2‑26 had no significant toxic effects on 
hepatocytes. As shown in Fig. 1, compared with those in the 
sham group, the serum levels of ALT and AST were markedly 
increased in the I/R group (P<0.001). By contrast, the levels of 
these indicators were significantly reduced (P<0.001) in the I/R 
+ Ac2‑26 group compared with those in the I/R group (P<0.01). 
Collectively, these data suggested that Ac2‑26 pretreatment 
ameliorated the I/R‑induced hepatocyte dysfunction.

Ac2‑26 preconditioning inhibits the HMGB1/TLR4 signaling 
pathway in HIRI. HMGB1, as a crucial intermediary factor 
in the pathophysiology of the inflammatory response induced 
by I/R, induces hepatocyte injury upon HIRI by binding 

and activating TLR4. To explore the action of Ac2‑26 on the 
HMGB1/TLR4 signaling pathway in HIRI, the expression 
levels of HMGB1 were first detected using RT‑qPCR and 
western blotting. The expression of HMGB1 was significantly 
increased in the I/R group compared with that in the sham 
group (RT‑qPCR: P<0.001; western blotting: P<0.05). As 
expected, Ac2‑26 pretreatment remarkably reduced the expres‑
sion of HMGB1 in liver tissues induced by HIRI (RT‑qPCR: 
P<0.001; western blotting: P<0.05) (Fig. 2A‑C).

Meanwhile, immunohistochemical staining showed that 
there was almost no HMGB1‑positive reaction in the hepato‑
cytes of the sham group. However, the hepatocytes of the I/R 
group showed increased levels of HMGB1 within the cyto‑
plasm. By contrast, pretreatment with Ac2‑26 clearly reduced 
the expression of HMGB1 (P<0.001; Fig. 2D and E). Further, 
the serum level of HMGB1 was increased in the I/R group 
(P<0.001), but in the Ac2‑26‑treated group, it was significantly 
reduced (P<0.01) (Fig. 2F). These results demonstrated that 
Ac2‑26 inhibited the overexpression and release of HMGB1 
caused by HIRI.

As the main receptor of HMGB1, TLR4 is responsible 
for the HMGB1‑induced inflammatory response in various 
disease models. Subsequently, to explore whether the protec‑
tive effect of Ac2‑26 was related to the HMGB1/TLR4 
pathway, the expression of TLR4 was determined via 
RT‑qPCR. As illustrated in Fig. 3A, the mRNA levels of 
TLR4 were remarkably higher in the I/R group than those 
in the sham group (P<0.05) and this elevation was notably 
suppressed by Ac2‑26 pretreatment (P<0.05; Fig. 3A). The 
aforementioned changes in the levels of TLR4 were further 
supported by western blot assay, as shown in Fig. 3B (P<0.05). 
Collectively, these findings suggested that Ac2‑26 had a 
protective effect on I/R‑induced liver injury by targeting the 
HMGB1/TLR4 signaling pathway.

Ac2‑26 exerts protective effects against HIRI by inhibiting 
the TLR4/NF‑κB signaling pathway. Since TLR4 is the main 
receptor of HMGB1 and the TLR4/NF‑κB signaling axis 
contributes to the activity of the HMGB1 signaling pathway 
in various disease models, the expression of the NF‑κB 

Figure 1. Effects of Ac2‑26 pretreatment on ALT and AST levels in the serum of mice with HIRI. (A) ALT and (B) AST levels in the serum. Data are analyzed 
as Tukey's test and expressed as means ± standard error of the mean (SEM), n ≥3. **P<0.01, ***P<0.001; ns, not significant; ALT, alanine transaminase; AST, 
aspartate transaminase; HIRI, hepatic ischemia‑reperfusion injury.
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p65 subunit and its inhibitor IκBα was detected by western 
blot analysis. As shown in Fig. 4A and C, the expression of 
p‑NF‑κB and p‑NF‑κB/NF‑κB ratio were markedly increased 
(P<0.05) in the I/R group compared with that in the sham 
group and this effect was significantly attenuated (P<0.05) by 
Ac2‑26 pretreatment (Fig. 4A and C).

In addition, the expression of IκBα was notably reduced 
(P<0.05) following I/R, but this effect was reversed by Ac2‑26 
treatment (Fig. 4B and D). These data suggested that Ac2‑26 
preconditioning may suppress the inflammatory response 

induced by HIRI by targeting the TLR4/NF‑κB signaling 
pathway.

Ac2‑26 ameliorates the HIRI‑induced hepatic neutrophil 
infiltration. Evidence from multiple experimental models and 
clinical studies has shown that HIRI results in evident hepatic 
neutrophil infiltration and activation and the proportion of 
neutrophils infiltrating the hepatic tissue is associated with the 
severity of the liver I/R injury (17). Based on the important 
role of neutrophils in the inflammatory response, the effect of 

Figure 2. Ac2‑26 preconditioning inhibited the HMGB1 expression level in HIRI. (A) The mRNA level of HMGB1 detected by reverse transcription‑quantitative 
PCR. (B) Western blot analysis of HMGB1. (C) The relative expressions of HMGB1 protein quantified via normalization to GAPDH. (D) Immunofluorescence 
staining showed the localization of HMGB1 positive reaction in hepatic tissue (magnification, x200). (E) The number of HMGB1 positive cells in different 
groups. (F) The serum HMGB1 level was measured by ELISA. Data are analyzed as Tukey's test and expressed as means ± standard error of the mean. *P<0.05, 
**P<0.01 and ***P<0.001; ns, not significant; HMGB1, high mobility group box protein 1; HIRI, hepatic ischemia‑reperfusion injury.

Figure 3. Ac2‑26 preconditioning decreased the level of TLR4 in liver after HIRI. (A) The mRNA level of TLR4 were detected by reverse transcription‑
quantitative PCR. (B) Western blot analysis of TLR4. Data are analyzed as Tukey's test and expressed as means ± standard error of the mean. *P<0.05; ns, not 
significant; TLR4, Toll‑like receptor 4; HIRI, hepatic ischemia‑reperfusion injury.
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Ac2‑26 on neutrophil infiltration induced by HIRI was exam‑
ined. First, the proportion of neutrophils in the hepatic tissues 
of different animal groups was measured with flow cytometry. 
As shown in Fig. 5A and B, the proportion of neutrophils in 
the I/R group was dramatically increased (P<0.05), whereas 
Ac2‑26 pretreatment significantly reduced it (P<0.05; Fig. 5A). 
The levels of hepatic neutrophil infiltration were further 
assessed using Ly6G immunofluorescence staining, since 
Ly6G is a marker of neutrophils. As shown in Fig. 5C and D, the 
number of Ly6G‑positive cells, a marker for neutrophils, was 
significantly increased (P<0.001) in the I/R group compared 
with that in the sham group, which was significantly reversed 
(P<0.01) by Ac2‑26 administration (Fig. 5B).

MPO is an enzyme that is mainly stored in the azurophilic 
granules of neutrophils and is released from activated neutro‑
phils during IRI. MPO activity was measured as another 
indicator of neutrophil aggregation and subsequent proteolytic 
inflammation. In agreement with the results of Ly6G staining, 
MPO activity was significantly increased (P<0.05) in the liver 
tissue of the I/R group compared to that in the liver tissue of the 
sham group, whereas pretreatment with Ac2‑26 significantly 
(P<0.05) antagonized these changes (Fig. 5E). In conclusion, 
the above findings demonstrated that neutrophils served a 
critical role in HIRI and Ac2‑26 administration could inhibit 
the HIRI‑induced neutrophil infiltration, thereby reducing 
proteolytic inflammation.

Discussion

HIRI is the major cause of liver dysfunction following liver 
surgery and is associated with increased morbidity and 
mortality (1). Thus, HIRI is a choking point limiting the devel‑
opment of liver surgery. Despite previous studies focused on 
characterizing the pathogenesis of HIRI, there are currently no 
effective methods to prevent or control it. Growing evidence 

supports that sterile inflammation serves a crucial role in HIRI. 
Therefore, identifying effective targets to protect hepatocytes 
against HIRI has become increasingly important.

As a calcium‑dependent phospholipid‑binding protein, 
AnxA1 is reported to inhibit leukocyte migration to the site 
of inflammation and aseptic inflammation (8). Ac2‑26, which 
is the pharmacologically active center of AnxA1, was synthe‑
sized by Cirino et al  (18) as early as 1993 and it has been 
shown to effectively inhibit the activation of the transcription 
factor NF‑κB and the subsequent production of proinflam‑
matory cytokines, such as TNF‑α and IL‑1β (19). Although 
previous studies (20,21) have confirmed that Ac2‑26 exhibits 
anti‑inflammatory effects and stability in the blood circulatory 
system, the inability to quantify it in serum or plasma is a limi‑
tation of the present study. Several studies have demonstrated 
that Ac2‑26 exhibits protective effects against ischemia‑reper‑
fusion injury (IRI) of the heart (10), brain (22), kidney (13) 
and intestine (11) by inhibiting the expression of inflammatory 
factors such as TNF‑α, IL‑1β and MPO. Huang et al (5) found 
that Ac2‑26 exerts anti‑inflammatory and pro‑repair effects 
by reducing neutrophil accumulation and the production of 
proinflammatory cytokines. However, the effects of Ac2‑26 
on HIRI have not been reported to date. The present study 
aimed to determine whether Ac2‑26 could alleviate HIRI by 
inhibiting the HMGB1‑mediated inflammatory responses and 
neutrophil infiltration.

Previous studies have suggested that the HMGB1/TLR4 
signaling pathway is involved in the regulation of IRI in 
various parenchymal organs. Accumulating evidence suggests 
that the expression of HMGB1 and TLR4 is enhanced in IRI 
rodent models. Wang et al (23) confirmed that HMGB1/TLR4 
promotes the release of inflammatory factors by activating 
NF‑κB in a slight intestinal IRI. Furthermore, a study by 
Xue et al (24) reveals that HMGB1, which is released from 
necrotic cardiomyocytes in response to ischemia, can activate 

Figure 4. Ac2‑26 exerts protective effect against HIRI through inhibiting the TLR4/NF‑κB signaling pathway. (A) The expression of p‑NF‑κB and NF‑κB 
was examined by western blot analysis. (B) Western blot analysis of IκBα. (C) The ratio of p‑NF‑κB/NF‑κB protein expressions. (D) The relative expressions 
of IκBα protein quantified via normalization to GAPDH. Data are analyzed as Tukey's test and expressed as means ± standard error of the mean. *P<0.05, 
**P<0.01; ns, not significant; HIRI, hepatic ischemia‑reperfusion injury; TLR4, Toll‑like receptor 4; p‑, phosphorylated.
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TLR4, which can subsequently trigger downstream signal 
transduction pathways and cause an inflammatory cascade. 
Similarly, Tsaroucha  et  al  (25) demonstrate that silibinin 
exhibits protective effects against HIRI by inhibiting the 
release of HMGB1 from dying hepatic cells. The application 
of a HMGB1‑neutralizing antibody has been shown to reduce 
cytokine expression and preserve hepatic function in a mouse 
model of HIRI (7). Furthermore, HMGB1 has been found to 
be released by dying hepatic cells in response to ischemia and 
activate proinflammatory signaling pathways by interacting 
with TLR4 (26). Inhibition of TLR4 also provides significant 
protection against hepatic damage following HIRI (27,28). 
However, exogenous HMGB1 or neutralizing antibodies 
against HMGB1 have no effect on I/R damage in TLR4 
defective mice (7). The aforementioned experimental results 
indicate that HMGB1 acts as a key mediator of hepatic damage 
following IRI via interactions with TLR4 and that activation 
of the HMGB1/TLR4 signaling pathway is closely associ‑
ated with the pathogenesis of HIRI. Accordingly, a treatment 
targeting HMGB1/TLR4 signaling may be an effective strategy 
to ameliorate hepatic damage by limiting neuroinflammatory 
processes during IRI. Similarly to those results, the present 
study showed that HIRI induced a significant increase in 
HMGB1 and TLR4 expression, as well as serum HMGB1 
levels. Furthermore, it was found that Ac2‑26 pretreatment 
considerably inhibited the changes in HMGB1 and TLR4 
expression, which suggested that the protective effect of 

Ac2‑26 on hepatocytes partly depended on the inhibition of 
the HMGB1/TLR4 signaling pathway.

Once bound to TLR4, HMGB1 can activate TLR4, 
which subsequently modulates the expression of inflam‑
matory mediators and triggers the downstream signaling 
pathways, including NF‑κB. During HIRI, NF‑κB is not 
only the initiator of the inflammatory cascade but also the 
central link of the inflammatory response (6). This indicates 
that the HMGB1/TLR4/NF‑κB signaling pathway serves 
an essential role in regulation of the inflammatory response 
induced by IRI and may represent an important therapeutic 
target. Studies have shown that aucubin and berberine protect 
against inflammatory responses and liver injury by regulating 
HMGB1/TLR4/NF‑κB signaling (29,30).

Previous studies have shown that Ac2‑26 exhibits 
beneficial effects in the treatment of mucosal inflamma‑
tion, wound healing and I/R injury models (11,21,31). The 
positive feedback between proinflammatory cytokines and 
NF‑κB signaling is blocked by Ac2‑26 pretreatment, which 
alleviates the inflammation (32). A substantial increase in 
NF‑κB activity along with a decrease in IκBα was observed 
in the present study and Ac2‑26 pretreatment was sufficient 
to downregulate NF‑κB via the expected upregulation of 
IκBα, which served an anti‑inflammatory role. This obser‑
vation supported the results of previous studies (21), which 
demonstrate that Ac2‑26 treatment can significantly improve 
the perioperative resolution of inflammation during I/R 

Figure 5. Ac2‑26 ameliorates HIRI‑induced hepatic neutrophil infiltration. (A) The neutrophil infiltration of liver tissues was examined by flow cytometry. 
(B) The proportion of neutrophils in different groups of liver tissues was quantified by flow cytometry. (C) Immunofluorescence staining showed the localiza‑
tion of Ly6G positive reaction in hepatic tissue (magnification, x200). (D) The number of Ly6G positive cells in different groups. Data were analyzed as Tukey's 
test and expressed as means ± standard error of the mean, n ≥3. *P<0.05, **P<0.01 and ***P<0.001; ns, not significant. (E) The MPO activity was measured with 
Colorimetric method. Data was not shown a normal distribution, analyzed as Kruskal‑Wallis nonparametric test, followed by the Dunn's test, n ≥3, *P<0.05; 
ns, not significant; HIRI, hepatic ischemia‑reperfusion injury.
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injury. This effect was associated with the Ac2‑26‑mediated 
inhibition of NF‑κB signaling and the normalization of 
pro‑inflammatory signaling molecules.

Similarly, infiltrating neutrophils can lead to hepatic 
injury and amplify inflammation following IRI by releasing 
proteases and oxidants that directly injure endothelial cells 
and hepatocytes (33). Pro‑inflammatory signals coming from 
the damaged tissue can activate neutrophils (2). Furthermore, 
activated neutrophils can recruit additional neutrophils to 
the liver by releasing inflammatory factors and chemokines, 
thereby forming a positive feedback loop (34‑36). Early in 
1991, Jaeschke et al (37) found that during the process of HIRI, 
neutrophil infiltration was first observed during ischemia, 
which was accelerated during reperfusion. Hoffman et al (38) 
found that the degree of neutrophil infiltration is propor‑
tional to the severity of myocardial IRI. In myocardial IRI, 
anti‑neutrophil interventions could reduce the extent of 
myocardial infarction and myocardial cell damage by 50%, 
which indicates that neutrophil infiltration served an essential 
role in IRI (24). Furthermore, the presence and accumulation 
of neutrophils in re‑perfused tissues coincides with the extent 
of tissue injury (2). Activated neutrophils may cause consider‑
able cell death and tissue injury by releasing reactive oxygen 
species, proteases such as elastase and collagenase, inflamma‑
tory mediators, or by forming NETs (5,39,40). Among them, 
inflammatory factors, such as TNF‑α, IL‑6 and IL‑1β, which 
are released by activated neutrophils, can further amplify 
the recruitment of neutrophils to the damaged site (41). As a 
result, a vicious positive feedback loop is underway, which may 
expand the inflammatory response and aggravate liver injury. 

Anti‑neutrophil interventions have been reported to be able to 
ameliorate the I/R‑induced damage to hepatic cells (40,42).

To investigate whether Ac2‑26 could reduce neutrophil 
infiltration, non‑parenchymal cells were collected from liver 
tissues and the proportions of neutrophils were measured 
via flow cytometry. The results showed that pretreatment 
with Ac2‑26 significantly reduced the proportion of neutro‑
phils in liver tissues following HIRI. To further verify the 
changes in neutrophil proportion during the I/R process, the 
Ly6G expression and MPO activity in hepatic tissues were 
detected via immunofluorescence staining and colorimetry, 
respectively. The results demonstrated that Ac2‑26 mark‑
edly reduced the HIRI‑induced increase in Ly6G‑positive 
neutrophil infiltration as well as MPO activity. These results 
suggested that Ac2‑26 could inhibit HIRI‑induced neutrophil 
infiltration, thereby reducing the inflammatory response.

In summary, the results of the present study demon‑
strated that the HMGB1/TLR4/NF‑κB/neutrophil axis 
may participate in the development of HIRI. In order to 
illustrate the molecular mechanisms of hepatoprotection by 
Ac2‑26, the attendant changes in the expression of HMGB1, 
TLR4 and NF‑κB, as well as neutrophil proportion, were 
investigated. The results demonstrated that Ac2‑26 could 
ameliorate the hepatic damage associated with HIRI via 
the HMGB1/TLR4/NF‑κB signaling pathway while inhib‑
iting neutrophil infiltration. A schematic illustration of the 
proposed molecular mechanisms responsible for Ac2‑26 
hepatoprotection is given in Fig.  6. The findings of the 
present study may help to identify an effective targeted 
therapy for the treatment of HIRI and improve the prognosis 

Figure 6. Ischemia‑reperfusion injury induced a significant increasing expression of HMGB1, TLR4 and NF‑κB, accompanied by a high number of neutrophils. 
Ac2‑26 could inhibit the activation of HMGB1/TLR4/NF‑κB signaling pathway and decrease neutrophil infiltration, thereby alleviate the ischemia‑reperfusion 
induced hepatocytes damage. HMGB1, high mobility group box protein 1; TLR4, Toll‑like receptor 4.



EXPERIMENTAL AND THERAPEUTIC MEDICINE  24:  673,  2022 9

of patients. In the future, ‘anti‑neutrophil’ interventions or 
HMGB1 antagonists should be further investigated. However, 
the present study has certain limitations, including the fact 
that the level of Ac2‑26 in serum and liver samples upon 
systemic administration was not determined. Future research 
should be conducted in order to explore the pharmacological 
mechanisms and metabolism of Ac2‑26.
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