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A B S T R A C T

Glycyrrhetinic acid (GA), the main bioactive substances of glycyrrhiza uralensis Fisch, has been reported to
exhibit hepatoprotective and anti-inflammatory properties. However, the effects and underlying mechanisms of
GA in liver ischemia/reperfusion (I/R) injury remain elusive. In this study, mice were pretreated with GA
(100mg/kg) three times a day by gavage prior to I/R injury, and then hepatic histopathological damages,
biochemical parameters and inflammatory molecules were evaluated. We found that mice performed with liver
I/R showed a significantly increase in plasma aminotransferase (ALT), aspartate aminotransferase (AST), liver
cell apoptosis and infiltration of neutrophils compared with the control group. GA pretreatment notably im-
proved liver function, histopathology of liver tissues, and lowered liver cell apoptosis and infiltration of neu-
trophils. Besides, further analysis indicated that GA pretreatment reduced I/R-induced expression of extra-
cellular HMGB1, inhibited activation of TLR4 and following phosphorylation of IRAK1, ERK, P38 and NF-κB, and
attenuated TNF-α and IL-1β production. These data suggested that GA protected against liver I/R injury through
a HMGB1-TLR4 signaling pathway and it might be a promising drug for future clinical use in liver transplan-
tation.

1. Introduction

Hepatic ischemia/reperfusion (I/R) injury, occurring mainly in liver
resection, transplantation and hemorrhagic shock, are a major cause of
liver failure and lead to high morbidity and mortality among liver re-
cipients. As for liver transplantation, there are two major types of liver
injury included: the “warm” IR injury and the “cold” IR injury, which
are characterized by initial hepatocellular damage and hepatic sinu-
soidal endothelial cell damage, respectively [1,2]. Although I/R injury
have been studied extensively for years, the detailed mechanisms of
hepatic I/R injury remain to be elucidated. During I/R injury, activation
of immunological cascades initiated by predominantly local innate-
immune response and following adaptive-immune response is an es-
sential mechanism, thus leading further tissue damage [3].

In our body, the immune response is fundamental to discriminate

‘self’ from ‘nonself’ to impending danger and keep healthy, and the
innate immune system has evolved to respond to both invading pa-
thogens and molecular elements released from dying cells [4,5]. Da-
mage-associated molecular patterns (DAMPs), such as HMGB1, histones
and heat-shock protein, are normally released by damaged tissues and
can activate innate immune system by interacting with pattern re-
cognition receptors [6]. HMGB1, a DNA-binding nuclear protein that
mainly organizes DNA and regulates gene transcription in nuclear, is
released into the extracellular milieu by numerous immune and non-
immune cell upon acute stress. Upon released outside of cells, HMGB1
serves as a prototypic DAMPs that contribute to pathobiology in both
infection and sterile inflammation [7,8]. TLR4, a member of pattern
recognition receptors located on the cell surface, is the first defined toll-
like receptors (TLRs) that triggers inflammatory response through re-
cognizing lipopolysaccharide (LPS) [9]. Upon activation of TLR4-
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dependent signaling pathway by endogenous DAMPs, downstream
signaling molecules are subsequently activated via MyD88-dependent
or MyD88-independent signaling pathways, resulting in activation of
nuclear factor-κB (NF-κB) and activating protein-1 (AP-1) [10,11]. Fi-
nally, activated transcription factors transfer to nucleus to producing
cytokines and chemokines to regulate immune response. Mice with
inhibition of TLR4-dependent signaling pathway was protected from I/
R injury [12–17].

Glycyrrhetinic acid (GA), an aglycone saponin extracted from gly-
cyrrhizae radix, reportedly exhibits a wide range of pharmacological
effects, including anti-inflammation, anti-tumor and hepatoprotection.
Recent years, it has been demonstrated that GA is hepatoprotective in
many liver damage animal models, like CCl4-induced damage [18],
LPS/D-GalN-induced fulminant hepatic failure [19], triptolide-induced
hepatotoxicity [20] and free fatty acid-induced liver damage [21]. Al-
though GA has been reported protective in heart I/R injury by reducing
both the susceptibility and incidence of fatal ventricular arrhythmia
[22], the underlying mechanisms of GA in acute liver injury remains
unclear. In this study, we aimed to explore the real role of GA in hepatic
I/R injury. We demonstrated that GA protected liver from I/R injury via
a HMGB1-TLR4 signaling pathway.

2. Materials and methods

2.1. Materials

Glycyrrhetinic acid (GA, purity> 98%) was obtained from Nanjing
zelang Biological Technology Corporation (Nanjing, China) and had a
purity of> 98% by High Performance Liquid Chromatography (HPLC).
The commercial assay kits for the determination of serum ALT and AST
levels were acquired from Nanjing Jiancheng Biological Engineering
Institute (Nanjing, China). Serum TNF-α and IL-1β levels were mea-
sured by a standardized enzymatic assay kits purchased from Becton,
Dickinson and Company (New Jersey, USA). The terminal deox-
ynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay kit was
supplied by Roche Applied Science (Basel, Switzerland). Primary anti-
bodies against TLR4, p-IRAK1, p-ERK, p-JNK, p-P38 and p-NF-κB were
all purchased from Cell Signaling Technology (Boston, MA, USA).
Primary antibody specific for anti-GAPDH was obtained from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Primary antibody against
HMGB1 and horseradish peroxidise (HRP)-conjugated secondary anti-
bodies were purchased from Abcam (Cambridge, MA, USA).
Fluorochrome-labeled antibody against Ly6G was supplied by BD
Biosciences (Heidelberg, Germany). Phycoerythrin (PE)-labeled anti-
Ly6G and allophycocyanin (APC)-labeled anti-CD45 antibodies were
supplied by BD Company (Heidelberg, Germany). The ABC kit and
DAPI was purchased from Vectorlab (Burlingame, CA, USA). DAB
Peroxidase Substrate was obtained from DAKO North America
(Carpinteria, CA, USA).

2.2. Animals

Male C57BL/6 mice (8–12weeks old) were purchased from the
Chongqing Medical University Animal Center. All mice were main-
tained in a specific pathogen-free condition with a 12-h day–night
rhythm, and received food and sterile water. All experimental proce-
dures were carried out in accordance with the Guide for the Care and
Use of Laboratory Animals.

2.3. Liver I/R model and treatment

The mice were stochastically divided into four groups with 10 mice
in each group. For the I/R group, a non-lethal model of segmental
(70%) hepatic warm I/R was induced as previously reported. In brief,
mice were anesthetized with phenobarbital (100mg/kg), and after a
midline laparotomy, the arterial and portal venous blood supplies to the

left and middle liver lobes were occluded with an atraumatic clamp.
After 90min reperfusion, the clamp was removed for 6 h reperfusion
and the incision was closed. For the GA+ I/R group, mice were treated
with GA (100mg/kg) by intraperitoneal injection (i.p.) before the
surgery. Mice in control group received an equal volume of olive oil and
mice in GA group underwent the same procedure without vascular
occlusion. All mice were sacrificed after 6 h of reperfusion, serum
samples and liver tissues were collected for further analysis.

2.4. Liver functional assays

Serum ALT and AST levels, which are essential indicators of hepa-
tocellular injury, were all detected by commercial kits with standard
curves made from the corresponding manufacturer's instructions.

2.5. Histological analysis

The liver tissues were fixed in 4% polyformaldehyde, embedded in
paraffin and sectioned at 5 μm and stained with hematoxylin and eosin
(H&E).

2.6. Immunohistochemistry

Paraffin-embedded sections (5 μm) were dewaxed, dehydrated and
heat-induced antigen retrieval was performed with citric acid buffer
(pH 6.0, 10mM) for 20min. Sections were then blocked with 3% H2O2

in TBS for 20min, followed by exposure to 10% goat serum in TBS for
30min and then incubation with rabbit anti-HMGB1 antibody at 4 °C
overnight. After washing three times, the slides were incubated with a
biotin-labeled goat anti-rabbit antibody. The signals were amplified
with ABC kit and visualized with DAB Peroxidase Substrate.

2.7. Immunofluorescence

For fluorescence stain, the liver tissues were fixed with 4% poly-
formaldehyde for 6 hfollowed by dehydration with 15%, 30% sucrose
in PBS respectively at 4 °C. The tissues were then embedded in O.C.T
solution for frozen sections (8 μm). After blocking with 10% goat serum
in TBS, the frozen sections were incubated with rat anti-PE-labeled
Ly6G antibody. Finally, the slides were counterstained with DAPI and
analyzed with fluorescence microscopy.

2.8. TUNEL staining

The apoptosis in liver tissues were examined by the commercial
TUNEL kits according to the manufacturer's protocol.

2.9. Detection of caspase 3 activity

The total proteins were extracted with lysis buffer from homo-
genized liver tissues. The caspase3 activity in hepatic tissues was de-
termined with a commercial colorimetric assay kit according to the
manufacturer's instructions.

2.10. Flow cytometry

Liver was perfused with cold saline, and minced into small pieces.
Then, it was digested with collagenase (Worthington) for 30min at
37 °C. Liver fragments were grinded and passed continuously through a
200 μmmesh. Single-cell suspension was centrifuged at 50×g for 5min
and resuspended. The supernatant was further centrifuged at 300×g
for 15min, resuspended and counted. After that, the resuspension was
incubated with anti-CD45-APC, anti-Ly6G-PE antibody and analyzed by
flow cytometry.

X. Jiang, et al. International Immunopharmacology 76 (2019) 105870

2



2.11. Western blot analysis

The total protein was extracted from liver tissues using RIPA lysis
buffer containing protease inhibitors and protein concentration was
determined by Bradford assay. Equal amounts of total protein (40 μg)
were then separated on 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to polyvinylidene di-
fluoride (PVDF) membranes. The membranes were blocked for 1 h at
room temperature with 5% skimmed milk powder in TBST and then
incubated with primary antibodies (anti-TLR4, anti-phospho-IRAK1,
anti-phospho-ERK1/2, anti-phospho-JNK and anti-phospho-P38, anti-
phospho-NF-κB and anti-GAPDH antibodies) overnight at 4 °C, respec-
tively. After three washes in TBST, the membranes were incubated with
horseradish peroxidase-conjugated secondary antibody for 1 h at room
temperature. The protein expression levels were visualized by ECL
chemiluminescence system (Bio-Rad, USA).

2.12. Statistical analysis

The two-tailed Student's test and ANOVA were used to analyze the
comparison between different groups, and P < 0.05 was considered
statistically significant.

3. Results

3.1. GA ameliorated liver function in hepatic I/R-induced liver injury

Firstly, we determined the change of ALT and AST levels in serum
after hepatic I/R. As shown in (Fig. 1B and C), the serum levels of ALT
and AST were remarkably higher in I/R group than those in control
group, and GA pretreatment significantly inhibited those increases.

3.2. GA improved histopathology of liver tissues

Histopathology of liver tissues was determined to analyze the effect
of GA on liver I/R injury. The histopathology of liver tissues was normal
in both control group and GA group. In contrast, there were marked
sinusoidal congestion, cytoplasmic vacuolization, edema and focal ne-
crosis in I/R group and GA pretreatment evidently reversed those his-
topathological changes (Fig. 2A and B).

3.3. GA reduced liver cell apoptosis induced by hepatic I/R

Apoptosis, known as programmed cell death, plays an essential role
in acute liver injury [23]. In this study, apoptosis was detected by
TUNEL assay and results showed that there was no significant differ-
ence between control group and GA group and a large number of
TUNEL-positive hepatocytes were observed in I/R group, however, few
hepatocytes were TUNEL-positive after GA pretreatment (Fig. 3A). As
Caspase 3 plays an essential roles in cell apoptosis, we measured the
activity of caspase 3. In consistent with the TUNEL staining, pretreat-
ment with GA significantly decreased IR-induced the caspase 3 activity.
(Fig. 3B).

3.4. GA attenuated infiltration of neutrophils in liver

It is well known that infiltration of neutrophils in liver parenchyma
is a vital hallmark of inflammatory response in acute liver injury. We
measured the infiltration of neutrophils by immunofluorescence and
flow cytometry, the results (Fig. 4A and B) showed that the number of
Ly6G+ neutrophils was significantly increased in I/R group compared
with control group, as expected, pretreatment with GA evidently in-
hibited the infiltration of neutrophils.

3.5. GA reduced pro-inflammatory cytokines production induced by hepatic
I/R

The expression levels of TNF-α and IL-1β mRNA and protein in liver
tissues and serum were detected by RT-PCR and ELISA, respectively. As
presented in Fig. 5, I/R injury significantly increased the expression
levels of inflammatory mediators TNF-α and IL-1β mRNA and protein
in liver tissues and serum, while the GA intervention group reduced
these increased expression levels efficiently, with statistically sig-
nificant differences.

3.6. GA decreased expression of HMGB1 induced by hepatic I/R

As HMGB1, a member of the HMG proteins mainly released from
necrotic or apoptotic cells in the early phase of hepatic I/R, was re-
ported to trigger innate immune response in tissues injury, we then
explored the level of HMGB1 expression after GA pretreatment. As
expected, our data showed that the level of HMGB1 expression was
significantly increased after hepatic I/R, while this increase was
markedly inhibited by GA pretreatment (Fig. 6A).

Fig. 1. Effect of GA on serum levels of ALT and AST. Mice (n=6) were given
GA at a dose of 100mg/kg three times (8 h per time) within 24 h before liver I/
R. After 6 h reperfusion, the blood were collected and analyzed for serum levels
of ALT and AST. (A) Structure of Glycyrrhetinic acid. (B) The level of serum
ALT. (C) The level of serum AST. ** P < 0.01 compared with I/R model group.
GA: glycyrrhetinic acid; I/R: ischemia/reperfusion; ALT: alanine amino-
transferase; AST: aspartate aminotransferase.
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3.7. GA inhibited HMGB1-TLR4 signaling pathway after hepatic I/R

Finally, considering the effect of GA pretreatment on HMGB1 ex-
pression, we further determined whether this effect of GA pretreatment
was associated with TLR4-dependent signal pathway, which was also
known to have a major role in sterile inflammation induced by innate
immune response. Interestingly, the phosphorylation levels of IRAK1,
ERK, P38 and NF-κB were significantly elevated in I/R group, which
were markedly inhibited by GA pretreatment. However, there was no
significant difference in the levels of TLR4 mRNA and protein, and
phosphorylation of JNK between I/R group and GA+ I/R group
(Fig. 6B and C).

4. Discussion

Liver I/R injury are a highly dynamic and complex process that
involves initially local ischemic insult and subsequent inflammation-
mediated reperfusion injury, resulting in poor early graft function and
serious postoperative complication [2,24]. Although many strategies
have been explored to alleviate I/R-induced liver injury, the specific
strategies to prevent hepatic I/R injury are limited and supportive care
is only the available treatment today [25]. In this study, we found that
pretreatment with GA significantly reduced infarct size and improved
liver function, which were associated with inhibition of apoptosis and
infiltration of neutrophils. Besides, pretreatment with GA also de-
creased release of HMGB1 into the extracellular milieu as well as ex-
pression of phosphorylation IRAK1, ERK, P38 and NF-κB. These results
suggested GA as a hepatoprotective drug which improved liver I/R
injury by inhibition of the HMGB1-TLR4 signaling pathway. Neu-
trophils, the most abundant circulating leukocyte in humans, has been
discovered for centuries and plays a pivotal role in innate immune re-
sponse [26,27]. Once activated in inflammatory loci, neutrophils can
kill invading pathogens by phagocytosis, secretion of preformed gran-
ular enzymes and proteins, release of ROS and production of neutrophil
extracellular traps, thus protecting the host from infectious pathogens
[28]. However, the highly cytotoxic capacity of neutrophil also leads to

additional damage of healthy tissues in various infectious and in-
flammatory diseases [29]. Sterile inflammation (occurs in the absence
of microorganisms), such as ischemia-reperfusion injury, trauma and
chemically induced injury, is marked by abundant recruitment of
neutrophils [4,30,31]. Inhibiting infiltration of neutrophils or activity
of neutrophil elastase attenuated ischemia-reperfusion injury in rat
liver [32,33]. In the current study, we evaluated the number of neu-
trophils infiltration in liver parenchyma by immunofluorescence and
flow cytometry, and found that GA pretreatment significantly decreased
neutrophils infiltration, which was consistent with the previous studies
on anti-inflammation effect of GA. GA markedly attenuated acet-
aminophen-induced hepatic injury and reduced neutrophils recruit-
ment [34]. In helicobacter pylori-infected gastric mucosa model, GA
improved the gastritis by attenuation of neutrophils infiltration [35].
Taken together, these data indicated that GA might protect against I/R
injury by reducing neutrophils infiltration.

Apoptosis, a form of programmed cell death preceding through ei-
ther the extrinsic or intrinsic apoptosis pathways, is first formulated in
1972 and has been reported to play a vital role in generation of cell
death results from various stress stimuli, such as hypoxia, oxidative
stress and DNA damage [23,36]. During liver I/R injury, a number of
liver parenchyma cells undergo cell death in the form of apoptosis after
ischemic insult, and pharmacological interventions that blocking
apoptosis have been demonstrated protective in reperfusion injury
[37]. As expected, our results showed that hepatocytes apoptosis were
markedly decreased after GA pretreatment compared with I/R group.

HMGB1, the prototypical endogenous DAMPs when released outside
of the cell, has been confirmed for decades as an essential cell death
marker released by necrotic cells [38]. Indeed, a number of data re-
ported that administration of HMGB1 to mice caused systemic in-
flammatory responses, while treatment with anti-HMGB1 antibodies or
specific antagonists protected mice from various inflammatory and
autoimmune diseases, including sepsis, hepatitis, colitis, rheumatoid
arthritis, atherosclerosis and trauma [39–44]. Moreover, it was re-
ported that the level of HMGB1 was increased in a time-dependent
manner from 1 h to 24 h after liver I/R, and the liver damage promoted

Fig. 2. Effect of GA on histopathological changes
of hepatic tissues. GA(100mg/kg) was adminis-
tered to mice three times (8 h per time) a day
before the surgery, and mice were euthanized
after reperfusion for 6 h. The liver tissues were
collected and stained with H&E, (A) H&E
staining, original magnification ×200. (B)
Suzuki's histological grading. Results were
mean ± SD (n= 6), ** P < 0.01 versus I/R
model group. GA: glycyrrhetinic acid; I/R:
ischemia/reperfusion.

Fig. 3. Effect of GA on hepatic I/R-induced cell
apoptosis. Mice were pretreated with GA
(100mg/kg) three times within 24 h before I/R
surgery. (A) Representative images of TUNEL
(200× magnification). (B) Activity of caspase-
3. Results were mean ± SD (n=6) **
P < 0.01 versus I/R model group. GA: gly-
cyrrhetinic acid; I/R: ischemia/reperfusion.
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by TLR4-dependent ROS production and downstream CaMK-mediated
signaling was significantly attenuated after inhibition of HMGB1 with
neutralizing antibody, [45,46]. In this study, GA pretreatment sig-
nificantly reduced the level of HMGB1 that was increased after I/R
injury. These data suggested that the hepatoprotective effects conferred
by GA might be partially associated with inhibition of HMGB1 released
extracellularly.

Since recent studies reported that extracellular HMGB1 activated
cell signaling pathways of innate immune response by interacting with
pattern recognition receptors, such as TLR4, integrins, receptor for
advanced glycation end products (RAGE), and the triggering receptor
expressed on myeloid cells-1 (TREM-1), among which the HMGB1-
TLR4 axis is the most vital in driving immunopathology in a wide range
of experimental models, including sterile and microbes-induced in-
flammation [39,47,48]. Indeed, the HMGB1-TLR4 receptor interaction
is firstly confirmed in vivo by a model of liver I/R injury in 2005, during
which it identified that the ischemia insult is a potent trigger for the
passive release of HMGB1, and mice with TLR4 defection or mice

subjected to anti-HMGB1 antibody treatment all exhibited less damage
after hepatic I/R respectively, however, treatment with anti-HMGB1
antibody failed to provide protection in TLR4-defective mice, im-
plicating that TLR4 was essential to HMGB1-induced liver I/R injury
[46]. Considering that the gene transcription and translation are two
relatively independent processes, and the regulation has temporal and
spatial effects, thus the differences in mRNA and protein expression
levels of TLR4 could be explained [49]. To determine the detail me-
chanisms of TLR4 signal pathway after GA pretreatment in liver I/R, we
explored TLR4 expression and its downstream signaling molecules ac-
tivation. It is known to all that TLR4 signaling pathway is initiated by
interacting of DAMPs and pattern recognition receptors, and caused
phosphorylation of a series of protein kinases including IRAK1, ERK,
JNK, and p38 MAPK, leading to generation of NF-κB and AP-1 in innate
immune response [10]. IRAK1, a member of IRAK family mediating
TLRs/IL-1Rs signaling pathways, plays a prominent role in initiating a
cascade of signaling events and leading to production of inflammatory
cytokines, and down-regulation of IRAK1 exhibited less tissue damage

Fig. 4. Effect of GA on infiltration of neutrophils. Number of infiltrated granulocytes in ischemia liver tissues after 6 h reperfusion was analyzed by immuno-
fluorescent assay and flow cytometry. (A) Results of neutrophils immunostaining with anti-Ly6G antibody in four groups (200×magnification). (B) Number of
neutrophils analyzed by flow cytometry. I/R: ischemia/reperfusion;GA: glycyrrhetinic acid.

Fig. 5. Effect of GA on pro-inflammatory-cyto-
kines release. Serum and liver tissues were col-
lected after 6 h reperfusion. Hepatic TNF-α (A)
and IL-1β mRNA were quantified by RT-PCR, and
serum TNF-α and IL-1β protein were determined
by ELISA. Data are expressed as mean ± SD. *
P<0.05, ** P < 0.01 versus I/R model group.
GA: glycyrrhetinic acid; I/R: ischemia/reperfu-
sion.
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in acute stress [50–53]. Inhibition of IRAK1 and down-regulation of
MAPK cascade exhibited less tissue damage in I/R injury by decreasing
oxidative stress, apoptosis and inflammation [54–56]. Herein, our
present study indicated that GA pretreatment inhibited the level of
phosphorylated IRAK1 as well as the phosphorylation of ERK, p38
MAPK and NF-κB, indicating that GA could effectively inhibit TLR4
signal activation, although there was no significant difference in TLR4
expression and phosphorylation of JNK between I/R group and GA+ I/
R group. In fact, the sustained JNK activation after GA pretreatment
might be associated with inhibition of NF-kB activation, during which
NF-kB activation played a negative role in modulating TNF-α-mediated
JNK activation [57,58]. In summary, all these results suggested that GA
might protect against hepatic I/R injury by inhibition of the HMGB1-
TLR4 signaling pathway.

In conclusion, GA attenuated liver I/R injury by minimizing in-
flammation and reducing apoptosis, which might be associated with
inhibiting the HMGB1-TLR4 signaling pathway.
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