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Abstract. The present study aimed to investigate the
anti-ferroptosis effects of the HMGBI inhibitor glycyrrhizin
(GLY). The present study used a cell and animal model of
acute liver failure (ALF), induced using tumor necrosis
factor-a, lipopolysaccharide and D-galactosamine, to inves-
tigate the effects of GLY. The expression of glutathione
peroxidase 4 (GPX4) and high mobility group protein Bl
(HMGBI1), heme oxygenase-1 (HO-1) and nuclear factor
erythroid 2-related factor 2 (Nrf2) were detected were
detected by western blotting in LO2 hepatocytes and mouse
liver. The expression of GPX4 and HMGBI in LO2 hepato-
cytes and mouse liver was detected by immunofluorescence.
The pathological changes to liver tissues were determined by
hematoxylin and eosin staining. The levels of lactate dehy-
drogenase (LDH), Fe**, reactive oxygen species (ROS) and
glutathione (GSH) were tested using kits. Compared with the
normal group, the degree of liver damage and liver function
in the model animal group was severe. The protein levels
of HMGBI in LO2 cells and liver tissues were significantly
increased. The expression of NRF2, HO-1 and GPX4 was
significantly decreased. The levels of LDH, Fe?*, malondial-
dehyde (MDA) and ROS were increased, whereas the level of
GSH was decreased. Treatment with GLY reduced the degree
of liver damage, the expression of HMGBI1 was decreased,
and the levels of Nrf2, HO-1 and GPX4 were increased. The
levels of LDH, Fe?*, MDA, ROS were decreased, while the
level of GSH was increased by GLY treatment. The results
of the present study indicated that HMGBI is involved in the
process of ferroptosis. The HMGBI inhibitor GLY signifi-
cantly reduced the degree of ferroptosis during ALF by
inhibiting oxidative stress.
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Introduction

Acute liver failure (ALF) is a serious disorder or decompen-
sation caused by various factors, including liver synthesis,
detoxification, excretion and biotransformation, and the
mortality rate of ALF caused by hepatitis B virus (HBV) is
more than 50% in China (1). Enterogenous endotoxemia plays
an important role in the development and prognosis of ALF (2).
When the intestinal flora is disturbed during ALF, intestinal
mucosal damage and intestinal bacterial translocation occur.
Gram-negative bacteria or their products can be transferred
from the intestinal lumen to the circulatory system, causing an
inflammatory response in the liver and inducing the necrosis
of hepatocytes (3).

As a novel type of necrosis, ferroptosis was described by
Dixon et al (4) in 2012. Ferroptosis is characterized by intra-
cellular iron ion accumulation, elevated lipid peroxidation,
mitochondria and mitochondrial membrane density. Oxidative
stress is the key pathogenic link with ALF and could promote
ALF (5). Ferroptosis is also characterized by the accumula-
tion of reactive oxygen species (ROS) under high oxidative
stress. Therefore, if ferroptosis can be inhibited, ALF may be
effectively alleviated.

Glycyrrhizin (GLY) is the main extract from the glycyr-
rhiza root and is an important compound (6). Its molecular
formula is C,,Hg,O,¢ (7). It has been reported that GLY has
anti-oxidative, anti-inflammatory, anti-virus activities, as well
as anti-fibrotic activity in the liver, and that GLY can inhibit
tumor growth and enhance immunity (8-11). GLY is a natural
antioxidant that has a protective effect on the liver and is
widely used in the treatment of chronic hepatitis (12).

However, whether GLY can alleviate ferroptosis in
ALF requires further study. In the present study, tumor
necrosis factor-a (TNF-a), lipopolysaccharide (LPS) and
D-galactosamine (D-GalN) were used to stimulate L02 hepa-
tocytes and mice in order to construct a cellular and mouse
model of ALF. GLY was administered to these ALF models
to evaluate the degree of ferroptosis, and the corresponding
pathway changes, in hepatocytes.

Materials and methods
Reagents. The normal human liver cell line (L02) was

purchased from The Cell Collection Center of Wuhan
University. The Cell Counting Kit-8 (CCK-8) assay was
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purchased from Dojindo Chemical Technology Co., Ltd. GLY
was purchased from Selleck Chemicals. The lactate dehydro-
genase (LDH), malondialdehyde (MDA), glutathione (GSH)
and ROS kits were purchased from Beyotime Institute of
Biotechnology. The primary antibodies against glutathione
peroxidase 4 (GPX4, cat. no. sc-166570) was purchased from
Santa Cruz Biotechnology ,Inc. GAPDH (cat. no. 10494-1-AP)
were purchased from ProteinTech Group, Inc. The primary
antibodies against high mobility group box 1 (HMGBI,
cat. no. 3935), nuclear factor E2-related factor 2 (Nrf2,
cat. no. 12721) and homooxygenase-1 (HO-1, cat. no. 43966)
were purchased from Cell Signaling Technology, Inc. The
goat anti-rabbit IRDye fluorescent secondary antibody
IRDye800CW (cat. no. 926-32211) was purchased from
LI-COR Biosciences. Cy3 (cat. no. BA1031 and BA1032) and
FITC (cat. no. BA1101 and BA1105) fluorescently labeled
rabbit anti-goat secondary antibodies were purchased from
Wuhan Boster Biological Technology, Ltd. The iron ion detec-
tion kit was purchased from Abcam. D-GalN, LPS and TNF-a
were purchased from Sigma-Aldrich; Merck KGaA.

Cell culture and drug intervention. L02 cells were cultured in
DMEM (Gibco; Thermo Fisher Scientific, Inc.) containing 10%
fetal bovine Serum (FBS, Gibco; Thermo Fisher Scientific,
Inc.) The cells were cultured at 37°C in an incubator with 5%
CO,. When cells reached a confluency of 70-80%, cells were
digested with trypsin and seeded into 6-(1.5x10° cells/1.5 ml
DMEM per plate) or 96-well (5x10° cells/100 1 DMEM per
plate) plates. The cells were divided into five groups as follows:
The normal group, model group, GLY 0.5 mM intervention
group, GLY 1 mM intervention group and GLY 2 mM inter-
vention group. The GLY intervention groups were stimulated
with the corresponding concentration of GLY for 2 h at 37°C
in advance of further treatment. After 2 h, TNF-a (100 ng/ml)
and D-GalN (44 ug/ml) was added to the cells in the model
group and GLY intervention groups for 24 h. The cells and
supernatant were collected for subsequent experimental
testing.

Animal model preparation. In total, 40 male specific-
pathogen-free C57BL/6 mice (Hubei Animal Experimental
Center) 6-8 weeks old and weighing 20-25 g were housed in
the animal experiment center in Renmin Hospital of Wuhan
University with 12 h light/dark cycle, temperature of 25+2°C
and relative humidity of 50+15%. All mice were provided with
food and water ad libitum. The mice were randomly divided
into 5 groups: The normal group, model group, 15 mg/kg
GLY group, 30 mg/kg GLY group and 60 mg/kg GLY group.
Except for the normal group, the other four groups of mice
were injected intraperitoneally with D-GaIN (400 mg/kg) and
LPS (100 pg/kg) to induce the ALF model. According to a
previous study on GLY gavage doses (13), three doses of GLY
(15, 30 and 60 mg/kg/day) intervention groups were used. A
total of 24 mice were divided into three groups. Mice received
gavage with different doses of GLY for 3 days before induction
of the ALF model. The ALF model group received the same
amount of isotonic saline. After 24 h, the liver tissues were
removed. The serum was collected to determine the levels of
alanine aminotransferase (ALT), aspartate aminotransferase
(AST) and total bilirubin (TBIL) by using a fully automatic
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biochemical analyzer (ADVIA 2400, Siemens AG). The
present study was approved by the Institutional Animal Care
and Use Committee of Renmin Hospital of Wuhan University.

CCK-8 detection of cell viability. L02 cells were uniformly
seeded in a 96-well plate at a density of 5x10° cells/100 yl in
DMEM with different concentrations of GLY (0, 0.5, 1 and
2 mM). According to the manufacturer's protocol, 10 ul CCK-8
reagent was added to each well after 24 h. After mixing, the
optical density (OD) for each well was measured using a
microplate reader. Cell viability was calculated according to
the following formula: Cell viability=(OD value of experi-
mental group-OD value of blank control group)/(OD value of
normal group-OD value of blank control) x100.

LDH, MDA, Fe**, ROS and GSH levels in the LO2 cell line and
liver tissues. The LDH, MDA, Fe?*, ROS and GSH kits were
performed according to the manufacturers' protocols. The
values for the levels of LDH, MDA, Fe**, ROS and GSH in the
cells, cell supernatant and liver tissues were measured using a
microplate reader at the absorption wavelengths of 490, 532,
593,490 and 412 nm.

Western blotting and immunofluorescence detection of
protein expression. The cells or liver tissues were homog-
enized by radio immunoprecipitation assay (RIPA) lysis buffer
(Beyotime Institute of Biotechnology) on ice to extract total
protein. Protein concentration was determined by bicincho-
ninic acid (BCA) protein assay reagent assay kit (Beyotime
Institute of Biotechnology). Protein lysates (30 pug) were
subjected to 12% SDS-PAGE. The proteins were transferred to
PVDF membranes (EMD Millipore). After blocking with 20%
non-fat milk at room temperature for 1 h, the membranes were
incubated with primary antibodies against GPX4 (1:1,000),
Nrf2 (1:1,000), HO-1 (1:1,000), HMGBI1 (1:1,000) and GAPDH
(1:1,000) overnight at 4°C. The IRDye800CW secondary anti-
body (1:10,000) was incubated at 37°C for 1 h. The protein
bands were visualized using the Odyssey Infrared Imaging
System (version 3.0, LI-COR Biosciences).

For immunofluorescence, circular slides were placed in
24-well plates and were seeded with 1x10* LO2 cells/400 ul
DMEM per plate. After treatments, the slides were fixed with
4% paraformaldehyde at 37°C for 30 min, permeabilized with
0.2% Triton X-100 (Beyotime Institute of Biotechnology) at
37°C for 20 min, blocked with 5% bovine serum albumin
(BSA, Beijing Solarbio Science & Technology Co., Ltd.) at
37°C for 30 min and incubated with primary antibodies against
HMGBI (1:100) and GPX4 (1:100) at 4°C overnight. Slides
were then incubated with Cy3 and FITC-labeled fluorescent
secondary antibodies (1:100) at 37°C for 1 h in dark room.
Then the sections were stained with 5 pg/ml DAPI (Beyotime
Institute of Biotechnology) at 37°C for 5 min in a dark room.
The slides were observed under a fluorescence microscope at
x200 magnification.

Hematoxylin and eosin (H&E) staining and immunofluo-
rescence detection of liver tissue. Mouse liver tissues were
fixed in 4% paraformaldehyde solution at 37°C for 24 h and
embedded in paraffin, then sectioned at 5 ym thickness. The
sections were stained with Harris hematoxylin (Beyotime
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Figure 1. GLY decreased cell injury in TNF-o/D-GalN induced LO2 cells. (A) GLY increased cell viability in TNF-a/D-GalN-induced LO2 cells. GLY
decreased the levels of (B) LDH, (C) ROS and (D) MDA, and (E) increased the level of GSH in TNF-a/D-GalN-induced LO2 cells. (F) GLY decreased
the level of Fe* in TNF-a/D-GalN induced L02 cells. n=3. #/P<0.01 vs. normal; “P<0.01, "P<0.05 vs. model. TNF-a, tumour necrosis factor-a; D-GalN,
D-galactosamine; GLY, glycyrrhizin; LDH, lactate dehydrogenase; ROS, reactive oxygen species; MDA, malondialdehyde; GSH, glutathione; OD, optical

density; carboxy-DCF, 6-carboxy-2',7'-dichlorodihydrofluorescein.

Institute of Biotechnology) at 37°C for 5 min and eosin (95%
ethanol preparation, Beyotime Institute of Biotechnology)
at 37°C for 15 sec. After staining, the liver tissues were
observed under a light microscope at x200 magnification. For
the immunofluorescence detection of liver tissues, paraffin
sections were dewaxed and hydrated, and immersed in citrate
buffer for antigen retrieval. Sections were blocked with 5%
BSA at 37°C for 30 min, and incubated with GPX4 (1:200) and
HMGBI (1:200) antibodies at 4°C overnight. Slices were then
incubated with the Cy3 and FITC-labeled secondary antibody
at 37°C for 1 h in a dark room. DAPI (5 pg/ml) was used to
stain nuclei at 37°C for 5 min in dark room. Finally, the slices
were imaged under an inverted fluorescence microscope at
x200 magnification.

Statistical analysis. All data are presented as the mean + SEM.
Data were analyzed using SPSS 17.0 statistical software
(SPSS, Inc.). All experiments were repeated three times. The
differences among three or more groups were analyzed using
one-way ANOVA followed by Bonferroni's post hoc test.
P<0.05 was considered to indicate a statistically significant
difference.

Results

GLY enhances cell viability in TNF-a/D-GalN-induced LO2
cells. The destruction of the cell membrane structure induced
by ferroptosis causes the release of LDH in the cytoplasm into
the culture medium. Therefore, the degree of liver damage
can be determined by detecting the levels of LDH in the

supernatant of cultured cells. As shown in Fig. 1A and B, when
compared with the normal group, the cell viability in the LO2
model group induced by TNF-o/D-GalN was significantly
reduced, while the LDH level was significantly increased
(P<0.01). Treatment with 1 or 2 mM GLY increased cell
viability and decreased the level of LDH compared with the
model group (P<0.01).

GLY enhances the anti-oxidative capacity in TNF-a/D-
GalN-induced L0O2 cells. ROS is the general term for a class
of highly reactive compounds that are composed of oxygen,
including oxygen free radicals and non-radical oxygenated
products (14). ROS accumulate following adverse external
stimuli and can exceed the scavenging ability of the peroxidase
system, leading to oxidative stress, triggering lipid peroxida-
tion, damage to the cell membrane and finally inducing
ferroptosis (15). MDA is a product of lipid peroxidation. It
has strong biological toxicity and its production can aggravate
biofilm damage. Therefore, it is an index for membrane lipid
peroxidation, which indirectly reflects the degree of damage
to a cell (16). In order to validate the effect of GLY on the
antioxidant capacity of a TNF-a/D-GalN-induced LO2 cell
injury model, ROS and MDA levels were detected. As shown
in Fig. 1C and D, when compared with the normal group,
ROS and MDA levels in the model group were significantly
increased (P<0.01). Treatment with GLY reduced the levels of
ROS, MDA and LDH.

Effect of GLY on GSH and Fe** levels in TNF-a/D-GalN-
induced LO2 cells. GSH is an important non-enzymatic
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Figure 2. GLY increased GPX4 expression and promotes the Nrf2/HO-1/HMGBI pathway in TNF-a/D-GalN induced L02 cells. (A) Protein levels of GPX4,
HMGBI, Nrf2 and HO-1 were determined by western blotting. Quantification of (B) GPX4 and HMGBI, and (C) Nrf2 and HO-1. (D) GPX4 and (E) HMGBI1

levels were detected by immunofluorescence in LO2 cells. n=3. #P<0.01 vs. normal;

“P<0.01, "P<0.05 vs. model. TNF-a, tumour necrosis factor-a; D-GalN,

D-galactosamine; GLY, glycyrrhizin; GPX4, glutathione peroxidase 4; Nrf2, nuclear factor erythroid 2-related factor 2; HO-1, heme oxygenase-1; HMGBI,

high mobility group protein BI.

antioxidant. GSH plays an important role in restoring liver
function through removing lipid peroxides, including O%,
H,0, and LOOH (17). Therefore, the level of GSH is an
important factor in determining antioxidant capacity.
GSH and Fe** are key regulators of ROS in the process
of ferroptosis (18). In the process of ferroptosis, Fe?* can
convert lipid peroxide into ROS, and GPX4 converts lipid
peroxide into the corresponding alcohol with the help of
GSH (19). As shown in Fig. 1E and F, when compared
with the normal group, the level of GSH was significantly
decreased (P<0.01) and the Fe?* level in the model group was
significantly increased (P<0.01). After treatment with 1 or
2 mM GLY, the levels of GSH were significantly increased
(P<0.01) and the levels of Fe** were significantly decreased
(P<0.01) compared with the model group. Therefore, it can
be concluded that GLY downregulates the levels of ROS

by promoting GSH and inhibiting Fe**, thereby alleviating
ferroptosis.

GLY increases GPX4 expression and promotes the
Nrf2/HO-1/HMGBI pathway in TNF-a/D-GalN-induced LO2
cells. GPX4 competitively inhibits the production of ROS;
when the activity of GPX4 is inhibited, the effect of ROS on
ferroptosis is more subtle (20). As shown in Fig. 2A-C, when
compared with the normal group, the protein levels of GPX4,
Nrf2 and HO-1 in the model group were significantly reduced
(P<0.01), while the protein level of HMGBI in the model group
was increased (P<0.01). After treatment with GLY, the levels of
GPX4, Nrf2 and HO-1 were significantly increased, while the
protein level of HMGBI in the model group was significantly
decreased. When compared with the normal group, the level
of GPX4 in the model group was markedly reduced (Fig. 2D),
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Figure 3. GLY alleviated pathological changes and liver function in LPS/D-GalN-induced ALF mice. (A) Pathological changes in the liver tissue were detected
by hematoxylin and eosin staining. GLY reduced the pathological changes observed in the liver of LPS/D-GalN-induced ALF mice. GLY reduced the levels of
(B) ALT, (C) AST and (D) TBIL in LPS/D-GalN-induced ALF mice. n=3. #P<0.01 vs. normal; “P<0.01 vs. model. ALF, acute liver failure; LPS, lipopolysac-
charide; D-GalN, D-galactosamine; GLY, glycyrrhizin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TBIL, total bilirubin.

while the level of HMGBI in the model group was markedly
increased (Fig. 2E), as determined by immunofluorescence
analysis. After treatment with 1 or 2 mM GLY, the level of
GPX4 was increased, while the level of HMGBI1 in model
group was decreased.

GLY reduces pathological changes in the liver and improves
liver function in ALF mice. As shown by the H&E staining
in Fig. 3A, the liver tissue in the normal group was clear and
intact, with the liver plates neatly arranged. There were no
signs of degeneration, necrosis or inflammatory cell infil-
tration. In the ALF model group, the structure of the liver
tissue was disordered and the hepatocytes were necrotic.
Inflammatory cell infiltration was also observed. The degree
of liver cell damage in the GLY treatment groups was reduced
compared with the model group. Inflammatory cell infiltra-
tion was also reduced. The degree of liver damage was lower
following the higher doses of GLY. As shown in Fig. 3B-D
the serum levels of ALT, AST and TBIL in the model group
were significantly higher than those in the control group
(P<0.01). Following treatment with GLY, the serum levels of
ALT, AST and TBIL were significantly lower than those in

the ALF model group; however, they were still higher than
the normal group.

GLY enhances the anti-oxidative capacity of
LPS/D-GalN-induced ALF mouse liver. As shown in
Fig. 4A-C, when compared with the normal group, the levels
of LDH, ROS and MDA in the model group were increased.
After treatment with GLY, the levels of LDH, ROS and MDA
were decreased.

GLY increases the level of GSH and decreases the level of
Fe** in LPS/D-GalN-induced ALF mouse liver. As shown in
Fig. 4D and E, when compared with the normal group, the
level of GSH was significantly decreased (P<0.01), while the
level of Fe?* in the model group was significantly increased
(P<0.01). After treatment with GLY, the level of GSH level
was increased (P<0.01), while the level of Fe** significantly
decreased (P<0.01).

GLY increases the expression of GPX4 and promotes the
Nrf2/HO-1/HMGBI pathway in LPS/D-GalN-induced ALF
mouse liver. As shown in Fig. SA-C, when compared with the
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Figure 4. GLY decreased oxidative damage in LPS/D-GalN-induced ALF mice. GLY decreased the levels of (A) LDH, (B) ROS and (C) MDA, and increased
the level of (D) GSH in LPS/D-GalN-induced ALF mice. (E) GLY decreased the level of Fe** in LPS/D-GalN-induced ALF mice. n=3. #P<0.01 vs. normal;
“P<0.01, "P<0.05 vs. model. ALF, acute liver failure; LPS, lipopolysaccharide; D-GalN, D-galactosamine; GLY, glycyrrhizin; LDH, lactate dehydrogenase;

ROS, reactive oxygen species; MDA, malondialdehyde; GSH, glutathione.

normal group, the expression levels of GPX4, Nrf2 and HO-1
in the model group were significantly decreased (P<0.01),
while the expression of HMGBI1 in the model group was
significantly increased (P<0.01). After treatment with GLY,
the levels of GPX4, Nrf2 and HO-1 were increased (P<0.01),
while the level of HMGBI was reduced. When compared with
the normal group, the protein level of GPX4 in the model
group was reduced, while the level of HMGBI was increased,
as determined by immunofluorescence (Fig. 5D). After treat-
ment with GLY, the level of GPX4 was increased and the level
of HMGBI1 was decreased.

Discussion

LPS is present in the outer membrane of gram-negative
bacteria. LPS consists of an endotoxin-like portion and a core
sugar component, which consists of ~10 monosaccharides (21).
In the pathogenesis of liver failure, enterogenous endotoxin can
cause inflammatory cells to secrete TNF-a, further damaging
the liver cells; this is known as the ‘two-hit’ theory (3). Liver
injury induced through the ‘two-hit’ mechanism is more
serious than that caused by LPS alone. LPS or TNF-a alone
cause a lower specific damage to hepatocytes (21). Previous
studies have shown that D-GalN can be used as a sensitizer
in LPS-induced liver injury; specifically, uridine triphosphate
is depleted by the galactose pathway, which inhibits protein
synthesis, resulting in ROS-mediated liver damage (22-24).

Therefore, LPS can be used in combination with D-GalN to
induce ALF in animal models (25,26) and TNF-a combined
with D-GalN can be used to create an L0O2 cell injury
model (27); these models have been widely used to explore and
develop new liver protection agents for the treatment of ALF.
Ferroptosis is a type of cell death that is distinct from
apoptosis, necrosis, pyroptosis and autophagy. As is shown
in Fig. 6, ferroptosis is predominantly characterized by iron
homeostasis and ROS. Therefore, Dixon et al (4) named this
mechanism of cell death ferroptosis. The morphological
changes that occur are due to decreased mitochondrial volume,
increased lipid bilayer membrane density and the decrease or
disappearance of mitochondria (28). Research into the mecha-
nism of ferroptosis predominantly focuses on the imbalance
of iron homeostasis and the decreased activity of GPX4 (29).
Circulating iron in the body mainly binds to transferrin and
exists as Fe**. Fe** enters cells through the membrane protein
transferrin receptor 1 (30). Fe** is reduced to Fe** by iron oxido-
reductase six-transmembrane epithelial antigen of the prostate
3 (31). In an unbalanced state, the level of Fe** increases inside
cells, which is an important factor in the process of ferroptosis.
The key process of ferroptosis is the Fenton reaction, in which
Fe** converts lipid peroxide into ROS. While GPX4 converts
lipid peroxide into the corresponding alcohol with the help
of GSH (19). The ROS produced by this process could cause
oxidatively damage and cell death. At the same time, GPX4
competitively inhibits the production of ROS, and when its
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Figure 5. GLY increases the expression of GPX4 and promotes the Nrf2/HO-1/HMGBI pathway in LPS/D-GalN-induced ALF mice. (A) Protein levels of
GPX4, HMGBI, Nrf2 and HO-1 were determined by western blotting. Quantification of (B) GPX4 and HMGBI, and (C) Nrf2 and HO-1. (D) Protein levels

of GPX4 and HMGBI1 were determined by immunofluorescence in LPS/D-GalN-induced ALF mice. n=3. #P<0.01 vs. normal,

“P<0.01 vs. model. LPS,

lipopolysaccharide; D-GalN, D-galactosamine; ALF, acute liver failure; GLY, glycyrrhizin; GPX4, glutathione peroxidase 4; Nrf2, nuclear factor erythroid
2-related factor 2; HO-1, heme oxygenase-1; HMGBI, high mobility group protein B1.

activity is inhibited, ferroptosis occurs (20). Therefore, the
excessive production of ROS is important to induce ferrop-
tosis. Moreover, the detection of ferroptosis has no specific
indicators (32). The changes to the levels of GPX4, Fe**, GSH
and ROS could be combined to define ferroptosis.

Research into ferroptosis in liver disease is predominantly
focused on the regulation of oxidative stress, focusing on

hepatocellular carcinoma and drug-induced liver injury.
It has been reported that sorafenib can induce ferroptosis
in tumor cells through the p62-kelch-like ECH-associated
protein 1-NRF2 pathway to achieve anti-tumor efficacy (33).
Acetaminophen can aggravate oxidative stress and induce
ferroptosis (34). In addition, survival is increased in vitamin
E-fed GPX4-deficient mouse models by inhibiting lipid
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Figure 6. Inhibitory effect of glycyrrhizin on ferroptosis during acute liver failure functions by promoting the Nrf2/HO-1/HMGBI signaling pathway. TF,
transferrin; TRF, transferrin receptor; GSH, glutathione; GPX4, glutathione peroxidase 4; Nrf2, nuclear factor erythroid 2-related factor 2; HO-1, heme
oxygenase-1; HMGBI, high mobility group protein B1; ROS, reactive oxygen species.

oxidation (35). Oxidative stress caused by ROS and other free
radicals/oxidants plays an important role in the pathogenesis
of atherosclerosis, diabetes, ischemic stroke and related
central nervous system diseases (36,37). When the body is
damaged by oxidation, various anti-oxidant molecules and
enzymes can be produced to remove the ROS generated, and
protect the body from ROS damage (38). GSH is an impor-
tant non-enzymatic antioxidant in the body. GSH content is
an important biomarker for measuring antioxidant capacity,
while LDH can be used as a cell damage marker (37). GSH is
an important cofactor for GPX4. When the synthesis of GSH
synthesis is blocked, the activity of GPX4 is decreased, as is
the cellular antioxidant capacity, which leads to the accumu-
lation of ROS and promotes ferroptosis (39). Nrf2 is also an
important endogenous antioxidant mechanism. By activating
Nrf2, the expression of downstream signaling molecules,
such as HO-1, can be induced to exert an anti-oxidative
stress response (40). Previous studies have shown that the
upregulation of the Nrf2/HO-1 signaling pathway, and inhibi-
tion of HMGBI expression, has an anti-inflammatory effect,
attenuating ischemia-reperfusion injury and providing cell
protection (41-43). HMGBI is a potent inflammatory factor
that plays a key role in the initiation and maintenance of
inflammatory cascade responses (44,45). Large amounts of
hepatocyte necrosis during liver failure can lead to the release
of HMGBI from hepatocytes, as HMGBI has a similar effect
to endotoxin, HMGBI is also involved in the pathogenesis
of ALF (46). Furthermore, the exposure of normal human
bronchial epithelial cells to HMGBI resulted in an increase
in the levels of ROS (47). Therefore, if oxidative stress can be
prevented through the Nrf2/HO-1/HMGBI pathway to inhibit
ferroptosis, ALF can be alleviated.

GLY acts as an anti-inflammatory, anti-oxidant and
immune-regulator and can protect hepatocytes. As a chronic
hepatitis drug, GLY has been used in clinical practice for
many years with good therapeutic effects (12,48). Previous
studies have shown that GLY could exert a good effect on alco-
holic liver disease (49), non-alcoholic fatty liver disease (50),
intrahepatic cholestasis (51), metabolic syndrome-induced
liver damage (52), acute liver injury (53), liver fibrosis (11) and
hepatocellular carcinoma (54).

GLY is a verified selective inhibitor of HMGBI (55). GLY
directly binds to HMG boxes, blocking HMGBI release into
the extracellular space. The specific mechanism involves
the interaction of GLY with two shallow concave surfaces
formed by the two arms of the HMG boxes (55,56). Our
previous study showed that HMGBI plays an important role
in the development of ALF (57). High expression of HMGBI1
is present in patients with liver failure caused by chronic
hepatitis B virus (HBV) infection. HMGBI is involved in the
inflammatory response during liver failure by inhibiting the
activity of T regulatory cells in chronically infected HBV (57).
However, the relationship between HMGBI and ferroptosis
in ALF is still unclear. GLY has been rarely reported in the
study of ALF and ferroptosis in ALF. In the present study,
when L02 cell and mouse models of ALF were induced using
TNF-0/D-GalN or LPS/D-GalN, respectively, the levels of
GSH GPX4, and cell viability were decreased in the cell and
mouse models of ALF compared with the normal group,
Fe?* and ROS levels were increased. The changes in these
molecules indicated that the ferroptosis/ALF model had been
successfully induced. Moreover, the levels of MDA and LDH
were increased, and the Nrf2/HO-1/HMGBI1 pathway was
inhibited, supporting the hypothesis of oxidative stress injury
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in ferroptosis. The severity of the histopathologic changes in
the liver of the model group mice was notable. Serum ALT,
AST and TBIL levels were increased. However, after treat-
ment with GLY, the degree of liver damage was reduced, the
level of HMGBI1 was also reduced, and the levels of GPX4,
Nrf2 and HO-1 were increased. The levels of LDH, Fe?*,
MDA and ROS were decreased by GLY treatment. The level
of GSH was increased by GLY treatment, as was cell viability.
The results of the present study are consistent with those of
a previous study that found GLY could ameliorate obesity by
activating the Nrf2/HO-1 pathway (58). After treatment with
GLY, the severity of the histopathologic changes observed
in the liver was reduced. Serum ALT, AST and TBIL
levels were decreased by GLY. Therefore, the present study
indicated that GLY could increase anti-oxidative capacity,
GSH and GPX4 levels, and active the Nrf2/HO-1/HMGB1
pathway, inhibiting ferroptosis in an LPS/D-GalN-induced
ALF model.

In conclusion, GLY reduced the level of ferroptosis during
ALF, and the mechanism may depend on the inhibition of the
oxidative stress pathway. However, the pharmacological effects
of GLY are diverse. From the present study, it was found that
GLY plays a role in multiple aspects of ferroptosis in ALF,
including the regulation of the level of Fe**, the GSH/GPX4
pathway and the Nrf2/HO-1/HMGBI pathway (Fig. 6). These
three functions of GLY would inhibit ROS accumulation,
inhibiting ferroptosis and alleviating ALF. In the future, the
specific mechanisms of GLY in the process of ferroptosis and
liver failure should be addressed. The present study provides
a scientific basis for the treatment of ALF and the inhibition
of ferroptosis.
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