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HBx facilitates ferroptosis in acute liver
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Abstract
Background: Acute liver failure (ALF) is a syndrome of severe hepatocyte injury with high rate of mortality. Hepatitis
B virus (HBV) infection is the major cause of ALF worldwide, however, the underlying mechanism by which HBV infec‑
tion leads to ALF has not been fully disclosed.
Methods: D-GalN-induced hepatocyte injury model and LPS/D-GalN-induced ALF mice model were used to inves‑
tigate the effects of HBV X protein (HBx) in vitro and in vivo, respectively. Cell viability and the levels of Glutathione
(GSH), malondialdehyde (MDA) and iron were measured using commercial kits. The expression of ferroptosis-related
molecules were detected by qRT-PCR and western blotting. Epigenetic modification and protein interaction were
detected by chromatin immunoprecipitation (ChIP) assay and co-immunoprecipitation (co-IP), respectively. Mouse
liver function was assessed by measuring aspartate aminotransferase (AST) and alanine aminotransferase (ALT). The
histological changes in liver tissues were monitored by hematoxylin and eosin (H&E) staining, and SLC7A11 immuno‑
reactivity was assessed by immunohistochemistry (IHC) analysis.
Results: D-GalN triggered ferroptosis in primary hepatocytes. HBx potentiated D-GalN-induced hepatotoxicity and
ferroptosis in vitro, and it suppressed SLC7A11 expression through H3K27me3 modification by EZH2. In addition,
EZH2 inhibition or SLC7A11 overexpression attenuated the effects of HBx on D-GalN-induced ferroptosis in primary
hepatocytes. The ferroptosis inhibitor ferrostatin-1 (Fer-1) protected against ALF and ferroptosis in vivo. By contrast,
HBx exacerbates LPS/D-GalN-induced ALF and ferroptosis in HBx transgenic (HBx-Tg) mice.
Conclusion: HBx facilitates ferroptosis in ALF via EZH2/H3K27me3-mediated SLC7A11 suppression.
Keywords: Acute liver failure, Ferroptosis, HBx, EZH2, SLC7A11
Background
Acute liver failure (ALF) is a syndrome of severe hepatocyte injury characterized with rapid-onset elevation of
aminotransferases and disturbed coagulation and mentation [1]. Although the mortality of ALF declines with the
widespread availability of liver transplantation, the clinical outcomes remain unfavorable due to the major limitations of liver transplantation, such as organ shortage,
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infection and organ rejection [1, 2]. In addition, hepatitis B virus (HBV) infection is one of the leading cause of
ALF worldwide [1, 3], patients with HBV-associated ALF
exhibited low transplant-free survival [1]. Therefore, it is
urgent to unravel the underlying mechanism by which
HBV infection leads to ALF.
Ferroptosis is characterized by iron-driven lipid peroxidation and accumulation of reactive oxygen species (ROS) [4]. Dysregulated ferroptosis is implicated
in diverse pathological processes, including cancer,
neurological disorders, acute renal failure and hepatic
injury [4, 5]. In particular, emerging evidence suggests
that ferroptosis is involved in various liver diseases,
such as drug-induced liver injury, viral hepatitis and
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ALF [6–8]. For instance, HMGB1 inhibitor glycyrrhizin alleviates ferroptosis in ALF via Nrf2/HO-1/
HMGB1 signaling [6]. Ferroptosis also contributes to
acetaminophen-induced ALF [8]. In addition, D-GalN/
LPS is a well-known model of ALF [9–11]. Oxidative stress has been recognized as a key contributor
to D-GalN/LPS-induced hepatotoxicity [12]. Given
the role of ferroptosis in oxidative stress, we speculated that D-GalN might trigger ferroptosis to induce
accumulation of ROS, thus leading to ALF. The regulatory mechanism of ferroptosis in ALF merits further
investigation.
HBV X protein (HBx), an essential HBV regulatory
protein, plays important roles in the development of
HBV-associated severe liver disease, including hepatocellular carcinoma (HCC), liver fibrosis and ALF
[13–15]. It is worth noting that HBx is associated with
oxidative stress and lipid peroxidation, thereby contributing to liver pathogenesis [16–18], raising the
possibility that HBx might be involved in ALF pathogenesis via modulating ferroptosis. In addition, it has
been reported that HBx-induced aberrations in DNA
methylation contribute to HCC tumorigenesis by
modulating host gene expression [19]. For instance,
HBx upregulates UCA1 via recruiting enhancer
of zeste homolog 2 (EZH2), thereby suppressing
p27Kip1 through histone H3 lysine 27 tri-methylation
(H3K27me3) on its promoter in HCC cells [20]. A
recent study has demonstrated that histone demethylase KDM3B protects against ferroptosis via increasing
the expression of solute carrier family 7 membrane 11
(SLC7A11) which is a key component of the cysteine/
glutamine antiporter system X
 c− [21]. Decrease of
SLC7A11 results in dysregulated cysteine uptake and
glutathione (GSH) biosynthesis, further leading to
glutathione peroxidase 4 (GPX4) suppression and ferroptosis activation [5]. Interestingly, our preliminary
results revealed that HBx induced significant enrichments of EZH2 and H3K27me3 in SLC7A11 promoter.
This finding thus promotes us to hypothesize that HBx
might trigger ferroptosis via EZH2/H3K27me3-mediated SLC7A11 suppression.
In this study, we illustrated that D-GalN triggered
ferroptosis in primary hepatocytes. HBx potentiated D-GalN-induced hepatotoxicity and ferroptosis
in vitro, and it suppressed SLC7A11 expression through
H3K27me3 by EZH2. In addition, EZH2 inhibition or
SLC7A11 overexpression reversed the effects of HBx on
D-GalN-induced ferroptosis. In LPS/D-GalN-induced
ALF mice model, the ferroptosis inhibitor ferrostatin-1
(Fer-1) protected against ALF and ferroptosis, whereas
HBx exerted opposite effects on ALF and ferroptosis in
HBx transgenic (HBx-Tg) mice.
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Methods
Isolation of primary mouse hepatocyte and establishment
of D‑GalN‑induced hepatocyte injury model

Primary hepatocytes were isolated from C57BL/6 mice
(male, 6–8 week-old, b.w. 18 ~ 23 g; SJA Laboratory
Animal Co Ltd., Changsha, Hunan, China) and characterized as previously described [22]. All animal studies were approved by the Ethical Committee of Central
South University. In brief, in situ liver perfusion was
conducted using HBSS containing 25 mM HEPES and
0.5 mM EGTA (Gibco, Thermo Fisher Scientific, Grand
island, NY, USA), followed by the digestion of liver using
collagenase buffer. After perfusion, liver was collected,
and released hepatic cells were then filtered through a
cell strainer (100 μm) and centrifuged. The pellets were
resuspended in DMEM supplemented with 10% FBS
(Gibco) for primary mouse hepatocyte culture. Cultures
were grown at 37 ℃ with 5% C
 O2. The purity of hepatocyte was validated by immunofluorescent staining of the
hepatocyte marker albumin as described [22]. To establish the D-GalN-induced hepatocyte injury model, primary hepatocytes were incubated with 50 mM D-GalN
for 0, 1, 3 and 6 h. The 6 h incubation period was selected
for subsequent experiments.
Plasmid construction, lentiviral transduction, transfection
and treatment

The full-length of mouse HBx and SLC7A11 were cloned
into pcDNA3.1 vector (GenePharma, Shanghai, China).
Vector alone served as a negative control. Si-NC and
si-EZH2 were purchased from GenePharma. Lentiviral
transduction or siRNA transfection was conducted using
Lipofectamine 3000 transfection reagent (Invitrogen).
Cells were treated with erastin (10 μM, Sigma-Aldrich, St
Louis, MO, USA), Fer-1 (1 μM, Sigma-Aldrich), GSK126
(5 μM, Selleckchem, Houston, TX, USA) or CHX (50 μg/
ml, Sigma-Aldrich).
Cell viability assay

Cell viability was determined by MTT assay (SigmaAldrich). Briefly, primary mouse hepatocytes (5 × 103)
were plated into 96-well plates at 24 h prior to the designated treatment. At specified time points, MTT reagent
(10 μl/well) was added into wells and incubated at 37 ℃.
After 4 h, solubilization solution (100 μl/well) were then
added into wells and the absorbance were measured at
570 nm wavelength using microplate reader (Bio-Rad,
Hercules, CA, USA).
Lipid peroxidation assay

Quantification of the oxidative stress marker malondialdehyde (MDA) was performed using Lipid Peroxidation
(MDA) Assay Kit (Abcam, Cambridge, UK). In brief,
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TBA solution was incubated with standards and samples
at 95℃ for 60 min. After being in ice bath for 10 min, the
MDA-TBA adduct was analyzed at 532 nm wavelength
using microplate reader (Bio-Rad).
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Table 1 Primers list
Primer

Sequence 5′–3′

GPX4 sense

GTAACCAGTTCGGGAAGCAG

GPX4 anti-sense

TGTCGATGAGGAACTGTGGA

Glutathione (GSH) assay

SLC11A2 sense

TGCGGAAGCTAGAAGCATT T

The relative GSH level in cell or tissue extracts was determined using Glutathione Assay Kit (Sigma-Aldrich).

SLC11A2 anti-sense

CATGTTGTGTGGCATGATGA

SLC7A11 sense

TTGT TTTGCACCC TTTGACA

SLC7A11 anti-sense

AAAGCTGGGATGAACAGTGG

Iron assay

ACSL4 sense

CCGACCTAAGGGAGTGATGA

The relative iron level in cell or tissue extracts was
detected using an Iron Assay kit (Abcam, ab83366)
according to the manufacturer’s instructions. In brief,
firstly, cell or tissue extracts were added to an iron assay
buffer, homogenized on ice, and then centrifuged at
13,000×g for 10 min at 4 ℃ to collect the supernatant.
Secondly, a 50 μL sample was incubated with 50 μL of
assay buffer in a 96-well microplate for 30 min at 25 ℃.
The sample was then incubated with 200 μL of reagent
mix in the dark for 30 min at 25 ℃, and the absorbance was measured at 593 nm with a microplate reader
(Thermo Fisher Scientific).

ACSL4 anti-sense

CCTGCAGCCATAGGTAAAGC

ROS detection assay

Liver tissue homogenate was prepared and subjected
to ROS detection assay using Reactive Oxygen Species
Detection Kit (Solarbio, Beijing, China) following the
manufacturer’s protocol.
ELISA assay

TNF-α, IL-6 and IL-1β in liver tissues were detected
using commercial ELISA kits (Abcam) according to the
manufacturer’s instructions.
RNA isolation and qRT‑PCR

Total RNAs were isolated from primary mouse hepatocyte using TRIzol reagent (Invitrogen). Reverse transcription was conducted using SuperScript IV Reverse
Transcriptase (Invitrogen). qPCR reaction was performed using QuantiTect SYBR Green PCR Kit (Qiagen,
Chatsworth, CA, USA). GAPDH served as an internal
control for qRT-PCR. Data were calculated using 2
 −ΔΔCT
method. The primers were listed in Table 1.
Western blot

Protein extracts from primary hepatocytes were prepared in RIPA lysis buffer (Pierce, Thermo Fisher Scientific). Protein estimation was performed using BCA
protein assay kit (Pierce). Proteins (30 μg) were separated by SDS-PAGE, and transferred onto PVDF membrane (Pierce). After blocking, the blots were incubated
with primary antibody at 4℃ overnight, followed by the
incubation with secondary antibody. The protein bands

Table 2 Antibodies list
Antibody

Vendor

Catalog no.

Working dilution

GPX4

Abcam

ab125066

1:1000

SLC11A2

Abcam

ab55735

1:1000

SLC7A11

Abcam

ab37185

1:1000

ACSL4

Abcam

ab155282

1:10000

EZH2

Abcam

ab191250

1:1000

H3K27me3

Abcam

ab6002

1:1000

HBx

Abcam

ab39716,

1:1000

β-Actin

Abcam

ab8226

1:2000

Antibodies used in this study. Abcam, Cambridge, UK

were visualized using SuperSignal Pico PLUS Substrate
(Pierce), followed by detection with CCD detection system (Bio-Rad). The antibodies were listed in Table 2.
Chromatin immunoprecipitation (ChIP) assay

ChIP assay was performed using Pierce Agarose ChIP
Kit (Pierce). In brief, transduced primary hepatocytes
were cross-linked with 1% formaldehyde and lysed at
48 h post-transduction. Chromatin was digested using
MNase, and followed by the incubation with anti-EZH2
(ab191250, Abcam), anti-H3K27me3 (ab6002, Abcam)
antibody or normal IgG (negative control). DNA was
purified and subjected to qRT-PCR analysis.
Co‑immunoprecipitation (co‑IP)

Primary hepatocytes were lysed with Cell Lysis Buffer
(Abcam). Pre-cleared protein extracts (1000 μg) were
incubated with anti-EZH2 antibody (ab191250, Abcam)
or normal IgG at 4℃ overnight, followed by the incubation with Protein A/G agarose (Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 4℃ for 4 h. The protein
complexes were then washed and subjected to western
blot analysis. Whole cell lysates served as input control,
and normal IgG acted as a negative control.
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Animal study

Male C57BL/6 mice (n = 20, 6–8-week-old, b.w. 18–23 g)
were purchased from SJA Laboratory Animal Co Ltd.,
Changsha, Hunan, China. The ALF model was established as previously described [23]. In brief, mice were
given 600 mg/kg D-GalN (Sigma-Aldrich) and 30 μg/kg
LPS (Sigma-Aldrich) by intraperitoneal injection. Mice
in Sham group were received saline injection. For Fer-1
treatment, mice were received 10 mg/kg Fer-1 at 1 h prior
to D-GalN and LPS injection. The HBx transgenic (HBxTg) mice were generated as previously described [24]. The
wild-type (WT) or HBx-Tg mice were then subjected to
D-GalN and LPS administration. For GSK126 treatment,
wild-type (WT) or HBx-Tg mice were received GSK126
(150 mg/kg) prior to D-GalN and LPS administration.
Histopathological analysis

The liver tissues were harvested, fixed, embedded with
paraffin and sectioned. For hematoxylin and eosin (H&E)
staining, the sections were deparaffinized and stained
with hematoxylin and eosin. For immunohistochemistry (IHC) analysis, sections were deparaffinized, rehydrated and subjected to antigen retrieval. After blocking,
the slides were incubated with anti-SLC7A11 antibody
(1:100; ab37185, Abcam) at 4℃ overnight. The slides
were then incubated with HRP-conjugated secondary
antibody, and visualized using AEC solution (Invitrogen).
Assessment of liver function

Mouse liver function was assessed by measuring ALT
and AST using Dimension RxL Max Integrated Chemistry System (Siemens Healthineers, Erlangen, Germany).
Statistical analysis

Statistical analysis was conducted using the SPSS version
16.0 (SPSS, Chicago, IL, USA). All data were shown as
the means ± standard deviation. Statistical analyses were
performed using Student’s t test or one-way ANOVA.
P < 0.05 was considered statistically significant.

Results
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decreased intracellular GSH level compared to that of
control cells (Fig. 1B–D). Moreover, the ferroptosisrelated molecules GPX4, solute carrier family 11 member
2 (SLC11A2), SLC7A11 and acyl-CoA synthetase long
chain family member 4 (ACSL4) were examined by qRTPCR and western blot. Interestingly, D-GalN reduced
GPX4, but induced SLC11A2, SLC7A11 and ACSL4
expression at both mRNA and protein levels. These
effects were similar with erastin (Fig. 1E–G). To further
confirm the effects of D-GalN on ferroptosis, the ferroptosis inhibitor Fer-1 were employed in D-GalN-induced
hepatocyte injury model. As expected, pre-treatment
of Fer-1 markedly abrogated D-GalN-suppressed cell
viability and intracellular GSH level, as well as D-GalNinduced MDA and iron levels in primary hepatocytes
(Fig. 1H–K). Taken together, these findings suggest that
D-GalN triggers ferroptosis in primary hepatocytes.
HBx potentiates D‑GalN‑induced ferroptosis.

In order to explore the biological function of HBx on
D-GalN-induced ferroptosis, overexpression experiments were performed in primary hepatocytes. As shown
in Fig. 2A, transduction of lenti-HBx significantly upregulated HBx protein level. D-GalN-impaired cell viability
was exacerbated by lenti-HBx (Fig. 2B). Overexpression
of HBx also remarkably potentiated D-GalN-induced
upregulation of MDA and iron, as well as D-GalN-mediated downregulation of GSH (Fig. 2C–E). qRT-PCR and
western blot revealed that HBx overexpression potentiated the effects of D-GalN on GPX4 and ACSL4 expression, whereas D-GalN-induced upregulation of SLC11A2
and SLC7A11 were attenuated by lenti-HBx at both
mRNA and protein levels (Fig. 2F–G). It is worth noting
that transfection of lenti-HBx alone exerted no significant effects on cell viability, MDA, GSH and iron levels,
as well as the protein levels of GPX4, SLC11A2, SLC7A11
and ACSL4 (Fig. 2B–G). These data indicate that HBx
alone did not trigger ferroptosis in vitro. Collectively,
these data indicate that HBx potentiates D-GalN-induced
ferroptosis in primary hepatocytes.

Ferroptosis is activated in D‑GalN‑induced hepatocyte
injury model.

HBx suppresses SLC7A11 expression through H3K27me3
by EZH2.

To gain in-depth understanding of the mechanism by
which D-GalN induces hepatocyte injury, ferroptosis was
evaluated by a series of experiments in primary hepatocytes. As presented in Fig. 1A, D-GalN decreased cell viability of primary hepatocytes time-dependently. We next
examined the effects of D-GalN on ferroptosis via assessing the lipid peroxidation product MDA, GSH and iron
levels. The well-documented ferroptosis inducer erastin
served as a positive control. Similar to erastin, D-GalN
significantly increased the levels of MDA and iron, but

It is well-established that EZH2 functions as a histone
methyltransferase to suppress gene expression by trimethylation of H3K27 [25]. To test the aforementioned
hypothesis, we investigated the effects of HBx on the
ferroptosis-related molecules. In line with the results in
D-GalN-induced hepatocyte injury model, overexpression of HBx markedly downregulated the mRNA levels
of GPX4, SLC11A2, SLC7A11, but upregulated ACSL4
expression in primary hepatocytes (Fig. 3A). We next
examined the enrichments of EZH2 and H3K27me3
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Fig. 1 Ferroptosis is activated in D-GalN-induced hepatocyte injury model. A Primary hepatocytes were treated with 50 mM D-GalN. Cell viability
was monitored by MTT assay. Primary hepatocytes were treated with 50 mM D-GalN or 10 μM erastin for 6 h. B MDA, C intracellular GSH, andD
relative iron levels were assessed. E The mRNA levels of GPX4, SLC11A2, SLC7A11 and ACSL4 were determined by qRT-PCR. (F and G) The protein
levels of GPX4, SLC11A2, SLC7A11 and ACSL4 were determined by western blot. Primary hepatocytes were treated with 50 mM D-GalN or 50 mM
D-GalN + 1 μM Fer-1 for 6 h. H Cell viability, I MDA, J GSH and K relative iron levels were assessed. *, P < 0.05, **, P < 0.01, ***, P < 0.001

in the promoters of these genes by ChIP assay. As presented in Fig. 3B–E, significant increased enrichments
of EZH2 and H3K27me3 were found in the promoter
region of SLC7A11 upon HBx overexpression, while negligible effects of HBx were observed in GPX4, SLC11A2
or ACSL4 promoters. Thus, the attention was focused
on SLC7A11. We sought to delineate the mechanism
by which HBx downregulated SLC7A11 via EZH2/
H3K27me3. Western blot showed that HBx had no effect

on EZH2 expression, whereas H3K27me3 was significantly upregulated in HBx-overexpressing hepatocytes
(Fig. 3F). In addition, no direct interaction between HBx
and EZH2 was detected by co-IP (Fig. 3G). To further test
whether HBx stabilized EZH2 and facilitated H3K27me3
formation, the protein synthesis inhibitor cycloheximide
(CHX) was employed to block protein translation. Interestingly, EZH2 was degraded at a significantly slow rate in
HBx-overexpressing hepatocytes compared to the control
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Fig. 2 HBx potentiates D-GalN-induced ferroptosis. A The protein level of HBx was determined by western blot. Transduced or control cells were
subjected to 50 mM D-GalN treatment for 6 h. B Cell viability, C MDA, D GSHand E relative iron levels were assessed. F The mRNA levels of GPX4,
SLC11A2, SLC7A11 and ACSL4 were determined by qRT-PCR. G The protein levels of GPX4, SLC11A2, SLC7A11 and ACSL4 were determined by
western blot. *, P < 0.05, **, P < 0.01, ***, P < 0.001

group (Fig. 3H and I). To further support of this mechanism, EZH2 knockdown experiments were performed.
As shown in Fig. 3J, transfection of si-EZH2 successfully
downregulated EZH2 protein level. Overexpression of
HBx decreased SLC7A11 expression in the presence of
D-GalN, whereas silencing of EZH2 resulted in a marked
rebound of SLC7A11 in comparison with corresponding control (Fig. 3K). These findings indicate that HBx

stabilizes EZH2 and facilitates trimethylation of H3K27,
thereby suppressing SLC7A11 in primary hepatocytes.
EZH2 inhibition or SLC7A11 overexpression reverses
the effects of HBx on D‑GalN‑induced ferroptosis.

In order to further validate the role of HBx-mediated
SLC7A11 suppression in D-GalN-induced ferroptosis,
gain- and loss-of function experiments were performed in
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Fig. 3 HBx suppresses SLC7A11 expression through H3K27me3 by EZH2. Primary hepatocytes were transduced with lenti-vector or lenti-HBx. A
The mRNA levels of GPX4, SLC11A2, SLC7A11 and ACSL4 were determined by qRT-PCR. The enrichments of EZH2 and H3K27me3 on promoters of
B SLC7A11, C GPX4, D SLC11A2 and E ACSL4 were determined by ChIP assay. Normal IgG served as a negative control. F The protein levels of EZH2
and H3K27me3 were determined by western blot. G The direct interaction between HBx and EZH2 was assessed by co-IP. Normal IgG served as a
negative control, and whole cell lysates served as an input control. H and I Transduced cells were pre-treated with CHX for 1 h. Cells were harvested
at 0, 3, 6, 9 and 12 h. The protein level of EZH2 was determined by western blot. J and K The protein level of EZH2 and SLC7A11 were determined by
western blot. *, P < 0.05, **, P < 0.01, ***, P < 0.001
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Fig. 4 EZH2 inhibition or SLC7A11 overexpression reverses the effects of HBx on D-GalN-induced ferroptosis. Transduced cells were treated with
50 mM D-GalN in the absence or presence of GSK126 (5 μM)/SLC7A11 overexpression vector (MOI = 1, 5, 10) for 48 h. A The mRNA level of SLC7A11
was determined by qRT-PCR. B Cell viability, C MDA, D GSHand E iron levels were assessed *, P < 0.05, **, P < 0.01, ***, P < 0.001

D-GalN-induced hepatocyte injury model. In accordance
with previous data, overexpression of HBx attenuated
D-GalN-mediated upregulation of SLC7A11, whereas
GSK126 led to rebound of SLC7A11 expression compared
to D-GalN + lenti-HBx group (Fig. 4A). As expected, lentiSLC7A11 transduction successfully rescued lenti-HBxdownregulated SLC7A11 mRNA level dose-dependently
(Fig. 4A). We further investigated the effects of GSK126
or lenti-SLC7A11 on the ferroptosis-related parameters.
Consistently, HBx overexpression potentiated D-GalNmediated impairment of cell viability, elevated levels of
MDA and iron, and D-GalN-induced downregulation of
GSH level. GSK126 or SLC7A11 overexpression markedly reversed these effects of HBx on cell viability, MDA,
GSH and iron levels (Fig. 4B–E). It is worth noting that
lenti-SLC7A11 exhibited these effects in a dose-dependent manner, and the effects of lenti-SLC7A11 (MOI = 10)
was more prominent than the lower doses (Fig. 4B–E).
Taken together, these data suggest that EZH2 inhibition
or SLC7A11 overexpression reverses the effects of HBx on
D-GalN-induced ferroptosis.

Fer‑1 protects against LPS/D‑GalN‑induced ALF
and ferroptosis in mice.

To further validate the important role of ferroptosis
in vivo, the LPS/D-GalN-induced ALF mice model was
generated. Fer-1 was employed to inhibit ferroptosis
during ALF. All mice in sham and sham + Fer-1 groups
survived within 48 h. Notably, Fer-1 dramatically ameliorated ALF-induced death in which the survival rate
of LPS/D-GalN + Fer-1 was ~ 20% within 48 h. By contrast, all mice in LPS/D-GalN group died within 12 h
(Fig. 5A). Compared to sham and sham + Fer-1 groups,
the ALT and AST activities were remarkably increased
in LPS/D-GalN mice, confirming the successful establishment of ALF model. Pre-treatment of Fer-1 significantly abrogated LPS/D-GalN-induced ALT and AST
activities (Fig. 5B, C). H&E staining revealed that regular hepatic sinusoidal structure and clear hepatic lobules
were observed in liver tissues of sham and sham + Fer-1
mice, whereas cell edema, inflammatory cell infiltration and sever intrahepatic hemorrhage were found in
LPS/D-GalN mice. Consistently, LPS/D-GalN-induced
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Fig. 5 Fer-1 protects against LPS/D-GalN-induced ALF in mice. A The survival curve of sham, sham + Fer-1, LPS/D-GalN and LPS/D-GalN + Fer-1
mice. The serum levels of B ALT and C AST were assessed. D The histopathological changes were determined by H&E staining. The levels of E MDA, F
GSH, G iron, H ROS and I TNFα, IL-6, IL-1β levels were assessed. *, P < 0.05, **, P < 0.01, ***, P < 0.001
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hepatotoxicity was partially rescued by Fer-1 (Fig. 5D),
suggesting that ferroptosis plays a crucial role during
ALF. Moreover, we next examined the levels of MDA,
GSH and iron in liver tissue. In accordance with the
in vitro data, Fer-1 reversed LPS/D-GalN-mediated MDA
and iron elevation, as well as LPS/D-GalN-decreased
GSH in vivo (Fig. 5E–G). Furthermore, ROS detection
and ELISA assays revealed that Fer-1 remarkably attenuated LPS/D-GalN-increased ROS, TNF-α, IL-6 and IL-1β
levels in liver tissues, while Fer-1 alone had no significant effect on the levels of ROS or these inflammatory
cytokines (Fig. 5H–I). Hence, these data implicate ferroptosis as an important contributor in ALF.
HBx exacerbates LPS/D‑GalN‑induced ALF and ferroptosis
in vivo.

We next validated whether HBx played a critical role
in ALF using HBx transgenic (HBx-Tg) mice. The wildtype (WT) and HBx-Tg mice were subjected to vehicle
or LPS/D-GalN treatment, as well as GSK126 administration. All mice in WT + vehicle, HBx-Tg + vehicle and
HBx-vehicle + GSK126 groups survived within 48 h,
whereas all mice in WT + LPS/D-GalN, HBx-Tg + LPS/
D-GalN and HBx + LPS/D-GalN + GSK126 groups
died within 12 h. There was no significant difference in
mortality among WT + vehicle, HBx-Tg + vehicle and
HBx-Tg + vehicle + GSK126 groups (Fig. 6A). Intriguingly, survival of HBx-Tg + LPS/D-GalN mice declined
faster than WT + LPS/D-GalN and HBx-Tg + LPS/DGalN + GSK126 mice (Fig. 6A). To assess the liver injury,
the serum ALT and AST activities were measured. As
shown in Fig. 6B, C, LPS/D-GalN-induced ALT and AST
activities were further potentiated in HBx-Tg + LPS/DGalN mice, whereas GSK126 partially attenuated this
effect. Consistent with previous study, liver tissues from
HBx-Tg mice exhibited moderate chronic hepatitis,
hepatic necrosis and intracytoplasmic fat vacuoles [26].
Liver tissues from WT + LPS/D-GalN mice showed
similar histological changes with LPS/D-GalN mice.
Increased inflammation, severer hepatocytes swelling
and intrahepatic hemorrhage were observed in HBxTg + LPS/D-GalN mice (Fig. 6D), indicating that HBx
exacerbates LPS/D-GalN-induced ALF. Similarly, the
exacerbated histological impairment was ameliorated
by GSK126 (Fig. 6D). Moreover, LPS/D-GalN-induced
changes of MDA, GSH and iron levels in liver tissue were
also potentiated in HBx-Tg + LPS/D-GalN mice, while
GSK126 exhibited protective effects on MDA, GSH and
iron levels (Fig. 6E–G), which was consistent with the
in vitro findings. Interestingly, the immunoreactivity of
SLC7A11 was significantly elevated in the liver tissues
of WT + LPS/D-GalN mice in comparison with that of
WT + vehicle mice. By contrast, HBx-Tg + LPS/D-GalN
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mice exhibited no remarkable change in SLC7A11 level
compared to that of HBx-Tg + vehicle mice (Fig. 6H).
GSK126 administration led to a rebound of SLC7A11 in
liver tissues, compared with HBx-Tg + LPS/D-GalN mice
(Fig. 6H). Additionally, EZH2 and H3K27me3 levels in
the liver tissues were also examined. As shown in Fig. 6I,
no significant difference in EZH2 levels were observed
between WT + vehicle and WT + LPS/D-GalN mice, as
well as between HBx-Tg + vehicle and HBx-Tg + LPS/
D-GalN mice. H3K27me3 was slightly upregulated in
WT + LPS/D-GalN mice, compared with WT + vehicle
mice. The upregulation of H3K27me3 is more prominent
in HBx-Tg + LPS/D-GalN mice, and GSK126 partially
abolished LPS/D-GalN-increased H3K27me3 expression in both WT and HBx-Tg mice. Taken together, these
findings suggest that HBx exacerbates LPS/D-GalNinduced ALF and ferroptosis in vivo, possibly via suppressing SLC7A11.

Discussion
In the present study, we illustrated that ferroptosis played
a critical role in D-GalN-induced hepatocyte injury
and LPS/D-GalN-induced ALF mice model. Mechanistic study also revealed that HBx facilitated ferroptosis
via EZH2/H3K27me3-mediated SLC7A11 suppression,
thereby exacerbating ALF.
Ferroptosis was first identified as a novel form of cell
death in cancer [4]. In recent years, emerging evidence
suggest that ferroptosis is involved in the pathogenesis of different types of liver diseases, including HCC,
viral hepatitis, non-alcoholic steatohepatitis (NASH)
and alcoholic liver disease (ALD), as well as ALF [6–8,
27–31]. Ferroptosis is characterized by iron-dependent
accumulation of lipid ROS. Therefore, researches have
become interested in the imbalance of iron metabolism
and ROS-induced lipid peroxidation in these diseases.
The HMGB1 inhibitor glycyrrhizin alleviates ferroptosis
in ALF through inhibiting oxidative stress [6]. A more
recent study has demonstrated that ferroptosis is responsible for hepatocyte cell death in acetaminophen-induced
ALF [8]. However, the mechanisms of ferroptotic hepatocyte cell death remain elusive. In accordance with previous studies, our findings suggested that D-GalN-induced
hepatotoxicity was accompanied with iron accumulation
and lipid peroxidation, whereas these effects of D-GalN
was abrogated by Fer-1. These findings were also validated in a murine ALF model induced by LPS/D-GalN.
Moreover, LPS/D-GalN-caused lethality was partially
rescued by Fer-1 in vivo. These data indicate that ferroptosis might be a promising therapeutic target for ALF
treatment.
HBx, a multifunction protein, is involved in diverse
biological processes, including transcriptional regulation,

Liu et al. J Biomed Sci

(2021) 28:67

Page 11 of 13

Fig. 6 HBx exacerbates LPS/D-GalN-induced ALF and ferroptosis in vivo. A The survival curve of WT + vehicle, HBx-Tg + vehicle, WT + LPS/D-GalN
and HBx-Tg + LPS/D-GalN mice. The serum levels of B ALT and C AST were assessed. D The histopathological changes were determined by H&E
staining. The levels of E MDA, F GSHand, G iron were assessed. H The immunoreactivity of SLC7A11 was determined by IHC analysis. I The protein
levels of EZH2 and H3K27me3 in liver tissues were determined by western blot. *, P < 0.05, **, P < 0.01, ***, P < 0.001
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apoptosis, cell growth arrest, cell cycle progression
and protein degradation, as well as induction of oxidative stress [16, 17, 32, 33]. In human hepatoma cell line
HepG2 cells, HBx induces lipid peroxidation through
suppressing selenoprotein P, thereby increasing TNFα
expression [16]. In addition, HBx is also implicated in
mitochondrial ROS and lipid peroxidation production.
It is noteworthy that increased intrahepatic lipid peroxidation was also observed in HBx-Tg mice [17]. Recent
studies support a critical role of lipid peroxidation and
mitochondrial ROS in ferroptosis [5, 34], suggesting that
HBx might contribute to pathogenesis of liver diseases
by regulating ferroptosis. In this study, our findings has
first established HBx as an important regulator of ferroptosis in ALF. In D-GalN-induced hepatocyte injury
model, we found that HBx overexpression potentiated
D-GalN-induced lipid peroxidation, GSH depletion and
iron accumulation. These findings were also observed in
LPS/D-GalN-treated HBx-Tg mice, confirming the crucial role of HBx-regulated ferroptosis in ALF.
SLC7A11 is an amino acid antiporter which responsible for extracellular cysteine uptake in exchange for
glutamate. Impaired cysteine uptake inhibited GSH
biosynthesis, further resulting in loss of GPX4 activity
[4, 5]. It is well-accepted that lack of GPX4 triggers ferroptosis via increased accumulation of lipid peroxidation [35]. In the present study, our data suggested that
both D-GalN and erastin upregulated SLC11A2 and
SLC7A11 in primary hepatocytes. These findings were
in agreement with a previous report which has demonstrated that erastin induces SLC7A11 expression as an
adaptive response [36], indicating that D-GalN-induced
upregulation of SLC11A2 and SLC7A11 might also be a
compensatory effect on system Xc− inhibition. Moreover, the tumor suppressors p53 and BRCA1-associated
protein 1 (BAP1) has been identified as upstream regulators of SLC7A11 during ferroptosis [37, 38]. Our study
implicates HBx as an important regulator of SLC7A11 in
ALF. Mechanistic studies revealed that HBx suppresses
SLC7A11 expression through EZH2/H3K27me3. HBx
promoted protein stability of EZH2, and the most prominent effects of HBx were observed at 6 and 9 h postCHX treatment, while these effects become negligible
over time. This is the possible reason why no significant
effect of HBx was observed on EZH2 protein level 24 h
post-transduction. In addition, our data did not favor a
direct interaction between HBx and EZH2. Previous
study has demonstrated that HBx upregulates lncRNA
UCA1 which is physically interacted with EZH2, thus
suppressing p27Kip via trimethylation of H3K27 [20]. We
speculate that lncRNA might act as a mediator to facilitate the recruitment of EZH2 and H3K27me3 in the promoter region of SLC7A11. Identification of the mediator
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merits further investigation. Growing evidence has illustrated that HBx-induced aberrant epigenetic regulation
in DNA methylation, histone modifications and miRNA
alterations play critical roles in HCC [19]. Besides the
well-characterized roles in HCC, our findings in ALF
introduces a broader view of HBx-induced aberrant epigenetic regulation. However, HBx is known to induce
various types of epigenetic modifications, such as H3K4
methylation and DNA hypermethylation [19, 39]. Different HBx-induced epigenetic modifications which contributes to ferroptosis in ALF merit further investigation.

Conclusions
In conclusion, HBx facilitates ferroptosis in ALF via
EZH2/H3K27me3-mediated SLC7A11 suppression.
Abbreviations
ACSL4: Acyl-CoA synthetase long chain family member 4; ALD: Alcoholic liver
disease;; ALF: Acute liver failure; ALT: Alanine aminotransferase; AST: Aspartate
aminotransferase; ChIP: Chromatin immunoprecipitation; CHX: Cycloheximide;
co-IP: Co-immunoprecipitation; D-GalN: D-galactosamine; EZH2: Enhancer of
zeste homolog 2; Fer-1: Ferrostatin-1; GPX4: Glutathione peroxidase 4; GSH:
Glutathione; H3K27me3: Histone H3 lysine 27 tri-methylation; HBV: Hepatitis B
virus; HBx: Hepatitis B virus X protein; HBx-Tg: HBx transgenic; HCC: Hepatocel‑
lular carcinoma; H&E: Hematoxylin and eosin; IHC: Immunohistochemistry;
LPS: Lipopolysaccharide; MDA: Malondialdehyde; NASH: Non-alcoholic
steatohepatitis; ROS: Reactive oxygen species; SLC7A11: Solute carrier family 7
membrane 11; SLC11A2: Solute carrier family 11 member 2.
Acknowledgements
Thanks to the members of our laboratory for their contributions.
Authors’ contributions
G-ZL: guarantor, design, data analysis, preparation, editing, review; X-WX:
concepts, experimental studies, data analysis, preparation, editing, review;
S-HT: experimental studies, data acquisition; M-JG: experimental studies, data
acquisition; Z-HH: guarantor, concepts, design, data analysis, preparation, edit‑
ing, review. All authors read and approved for the final manuscript.
Funding
This work was supported by Ministry of science and technology, Major
national science and technology projects in the 12th Five Year Plan (Preven‑
tion and treatment of major infectious diseases such as AIDS and viral hepati‑
tis)(No.2012ZX10002007)
Availability of data and materials
The raw data supporting the conclusions of this manuscript will be made
available by the authors, without undue reservation, to any qualified
researcher.

Declarations
Ethics approval and consent to participate
All animal studies were approved by the Ethical Committee of Central South
University.
Consent for publication
Not applicable.
Competing interests
There is no competing interests.

Liu et al. J Biomed Sci

(2021) 28:67

Author details
1
Department of Infectious Diseases, Xiangya Hospital, Central South Uni‑
versity, No.87, Xiangya Road, Kaifu District, Changsha 410008, Hunan, China.
2
Department of Infectious Diseases, Nanfang Hospital, Southern Medical
University, Guangzhou 510515, Guangdong, China. 3 Department of Liver
Diseases, Shenzhen Hospital, Southern Medical University, Shenzhen 518100,
Guangdong, China.
Received: 29 March 2021 Accepted: 15 September 2021

References
1. Stravitz RT, Lee WM. Acute liver failure. Lancet. 2019;394(10201):869–81.
2. Jadlowiec CC, Taner T. Liver transplantation: Current status and chal‑
lenges. World J Gastroenterol. 2016;22(18):4438–45.
3. Du WJ, Liu L, Sun C, Yu JH, Xiao D, Li Q. Prodromal fever indicates a high
risk of liver failure in acute hepatitis B. Int J Infect Dis. 2017;57:98–103.
4. Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason
CE, et al. Ferroptosis: an iron-dependent form of nonapoptotic cell
death. Cell. 2012;149(5):1060–72.
5. Yang WS, Stockwell BR. Ferroptosis: death by lipid peroxidation. Trends
Cell Biol. 2016;26(3):165–76.
6. Wang Y, Chen Q, Shi C, Jiao F, Gong Z. Mechanism of glycyrrhizin on
ferroptosis during acute liver failure by inhibiting oxidative stress. Mol
Med Rep. 2019;20(5):4081–90.
7. Macias-Rodriguez RU, Inzaugarat ME, Ruiz-Margain A, Nelson LJ,
Trautwein C, Cubero FJ. Reclassifying hepatic cell death during liver
damage: ferroptosis-a novel form of non-apoptotic cell death? Int J
Mol Sci. 2020;21:5.
8. Yamada N, Karasawa T, Kimura H, Watanabe S, Komada T, Kamata R,
et al. Ferroptosis driven by radical oxidation of n-6 polyunsaturated
fatty acids mediates acetaminophen-induced acute liver failure. Cell
Death Dis. 2020;11(2):144.
9. Zhu Y, Chen X, Rao X, Zheng C, Peng X. Saikosaponin a ameliorates
lipopolysaccharide and dgalactosamine-induced liver injury via acti‑
vating LXRalpha. Int Immunopharmacol. 2019;72:131–7.
10. Luo Y, Yang Y, Shen Y, Li L, Huang J, Tang L, et al. Luzindole attenuates
LPS/d-galactosamine-induced acute hepatitis in mice. Innate Immun.
2020;26(4):319–27.
11. Yang S, Kuang G, Zhang L, Wu S, Zhao Z, Wang B, et al. Mangiferin
attenuates LPS/D-GalN-induced acute liver injury by promoting HO-1
in Kupffer cells. Front Immunol. 2020;11:285.
12. Wei L, Ren F, Zhang X, Wen T, Shi H, Zheng S, et al. Oxidative stress
promotes D-GalN/LPS-induced acute hepatotoxicity by increasing gly‑
cogen synthase kinase 3beta activity. Inflamm Res. 2014;63(6):485–94.
13. Anastasiou OE, Widera M, Westhaus S, Timmer L, Korth J, Gerken G,
et al. Clinical outcome and viral genome variability of hepatitis B virusinduced acute liver failure. Hepatology. 2019;69(3):993–1003.
14. Putri WA, Yano Y, Yamani LN, Lusida MI, Soetjipto, Liang Y, et al. Associa‑
tion Between HBx Variations and Development of Severe Liver Disease
Among Indonesian Patients. Kobe J Med Sci. 2019;65(1): E28-E35.
15. Ahodantin J, Lekbaby B, Bou Nader M, Soussan P, Kremsdorf D. Hepati‑
tis B virus X protein enhances the development of liver fibrosis and the
expression of genes associated with epithelial-mesenchymal transi‑
tions and tumor progenitor cells. Carcinogenesis. 2020;41(3):358–67.
16. Yi YS, Park SG, Byeon SM, Kwon YG, Jung G. Hepatitis B virus X protein
induces TNF-alpha expression via down-regulation of selenopro‑
tein P in human hepatoma cell line, HepG2. Biochem Biophys Acta.
2003;1638(3):249–56.
17. Lee YI, Hwang JM, Im JH, Lee YI, Kim NS, Kim DG, et al. Human hepatitis
B virus-X protein alters mitochondrial function and physiology in
human liver cells. J Biol Chem. 2004;279(15):15460–71.
18. Ha HL, Shin HJ, Feitelson MA, Yu DY. Oxidative stress and antioxidants
in hepatic pathogenesis. World J Gastroenterol. 2010;16(48):6035–43.
19. Tian Y, Yang W, Song J, Wu Y, Ni B. Hepatitis B virus X protein-induced
aberrant epigenetic modifications contributing to human hepatocel‑
lular carcinoma pathogenesis. Mol Cell Biol. 2013;33(15):2810–6.

Page 13 of 13

20. Hu JJ, Song W, Zhang SD, Shen XH, Qiu XM, Wu HZ, et al. HBxupregulated lncRNA UCA1 promotes cell growth and tumorigenesis
by recruiting EZH2 and repressing p27Kip1/CDK2 signaling. Sci Rep.
2016;6:23521.
21. Wang Y, Zhao Y, Wang H, Zhang C, Wang M, Yang Y, et al. Histone dem‑
ethylase KDM3B protects against ferroptosis by upregulating SLC7A11.
FEBS Open Bio. 2020;10(4):637–43.
22. Aparicio-Vergara M, Tencerova M, Morgantini C, Barreby E, Aouadi M.
Isolation of Kupffer Cells and Hepatocytes from a Single Mouse Liver.
Methods Mol Biol. 2017;1639:161–71.
23. Zhao E, Ilyas G, Cingolani F, Choi JH, Ravenelle F, Tanaka KE, et al.
Pentamidine blocks hepatotoxic injury in mice. Hepatology.
2017;66(3):922–35.
24. Wu BK, Li CC, Chen HJ, Chang JL, Jeng KS, Chou CK, et al. Blocking of
G1/S transition and cell death in the regenerating liver of Hepatitis
B virus X protein transgenic mice. Biochem Biophys Res Commun.
2006;340(3):916–28.
25. Cao R, Wang L, Wang H, Xia L, Erdjument-Bromage H, Tempst P, et al. Role
of histone H3 lysine 27 methylation in Polycomb-group silencing. Sci‑
ence. 2002;298(5595):1039–43.
26. Yu DY, Moon HB, Son JK, Jeong S, Yu SL, Yoon H, et al. Incidence of hepa‑
tocellular carcinoma in transgenic mice expressing the hepatitis B virus
X-protein. J Hepatol. 1999;31(1):123–32.
27. Li S, Tan HY, Wang N, Zhang ZJ, Lao L, Wong CW, et al. The Role of
Oxidative Stress and Antioxidants in Liver Diseases. Int J Mol Sci.
2015;16(11):26087–124.
28. Tsurusaki S, Tsuchiya Y, Koumura T, Nakasone M, Sakamoto T, Matsuoka
M, et al. Hepatic ferroptosis plays an important role as the trigger for
initiating inflammation in nonalcoholic steatohepatitis. Cell Death Dis.
2019;10(6):449.
29. Huang LL, Liao XH, Sun H, Jiang X, Liu Q, Zhang L. Augmenter of liver
regeneration protects the kidney from ischaemia-reperfusion injury in
ferroptosis. J Cell Mol Med. 2019;23(6):4153–64.
30. Wang M, Liu CY, Wang T, Yu HM, Ouyang SH, Wu YP, et al. (+)-Clausena‑
mide protects against drug-induced liver injury by inhibiting hepatocyte
ferroptosis. Cell Death Dis. 2020;11(9):781.
31. Zeng T, Deng G, Zhong W, Gao Z, Ma S, Mo C, et al. Indoleamine 2,
3-dioxygenase 1enhanceshepatocytes ferroptosis in acute immune
hepatitis associated with excess nitrative stress. Free Radic Biol Med.
2020;152:668–79.
32. Henkler FF, Koshy R. Hepatitis B virus transcriptional activators: mecha‑
nisms and possible role in oncogenesis. J Viral Hepatitis. 1996;3(3):109–21.
33. Huang J, Kwong J, Sun EC, Liang TJ. Proteasome complex as a potential
cellular target of hepatitis B virus X protein. J Virol. 1996;70(8):5582–91.
34. Wang H, Liu C, Zhao Y, Gao G. Mitochondria regulation in ferroptosis. Eur J
Cell Biol. 2020;99(1):151058.
35. Stockwell BR, Friedmann Angeli JP, Bayir H, Bush AI, Conrad M, Dixon
SJ, et al. Ferroptosis: A Regulated Cell Death Nexus Linking Metabolism,
Redox Biology, and Disease. Cell. 2017;171(2):273–85.
36. Dixon SJ, Patel DN, Welsch M, Skouta R, Lee ED, Hayano M, et al. Pharma‑
cological inhibition of cystine-glutamate exchange induces endoplasmic
reticulum stress and ferroptosis. ELife. 2014;3:e02523.
37. Jiang L, Kon N, Li T, Wang SJ, Su T, Hibshoosh H, et al. Ferroptosis
as a p53-mediated activity during tumour suppression. Nature.
2015;520(7545):57–62.
38. Zhang Y, Shi J, Liu X, Feng L, Gong Z, Koppula P, et al. BAP1 links meta‑
bolic regulation of ferroptosis to tumour suppression. Nat Cell Biol.
2018;20(10):1181–92.
39. Gao W, Jia Z, Tian Y, Yang P, Sun H, Wang C, et al. HBx protein contributes
to liver carcinogenesis by h3k4me3 modification through stabilizing wd
repeat domain 5 protein. Hepatology. 2020;71(5):1678–95.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

