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Hypermethylation of the glutathione
peroxidase 4 gene promoter is associated
with the occurrence of immune tolerance
phase in chronic hepatitis B

Xing Su', Zhaohui Wang', Jihui Li', Shuai Gao'?, Yuchen Fan'? and Kai Wang'*"

Abstract

Background Hepatitis B virus (HBV) infection is a public health problem that seriously threatens human health.
This study aimed to investigate the clinical significance of glutathione peroxidase 4(GPX4) in the occurrence and
development of chronic hepatitis B (CHB).

Methods A total of 169 participants including 137 patients with CHB and 32 healthy controls (HCs) were recruited.
We detected the expression of GPX4 and stimulator of interferon genes (STING) in peripheral blood mononuclear cells
(PBMCs) by real-time quantitative polymerase chain reaction (RT-qPCR). The methylation level of GPX4 gene promoter
in PBMCs was detected by TagMan probe-based quantitative methylation-specific PCR (MethyLight). Enzyme-linked
immunosorbent assay (ELISA) was performed to detect the serum levels of GPX4, IFN-3, oxidative stress (OS) related
molecules, and pro-inflammatory cytokines.

Results The expression levels of GPX4 in PBMCs and serum of CHB patients were lower than those of HCs, but the
methylation levels of GPX4 promoter were higher than those of HCs, especially in patients at the immune tolerance
phase. STING mRNA expression levels in PBMCs and serum IFN-(3 levels of patients at the immune activation

phase and reactivation phase of CHB were higher than those at other clinical phases of CHB and HCs. GPX4 mRNA
expression level and methylation level in PBMCs from patients with CHB had a certain correlation with STING and
IFN-B expression levels. In addition, the methylation level of the GPX4 promoter in PBMCs from patients with CHB was
correlated with molecules associated with OS and inflammation.

Conclusions GPX4 may play an important role in the pathogenesis and immune tolerance of CHB, which may
provide new ideas for the functional cure of CHB.
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Background

Viral hepatitis B is a viral infection that damages the liver
and can cause acute or chronic disease. Chronic infec-
tion with HBV can progress to liver cirrhosis and hepa-
tocellular carcinoma(HCC), which is a serious threat to
human health and global public health [1]. World Health
Organization (WHO) estimates that in 2019, 296 mil-
lion people worldwide were chronically infected with
HBYV, with 1.5 million new infections and 820,000 deaths
each year [2]. In China, an estimated 43.3 million per-
sons remained infected with HBV in 2021 (~3.0%) [3].
Therefore, it is of great clinical significance to treat CHB
and prevent disease progression. Chronic HBV infection
is the result of long-term complex interactions between
the host immune system and the virus. According to the
levels of hepatitis B surface antigen (HBsAg), hepati-
tis B e antigen (HBeAg), serum hepatitis B DNA (HBV
DNA), and alanine aminotransferase (ALT), the natural
course of chronic HBV infection can be roughly divided
into five phases: immune tolerance(IT) phase, immune
activation(IA) phase, inactive phase [low replication(LR)
phase], reactivation(RA) phase and remission phase [4].
Under normal conditions, the host immune system can
recognize HBV and produce an anti-HBV response,
which is manifested by elevated aminotransferase lev-
els, and liver inflammation of different degrees, and it is
possible to obtain HBV DNA clearance and serological
transfer of HBeAg through this. While in the immune
tolerance phase, the ALT level continues to be normal,
the liver has only mild or no inflammatory necrosis, and
the host does not produce an immune response against
HBV [5]. Therefore, it is of great significance to regulate
the immune function of the body and initiate the anti-
HBV immune response to break the immune tolerance
after HBV infection and clear the virus [6].

The innate immune system is an important part of
host immunity, which is composed of physical barriers,
phagocytes, cytokines, interferon (IFN) and interferon-
stimulating genes (ISGs), and is the first line of defense of
the body. Cyclic guanosine monophosphate (GMP)-ade-
nosine monophosphate (AMP) synthase(cGAS) is a DNA
recognition receptor located within the cytoplasm. When
abnormal DNA is present in the cytoplasm, including
exogenous DNA produced by viruses and bacteria, as
well as endogenous DNA such as nuclear DNA and mito-
chondrial DNA, can be recognized and combined by
cGAS to synthesize cyclic GMP-AMP (cGAMP) and acti-
vate downstream STING [7]. Studies have shown that the
cGAS-STING signaling pathway can produce protective
immune responses against pathogens with a variety of
DNA structures, such as human immunodeficiency virus
(HIV), herpes simplex virus 1(HSV-1), human papilloma-
virus (HPV), and so on [8—10]. STING is an endoplasmic
reticulum-associated dimer protein, and its activation
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plays an important role in the immune response medi-
ated by the cGAS-STING pathway. After activation,
STING will undergo spatial conformational changes
and transfer from the endoplasmic reticulum (ER) to the
Golgi. On the one hand, it recruits and activates TANK-
binding kinase 1 (TBK1) and interferon regulatory factor
3 (IRF3) to phosphorylate and transfer from cytoplasm to
the nucleus to synthesize interferon. On the other hand,
the nuclear factor-kB (NF-«kB) dimer is activated to pro-
duce inflammatory cytokines including interleukin-1p
(IL-1p), interleukin-6 (IL-6) and tumor necrosis factor-a
(TNF-a) [7, 11]. STING signaling pathway initiates
innate immune response to clear intracellular pathogens
by releasing IFN and inflammatory cytokines, and also
activates antigen-presenting cells (APC) to present anti-
gens to T cells, thus activating adaptive immune response
[7, 12].

GPX4 is a unique enzyme that protects cells against
membrane lipid peroxidation and maintains redox
homeostasis, by reducing highly reactive lipid hydroper-
oxides (LOOHs) to nonreactive lipid alcohols [13]. Redox
homeostasis is the balance of oxidation and reduction
reactions present in all living systems and is an important
component of physiological cell homeostasis. Impaired
redox homeostasis, such as imbalances in lipid peroxide
abundance, is associated with multiple pathological con-
ditions, including viral diseases and cancer [14, 15]. It
has been demonstrated that cellular redox homeostasis
maintained by GPX4 is necessary for STING activation.
GPX4 deficiency enhances cellular lipid peroxidation,
thereby specifically inhibiting the cGAS-STING pathway
[16]. Therefore, GPX4 deficiency may exist in patients
with CHB, thus inhibiting the immune response of the
c¢GAS-STING pathway to HBV and forming an immune
tolerance state.

In this study, we primarily used MethyLight to detect
the methylation status of GPX4 promoter in patients with
CHB and HCs. In addition, we detected GPX4, STING
and IEN-P expression levels to evaluate the potential
relationship between GPX4 promoter methylation and
expression levels of cGAS-STING pathway-related mol-
ecules in patients with CHB. The aim is to elucidate the
potential clinical significance of GPX4 in the occurrence
and development of CHB.

Materials and methods

Subjects

A total of 169 participants were recruited from January
2022 through February 2023 in the Department of Hep-
atology, Qilu Hospital of Shandong University includ-
ing 137 patients with CHB and 32 HCs. All patients
with CHB were selected and clinically staged into the
IT phase, IA phase, LR phase, and RA phase based on
2018 AASLD Practice Guidelines [17].Healthy volunteers
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served as normal controls with negative viral hepatitis
tests, normal ALT/AST levels, and no evidence of other
liver or malignant diseases. This research was reviewed
and approved by the Medical Ethical Committee of Qilu
Hospital of Shandong University and was conducted
according to the Declaration of Helsinki. All participants
signed informed consent after understanding the experi-
mental process and required specimens.

Serum collection and PBMCs isolation

Peripheral venous blood(5 ml) was collected from each
subject into an EDTA-containing tube following an
8-hour fast and whole blood was also collected in addi-
tional serum separator tubes (SST) for serum isolation.
Following centrifugation, the serum was isolated and
PBMCs were obtained through Ficoll-Paque Plus (GE
Healthcare, Uppsala, Sweden) density gradient centrifu-
gation. Then the obtained serum and PBMCs were either
used immediately for downstream experiments or pre-
served at a temperature of —80°C until required.

DNA extraction and MethyLight

Genomic DNA was extracted from PBMCs using TRIzol
Reagent (Invitrogen, Carlsbad, CA, USA). EZ DNA
Methylation-Gold kit (Zymoresearch, Orange, CA, USA)
was used for DNA bisulfite modification. MethyLight was
performed using the EpiTect MethyLight PCR+ROX Vial
Kit (QIAGEN, Hilden, Germany). Two sets of primers
and probes designed specifically for bisulfite-converted
DNA were used: an experimental set for the GPX4 gene
and a reference set for the p-actin gene, which served as
a normalization control. We used the website (https://
www.ncbi.nlm.nih.gov/) to delineate the promoter of

Table 1 Sequences of used primers and probes Probe
modification: 5'6-FAM and 3’BHQ!1

Gene  Forward prim- Reverse prim- Probe
er sequence er sequence se-
(5"to3) (5" to 3') quence
(5'to 3’)
RT-gPCR GPX4  AAGTAAACTA  AAACCACACTC
CACTCAGCT AGCGTATCGG
CGTC
STING  TAACCTGAGT CTGTAAACCCG
ATGGCTGACC  ATCCTTGATGC
CCAA
B-actin - CATGTACGTTG  CTCCTTAATGTC
CTATCCAGGC  ACGCACGAT
MethyLight GPX4  TCGACGGGTAT = GTTAATAACGAT CCAAAC
ATGGTTAATTT  ACACACGAAAC GAACG
GGAT CCCTA CCCACC
GAT
B-actin - TGGTGATGGA  AACCAATAAAA  ACCACC
GGAGGTTTAGT CCTACTCCTCC  ACCCAA
AAGT CTTAAA CACACA
ATAACAA
ACACA
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GPX4 and another website (https://www.urogene.org/
methprimer/) for sequence transformation. Then, the
Oligo7 (OLIGO 1267 Vondelpark ColoradoSprings, CO
80,907, USA) was used for the sequence design of probes
and primers. The genome coordinates of GPX4 are hg38,
chr19: 1,103,994-1,106,779. We selected the upstream
2,000 bp region of its transcription start site (TSS) as
the promoter region. Then, we found one CpG island
(from 1,678 bp to 1,945 bp) through the website (https://
www.urogene.org/methprimer/) [18]. So, the prim-
ers and probes were designed at the CpG island region
(Supplementary Fig. S1). The specific primers and probe
sequences for GPX4 and p-actin gene promoters are
listed in Table 1.

We used a total volume of 10 pl following the standard
protocol provided by the manufacturer: 95°C for 15 min,
followed by 45 cycles of 95°C for 15 s and 60°C for 1 min.
The percentage of the methylation reference value (PMR)
indicates MethyLight data. PMR=100% x 2 exp. [Delta Ct
(target gene-control gene) Sample- Delta Ct (target gene-
control gene) M.SssI-Reference] [19].

RNA extraction and RT-qPCR

Total RNA was extracted from PBMCs using TRIzol
Reagent (Invitrogen, Carlsbad, CA, USA) and cDNA
was then immediately synthesized using the First-Strand
c¢DNA Synthesis Kit (Fermentas, Vilnius, Lithuania)
according to the manufacturer’s instructions. Comple-
mentary DNA (cDNA) was used as a template immedi-
ately for RT-qPCR. The 10 pl reaction system with the
condition of denaturation at 95°Cfor 30s, followed by
45 cycles of 95°C for 5s, 60°C for 30s and 72°C for 30s.
The sequences of specific primers for GPX4, STING
and B-actin were all described in Table 1. The relative
expression of GPX4 and STING was calculated using the
2—-AACT method. All amplification reactions were per-
formed in triplicate.

ELISA

Serum cytokine levels were measured using the Human
Immunoassay Valukine ELISA Kits for GPX4, IFN-f,
reactive oxygen species (ROS), superoxide dismutase
(SOD), malonaldehyde (MDA), TNF-a, IL-1f and IL-6
(Lengton Bioscience Co, Shanghai, China). These kits
employ a competitive method to detect samples’ content,
and absorbance was measured at 450 nm according to
the manufacturer’s protocol. All samples were measured
in triplicate.

Statistical analysis

Statistical analyses were performed using SPSS version
26.0 statistical software (SPSS Inc., Chicago, IL, USA).
Quantitative variables are expressed as median (centile
25; centile 75). Categorical variables were expressed as
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numbers (%). Mann—Whitney U test, Kruskal-Wallis Test
and Dunn’s test were used to compare the quantitative
variables. The chi-square test was used to compare the
categorical variables. The Spearman’s rank correlation
test was used to analyze the relationship between GPX4
promoter methylation level and quantitative clinical data
as well as GPX4 mRNA expression level, STING mRNA
expression level, serum GPX4, IEN-f, ROS, SOD, MDA,
TNEF-a, IL-1P and IL-6 levels. The gender and all other
statistical analyses were dichotomous variables. All sta-
tistical analyses were 2-sided, and P value <0.05 was con-
sidered statistically significant.

Results

General characteristics of the study populations

In this study, a total of 169 participants were enrolled,
including 46 patients with CHB in the immune tolerance
phase, 50 patients with CHB in the immune activation
phase, 20 patients with CHB in the inactive low replica-
tion phase, 21 patients with CHB in reactivation phase

Table 2 General clinical characteristics of the patients
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and 32 HCs. The demographic characteristics, clinical
manifestations, and laboratory measurements of the sub-
jects are shown in Table 2.

The expression levels of GPX4 are decreased in different
phases of CHB

To investigate the potential involvement of GPX4, we
initially examined GPX4 expression levels in patients
with CHB in different phases and HCs. First, we ana-
lyzed the relative mRNA level of GPX4 in PBMCs from
IT, IA, LR, RA and HCs(Fig. 2a). Compared to HCs, the
relative mRNA level of GPX4 was significantly lower
in IT(P<0.0001), IA(P<0.0001), LR (P<0.0001) and
RA(P=0.0092) respectively. And the relative mRNA
level of GPX4 was significantly lower in IT than in
IA(P=0.0361) and RA(P=0.0254). Next, we analyzed the
methylation status of the GPX4 promoter expressed as
PMR in PBMCs from IT, IA, LR, RA and HCs (Fig. 2b).
Compared to HCs, the GPX4 promoter methylation level
was significantly higher in IT (P<0.0001), IA (P=0.0002),

Variables IT(n=46) 1A(n=50) LR(n=20) RA(n=21) HC(n=32) P
value
Male, n (%) 22(47.83) 37(74.00) 9(45.00) 13(61.90) 18(56.25) 0.067 ©
Age (years) 35(31-46) 39(34-49) 40(31-55) 44(36-49) 48(32-58) 0053°
HbsAg(IU/ml) 33725.95(6390.21-54364.65) 10819.65(4075.77-21753.43) 3679.90(1095.77-  3050.29(1684.47- NA <0.001
7375.08) 8662.55) b
HBeAg(U/ml) 1394.59(541.24-1588.91) 880.70(262.23-1436.98) NA NA NA <0.001
a
log10[HBV-DNA]  7.97(5.25-8.40) 6.92(5.49-8.06) 3.45(3.08-3.96) 479(347-581)  NA kfo.om
ALT(U/L) 27.50(17.75-35.00) 103.00(66.25-225.50) 20.00(15.00-27.75)  74.00(25.50- 1550(11.50-  <0.001
154.50) 23.50) b
AST(U/L) 21.50(18.00-27.25) 65.00(44.75-114.25) 20.00(18.00-24.75)  41.00(22.50- 19.00(1550-  <0.001
99.50) 22.00) b
AKP(U/L) 77.00(61.75-94.25) 90.50(76.00-104.50) 75.50(62.75-97.50)  88.00(66.50- 7450(57.50-  0.029°
98.00) 84.00)
GGT(U/L) 19.00(12.00-31.00) 38.50(27.25-94.50) 16.50(12.25-25.25)  30.00(19.50- 21.00(13.25-  <0.001
61.50) 27.75) b
TBIL(umol/L) 9.45(7.50-14.10) 13.70(9.30-16.98) 10.45(8.03-14.33) 12.30(9.15-18.10) 9.70(8.15- 0.007°
14.33)
ALB(g/L) 46.25(44.20-48.83) 45.60(43.15-48.83) 47.80(46.10-49.93)  48.20(4545- 47.15(46.05-  0.064°
50.30) 49.03)
Cr(umol/L) 72.00(54.00-79.00) 69.00(60.00-76.50) 65.00(57.00-78.00)  71.50(56.25- 69.50(64.25-  0.903°
78.75) 79.00)
PLT(10A9/L) 218.00(182.75-252.00) 192.50(154.25-232.25) 220.00(183.75- 185.00(151.50-  228.50(200.25- 0.005 °
235.00) 224.00) 272.75)
PTA(%) 119.00(109.00-122.75) 103.50(88.50-107.75) 115.00(110.50- 102.00(92.00- 110.00(103.00- 0.007 °
122.00) 109.00) 119.00)
INR 0.90(0.89-0.95) 0.98(0.96-1.08) 0.92(0.89-0.94) 0.99(0.95-1.06)  0.94(0.90-0.98) kfo.om
AFP(ng/ml) 2.41(1.81-3.60) 5.68(2.83-15.89) 2.06(1.48-3.16) 2.82(192-450)  2.90(2.46-4.75) EO'OO]

Quantitative variables were expressed as medians (25th, 75th percentage)
Qualitative variables were expressed as number (percentage)

aMann-Whitney U test. b Kruskal-Wallis H test. c chi-square test
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Participants screened
n=191
A 4

22 patients excluded: CHB group

1) Hepatocellular carcinoma(n=9) n=159

2) Coinfection with HCV or

HEV(n=2) ;

3) Coinfection with other liver

disease (n=6)

4) Alcoholic hepatitis(n=4)

5) Pregnancy(n=1)

A 4 A h 4
HC group IT group A group LR group RA group
n=32 n=46 n=50 n=20 n=21
Fig. 1 The exclusion criteria of subjects
a P00 b Cc
e P<;nmo‘1 B } £L0000140 i . } P50.0001 |
@ AROO001 £=0.0002" 000017
% ] P=(.000247 op.0284* L0 DOTA
g e 150 F=0.0449° = pn.cotzey [P=0.0075Y
:5' £=0.0361" : E — .
& o4l FHF—H <) (EeDodasy (Fe00475Y 5 e P=g.0105
g g 100 £
£ 0.3 = & 4
= s HsPE
& 0.2
& 34
0.1 T T T T T u T T T T T T T T T T
T 1A LR  RA  HC " 1A LR  RA  HC IT 1A LR RA  HC

Fig. 2 The expression patterns of GPX4 in different groups. (a) Relative mRNA level of GPX4 in PBMCs from IT, IA, LR, RA and HCs. Relative mRNA level of
GPX4 was significantly lower in IT(P<0.0001), IA(P<0.0001), LR(P<0.0001) and RA(P=0.0092) than in HCs, respectively, by using the Kruskal-Wallis Test
and Dunn's test. (b)GPX4 promoter methylation level in PBMCs from IT, IA, LR, RA and HCs. GPX4 promoter methylation level was significantly higher in
IT(P<0.0001), IA(P=0.0002), LR(P=0.0284) and RA(P=0.0475) than in HCs, respectively, by using the Kruskal-Wallis Test and Dunn’s test. (c) Serum GPX4
level from IT, IA, LR, RA and HCs. Serum GPX4 level was significantly lower in IT(P<0.0001), IA(P<0.0001), LR(P<0.0001) and RA(P=0.0075) than in HCs,
respectively, by using the Kruskal-Wallis Test and Dunn’s test. ns, P>0.05; ¥, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001

LR (P=0.0284) and RA(P=0.0475) respectively. And
the GPX4 promoter methylation level was significantly
higher in IT than in IA(P=0.0436) and RA(P=0.0449).
Besides, we analyzed the serum GPX4 level from IT, IA,
LR, RA and HCs (Fig. 2c). Compared to HCs, the serum
GPX4 level was significantly lower in IT (P<0.0001), IA
(P<0.0001), LR (P<0.0001) and RA (P=0.0075) respec-
tively. And the serum GPX4 level was significantly lower
in IT than in IA (P=0.0012) and RA(P=0.0105).

The relationships between GPX4 methylation levels
and GPX4 mRNA levels in PBMCs and between GPX4
methylation levels and serum GPX4 expression lev-
els in patients with CHB was further analyzed by using

Spearman rank correlation analysis. We found the PMR
value of GPX4 was significantly negatively correlated
with the mRNA level of GPX4 in PBMCs (Spearman’s
r=—0.4613, P<0.0001) and serum GPX4 expression level
(Spearman’s r=—0.4108, P<0.0001) as Fig. 4.

The expression levels of STING and IFN-f are different in
HCs and patients in different phases of CHB

To explore the role of the cGAS-STING signaling path-
way in the development of CHB and its relationship
with GPX4, we examined the mRNA expression level
of STING and serum IFN-f level in HCs and patients
in different phases of CHB. The results are shown in
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Fig. 4 The associations between GPX4 promoter methylation level and mRNA level in PBMCs, and GPX4 expressive in serum. Significant correlation was
observed between the PMR value of GPX4 promoter and mRNA level in PBMCs (a Spearman’s r=—0.4613, P<0.0001), and GPX4 expressive in serum (b
Spearman’s r=—0.4108, P<0.0001), ns, P>0.05; ¥, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001
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Fig. 3 The expression levels of cGAS-STING pathway-related molecules in different groups. (a) Relative mRNA level of STING in PBMCs from [T, IA, LR, RA
and HCs. Relative mRNA level of STING was significantly lower in IT(P=0.0010), LR(P=0.0078) and HC(P<0.0001) than in IA and lower in IT(P=0.0022),
LR(P=0.0057) and HC(P<0.0001) than in RA, respectively, by using the Kruskal-Wallis Test and Dunn’s test. (b) Serum IFN-3 level from IT, IA, LR, RA and
HCs. Serum IFN- level was significantly lower in IT(P<0.0001), LR(P<0.0001) and HC(P<0.0001) than in |A and lower in IT(P=0.0127), LR(P=0.0013) and
HC(P<0.0001) than in RA, respectively, by using the Kruskal-Wallis Test and Dunn'’s test. ns, P>0.05; *, P< 0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001

Fig. 3. As shown in the figure, the relative mRNA level
of STING was significantly lower in IT(P=0.0010),
LR(P=0.0078) and HC(P<0.0001) than in IA and lower
in IT(P=0.0022), LR(P=0.0057) and HC(P<0.0001)
than in RA, respectively(Fig. 3a). And the serum
IEN-B level was significantly lower in IT(2<0.0001),
LR(P<0.0001) and HC(P<0.0001) than in IA and lower
in IT(P=0.0127), LR(P=0.0013) and HC(P<0.0001) than
in RA, respectively(Fig. 3b). Besides, the relationship
between the mRNA level of GPX4 in PBMCs and GPX4
methylation level with mRNA level of STING in PBMCs
and serum IFN-P expression level in patients with CHB
was further analyzed by using Spearman rank correlation
analysis. We found the mRNA level of GPX4 in PBMCs
was significantly positively correlated with mRNA level
of STING in PBMCs(Spearman’s r=0.4203, P<0.0001,
Fig. 5a) and serum IFN-P expression level (Spearman’s
r=0.3469, P<0.0001, Fig. 5b), and the PMR value of GPX4
was significantly negatively correlated with mRNA level
of STING in PBMCs (Spearman’s r=—0.4508, P<0.0001,

Fig. 5¢) and serum IFN-J expression level (Spearman’s
r=-0.2255, P=0.0081, Fig. 5d).

Associations between the GPX4 promoter methylation
level and the serum expression levels of related cytokines
in patients with CHB

To further explore the mechanism(s) underlying the
down-regulation of GPX4 during different phases of
CHB, we examined cytokines associated with OS, anti-
oxidant stress, and inflammation serum expression levels
in patients with CHB by using ELISA. Then the relation-
ships between GPX4 methylation level and them were
further analyzed by using the Spearman rank correlation
test and the results are shown in Fig. 6. As shown in the
figure, the PMR value of GPX4 was significantly positively
correlated with ROS serum expression level (Spearman’s
r=0.3933, P<0.0001, Fig. 6a), MDA serum expression
level (Spearman’s r=0.3830, P<0.0001, Fig. 6¢c), TNF-a
serum expression level (Spearman’s r=0.2651, P=0.0121,
Fig. 6d), IL-1p serum expression level (Spearman’s
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r=0.4748, P<0.0001, Fig. 6e), and IL-6 serum expression
level (Spearman’s r=0.1974, P=0.0388, Fig. 6f). And, the
PMR value of GPX4 was significantly negatively corre-
lated with SOD serum expression level (Spearman’s r =
-0.3593, P<0.0001, Fig. 6b).

The GPX4 promoter methylation level is correlated with
HBV load in patients with CHB

Last, we determined whether or not GPX4 methylation
is associated with hepatitis B virus infection. We found
the PMR value of GPX4 was significantly positively corre-
lated with HBsAg level (Spearman’s r=0.2332, P=0.0061,
Fig. 6g), HBeAg level (Spearman’s r=0.2615, P=0.0144,
Fig. 6h), and HBV DNA load (Spearmans r=0.2279,
P=0.0074, Fig. 6i) of CHB patients.

Discussion

Chronic HBV infection can lead to intrahepatic inflam-
mation, and the repeated cycle of liver inflammatory
injury and repair results in the development of liver fibro-
sis, irreversible cirrhosis, and even HCC [1]. Effective
antiviral therapy has significant implications for improv-
ing patient prognosis as it can inhibit HBV replication,
normalize liver enzyme levels, reduce liver inflammation,

reverse fibrosis progression, and reduce the risk of liver
cancer [4]. However, the current status of HBV diagnosis
and treatment is not optimistic,and achieving the WHO’s
goal of eliminating viral hepatitis by 2030 remains a chal-
lenging task. Currently, “functional cure” is considered
the ultimate treatment endpoint for chronic HBV infec-
tion. This refers to sustained loss of HBsAg along with
negative results on HBV DNA tests, sustained normal
transaminase levels, and improvement in liver histologi-
cal conditions after antiviral treatment [20]. Approved
treatment options for CHB include nucleos(t)ide ana-
logues and long-acting interferon. Nucleoside drugs are
widely used due to their ability to inhibit reverse tran-
scriptase activity effectively and suppress HBV repli-
cation while being well-tolerated. However, achieving
clearance of HBsAg is difficult with a very low probabil-
ity (only 0.5%) of attaining a functional cure [21]; most
patients require long-term or lifelong medication to con-
tinuously suppress viral replication [22]. Additionally,
the long-term use of nucleoside drugs carries the risk of
drug resistance. Different from nucleos(t)ide analogues,
long-acting interferon treatment time is fixed, usually
48 weeks, and HBsAg clearance rate after treatment can
reach 3-5% [23, 24], although it improves the HBsAg
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clearance rate, the side effects of interferon treatment are
more, so it is rarely used alone in clinical practice. In gen-
eral, although the existing antiviral treatment can bring
benefits to patients, overall it is still difficult to achieve
HBsAg clearance, and the functional cure for HBV still
does not yet meet the clinical needs [25, 26]. Based on
the existing antiviral drugs, constantly searching for new
therapeutic targets and developing new treatment strate-
gies are expected to achieve the goal of eliminating HBV.
To achieve a functional cure for HBV, a combination
of drugs with distinct mechanisms is imperative [27]. In
terms of immunotherapy, overcoming immune tolerance
following HBV infection and stimulating the body to
reestablish an anti-HBV immune response present urgent
scientific challenges [28]. PPR agonists have exhibited
remarkable efficacy in tumor treatment, thus holding the
potential for playing a pivotal role in antiviral therapy,
particularly against HBV. At present, in the field of CHB
treatment, pattern recognition agonists for different tar-
gets, including Toll-like receptor agonists, and RIG —1
agonists, now has entered the stage of HBV drug clini-
cal trials and achieved good results. Activating the body’s
natural immune response is likely to achieve functional

cure of HBV [27, 29]. However, it is also necessary to be
alert that the innate immune response is usually not tar-
geted, which may cause the “cytokine storm” and related
adverse reactions [30]. Additionally, various STING ago-
nists are under investigation. Existing research indicates
that compared to Toll-like receptor agonists, STING
agonists mainly induce immune cells to synthesize IFN-
B, and produce lower levels of inflammatory cytokines
such as interleukins, which suggests that STING ago-
nists have less risk of inflammatory factor storm and
better safety when inducing anti-HBV response [31]. In
the mice model of chronic hepatitis with persistent infec-
tion of HBV preplasmid-induced recombinant cccDNA
(rcccDNA), other researchers have discovered that
activation of the STING signaling pathway can inhibit
HBV replication by inhibiting ccc DNA-mediated tran-
scription in hepatocytes and epigenetic modifications
involved in HBV replication while also reducing liver
tissue damage and fibrosis levels [32]. Overall, STING
signaling pathways play a significant role in the chronic
HBYV infection process by disrupting immune tolerance.

. Cellular homeostasis can regulate the activation of the
cGAS-STING signaling pathway. For example, cellular
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manganese (Mn?") ions enhance the sensitivity of cGAS
to double-stranded DNA (dsDNA), thereby promoting
c¢GAMP production [33]. Intracellular zinc ion (Zn?*)
promotes the phase separation of cGAS and DNA bind-
ing, which is necessary for maintaining the activation of
the cGAS-STING signaling pathway [34]. Redox homeo-
stasis is an important component of cellular homeosta-
sis and a physiological self-correction mechanism to
cope with different stress microenvironments such as
viral infection and tumors. GPX4 is a kind of glutathione
(GSH) and selenium-dependent glutathione peroxidase,
a key regulator to the ferroptosis regulation pathway, by
scavenging free radicals, participating in the hydrolysis
of lipid peroxides, which protect cells from accumulation
of lipid peroxides, reduce OS damage, is an antioxidant
molecule [35]. Studies have shown that GPX4 is involved
in a variety of biological functions, including neuro-
nal loss, autophagy, cell repair, inflammation, ferropto-
sis, apoptosis and OS [36]. Indirect or direct inhibition
of GPX4 leads to insufficient lipid peroxides clearance,
accumulation of intracellular lipid peroxides, OS damage
and ferroptosis. That is, impaired GPX4 activity is gener-
ally positively correlated with increased OS and regula-
tory cell death (RCD) in disease [37].

Studies have demonstrated the involvement of GPX4
in the pathogenesis and progression of various dis-
eases, including inflammatory disorders, autoimmune
conditions, neurodegenerative ailments, ischemia-
reperfusion(I/R) injury, tumors, and so on. Notably,
GPX4 expression in myeloid-like cells, particularly mac-
rophages, serves to restrict CASP1-CASP11-mediated
inflammasome activation and GSDMD-dependent
pyroptosis. This mechanism effectively prevents cytokine
storm and septic death during bacterial infections [38].
Additionally, GPX4 inhibits the inflammatory NF-«xB
pathway activation and the production of proinflam-
matory mediators (e.g., IL1B and PTGS2/COX2) across
diverse experimental models, such as angiogenesis and
hair follicle development [39, 40]. A mouse model with
conditional knockout of GPX4 in T cells displays an accu-
mulated membrane lipid peroxide phenotype, resulting
in an intrinsic defect in protection against acute lympho-
cytic choriomeningitis virus and Leishmania infection
[41]. GPX4 deficiency in the pancreas or small intestine
can lead to pancreatitis [42] and inflammatory bowel
disease [43]. Furthermore, GPX4 ablation in neutrophils
exacerbates the development of autoimmune diseases,
such as systemic lupus erythematosus, by inducing fer-
roptosis. Collectively, these conditional GPX4 depletion
models suggest a broad regulatory role for GPX4 in the
prevention of inflammatory and autoimmune diseases.
In the nervous system, GPX4 promotes postnatal neu-
ronal differentiation in mice [44]. Overexpression of
GPX4 can prevent I/R injury in some tissues by limiting
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lipid peroxidation. Loss or inhibition of GPX4 expression
accelerates I/R injury. For example, down-regulation of
GPX4 expression by Mir135b-3p promotes I/R injury in
cardiomyocytes [45]. GPX4 plays a dual role in tumori-
genesis and progression. Lack of GPX4 causes cell death
and tissue damage. On the one hand, chronic inflam-
mation may occur, leading to DAMP-mediated macro-
phage polarization in the tumor microenvironment and
promoting tumor growth. On the other hand, acute cell
death caused by GPX4 depletion can eliminate tumor
cells, release DAMPs, and activate antitumor immu-
nity. Numerous studies have shown that GPX4 inhibi-
tors enhance sensitivity to chemotherapy, radiotherapy;,
and immunotherapy by inducing ferroptosis [46]. For
example, inhibition of GPX4 to enhance ferroptosis
can increase the sensitivity of HCC to sorafenib [47],
Epstein-Barr virus(EBV)-infected nasopharyngeal carci-
noma to platinum [48], etc. But, because GPX4 is widely
expressed in anti-tumor immune cells such as T cells,
dendritic cells, and neutrophils and in immunosuppres-
sive cells such as Tregs, non-selective targeting of GPX4
in preclinical cancer therapy may lead to immune side
effects that suppress anti-tumor immunity.

Of course, GPX4 is also involved in the occurrence and
development of some liver diseases. One study found
that GPX4 is critical for hepatocyte survival and proper
liver function [49]. Targeting GPX4 may become a new
way to treat a variety of liver diseases. For instance,
inhibiting GPX4 activity induces ferroptosis in HCC
cells [47]; targeting GPX4 can mitigate ferroptosis to
treat metabolic-associated fatty liver disease [50]. Acti-
vation of GPX4 by Maresinl (MaR1) alleviates liver
injury while reducing the expression of ROS, MDA, and
inflammatory factors [51]. However, there is no relevant
study on GPX4 in CHB. Considering that GPX4 is widely
expressed in immune cells and is the first line of defense
of the immune system against inflammation, we chose
PBMCs for detection. Moreover, some related studies
have identified impaired expression of the GPX4 gene in
PBMCs from breast cancer patients which could serve as
a biomarker indicating an increased risk for breast cancer
[52], indicating that the expression of GPX4 in PBMCs is
indeed related to some particular disease.

DNA methylation, a chemical modification of DNA, is
a type of epigenetics. DNA methylation is the acquisition
of methyl groups by DNA methyltransferases (DNMTs),
which in turn affects gene expression without changing
the DNA sequence. DNA methylation can inhibit gene
expression, leading to lower gene expression levels. DNA
methylation is often observed in chronic inflammatory
diseases such as cholangitis, inflammatory bowel disease,
hepatitis, and liver fibrosis. Studies have pointed out that
at the same time, the abnormal expression of DNMTs
associated with HBV persistent infection shows that
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abnormal gene promoter methylation exists in patients
with CHB [53]. Studies have pointed out that OS can
lead to epigenetic changes, which may be associated with
the occurrence and development of CHB. Now there is
no research on GPX4 promoter methylation status in
PBMCs from CHB patients and its relationship with
immune tolerance.

In this study, we reported that CHB patients had
lower GPX4 expression and higher methylation lev-
els in PBMCs and serum than HCs. And, among CHB
patients, those in the immune tolerance phase had lower
GPX4 expression levels and higher methylation levels
in PBMCs or serum than those in the immune activa-
tion phase and reactivation phase. The results indicate
that there is a decrease in GPX4 expression in PBMCs of
CHB patients caused by hypermethylation, which is most
significant in the immune tolerance phase among all
clinical stages, suggesting that this phenomenon may be
involved in the development of immune tolerance lead-
ing to HBV chronic infection in CHB. In addition, the
patients in the immune tolerance phase and inactive low
replication phase had lower STING mRNA expression
levels in PBMCs and lower serum levels of IFN-p than
those in the immune activation phase and reactivation
phase, and there was no significant difference with HCs,
which suggests that STING may be involved in mediat-
ing the immune process of PBMCs against HBV, and
may be a key target for breaking immune tolerance after
HBV infection. However, the corresponding antiviral
response was not stimulated by the high viral load in the
immune tolerance phase, and the levels of STING and
IFN-B were similar to those in healthy people. It has been
found that the cellular redox homeostasis maintained by
GPX4 is required for STING activation. GPX4 deficiency
enhances cellular lipid peroxidation, thereby specifically
inhibiting the cGAS-STING pathway [16]. Therefore, we
hypothesized that the lower expression levels of STING
and IFN-P in the immune tolerance phase may be asso-
ciated with the lower expression of GPX4. Therefore,
we analyzed the correlation of GPX4 mRNA expression
level and methylation level with STING mRNA expres-
sion level in PBMCs and serum IFN-(B level in CHB
patients. The results showed that GPX4 mRNA level was
significantly positively correlated with STING mRNA
expression level in PBMCs and serum IFN-f level, and
GPX4 methylation level was significantly negatively cor-
related with STING mRNA expression level in PBMCs
and serum IFN-P level. This supports our speculation.
Then, we detected the OS markers in the peripheral
blood serum of CHB patients and analyzed the correla-
tion between them and GPX4 promoter methylation
level. The results showed that GPX4 promoter meth-
ylation level was significantly negatively correlated with
serum SOD level and significantly positively correlated
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with serum ROS and MDA levels, which was consistent
with OS caused by GPX4 inhibition. Next, we analyzed
the correlation between serum levels of inflammatory
factors and GPX4 promoter methylation levels in the
peripheral blood of CHB patients. The results indicated
that GPX4 promoter methylation level was significantly
positively correlated with serum TNF-q, IL-1p, and IL-6
levels, consistent with the role of GPX4 in inhibiting
inflammation. Meanwhile, we analyzed the relationship
between GPX4 promoter methylation level in PBMCs
and the viral load of CHB patients and found a clear posi-
tive correlation between them. So we speculate that HBV
infection may inhibit the expression of GPX4, but fur-
ther studies are needed to verify this hypothesis. These
results support the hypothesis that GPX4 plays an impor-
tant role in the pathogenesis and immune tolerance of
CHB. In conclusion, we have reasons to assume that the
high methylation level of the GPX4 promoter plays an
important role in the pathogenesis and immune toler-
ance of CHB, inhibits the antiviral effect of STING, and
promotes the development of immune tolerance in CHB
patients. Understanding this function of GPX4 may help
DNMT inhibitors combined with various antioxidants
and STING agonists to treat CHB, and improve the anti-
viral effect, to achieve the functional cure of CHB. How-
ever, it is noteworthy that the methylation status of the
GPX4 promoter was only detected in PBMCs and not in
liver tissue, mainly because of the difficulty in obtaining
liver tissue specimens from CHB patients. In addition,
PBMCs, including monocytes, T cells, B cells, and NK
cells, are considered to be the first line of defense of the
immune system against inflammation, and previous stud-
ies have reported that various diseases can affect gene
expression of PBMCs through host immunity or inflam-
matory response.

Our study has some limitations. First, the sample size
was relatively small and all patients were from a single
center, which may have led to selection bias. In addition,
the possibility of false positive clinicopathological fea-
tures cannot be ignored. Second, we only evaluated the
correlation between GPX4 and the expression levels of
related cytokines, and the specific regulatory relationship
between them is unknown. In conclusion, the GPX4 pro-
moter was hypermethylated in CHB patients, especially
in the immune tolerance phase. The methylation level
of the GPX4 promoter is correlated with the expression
levels of STING, IEN-B, and related cytokines, suggesting
that GPX4 may play an important role in the pathogen-
esis and immune tolerance of CHB, which may provide
new ideas for achieving functional cure of CHB. But the
further studies are needed to clarify the exact role of
GPX4 in CHB pathogenesis and its potential as a thera-
peutic target.
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GPX4 Glutathione peroxidase 4
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WHO World Health Organization
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HBeAg Hepatitis B e antigen
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IFN Interferon

ISGs Interferon-stimulating genes
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synthase; cGAMP:Cyclic GMP-AMP

STING Stimulator of interferon genes

HIV Human immunodeficiency virus

HSV-1 Herpes simplex virus 1

HPV Human papillomavirus

EBV Epstein-Barr virus

ER Endoplasmic reticulum

TBK1 TANK-binding kinase 1

IRF3 Interferon regulatory factor 3

NF-kB Nuclear factor-kB

I-1B Interleukin-13

IL-6 Interleukin-6

TNF-a Tumor necrosis factor-a

MDA Malonaldehyde

ROS Reactive oxygen species

SOD Superoxide dismutase

APC Antigen-presenting cells

PMR Percentage of the methylation reference value

GSH Glutathione

DNMTs DNA methyltransferases

T Immune tolerance phase

IA Immune activation phase
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GGT y-glutamyl transferase
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TBIL Total bilirubin

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512985-024-02346-6 .

[ Supplementary Material 1

Acknowledgements
The authors are grateful for all subjects who participated in this study.

Author contributions

XS designed the study, performed the research, analyzed the data, and
drafted the paper. Z-HW performed the research and revised the paper. J-HL
revised the paper. SG, Y-CF supervised this study. KW supervised, designed
the study, and revised the paper. All authors reviewed and approved the final
manuscript.

Page 11 of 12

Funding

This work was supported by the National Key Research and Development
Program of China (2021YFC2301801), the National Natural Science Foundation
of China (82272313), the Natural Science Foundation of Shandong Province
(ZR2022MHO06).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethical approval and consent to participate

The study was approved by the Ethics Committee of Qilu Hospital of
Shandong University, according to the guidelines of the 1975 Declaration of
Helsinki. All participants provided written informed consent.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 24 November 2023 / Accepted: 19 March 2024
Published online: 21 March 2024

References

1. Yuen M-F, Chen D-S, Dusheiko GM, Janssen HLA, Lau DTY, Locarnini SA, Peters
MG, Lai C-L. Hepatitis B virus infection. Nat Reviews Disease Primers 2018, 4.

2. Razavi H. Global epidemiology of viral Hepatitis. Gastroenterol Clin N Am.
2020;49:179-89.

3. LiuZzLinC Mao X, Guo C, Suo C, Zhu D, Jiang W, LiY, Fan J, Song C, et al.
Changing prevalence of chronic hepatitis B virus infection in China between
1973 and 2021: a systematic literature review and meta-analysis of 3740 stud-
ies and 231 million people. Gut. 2023;72:2354-63.

4. Nguyen MH, Wong G, Gane E, Kao J-H, Dusheiko G. Hepatitis B Virus:
advances in Prevention, diagnosis, and Therapy. Clin Microbiol Rev 2020, 33.

5. Rehermann B, Thimme R. Insights from antiviral therapy into Immune
responses to Hepatitis B and C Virus infection. Gastroenterology.
2019;156:369-83.

6. NiuGC, LiL, Daffis S, Lucifora J, Bonnin M, Maadadi S, Salas E, Chu R, Ramos H,
Livingston CM, et al. Toll-like receptor 7 agonist GS-9620 induces prolonged
inhibition of HBV via a type | interferon-dependent mechanism. J Hepatol.
2018;68:922-31.

7. Hopfner K-P, Hornung V. Molecular mechanisms and cellular functions of
CGAS-STING signalling. Nat Rev Mol Cell Biol. 2020;21:501-21.

8. KatoK, Omura H, Ishitani R, Nureki O. Cyclic GMP-AMP as an endogenous
second Messenger in Innate Immune Signaling by cytosolic DNA. Annu Rev
Biochem. 2017,86:541-66.

9. Shen S, RuiY,Wang, Su J, Yu XF. SARS-CoV-2, HIV, and HPV: convergent
evolution of selective regulation of cGAS-STING signaling. J Med Virol 2022,
95.

10. Lahaye X, Gentili M, Silvin A, Conrad C, Picard L, Jouve M, Zueva E, Maurin M,
Nadalin F, Knott GJ, et al. NONO detects the Nuclear HIV Capsid to promote
cGAS-Mediated Innate Immune activation. Cell. 2018:175:488-e501422.

11. Motwani M, Pesiridis S, Fitzgerald KA. DNA sensing by the cGAS-STING
pathway in health and disease. Nat Rev Genet. 2019,20:657-74.

12. ZhangJ, Zhao J, Xu S, Li J,He S, Zeng Y, Xie L, Xie N, Liu T, Lee K, et al. Species-
specific deamidation of cGAS by herpes Simplex Virus UL37 protein facilitates
viral replication. Cell Host Microbe. 2018;24:234-e248235.

13. Yang WS, SriRamaratnam R, Welsch ME, Shimada K, Skouta R, Viswanathan
VS, Cheah JH, Clemons PA, Shamji AF, Clish CB, et al. Regulation of ferroptotic
cancer cell death by GPX4. Cell. 2014,156:317-31.

14.  Ursini F, Maiorino M, Forman HJ. Redox homeostasis: the Golden Mean of
healthy living. Redox Biol. 2016;8:205-15.

15. Agmon E, Stockwell BR. Lipid homeostasis and regulated cell death. Curr
Opin Chem Biol. 2017,39:83-9.

16. JiaM,Qin D, Zhao C, Chai L, Yu Z, Wang W, Tong L, Lv L, Wang Y, Rehwinkel J,
et al. Redox homeostasis maintained by GPX4 facilitates STING activation. Nat
Immunol. 2020,21:727-35.


https://doi.org/10.1186/s12985-024-02346-6
https://doi.org/10.1186/s12985-024-02346-6

Su et al. Virology Journal

20.

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

(2024) 21:72

Terrault NA, Lok ASF, McMahon BJ, Chang KM, Hwang JP, Jonas MM, Brown
RS, Bzowej NH, Wong JB. Update on prevention, diagnosis, and treatment

of chronic hepatitis B: AASLD 2018 hepatitis B guidance. Hepatology.
2018;67:1560-99.

Li L-C, Dahiya R. MethPrimer: designing primers for methylation PCRs. Bioin-
formatics. 2002;18:1427-31.

Gao S, Sun FK, Fan YC, Shi CH, Zhang ZH, Wang LY, Wang K. AberrantGSTP-
1promoter methylation predicts short-term prognosis in acute-on-chronic
hepatitis B liver failure. Aliment Pharmacol Ther. 2015;42:319-29.

Wong GLH, Gane E, Lok ASF. How to achieve functional cure of HBV:
stopping NUCs, adding interferon or new drug development? J Hepatol.
2022;76:1249-62.

Kim G-A, Lim Y-S, An J, Lee D, Shim JH, Kim KM, Lee HC, Chung Y-H, Lee

YS, Suh DJ. HBsAg seroclearance after nucleoside analogue therapy in
patients with chronic hepatitis B: clinical outcomes and durability. Gut.
2014,63:1325-32.

Anderson RT, Lim SG, Mishra P, Josephson F, Donaldson E, Given B,

Miller V. Challenges, considerations, and principles to guide trials of
Combination therapies for Chronic Hepatitis B Virus. Gastroenterology.
2019;156:529-e533524.

Lau GKK, Piratvisuth T, Luo KX, Marcellin P, Thongsawat S, Cooksley G, Gane

E, Fried MW, Chow WC, Paik SW, et al. Peginterferon Alfa-2a, Lamivudine,

and the combination for HBeAg-Positive chronic Hepatitis B. N Engl J Med.
2005;352:2682-95.

Liaw YF, Jia JD, Chan HLY, Han KH, Tanwandee T, Chuang WL, Tan DM, Chen
XY, Gane E, Piratvisuth T, et al. Shorter durations and lower doses of peginter-
feron alfa-2a are associated with inferior hepatitis B e antigen seroconversion
rates in hepatitis B virus genotypes B or C. Hepatology. 2011;54:1591-9.
Naggie S, Lok AS. New therapeutics for Hepatitis B: the Road to cure. Annu
Rev Med. 2021,72:93-105.

Cornberg M, Lok AS-F, Terrault NA, Zoulim F, Berg T, Brunetto MR, Buchholz

S, Buti M, Chan HLY, Chang K-M et al. Guidance for design and endpoints of
clinical trials in chronic hepatitis B - Report from the 2019 EASL-AASLD HBV
Treatment Endpoints Conferencet. Journal of Hepatology 2020, 72:539-557.
Lim SG, Baumert TF, Boni C, Gane E, Levrero M, Lok AS, Maini MK, Terrault NA,
Zoulim F.The scientific basis of combination therapy for chronic hepatitis B
functional cure. Nat Reviews Gastroenterol Hepatol. 2023;20:238-53.

Block TM, Chang K-M, Guo J-T. Prospects for the global elimination of Hepati-
tis B. Annual Rev Virol. 2021,8:437-58.

Boni C, Vecchi A, Rossi M, Laccabue D, Giuberti T, Alfieri A, Lampertico P,
Grossi G, Facchetti F, Brunetto MR, et al. TLR7 agonist increases responses

of Hepatitis B virus—specific T cells and natural killer cells in patients with
chronic Hepatitis B treated with Nucleos(T)lde Analogues. Gastroenterology.
2018;154:1764-e17771767.

Suslov A, Wieland S, Menne S. Modulators of innate immunity as novel thera-
peutics for treatment of chronic hepatitis B. Curr Opin Virol. 2018;30:9-17.
Guo F, HanY, Zhao X, Wang J, Liu F, Xu C, Wei L, Jiang J-D, Block TM, Guo J-T,
Chang J. STING agonists induce an innate antiviral Immune response against
Hepatitis B Virus. Antimicrob Agents Chemother. 2015;59:1273-81.

Li'Y, He M, Wang Z, Duan Z, Guo Z,Wang Z, Gong R, Chu T, Cai J, Gao B. STING
signaling activation inhibits HBV replication and attenuates the severity of
liver injury and HBV-induced fibrosis. Cell Mol Immunol. 2021;19:92-107.
Wang C, Guan Y, Lv M, Zhang R, Guo Z, Wei X, Du X, Yang J, Li T, Wan Y, et al.
Manganese increases the sensitivity of the cGAS-STING pathway for double-
stranded DNA and is required for the Host Defense against DNA viruses.
Immunity. 2018;48:675-e687677.

Du M, Chen ZJ. DNA-induced liquid phase condensation of cGAS activates
innate immune signaling. Science. 2018;361:704-9.

Li C, Deng X, Xie X, Liu Y, Friedmann Angeli JP, Lai L. Activation of glutathione
peroxidase 4 as a novel anti-inflammatory strategy. Front Pharmacol 2018, 9.
Weaver K, Skouta R. The selenoprotein glutathione peroxidase 4: from
Molecular mechanisms to Novel Therapeutic opportunities. Biomedicines
2022,10.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Page 12 of 12

XieY, Kang R, Klionsky DJ, Tang D. GPX4 in cell death, autophagy, and disease.
Autophagy. 2023;19:2621-38.

Kang R, Zeng L, Zhu S, Xie Y, Liu J, Wen Q, Cao L, Xie M, Ran Q, Kroemer G,

et al. Lipid peroxidation drives gasdermin D-Mediated pyroptosis in Lethal
Polymicrobial Sepsis. Cell Host Microbe. 2018;24:97-e108104.

Sengupta A, Lichti UF, Carlson BA, Cataisson C, Ryscavage AO, Mikulec C,
Conrad M, Fischer SM, Hatfield DL, Yuspa SH. Targeted Disruption of Glutathi-
one Peroxidase 4 in mouse skin epithelial cells impairs postnatal hair follicle
morphogenesis that is partially rescued through inhibition of COX-2. J Invest
Dermatology. 2013;133:1731-41.

Banning A. Inhibition of basal and interleukin-1-induced VCAM-1 expression
by phospholipid hydroperoxide glutathione peroxidase and 15-lipoxygenase
in rabbit aortic smooth muscle cells. Free Radic Biol Med. 2004;36:135-44.
Matsushita M, Freigang S, Schneider C, Conrad M, Bornkamm GW, Kopf M. T
cell lipid peroxidation induces ferroptosis and prevents immunity to infec-
tion. J Exp Med. 2015;212:555-68.

Liu K, Liu J, Zou B, Li C, Zeh HJ, Kang R, Kroemer G, Huang J, Tang D. Trypsin-
mediated sensitization to Ferroptosis increases the severity of pancreatitis in
mice. Cell Mol Gastroenterol Hepatol. 2022;13:483-500.

Mayr L, Grabherr F, Schwaérzler J, Reitmeier |, Sommer F, Gehmacher T, Nieder-
reiter L, He G-W, Ruder B, Kunz KTR et al. Dietary lipids fuel GPX4-restricted
enteritis resembling Crohn'’s disease. Nat Commun 2020, 11.

Wirth EK, Conrad M, Winterer J, Wozny C, Carlson BA, Roth S, Schmitz D,
Bornkamm GW, Coppola V, Tessarollo L, et al. Neuronal selenoprotein expres-
sion is required for interneuron development and prevents seizures and
neurodegeneration. FASEB J. 2009,24:844-52.

Sun W, Shi R, Guo J, Wang H, Shen L, ShiH, Yu P, Chen X. miR-135b-3p
promotes Cardiomyocyte Ferroptosis by Targeting GPX4 and aggravates
myocardial Ischemia/Reperfusion Injury. Front Cardiovasc Med 2021, 8.

Chen X, Kang R, Kroemer G, Tang D. Broadening horizons: the role of ferropto-
sis in cancer. Nat Reviews Clin Oncol. 2021;18:280-96.

Wang Q, Bin C, Xue Q, Gao Q, Huang A, Wang K, Tang N. GSTZ1 sensitizes
hepatocellular carcinoma cells to sorafenib-induced ferroptosis via inhibition
of NRF2/GPX4 axis. Cell Death Dis 2021, 12.

YuanL, LiS,ChenQ XiaT, Luo D, Li L, Liu S, Guo S, Liu L, Du C, et al. EBV
infection-induced GPX4 promotes chemoresistance and tumor progression
in nasopharyngeal carcinoma. Cell Death Differ. 2022;29:1513-27.

Carlson BA, Tobe R, Yefremova E, Tsuji PA, Hoffmann VJ, Schweizer U, Gla-
dyshev VN, Hatfield DL, Conrad M. Glutathione peroxidase 4 and vitamin E
cooperatively prevent hepatocellular degeneration. Redox Biol. 2016;9:22-31.
Tong J, Li D, Meng H, Sun D, Lan X, Ni M, Ma J, Zeng F, Sun S, Fu J, et al.
Targeting a novel inducible GPX4 alternative isoform to alleviate ferropto-

sis and treat metabolic-associated fatty liver disease. Acta Pharm Sinica B.
2022;12:3650-66.

Yang W, Wang Y, Zhang C, Huang Y, Yu J, Shi L, Zhang P, Yin Y, Li R, Tao K.
Maresin1 protect against Ferroptosis-Induced Liver Injury through ROS
Inhibition and Nrf2/HO-1/GPX4 activation. Front Pharmacol 2022, 13.
Bermano G, Smyth E, Goua M, Heys SD, Wahle KWJ. Impaired expression of
glutathione peroxidase-4 gene in peripheral blood mononuclear cells: a
biomarker of increased breast cancer risk. Cancer Biomarkers. 2010;7:39-46.
Fan X-P, Ji X-F, Li X-Y, Gao S, Fan Y-C, Wang K. Methylation of the Glutathione-
S-Transferase P1 gene promoter is Associated with oxidative stress in patients
with chronic Hepatitis B. Tohoku J Exp Med. 2016;238:57-64.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Hypermethylation of the glutathione peroxidase 4 gene promoter is associated with the occurrence of immune tolerance phase in chronic hepatitis B
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Subjects
	﻿Serum collection and PBMCs isolation
	﻿DNA extraction and MethyLight
	﻿RNA extraction and RT-qPCR
	﻿ELISA
	﻿Statistical analysis

	﻿Results
	﻿General characteristics of the study populations
	﻿The expression levels of GPX4 are decreased in different phases of CHB
	﻿The expression levels of STING and IFN-β are different in HCs and patients in different phases of CHB
	﻿Associations between the ﻿GPX4﻿ promoter methylation level and the serum expression levels of related cytokines in patients with CHB
	﻿The ﻿GPX4﻿ promoter methylation level is correlated with HBV load in patients with CHB

	﻿Discussion
	﻿References


