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ARTICLE INFO ABSTRACT

Keywords: The activation of stimulator of interferon genes (STING) and NOD-like receptor protein 3 (NLRP3)
Liver cirrhosis inflammasome-mediated pyroptosis signaling pathways represent two distinct central mechanisms in liver dis-
%ZMD ease. However, the interconnections between these two pathways and the epigenetic regulation of the STING-

NLRP3 axis in hepatocyte pyroptosis during liver fibrosis remain unknown. STING and NLRP3 inflammasome
signaling pathways are activated in fibrotic livers but are suppressed by Sting knockout. Sting knockout
ameliorated hepatic pyroptosis, inflammation, and fibrosis. In vitro, STING induces pyroptosis in primary murine
hepatocytes by activating the NLRP3 inflammasome. H3K4-specific histone methyltransferase WD repeat-
containing protein 5 (WDR5) and DOT1-like histone H3K79 methyltransferase (DOT1L) are identified to regu-
late NLRP3 expression in STING-overexpressing AML12 hepatocytes. WDR5/DOT1L-mediated histone methyl-
ation enhances interferon regulatory transcription factor 3 (IRF3) binding to the Nirp3 promoter and promotes
STING-induced Nlrp3 transcription in hepatocytes. Moreover, hepatocyte-specific Nlrp3 deletion and down-
stream Gasdermin D (Gsdmd) knockout attenuate hepatic pyroptosis, inflammation, and fibrosis. RNA-sequencing
and metabolomics analysis in murine livers and primary hepatocytes show that oxidative stress and metabolic
reprogramming might participate in NLRP3-mediated hepatocyte pyroptosis and liver fibrosis. The STING-
NLRP3-GSDMD axis inhibition suppresses hepatic ROS generation. In conclusion, this study describes a novel
epigenetic mechanism by which the STING-WDR5/DOT1L/IRF3-NLRP3 signaling pathway enhances hepatocyte
pyroptosis and hepatic inflammation in liver fibrosis.

Histone methylation
Oxidative stress
Metabolic reprogramming

proinflammatory and profibrogenic cytokines to activate hepatic stellate
cells (HSCs), leading to their activation, the deposition of extracellular

1. Introduction

Hepatocytes, the major parenchymal cells in the liver, play crucial
roles in protein synthesis, metabolism, detoxification, and immune
regulation. Continuous stimulation of etiologic factors and oxidative

matrix, and ultimately liver cirrhosis [3,4]. Liver cirrhosis is a common
end-stage chronic liver disease [5,6]. During chronic liver diseases
developing into liver cirrhosis, hepatocyte death results in abnormal
liver function, decompensation, liver failure, and even death of the pa-
tients [1,7,8]. As hepatocytes are the central metabolic cells for glucose,

stress leads to hepatocyte death [1,2]. In turn, dying hepatocytes release
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Abbreviations IFN I type I interferon
IHC immunohistochemistry
aSMA  a-smooth muscle actin IL interleukin
ASC apoptosis-associated speck like protein IRF3 interferon regulatory transcription factor 3
ALT alanine aminotransferase KEGG Kyoto Encyclopedia of Genes and Genomes
AST aspartate aminotransferase LPS lipopolysaccharide
BDL bile duct ligation NLRP3  NOD-like receptor protein 3
CCly carbon tetrachloride PI propidium iodide
CCL5 C-C motif chemokine ligand 5 p-IRF3  phosphorylated IRF3
ChIP chromatin immunoprecipitation p-p65 phosphorylated NFkB-p65
cl-Caspase 1 cleaved caspase 1 gqPCR quantitative real-time polymerase chain reaction
cl-GSDMD cleaved GSDMD ROS reactive oxygen species
Co-IP co-immunoprecipitation SEM scanning electron microscopy
CYP2E1 cytochromeP450 2E1 STING  stimulator of interferon genes
DEGs differentially expressed genes TAA thioacetamide

DHE dihydroethidium

DOT1L DOT1-like histone H3K79 methyltransferase
GSDMD gasdermin D

H&E hematoxylin and eosin

HPLC high-performance liquid chromatography
HSCs hepatic stellate cells
IF immunofluorescence

TCA the citric acid

TEM transmission electron microscopy
TNFa tumor necrosis factor a

WB Western blot

WDR5 WD repeat-containing protein 5

4HNE 4-hydroxynonenal

lipids, and protein, hepatocyte death also leads to metabolic reprog-
ramming, which refers to cells altering their metabolism to support the
increased energy demand [9,10]. Thus, hepatocyte death represents a
major event in the initiation and development of hepatic inflammation
and liver cirrhosis. However, how aberrant hepatocyte death and
metabolic reprogramming are induced in response to liver injury is
incompletely understood.

Previous studies emphasized the crucial role of apoptosis and ne-
crosis during liver cirrhosis. Pyroptosis is a recently described pro-
grammed cell death characterized by nuclear pyknosis, DNA breakage,
cell membrane rupture and membranous vesicle formation, and the
release of reactive oxygen species (ROS) and inflammatory cytokines
[11]. While different from other types of cell death, recent evidence
suggests that pyroptosis may initiate local inflammation via releasing
inflammatory cytokines and recruiting immune cells, thus playing a
pivotal role in the development of chronic liver diseases [8,12].
Pyroptosis is induced by apoptosis-speck-like protein containing a cas-
pase recruitment domain (ASC), NOD-like receptors, and Caspase 1
protein components containing inflammasome activation, such as the
most typical NOD-like receptor protein 3 (NLRP3) inflammasome [13].
The NLRP3 inflammasome, which is a complex of NLRP3, ASC and
Caspase 1, can be activated by bacterial, viral, and endogenous
damage-associated molecular patterns [11]. The activated NLRP3
inflammasome can either amplify the inflammatory response by pro-
moting mature interleukin (IL)-1p and IL18 secretion or induce pyrop-
tosis by cleaving gasdermin D (GSDMD) to form pyroptotic membrane
pores [11,14]. Although pyroptosis was first found in macrophages,
increasing evidence indicates that NLRP3 inflammasome-mediated he-
patocyte pyroptosis is involved in the development of
metabolic-associated fatty liver disease and alcoholic hepatitis [7,15,
16]. However, the role and underlying mechanism of NLRP3
inflammasome-mediated hepatocyte pyroptosis in liver cirrhosis remain
unclear.

The stimulator of interferon genes (STING) signaling pathway, part
of the innate immune system activated by cytosolic DNA [17], has been
shown to be involved in various liver diseases [18,19]. The STING
signaling pathway could cause priming and activation of the NLRP3
inflammasome in immune cells [20]. However, it remains unknown
whether STING is also involved in regulating NLRP3
inflammasome-mediated hepatocyte pyroptosis in the context of liver

cirrhosis. Upon cytosolic DNA stimulation, STING activates the inter-
feron regulatory transcription factor 3 (IRF3) and NFxB signaling
pathways. This leads to the production of ROS and proinflammatory
cytokines, such as type I interferon (IFN I) and tumor necrosis factor o
(TNFa) [21]. STING can also regulate epigenetic modifications such as
histone methylation, which further affect the transcription of inflam-
matory genes [22,23]. It seems that the activation of STING and NLRP3
inflammasome-mediated pyroptosis signaling pathways represent two
distinct central mechanisms in liver disease. However, the in-
terconnections between STING and NLRP3 signaling pathways and the
epigenetic regulation of the STING-NLRP3 axis in hepatocyte pyroptosis
during liver fibrosis remain unknown.

This study aimed to verify whether blockage of hepatocyte pyrop-
tosis by inhibiting the STING-NLRP3 signaling pathway could attenuate
liver fibrosis and elucidate the underlying mechanisms that involve
oxidative stress and metabolic reprogramming. We described a novel
role and epigenetic mechanism by which the STING-IRF3/WD repeat-
containing protein 5 (WDR5)/DOT1-like histone H3K79 methyl-
transferase (DOT1L)-NLRP3 signaling pathway enhances hepatocyte
pyroptosis and hepatic inflammation in liver fibrosis.

2. Materials and methods
2.1. Animals

The animal procedures were approved by the Animal Use and Care
Committee of West China Hospital, Sichuan University (#2017005A)
and were conducted according to the regulations set by West China
Hospital, Sichuan University. Liver fibrosis was induced by thio-
acetamide (TAA), carbon tetrachloride (CCly), or bile duct ligation
(BDL).

2.2. Ethical approval of human liver tissue collection

All research was conducted in accordance with both the Declaration
of Helsinki and Istanbul. The study was approved by the Ethical Com-
mittee of West China Hospital and registered in the Chinese Clinical
Trial Registry (ChiCTR2200063108). Written informed consent forms
were received from all patients.
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2.3. Statistical analysis

All data are presented as the mean + standard deviation and were
analyzed by GraphPad software (version 8, GraphPad Software Inc., La
Jolla, CA, USA). A t-test and one-way ANOVA followed by Bonferroni
post-hoc test were used to analyze the data. p < 0.05 was considered
statistically significant.

The Supporting Materials include induction of liver fibrosis, human
liver tissue collection, hematoxylin and eosin staining (H&E), immu-
nofluorescence (IF), immunohistochemistry (IHC), transmission elec-
tron microscopy (TEM), scanning electron microscopy (SEM), serum
biochemistry, Milliplex mouse multiplex assay, primary murine
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hepatocyte isolation, primary murine HSC (mHSC) isolation, cell culture
and treatments, determination of hepatocyte pyroptosis, Primary
mHSCs and hepatocyte co-culture, RNA-sequencing and data analysis,
metabolomics, quantitative RT-PCR (qPCR), Western blot (WB), co-
immunoprecipitation (co-IP), histone-modifying enzyme compound
screening system, and chromatin immunoprecipitation (ChIP), cyto-
chromeP450 2E1 (CYP2E1) activity assay, measurement of hepatic O~2
contents and oxidative stress.
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Fig. 1. STING knockout and pharmacological inhibition attenuate liver fibrosis and hepatic inflammation

(A-B) Wild-type mice were injected with olive oil or CCl, for 6 weeks. Enriched signaling pathway analysis of upregulated (CCly vs. olive oil) DEGs (A) and the
heatmap of target DEGs (B) from RNA-sequencing were analyzed (n = 3/group). (C) Seven normal human livers and 11 cirrhotic human livers were collected. The
distribution and protein levels of STING, t-IRF3, and p-IRF3 were analyzed by IHC or WB. (D-G) Sting™ " and Sting™’~ mice were injected with olive oil or CCl, for 6
weeks (n = 6/group). Liver fibrosis was analyzed by Sirius red staining, IF, and WB for collagen I and aSMA. (H) RNA-sequencing was performed in CCly-treated

Sting*”

and Sting™’~ mice. Enriched pathway analysis of downregulated DEGs (Sting™/~ vs. Sting™’ ") was performed (n = 3/group). (I-L) Wild-type mice were

treated with either olive oil or CCl4 for 6 weeks in addition to either vehicle or STING inhibitor C-176 (20 mg/kg, n = 6/group). Liver fibrosis was analyzed by Sirius
red staining, IF, and WB for collagen I and aSMA. (M-N) The protein levels and activity of CYP2E1 were detected by IF (M) and activity kit (N). *p < 0.05, **p < 0.01,
***p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3. Results

3.1. STING knockout and pharmacological inhibition reduce liver fibrosis
and hepatic inflammation

To explore the genes and signaling pathways involved in liver
fibrosis, bulk RNA sequencing of livers from a CCls-induced murine
model was performed. The ontology analysis of upregulated differen-
tially expressed genes (DEGs) indicated that the cytosolic DNA-sensing
pathway and NLRP3 inflammasome signaling pathway were signifi-
cantly activated in fibrotic livers (Fig. 1A). The main molecule of the
cytosolic DNA-sensing pathway is STING [17]. As shown by the heatmap
of key DEGs, the mRNA levels of Sting (Tmem173), Nlrp3, Il1p, and
Caspase 1 were significantly increased in fibrotic livers compared to
control livers (Fig. 1B). Furthermore, compared to healthy livers, he-
patocytes in fibrotic livers exhibited increased STING protein expression
in murine and human livers (Fig. 1C, Supporting Figs. S1A-E). IRF3 and
NFkB are crucial downstream transcription factors of the STING
signaling pathway [17]. Hepatocyte nuclei were positive for both
phosphorylated IRF3 (p-IRF3) and phosphorylated NFkB-p65 (p-p65)
(Fig. 1C, Supporting Figs. S1A, C, F). However, only p-IRF3 was signif-
icantly increased in murine and human cirrhotic livers compared to the
respective controls (Fig. 1C, Supporting Figs. SIA-G). These results
indicate that the STING signaling pathway is associated with the
development of liver fibrosis.

Next, to study the involvement of STING in liver fibrosis, we utilized
Sting knockout mice. Sting knockout was confirmed by WB (Supporting
Fig. S2A). In control Sting™™ mice, CCly insult led to liver fibrosis
compared to olive oil-treated mice as determined by Sirius red, IF, and
WB of collagen I and a-smooth muscle actin (aSMA, Fig. 1D-G). How-
ever, CCly-mediated liver fibrosis was significantly reduced in Sting™/~
mice (Fig. 1D-G). We previously demonstrated that liver fibrosis was
accompanied by increased hepatic inflammation, and the major infil-
trated immune cells were macrophages and neutrophils [24]. Consis-
tently, the expression of macrophage (Cd68, Ccr2, Lgals3, Adgrel) and
neutrophil (Mpo) markers was significantly increased in fibrotic livers
compared to controls (Fig. 1B). Thus, we next explored the role of STING
in hepatic inflammation. There was an increase in immune cell infil-
tration as evidenced by H&E staining, increased MPO-positive neutro-
phils and F4/80-positive macrophages in CCly-treated Sting™ ™ mice
compared to olive oil-treated Sting"" mice (Supporting Fig. S3A).
Nonetheless, neutrophil and macrophage infiltration was significantly
attenuated in Sting knockout mice (Supporting Fig. S3A).

To understand the proinflammatory role of STING, RNA-sequencing
was performed in livers from CCly-treated Sting*/* and Sting™~ mice.
IFNy secretion, NLRP3 inflammasome, IL1f secretion, cytokine-cyto-
kine receptor interaction, and leukocyte activation/adhesion signaling
pathways were significantly downregulated in Sting™/~ mice (Fig. 1H).

The involvement of STING in liver fibrosis and hepatic inflammation
was further confirmed using the STING pharmacological inhibition by C-
176. CCly-mediated liver fibrosis was significantly decreased in mice
treated with C-176, as determined by Sirius red staining as well as
collagen I and aSMA protein levels (Fig. 1I-L). The increased immune
cell infiltration in the CCls-induced fibrosis model was significantly
attenuated in mice treated with C-176, as evidenced by H&E staining,
IHC of MPO-positive neutrophils, and F4/80-positive macrophages
(Supporting Fig. S3B). CYP2E1 is essential to the metabolic function of
the liver [25]. CYP2E1 is mainly expressed in hepatocytes (Fig. 1M). The
reduced CYP2E1 protein level in wild-type mice induced by CCly was
restored after C-176 treatment (Fig. 1M). Comparable hepatic protein
level and activity of CYP2E1 were observed in Sting™/* and Sting™/~
mice treated with olive oil (Fig. 1N, Supporting Fig. S3C). Additionally,
a decreased CYP2E1 activity was induced by CCl4 treatment when
compared to olive oil treatment in Sting™ " mice (Fig. 1N). However, the
decreased CYP2EL1 activity induced by CCl4 was significantly attenuated
by Sting knockout and C-176 treatment (Fig. 1N). In summary, STING
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promotes the development of liver fibrosis and hepatic inflammation in
mice.

3.2. NLRP3 inflammasome activation and hepatocyte pyroptosis persist in
murine and human cirrhotic livers

There are two groups of inflammasomes in terms of receptors, with
NLRP3 inflammasome being the most typical inflammasome [26]. Of all
inflammasomes, the NLRP3 inflammasome signaling pathway was
activated in fibrotic livers and downregulated after Sting knockout
(Fig. 1A-B, H). The NLRP3 inflammasome, an NLRP3/ASC/Caspase 1
protein complex that cleaves GSDMD or IL1p/IL18, plays a pivotal role
in pyroptosis and inflammation [14]. Whether the NLRP3 inflamma-
some and hepatocyte pyroptosis are activated in liver fibrosis remains
controversial. In the TAA-induced murine fibrotic liver and human
cirrhotic liver, the crucial pyroptotic molecules NLRP3, cleaved Caspase
1 (cl-Caspase 1), and cleaved GSDMD (cl-GSDMD) determined by WB
and/or THC were significantly increased, and NLRP3 and cl-Caspase 1
were mainly expressed in hepatocytes (Supporting Figs. S4A-D).
Moreover, pyroptotic hepatocytes characterized by ruptured mem-
branes and the formation of membrane vesicles were observed by H&E
staining and TEM in murine fibrotic livers (Supporting Fig. S4E). In
summary, NLRP3 inflammasome activation and hepatocyte pyroptosis
are present in murine and human fibrotic livers.

3.3. STING induces hepatocyte pyroptosis by activating the NLRP3
inflammasome

Next, we sought to understand whether STING is involved in NLRP3-
mediated pyroptosis. In vivo, STING and NLRP3 were coexpressed in
hepatocytes around fibrotic septa of the murine and human cirrhotic
liver, as determined by colocalization of STING and NLRP3 (Fig. 2A and
B). Additionally, hepatocyte pyroptosis was significantly reduced in
Sting knockout mice, as determined by IHC of cl-Caspase 1 (Supporting
Fig. S2B).

In vitro, TNFa and lipopolysaccharide (LPS) are commonly used
stimulators of pyroptosis [27]. However, TNFa (25, 50, 100 ng/mL) or
LPS (1, 5, 10 pg/mL) alone could not induce primary murine hepatocyte
pyroptosis as determined by cell morphology, Caspase 1/PI colocaliza-
tion, and WB of NLRP3, cl-Caspase 1 and cl-GSDMD (Supporting
Figs. SSA-D). To mimic the microenvironment of liver fibrosis, the TNFa
plus STING agonist DMXAA (TNFa+DMXAA) was utilized to induce
hepatocyte pyroptosis in murine primary hepatocytes. TNFa+DMXAA
increased STING and NLRP3 expression and colocalization in primary
murine hepatocytes (Fig. 2C). Meanwhile, TNFa+DMXAA treatment
caused a typical pyroptotic cell morphology in primary murine hepa-
tocytes, such as cell shrinkage, membrane rupture, and membrane
blebbing, compared to the controls (Fig. 2D). Moreover, TNFa+DMXAA
stimulation increased the double-positive cells of activated Caspase 1
and propidium iodide (PI, Fig. 2D). The protein levels of the NLRP3
inflammasome complex, such as NLRP3, cl-Caspase 1, and cl-GSDMD,
were also significantly enhanced after TNFa+DMXAA stimulation
(Fig. 2E and F). However, the pyroptotic cell morphology was signifi-
cantly reversed by the STING inhibitor C-176 in primary murine hepa-
tocytes (Fig. 2D). Additionally, the increase in the NLRP3 inflammasome
and pyroptotic cell markers NLRP3, cl-Caspase 1, and cl-GSDMD
induced by TNFa+DMXAA was also significantly decreased by the
STING inhibitor C-176 in primary murine hepatocytes (Fig. 2E and F).
Furthermore, as determined by the increased protein levels of STING
and p-IRF3, TNFa+DMXAA treatment induced the activation of the
STING-IRF3 signaling pathway in primary murine hepatocytes (Fig. 2E
and F). However, the enhanced protein levels of STING and p-IRF3
caused by TNFa+DMXAA were markedly decreased by the STING in-
hibitor C-176 (Fig. 2E and F). Consistently, Sting knockout reduced the
aforementioned pyroptotic changes, such as pyroptotic cell morphology
and double-positive cells of activated Caspase 1/PI in primary murine
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Fig. 2. STING induces hepatocyte pyroptosis by activating the NLRP3 inflammasome

(A) Wild-type mice were injected with olive oil or CCl, for 6 weeks. Colocalization of STING and NLRP3 was assessed by IF. (B) IF was used to analyze the
colocalization of STING and NLRP3 in human cirrhotic livers. (C-F) Primary hepatocytes isolated from wild-type mice were treated with DMSO or the STING in-
hibitor C-176 for 2 h in addition to either vehicle or TNFa+DMXAA for an additional 6 h. Colocalization of STING and NLRP3 was determined by IF (C).
Morphological changes, SEM, and colocalization of Caspase 1/PI were performed (D). The protein levels of STING, p-IRF3, cl-Caspase 1, and cl-GSDMD were
determined by WB (E), and the quantitative data are shown (F). (G) Primary hepatocytes isolated from Sting” * and Sting’/ ~ mice were treated with vehicle or
TNFa+DMXAA for 6 h. The morphological changes, SEM, and colocalization of Caspase 1/PI were analyzed. n = 3/group, *p < 0.05, **p < 0.01, ***p < 0.001.

hepatocytes (Fig. 2G). Moreover, TNFa stimulation in Sting-over-
expressing AML12 cells also induced hepatocyte pyroptosis, as deter-
mined by morphological changes and increased mRNA and protein
levels of NLRP3 and cl-Caspase 1 (Supporting Figs. S6A-D). In summary,
STING induces hepatocyte pyroptosis via activating the NLRP3
inflammasome.

3.4. STING promotes IRF3 recruitment to the Nlrp3 promoter region in
hepatocytes

Given that STING and IRF3 were activated in liver fibrosis, we next
examined whether the STING-IRF3 signaling pathway regulates NLRP3
expression in primary murine hepatocytes. In primary murine

hepatocytes, Sting knockout significantly decreased the mRNA level of
Nirp3 (Fig. 3A). In contrast, Sting overexpression upregulated the mRNA
and protein levels of NLRP3 in AML12 hepatocytes (Fig. 3B, Supporting
Figs. S6C-D). Additionally, the STING agonist DMXAA enhanced the
mRNA levels of Sting, Nlrp3, 1118, Caspase 1, and p65 (Fig. 3C, Supporting
Fig. S6E) and increased the protein level of NLRP3 in primary murine
hepatocytes (Fig. 3D). However, the elevated mRNA levels of Nlirp3 and
1118 induced by TNFa-+DMXAA were reduced by the STING inhibitor C-
176 but not by the NFxB inhibitor celastrol (Fig. 3E and F). Furthermore,
as described in Fig. 2E and F, the increased protein level of NLRP3
caused by TNFa+DMXAA was significantly abrogated by the STING
inhibitor C-176. In line with these data, NLRP3 mRNA and protein levels
and 111 mRNA expression were enhanced by the IRF3 agonist KIN1148
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Fig. 3. STING promotes IRF3 recruitment to the Nirp3 promoter region in hepatocytes

(A) Primary hepatocytes were isolated from Sting™ " and Sting™’~ mice, and the mRNA level of Nirp3 was then quantified by qPCR. (B) AML12 hepatocytes were
transfected with empty plasmid or Sting overexpression plasmid (OE), and the mRNA level of Nirp3 was determined by qPCR. (C-D) Primary hepatocytes isolated
from wild-type mice were treated with the STING agonist DMXAA (50 pg/mL) or IRF3 agonist KIN1148 (10 pg/mL) for 6 h qPCR was applied to evaluate the mRNA
levels of Sting, Nlrp3, and 1118 (C), and the protein levels of NLRP3 were assessed by WB (D). (E-F) Primary hepatocytes isolated from wild-type mice were treated
with DMSO, the STING inhibitor C-176 (2 pM, E) or the NF«kB inhibitor celastrol (50 nM, F) for 2 h in addition to either vehicle or TNFa (25 ng/mL)-+DMXAA (50 pg/
mL) for an additional 6 h. The mRNA levels of Nirp3 and I118 were analyzed by qPCR. (G) Primary hepatocytes isolated from wild-type mice were treated with the
IRF3 agonist KIN1148 (10 pg/mL) for 6 h qPCR was applied to evaluate the mRNA levels of Sting, Nlrp3, and I118. (H) Primary hepatocytes isolated from wild-type
mice were treated with DMSO or TNFa (25 ng/mL)+DMXAA (50 pg/mL) for 6 h, and then colocalization of STING and p-IRF3 was determined by IF. (I) Primary
hepatocytes isolated from wild-type mice were treated with DMSO, DMXAA, KIN1148, TNFa+DMXAA or TNFa+DMXAA + C-176 for 6 h. Then, p-IRF3 levels at
Nlrp3 promoter regions were evaluated by ChIP for p-IRF3 followed by qPCR. n = 3/group, ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.001.
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(Fig. 3D, G).

STING activates inflammatory gene expression by recruiting the
transcription factor IRF3 [17]. The above results indicate that both
STING and IRF3 can regulate NLRP3. We next verified whether STING
can increase NIrp3 transcription by recruiting IRF3. TNFa+DMXAA
increased the expression and colocalization of STING and IRF3 in pri-
mary murine hepatocytes (Fig. 3H). By using the IRF3 ChIP-sequencing
dataset from dendritic cells (GSE125340) [28], we found 2 IRF3 binding
regions on the promoter of Nlirp3 (Supporting Fig. S7). ChIP-qPCR was
then applied to confirm the binding of IRF3 to the Nirp3 promoter. As
expected, the STING agonist DMXAA, IRF3 agonist KIN1148, and
TNFa+DMXAA increased the binding of IRF3 to both promoter regions
of Nlrp3, which was abrogated by the STING inhibitor C-176 (Fig. 3I). In
summary, the STING-IRF3 but not the STING-NF«B signaling pathway
promotes NLRP3 expression in hepatocytes.

3.5. STING increases IRF3 recruitment at Nlrp3 promoter regions by
promoting histone methylation via WDR5/DOTIL in AML12 hepatocytes

STING enhances the transcriptional activity of inflammatory genes
by promoting histone modifications to recruit transcription factors [22,
23]. To explain how STING leads to IRF3 recruitment, a
histone-modifying enzyme compound system with 32 targets was
applied in TNFo-treated AML12 hepatocytes overexpressing Sting
(Fig. 4A). The H3K4-specific histone methyltransferase WDR5 and
H3K79 methyltransferase DOT1L inhibitors suppressed TNFa plus Sting
overexpression-mediated Nilrp3 upregulation (Fig. 4A and B). Of all the
histone-modifying enzymes identified by the system, WDR5 and DOT1L
colocalized with STING in human cirrhotic livers (Fig. 4C). Both WDR5
and DOT1L overexpression increased Nlrp3 transcription in vehicle- and
TNFa-treated AML12 hepatocytes (Fig. 4D). Moreover, Nlrp3 upregula-
tion by TNFa+DMXAA was significantly abrogated by the WDR5 and
DOT1L inhibitors OICR-9429 and EPZ004777, respectively (Fig. 4E). To
examine whether WDR5 and DOTIL form a transcription activator
complex with p-IRF3 for Nirp3 gene transcription, Co-IP was utilized.
TNFo plus Sting overexpression insult promoted p-IRF3 binding to
WDRS5 and DOT1L (Fig. 4F and G). These interactions were suppressed
by the WDR5 and DOTIL inhibitors OICR-9429 and EPZ004777,
respectively (Fig. 4F and G). H3K4me2 and H3K79me3 are active his-
tone marks [23,29]. Furthermore, ChIP of p-IRF3, H3K4me2, or
H3K79me3 demonstrated that p-IRF3 and histone methylation were
increased at the promoter regions of Nlrp3 upon TNFa plus Sting over-
expression, which were abolished by either OICR-9429 or EPZ004777
(Fig. 4H-J). In summary, we have established the interconnection be-
tween STING and NLRP3 signaling pathways and the epigenetic regu-
lation of the STING-NLRP3 axis in hepatocyte pyroptosis. These results
suggest that STING increases IRF3 recruitment to Nlrp3 promoter re-
gions through WDR5/DOT1L-mediated histone methylation.

3.6. Hepatocyte NLRP3 deficiency and NLRP3 pharmacological
inhibition ameliorate hepatic inflammation and liver fibrosis

The above results have uncovered the molecular mechanism of
STING in NLRP3 regulation. However, the role of NLRP3 in hepatocyte
pyroptosis and liver fibrosis remains controversial and is the focus of this
section. In vitro, TNFa plus NLRP3 agonist nigericin treatment induced
the pyroptotic phenotype, increased Caspase 1/PI colocalization, and
enhanced protein levels of cl-Caspase 1 and cl-GSDMD in primary mu-
rine hepatocytes, and these pyroptotic changes were significantly
attenuated by the NLRP3 inhibitor MCC950 (Supporting Figs. S8A-C).
Activated HSCs are the major source of hepatic myofibroblasts and ECM
in liver fibrosis [30]. To test the role of hepatocyte pyroptosis in the
activation of HSCs, a transwell assay was setup by plating primary
murine hepatocytes into the top well with corresponding treatments and
primary murine HSCs into the bottom of the transwell apparatus.
Pyroptoic hepatocytes induced by TNFa plus STING agonist DMXAA
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increased HSC activation, as determined by IF of aSMA in HSCs, which
was reversed when STING inhibitor C-176 or NLRP3 inhibitor MCC950
was added in hepatocytes (Supporting Figs. SOA-B).

In vivo, we next investigated the role of hepatocyte-specific Nlrp3
deletion and NLRP3 pharmacological inhibition by MCC950 in the
development of liver fibrosis in TAA or CCl, treatment or BDL surgery
murine models. Hepatocyte-specific Nlrp3 deletion mice (NlJp3AHeP)
were generated by crossing NlrpSﬂOX mice with Alb-Cre mice and were
confirmed by IHC of NLPR3 (Supporting Fig. S10A). As expected,
pyroptotic hepatocytes induced by TAA were also significantly abro-
gated in NIrp32H€ mice, as indicated by IHC of cl-Caspase 1 (Sup-
porting Fig. S10B). TAA or CCly treatment or BDL surgery led to
increased liver fibrosis in control mice compared to vehicle or sham, as
determined by Sirius red, IHC, and WB of collagen I and aSMA
(Fig. 5A-F, Supporting Figs. S11A-D). However, liver fibrosis was
significantly reduced in TAA- or BDL-treated Nirp32H°P mice compared
to Nlrp3™!! mice (Fig. 5A-D, Supporting Figs. S11A-D). Similarly, liver
fibrosis induced by CCly treatment was also significantly attenuated by
NLRP3 inhibitor MCC950 (Fig. 5E and F).

Unlike other types of cell death, pyroptosis can initiate local
inflammation by releasing inflammatory cytokines and recruiting im-
mune cells [8,12]. We next explored the impact of NLRP3 on hepatic
inflammation. TAA or CCly treatment or BDL surgery on Nlrp3ﬂ/ flor
wild-type mice increased immune cell infiltration compared to that in
the respective controls, as evidenced by H&E staining, IHC of
MPO-positive neutrophils, and F4/80-positive macrophages (Fig. 5G,
Supporting Figs. S11E-F, Supporting Fig. S12A). Consistently, the in-
crease in hepatic inflammation in TAA treatment or BDL surgery was
further confirmed by the enhanced hepatic cytokines and chemokines,
including IL1p, TNFa, IFNy, IL6, and C-C motif chemokine ligand 5
(CCL5, Fig. 5H, Supporting Fig. S11G). This increase in immune cell
infiltration, hepatic cytokines and chemokines in the TAA- or
BDL-induced fibrosis models were significantly attenuated in NIrp32HeP
mice (Fig. 5G and H, Supporting Figs. S11E-G). The increase in immune
cell infiltration induced by CCl; treatment was also significantly
ameliorated by NLRP3 pharmacological inhibition with MCC950 (Sup-
porting Fig. S12A). Regarding different liver fibrosis models, the
decreased activity and protein level of CYP2E1 induced by CCls were
enhanced by MCC950 (Fig. 5I and J). Moreover, a similar hepatic pro-
tein level and activity of CYP2E1 were observed in Nirp3™/? and
Nirp32UeP mice treated with saline (Supporting Figs. S12B-D). In
comparison, the decreased protein level of CYP2E1l induced by TAA
treatment was also abrogated in Nlrp.'SAHep mice (Supporting
Figs. S12B-C). As defined by increased serum ALT and AST, liver injury
was ameliorated in NIrp32HP mice of TAA- or BDL-induced fibrosis
models (Fig. 5K, Supporting Fig. S11H). Additionally, the increased total
bilirubin in BDL surgery mice was also abrogated in Nlrp3AHep mice
(Supporting Fig. S11H). In summary, NLRP3 inhibition attenuates he-
patocyte pyroptosis, and hepatocyte-specific Nlrp3 deletion reduces
liver fibrosis, hepatic inflammation, and liver injury.

3.7. Inhibition of pyroptosis by gsdmd knockout attenuates liver fibrosis

NLPR3-dependent GSDMD cleavage is crucial to promoting cell
pyroptosis [31]. To investigate the pro-fibrotic effect of pyroptosis,
NLRP3 downstream Gsdmd knockout mice were subjected to TAA or
BDL. Gsdmd knockout was confirmed by WB (Supporting Fig. S10C). By
quantifying cl-Caspase 1, TAA-mediated hepatocyte pyroptosis was
significantly attenuated in Gsdmd™’~ mice (Supporting Fig. S10D).
Compared to Gsdmd*/* mice, TAA- or BDL-mediated liver fibrosis was
significantly decreased in Gsdmd /™ mice, as determined by Sirius red
staining as well as collagen I and aSMA protein levels (Supporting
Figs. S13A-D, Supporting Figs. S14A-D). GSDMD cleaves the cell
membrane of pyroptotic cells to release cell content and inflammatory
factors [11]. We next confirmed that Gsdmd knockout inhibited hepatic
inflammation and liver injury. The increased immune cell infiltration,
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Fig. 4. STING increases IRF3 recruitment at Nirp3 promoter regions by promoting histone methylation via WDR5/DOT1L in AML12 hepatocytes

(A-B) A selected histone-modifying enzyme compound system with 32 targets was applied to test Nlrp3 inhibition in TNFa+-Sting-overexpressing AML12 hepatocytes.
The heatmap of Nirp3 expression was analyzed by qPCR (A). Inhibitors that suppress Nlrp3 upregulation are shown (B). (C) IF was used to analyze the colocalization
of STING and DOTI1L or WDR5 in human cirrhotic livers. (D) AML12 hepatocytes transfected with the Dot1l or Wdr5 overexpression plasmid were treated with
vehicle, TNFa (25 ng/mL) for 6 h. The mRNA level of Nlrp3 was analyzed by gPCR. (E) AML12 hepatocytes were treated with DMSO, the DOT1L inhibitor EPZ004777
(7 pM) or the WDRS inhibitor OICR-9429 (7 uM) for 2 h in addition to either vehicle or TNFa (25 ng/mL)+DMXAA (50 pg/mL) for an additional 6 h. The mRNA level
of Nlrp3 was analyzed by qPCR. (F-G) AML12 hepatocytes transfected with the Sting overexpression plasmid were treated with vehicle, TNFa plus OICR-9429 or
EPZ004777 for 6 h. Then, cell lysates of nuclear fractionation were subjected to co-IP against p-IRF3, and p-IRF3, WDR5, and DOT1L were then evaluated by WB.
(H-J) AML12 hepatocytes transfected with the Sting overexpression plasmid were treated with vehicle, TNFa and TNFa plus OICR-9429 or EPZ004777 for 6 h. Then,
p-IRF3 (H), H3K4me2 (I), and H3K79me3 (J) levels at Nirp3 promoter regions were evaluated by ChIP-qPCR. n = 3/group. ns: not significant, *p < 0.05, **p < 0.01,

wxxp < 0,001,

hepatic cytokines and chemokines (IL1p, TNFa, IFNy, IL6, and CCL5), as
well as serum ALT, AST, and total bilirubin in the TAA- or BDL-induced
fibrosis models were significantly attenuated in Gsdmd knockout mice
(Supporting Figs. S13E-H, Supporting Figs. S14E-H). A comparable
hepatic protein level of CYP2E1 was observed in Gsdmd'’* and
Gsdmd ™~ mice treated with saline (Supporting Fig. S13I). However, the
reduced protein level of CYP2E1 induced by TAA treatment was restored
in Gsdmd~/~ mice (Supporting Fig. S13I). In summary, inhibition of
pyroptosis by Gsdmd knockout attenuates liver fibrosis, hepatic
inflammation, and liver injury.

3.8. Hepatocyte NLRP3 deficiency attenuates liver fibrosis via metabolic
reprogramming

The abovementioned results verified that blocking hepatocyte
pyroptosis by NLRP3 and GSDMD deficiency can abrogate liver fibrosis.
We next clarified how hepatocyte pyroptosis deficiency attenuates liver
fibrosis using transcriptome and metabolomics. In vitro, primary murine
hepatocytes treated with TNFa plus NLRP3 agonist nigericin and TNFa
plus nigericin plus MCC950 were analyzed by RNA-sequencing (Sup-
porting Fig. S8D). The DEG ontology analysis showed that 209 signaling
pathways were significantly enriched, with the top being oxidative
phosphorylation, ATP metabolism, ROS metabolism, metabolism of
RNA, and the citric acid (TCA) cycle (Supporting Fig. S8D).

In vivo, livers from TAA-treated Nlrp3ﬂ/ floor Nlrp3AHeP mice were
analyzed by RNA sequencing. The ECM (Col9a3, Col7al, Itga2b, Esm1),
cell proliferation (Mki67, Mapk15, Ihh), and metabolism (Fgf17, Acsl6,
Gpx5, mt-Nd4, Socs2)-related genes were significantly downregulated in
NlmBAHep mice (Fig. 6A). Conversely, liver protective genes, such as
Hgf, Alb, and Col4al, were upregulated in NIrp32H mice (Fig. 6A).
Metabolism of lipids, carbon, and glutathione, response to oxidative
stress, oxidative phosphorylation, cell proliferation, cell-matrix adhe-
sion, leukocyte transendothelial migration, and neutrophil degranula-
tion were significantly enriched in DEG ontology analysis (Fig. 6B).

Hepatocytes are the central metabolic cells for glucose, lipids, and
protein. Hepatocyte death also leads to metabolic reprogramming [9,
10]. As metabolism-related pathways were enriched in DEG ontology
analysis of NLRP3 inhibition both in vitro (Supporting Fig. S8D) and in
vivo (Fig. 6B), ultra-high-performance liquid chromatography
(HPLC)-based metabolomics was utilized for livers from TAA-treated
NIrp3™"? or Nirp32HeP mice. We identified 104 differential metabo-
lites, 79 Kyoto Encyclopedia of Genes and Genomes (KEGG) signaling
pathways, and 11 Reactome signaling pathways, with the top metabo-
lites being the metabolism of purine, glycerophospholipid, glutathione,
choline, carbon, and histidine (Fig. 6C and D). Consistently, KEGG
metabolic pathway-based differential abundance analysis in
TAA-treated NIrp3"" mice and Nirp3°TP mice also confirmed the
dysregulation of the abovementioned metabolic pathways (Fig. 6E). To
explore the potential relationships between the transcriptome and
metabolomics, the comparison of the transcriptome with the metab-
olomics exhibited significant correlations between mRNAs and metab-
olites (Fig. 6F). Afterward, the 13 common signaling pathways between
the transcriptome and metabolomics were selected (Fig. 6G). Metabolic
pathways, such as biosynthesis of amino acids, autophagy, glutathione

metabolism, choline metabolism, the PPAR signaling pathway, pyruvate
metabolism and the TCA cycle, were shared between the transcriptome
and metabolomics (Fig. 6H). Functional enrichment analysis of these 10
KEGG pathways was performed to gain further insights into the bio-
logical functions and interactions of DEGs and metabolites. The results
showed that terms associated with these metabolic pathways interplay
with each other (Fig. 6I). The above results indicated that alteration of
these metabolic pathways, which lead to metabolic reprogramming and
oxidative stress, may contribute to NLRP3-mediated reduction of
pyroptosis and liver fibrosis. However, detailed mechanisms remain to
be elucidated and will be the focus of further investigations. In sum-
mary, hepatocyte NLRP3 deficiency might ameliorate liver fibrosis by
abrogating hepatic metabolic reprogramming.

3.9. STING-NLRP3-GSDMD axis inhibition suppresses hepatic ROS
generation

As ROS metabolism and response to oxidative stress were enriched
during NLRP3-mediated hepatocyte pyroptosis (Fig. 6B, Supporting
Fig. S8D), the role of STING-NLRP3-GSDMD axis inhibition on the
suppression of ROS generation was then determined. Compared to the
healthy controls, the ROS levels were significantly increased in TAA- or
CClg-induced murine fibrotic livers, as determined by dihydroethidium
(DHE) assay, WB of 4-hydroxynonenal (4HNE), and GSH concentration
(Fig. 7A-F). However, the DHE levels were significantly decreased after
treatment with STING inhibitor C-176 and NLRP3 inhibitor MCC950 in
CCly-induced fibrotic livers (Fig. 7A and B). The increased hepatic 4HNE
and GSH induced by TAA were also significantly abrogated in Sting™~,
NIrp32HeP and Gsdmd /~ mice (Fig. 7C-F). In summary, the STING-
NLRP3-GSDMD axis inhibition suppresses hepatic ROS generation.

4. Discussion

Hepatocyte pyroptosis results in the dysfunctional hepatocytes,
abnormal liver function, and eventually liver fibrosis [1,7,8]. Thus, it is
crucial to protect hepatocytes against pyroptosis. The activation of
STING and NLRP3 inflammasome-mediated pyroptosis signaling path-
ways represents two distinct central mechanisms in liver disease [18,
19]. However, the interconnections between these two pathways and
the epigenetic regulation of the STING-NLRP3 axis in hepatocyte
pyroptosis during liver fibrosis remain unknown. We discovered a new
role for STING in inducing hepatocyte pyroptosis by activating the
NLRP3 inflammasome in hepatocytes. We demonstrated a new epige-
netic mechanism by which STING enhanced NLRP3 expression by
increasing histone methylation at Nlrp3 promoter regions. Furthermore,
we found new therapeutic targets in which Sting knockout,
hepatocyte-specific Nlrp3 deletion, or downstream Gsdmd knockout
ameliorated pyroptosis, hepatic inflammation, and liver fibrosis. He-
patic metabolic reprogramming and oxidative stress might also
contribute to the anti-fibrotic effect of hepatocyte-specific Nirp3 dele-
tion. Collectively, this study describes a novel role and epigenetic
mechanism by which the STING-IRF3/WDR5/DOT1L-NLRP3 signaling
pathway enhances hepatocyte pyroptosis and hepatic inflammation in
liver fibrosis (Fig. 8).
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Fig. 5. Hepatocyte NLRP3 deficiency and NLRP3 pharmacological inhibition ameliorate hepatic inflammation and liver fibrosis

(A-D) Nirp3"® and Nirp32T°P mice were injected with normal saline or TAA for 8 weeks. Liver fibrosis was analyzed by Sirius red staining, IF, and WB for collagen I
and aSMA. (E-F) Wild-type mice were treated with either olive oil or CCl4 for 6 weeks in addition to either vehicle or NLRP3 inhibitor MCC950 (20 mg/kg, n = 6/
group). Liver fibrosis was analyzed by Sirius red staining, IF, and WB for collagen I and «SMA. (G) Hepatic inflammation was analyzed by H&E staining, IHC for the
neutrophil marker MPO, and the macrophage marker F4/80, and the quantitative data are shown. (H) Hepatic IL1p, TNFa, IFNy, IL6, and CCL5 levels were quantified
by the Milliplex mouse multiplex assay. (I-J) The protein levels and activity of CYP2E1 were detected by IF (I) and activity kit (J). (K) Liver function was analyzed by
serum AST and ALT. n = 6/group. *p < 0.05, **p < 0.01, ***p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)
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Fig. 6. Hepatocyte-specific Nlrp3 deletion attenuates liver fibrosis via metabolic reprogramming

(A-E) RNA-sequencing and metabolomics of livers from Nirp3%/® and Nirp3*HP mice injected with TAA for 8 weeks (n = 4/group). RNA-sequencing was performed to
show the heatmap (A) and the enriched signaling pathways (B) of DEGs. Ultra HPLC-based metabolomics of livers was applied to reveal the heatmap (C), the enriched
signaling pathway (D), and the KEGG metabolic pathway-based differential abundance analysis (E) of differential metabolites. (F-I) Integrative multiomics analysis
of the transcriptome and metabolomics. Hierarchical clustering for canonical correlation analysis of the mRNAs and metabolomics (F). Venn diagram (G) and
ontology analysis (H) displaying the shared signaling pathways between the transcriptome and metabolomics. Functional enrichment analysis was then performed to
Eain further insights into the KEGG of DEGs and metabolites (I).
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Fig. 7. STING-NLRP3-GSDMD axis inhibition suppresses hepatic ROS generation

(A-B) Wild-type mice were treated with either olive oil or CCl, for 6 weeks in addition to either vehicle STING inhibitor C-176 (20 mg/kg) or NLRP3 inhibitor
MCC950 (20 mg/kg). Hepatic O~ was analyzed by DHE. (C-D) Sting™/* and Sting™/~ mice were injected with olive oil or CCl4 for 6 weeks. Nirp3"/ and Nirp32HeP
mice were injected with normal saline or TAA for 8 weeks. The protein level of 4HNE was analyzed by WB. (E) The levels of GSH in the liver were quantified. (F)
Gsdmd*’* and Gsdmd~/~ mice were injected with normal saline or TAA for 8 weeks. The protein level of 4HNE was analyzed by WB. n = 6/group. *p < 0.05, **p <
0.01, ***p < 0.001.

Most research on pyroptosis focuses on monocytes and macrophages found that hepatic metabolism reprogramming and oxidative stress
in liver diseases, and a recent study demonstrated that hepatocytes are might contribute to the anti-fibrotic effect of hepatocyte-specific Nirp3
resistant to inflammasome-activated pyroptosis [27]. However, hepa- deletion. Metabolomic factors released from apoptotic cells might in-
tocytes can undergo pyroptosis and perpetuate inflammasome-driven fluence the surrounding tissue microenvironment and induce oxidative
fibrogenesis [7]. Consistent with these findings, the present study stress [35,36]. In this study, STING-NLRP3-GSDMD axis inhibition re-
confirmed the existence of hepatocyte pyroptosis in human and murine duces hepatocyte pyroptosis and hepatic ROS generation in murine liver
fibrotic livers and that STING can induce pyroptosis in primary murine fibrosis. Hepatocyte pyroptosis might also contribute to liver fibrosis by
hepatocytes. Pyroptosis is mainly caused by NLRP3 inflammasome releasing metabolites and ROS generation. Increased CYP2E1 activity is
activation, which cleaves GSDMD to form pyroptotic membrane pores one of the hepatic enzymes contributing to ROS generation in alcohol- or

[8,26]. In the liver, hepatocyte pyroptosis contributes to myofibroblast lipid-induced liver injuries [25]. However, TAA and CCly are suicide
activation [7,32], and the space of dead hepatocytes is gradually substrates of CYP2E1, leading to decreased CYP2E1 activity [37,38].
replaced by myofibroblasts, ultimately leading to liver fibrosis [4,8]. In Additionally, increased IFN-y can also suppresses native CYP2E1 pro-
our study, Sting knockout, hepatocyte-specific Nlrp3 deletion, or Gsdmd moter activity and may decrease CYP2E1 expression [39]. Thus, the
knockout reduced pyroptosis, hepatic inflammation, and liver fibrosis. protein level and/or activity of CYP2E1 were consistently decreased in
Additionally, co-culture of HSC with pyroptotic hepatocytes increased the current CCly-and TAA-induced liver fibrosis model, and were
HSC activation, and HSC activation was reversed when hepatocyte restored by STING-NLRP3-GSDMD axis inhibition. Unlike alcohol- or
pyroptosis was abrogated by STING or NLRP3 inhibitor. The above in- lipid-induced liver fibrosis, other molecules other than CYP2E1 might

formation supports the concept that blocking hepatocyte pyroptosis via contribute to ROS generation. Further mechanistic studies should be
STING/NLRP3/GSDMD inhibition has therapeutic potential to attenuate performed to clarify how the hepatocyte STING-NLRP3-GSDMD axis
liver fibrosis. changes the metabolic signaling pathway and ROS generation.

Hepatic metabolic reprogramming and oxidative stress are associ- Although NLRP3 is crucial in inflammasome activation, inflamma-
ated with hepatic fibrosis in both humans and rodents [33,34]. Phar- tion, and pyroptosis, the mechanism of NLRP3 transcription has not
macologic treatment of hepatic metabolism and oxidative stress-related been fully illustrated. Generally, the expression of NLRP3 is initially
molecules reduces fibrosis in a murine model [34]. Consistently, we stimulated by LPS, cytosolic DNA, TNFa and other endogenous
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STING increases NLPR3 and NLRP3 inflammasome-mediated hepatocyte pyroptosis during liver injury via epigenetic regulation of the IRF3/WDR5/DOT1L tran-
scription activator complex. STING-NLRP3 pathway leads to liver fibrosis by increasing hepatocyte pyroptosis, hepatic inflammation, and metabolic reprogramming.

molecules via activation of the NF«B signaling pathway [11,12]. Other
signaling pathways, such as the Hippo-YAP signaling pathway [40] and
histone deacetylase 2 (HDAC2) [41], are also involved in NLRP3 regu-
lation. Despite our increasing knowledge of NLRP3 regulation in other
diseases, the transcriptional regulation of NLRP3 in liver cirrhosis re-
mains elusive. STING can enhance the transcriptional activity of in-
flammatory genes by changing histone modifications to recruit
transcription factors [22,23]. Here, STING enhanced NLRP3 expression
and NLPR3 inflammasome-mediated hepatocyte pyroptosis by
increasing histone methylation at Nlrp3 promoter regions via WDR5 and
DOT1L and recruiting IRF3 at Nlrp3 promoter regions. Moreover, the
STING-IRF3 signaling pathway also participates in NLRP3
inflammasome-mediated hepatocyte pyroptosis. The current study
established a fundamental effect of the
STING-IRF3/WDR5/DOT1L-NLRP3 signaling pathway in hepatocyte
pyroptosis and liver fibrosis.

In conclusion, STING increases NLPR3 and NLRP3 inflammasome-
mediated hepatocyte pyroptosis via epigenetic regulation of the IRF3/
WDR5/DOTL1L transcription activator complex. Inhibition of the STING-
NLRP3-GSDMD signaling pathway protects hepatocytes from pyroptosis
and attenuates hepatic inflammation and liver fibrosis. These results
shed light on the anti-pyroptosis strategy as a potential therapeutic
candidate for patients with liver cirrhosis.
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