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ABSTRACT

Inflammation responses have identified as a key mediator of in various liver diseases with high
morbidity and mortality. cGAS-STING signalling is essential in innate immunity since it triggers
release of type | interferons and various of proinflammatory cytokines. The potential connection
between cGAS-STING pathway and liver inflammatory diseases has recently been reported widely.
In our review, the impact of cGAS-STING on liver inflammation and regulatory mechanism are
summarized. Furthermore, many inhibitors of cGAS-STING signalling as promising agents to cure
liver inflammation are also explored in detail. A comprehensive knowledge of molecular
mechanisms of cGAS-STING signalling in liver inflammation is vital for exploring novel treatments
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and providing recommendations and perspectives for future utilization.

Introduction

The incidence of liver disease is increasingly globally,
with approximately two million deaths attributed to it
[1]. The liver is the largest solid organ and is prone to
various types of injuries and destruction. It is involved in
many different physiological activities such as detoxifica-
tion, metabolism and protein synthesis [2,3]. Inflammation
is vital for the development of liver diseases [4]. The
aetiology of chronic liver diseases can be viral or toxic,
for example, alcoholic or non-alcoholic liver diseases.
Ischaemia-reperfusion (IR) damage following liver trans-
plantation and acute liver failure with extensive necrosis
also cause inflammation [5]. Hepatocyte death induces
the release of damage-associated molecular patterns
(DAMPs), which amplify the inflammatory responses in
liver and are identified by the innate immune system via
pattern recognition receptors [6].

Over the past decade, cyclic GMP-AMP synthase
(cGAS)-stimulator of interferon gene (STING) signalling
has been comprehensively studied. cGAS-STING signal-
ling is involved in various diseases, such as cancer,
autoimmune diseases, infections, inflammation and

metabolic abnormalities [7]. Recently, cGAS-STING sig-
nalling has been implicated in inflammatory disorders.
Moreover, although cGAS-STING signalling affects liver
injury, hepatocellular carcinoma (HCC), non-alcoholic
fatty liver disease (NAFLD) and viral hepatitis [8], the
detailed mechanism of cGAS-STING signalling in liver
inflammation remains unexplored.

In this article, we summarize the impact of
CGAS-STING signalling on various liver inflammatory
diseases and evaluate its potential as a therapeutic tar-
get for liver inflammation.

Regulatory mechanisms of cGAS-STING
signalling

The cGAS-STING pathway detects DNA that induces
potent innate immune defense system [9]. In the
cytosol, cGAS senses aberrant or mislocalized
double-stranded DNA (dsDNA) to generate cyclic
AMP-GMP (cGAMP), which stimulates the protein
STING [10], and phosphorylates downstream kinases
and transcription factors to increase the synthesis of
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interferons and cytokines, ultimately causing cell death
[11-13]. In addition to dsDNA, cytoplasmic manganese
(Mn? *) benefit cGAS to sense dsDNA more sensitive
during viral infection [14]. And cytoplasmic Mn 2+ can
induce cGAS activation and cGAMP production thus to
initiate IFN-l responses in the absent of dsDNA with-
out infection [15]. As shown in Figure 1, cGAMP bind-
ing to STING induces its relocation to the Golgi
apparatus and triggers the activation of TANK-binding
kinase 1 (TBK1), leading to the phosphorylation of
both STING and Interferon regulatory factor 3 (IRF3)
[6]. Type | interferons (IFNs) are activated upon the
translocation of IRF3 into the nucleus, which subse-
quently induces various IFN-stimulated genes [12]. In

addition, STING has the ability to enlist IkB kinase
(IKK), which then triggers phosphorylation of the
nuclear factor-kB (NF-kB) inhibitor, |1kBa, accelerating
the movement of NF-kB into the nucleus, which, in
turn, enhances the production of certain inflammatory
cytokines [7].

The cGAS-STING pathway affects autophagy, senes-
cence, and antitumor immunity, and overactivation of
this pathway results in inflammatory and autoimmune
disorders [10]. In the liver, the cGAS self-DNA sensor is
effective in detecting cellular or tissue damage.
However, dysregulation of the cGAS-STING pathway
leads to inflammation and subsequent illnesses. Thus,
the cGAS-STING pathway plays a dual role—temporary
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Figure 1. Molecular mechanism of cGAS-STING signalling. The cGAS-STING pathway is stimulated by DNA to against pathogens
and induce inflammatory responses. in detail, cGAS senses aberrant or mislocalized dsDNA to generate cGAMP, binding to STING
to induce the relocation of STING to Golgi apparatus and trigger activation of TBK1 to result in phosphorylation of both STING
and IRF3 transcription factor. In addition, IFN-I is initiated upon translocation of IRF3 into the nucleus, which subsequently induces
various IFN-stimulated genes. At the same time, STING has ability to enlist IKK, which then triggers phosphorylation of the NF-kB
inhibitor, IkBa, speeding up movement of NF-kB into the nucleus, which in turn enhances the production of certain inflammatory
cytokines. cGAS, cyclic GMP-AMP synthase; STING, stimulator of interferon genes; dsDNA, double-stranded DNA; ¢cGAMP, cyclic

AMP-GMP; TBK1, TANK-binding kinase 1;
factor-kB.

IRF3, interferon regulatory factor 3; IFN, interferon; IKK, 1kB kinase; NF-kB, nuclear



stimulation of this pathway has beneficial effects in
managing tumours and viruses, whereas continuous
stimulation  contributes to inflammation-induced
tumour formation [16].

CcGAS-STING signalling in immune regulation

Pathogen-associated molecular patterns (PAMPs) and
DAMPs are induced by various factors such as DNA
disruption, mitochondrial damage, apoptosis, exo-
somes, DNA viruses, retroviruses and microbes. Both
cytosolic and extracellular DNA can act as PAMPs to
activate  DNA sensors and induce innate immune
responses in eukaryotic organisms [17]. Foreign DNA
plays a vital role in the immune response of several
organisms. In mammalian cells, the cGAS-STING path-
way is central to the production of effective innate
immune responses via DNA [18]. As shown in Figure 2,
CcGAS-STING signalling is unique among the innate
immunity signalling systems because it is triggered by
DNA. Consequently, its activation does not depend on
the unique properties of pathogens [19]. Therefore,
CcGAS can detect a wide range of DNA molecules,
whether they originate from external sources or from
within the organism. Dysregulation of this adaptable
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innate immune sensing system can disturb the bal-
ance between cells and organisms, leading to abnor-
mal innate immune responses that are linked to many
diseases [18]. Factors that determine whether a host is
effective in preventing infection are still being
discovered. However, the strength and duration of
CcGAS-STING is vital in most situations [9].

STING is predominantly expressed and activated
in hepatic non-parenchymal cells (NPCs), including
Kupffer cells, liver sinusoidal endothelial cells
(LSECs), and hepatic stellate cells (HSCs), which
coordinate the activation of the immune response
when danger signals from pathogens or injured
cells and tissues trigger liver inflammation [20]. In
addition, cGAS maintains its stability through con-
formational changes in DNA-bound structures, sug-
gesting that cGAS detects mitochondrial DNA
(mtDNA) as a signal that activates the natural
immune system, generating cGAMP and a range of
cellular immune functions [21].

cGAS-STING signalling in metabolism

Metabolic reprogramming in macrophages occurs at
two branches of the TCA cycle, the cis-aconitic acid
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Figure 2. The cGAS-STING signalling during immune response. Both cytosolic and extracellular DNA can activate cGAS-STING and
induce innate immune responses in various cell types to led to a range of cellular immune functions. cGAS, cyclic GMP-AMP

synthase; STING, stimulator of interferon genes.
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efflux point to increase succinate activity of ACDO 1
and inhibition of isocitratedehydrogenase (IDH) to
allow conversion of cis-aconitic acid to itaconic acid
[22]. The itaconic acid inhibits the activation of STING
via Nrf 2 [23]. In addition, itaconic acid acts as an
inhibitor of succinate dehydrogenase, inhibiting the
conversion of succinate to fumaric acid [24]. This pre-
vents glycolysis, the main energy metabolism in M1
via HIF-a, which is less efficient than OXPHOS in M2
[25]. Activation of STING-IFN in M2 leads to its repro-
gramming in M1, a process that can be inhibited by
loss of pyruvatedehydrogenasekinase2/4 (PDK 2/4).
This also addresses obesity-related insulin resis-
tance [26].

Lipid metabolism

The cGAS-STING pathway is involved in lipid metabo-
lism (Figure 3(A)); however, the underlying mechanism
remains unknown. Evidence indicates that STING acti-
vation contributes to fat accumulation by regulating
lipid metabolism [20]. Lipotoxicity induces mtDNA,
lipid antigens, and adipokines, and activates the
CcGAS-STING pathway to regulate aberrant lipid metab-
olism [27]. A study conducted on Drosophila has
demonstrated that STING is involved in lipid metabo-
lism [28]. We confirmed the interaction between STING
and lipid synthases ACC and FASN in Drosophila. This
finding suggests that these three proteins are compo-
nents of a complex comprising several enzymes. The
elimination of STING in Drosophila leads to disrupted
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positioning of the ACC, decreased FASN enzyme activ-
ity, heightened susceptibility to hunger and oxidative
stress, diminished lipid storage, and downregulated
expression of genes involved in lipid metabolism [28].
Liver X receptor (LXR) agonists have been identified as
inhibitors of STING signaling that induce lipid metabo-
lism. SMPDL3A is a cGAMP-specific nuclease, and
LXR-associated lipid metabolism stimulates SMPDL3A
expression and accelerates <¢GAMP degradation,
thereby inhibiting STING-mediated innate immunity
[29,301. It is revealed that STING proteins regulate met-
abolic homeostasis by inhibiting fatty acid desaturase
2 (FADS 2) rate-limiting enzymes to suppress the level
of polyunsaturated fatty acid (PUFA) desaturation. And
PUFA inhibits STING to benefit STING-related inflam-
mation from regulating antiviral response. The nega-
tive regulatory feedback loop between STING and
FADS-2 modulates the inflammatory response, imply-
ing crucial role of metabolic alterations in abnormal
STING activation and STING-targeted therapy [31].
These studies highlight the functional link between
CGAS-STING and lipid metabolism, and we expect
CGAS-STING-related ligands to be a promising thera-
peutic strategy in the future.

Glucose homeostasis

The cGAS-STING plays a role in the insulin signalling
pathway to regulate glucose homeostasis (Figure 3(B)).
Impaired glucose homeostasis could induce various
metabolic diseases, such as obesity, insulin resistance
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Figure 3. cGAS-STING signalling in metabolism. (A) The cGAS-STING pathway in the liver mediates NAFLD/ALD/fibrosis. HFD/free
fatty acids (FFAs) led to mitochondria stress to induce the release of mtDNA. The mtDNA activate cGAS-STING to stimulate IRF3
and NF-KB thus to aggravate proinflammatory cytokines and IFN-I production. The growing inflammation and lipid accumulation
together led to NAFLD/ALD and even liver fibrosis. (B) The cGAS-STING pathway mediates glucose homeostasis. Palmitic acid
induced mtDNA leakage stimulate cGAS-STING, leading to production of IFN-I and expression of ICAM-1 to induce insulin resis-
tance thus to regulate glucose homeostasis. cGAS, cyclic GMP-AMP synthase; STING, stimulator of interferon genes; NAFLD, non-
alcoholic fatty liver disease; ALD, alcoholic liver disease; HFD, high fat diet; mtDNA, mitochondrial DNA; IRF3, interferon regulatory

factor 3; NF-kB, nuclear factor-kB; IFN-I, interferon-I.



and hyperglycaemia [32]. Endothelial inflammation
and activation would be stimulated under theses met-
abolic stress and endothelial inflammation seems to
be an interesting target during glucose homeostasis.
The STING pathway induces an inflammatory response
in macrophages when confronted with obesity. In
detail, STING-IRF3-IFN | signalling led to the balance of
biosynthesis and import of lipids by decreasing the
lipid synthesis rate and increasing the amount of cho-
lesterol and long-chain fatty acids imported into mac-
rophages [33]. And inhibition of TBK1 reduces
macrophage infiltration as well as the level of mRNA
encoding key inflammatory genes in adipose tissue,
while increasing brown adipose tissue and the rate of
fat oxidation and energy consumption [34]. These
studies indicate crucial roles for STING-IRF3-TBK1 in
regulating the adipocyte infiltration, and macrophage
polarization in the context of obesity. In addition, acti-
vation of STING-IRF3, highly induced in adipocytes of
obese mice and humans, led to insulin resistance in
adipocytes [35]. And ablation of IRF3 in mice reduced
HFD-induced macrophage infiltration into fat pads,
inflammatory gene expression, and insulin resistance
[35]. Palmitic acid induces mitochondrial damage and
MtDNA into the cytosol to activate STING-IRF3 path-
way and to promote the level of ICAM-1 further to
aggravate insulin resistance, obesity and glucose intol-
erance [36], implying STING as a candidate for insulin
resistance.

cGAS-STING signalling in cell death

Cell death is a fundamental physiological process in all
living organisms that serves both physiological and
pathological roles. Unexpected and uncontrolled
destruction of cells leads to a significant discharge of
cellular components into the extracellular space. These
discharged substances function as signals of harm,
referred to as DAMPs, to prompt defensive responses
from the immune system and attract immune cells
and phagocytes to eliminate potential threats and
support tissue healing. When infections occur, PAMPs
initiate specific immune responses to combat infection
[37]. Here we summarize the cGAS-STING signalling in
various types of cell death (Figure 4).

Cellular senescence, a form of programmed cell
death (PCD), is a condition in which cell proliferation is
permanently halted because of prolonged DNA dam-
age and other stress-related signals [38]. Recent
research has highlighted several additional roles of
senescence, which involve the production of assorted
inflammatory agents such as chemokines, growth fac-
tors, and interleukins, collectively recognized as the
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senescence-associated secretory phenotype (SASP)
[38,39]. DNA damage response influences cellular
senescence, in which SASP is a vital component [40].
The cGAS-STING pathway can activate the SASP and
generate  DNA fragments within senescent cells.
Evidence indicates that curcumol prevents lipid depo-
sition in liver injury by suppressing cellular senescence.
Curcumol inactivates the cGAS-STING pathway to
reduce SASP-related inflammatory factor secretion and
ethanol-induced formation of CCF preventing the com-
bination of LC3B with lamin B1 from affecting nuclear
membrane integrity. This suggests that curcumol alle-
viates AFLD by inhibiting the SASP-cGAS-STING path-
way [41]. Oroxylin A induces HSC senescence during
liver fibrosis, both in vitro and in vivo, by activating the
CGAS-STING pathway, which is mainly offset by
DNMT3A overexpression [42]. Furthermore, oroxylin A
therapy relieves the abnormal alterations in liver fibro-
sis, decreases collagen accumulation, and effectively
suppresses liver fibrosis by activating HSC ferritinoph-
agy, and further inducing HSC senescence. Oroxylin A
stimulates cGAS-STING pathway to enhance the secre-
tion of cytokines such as IFN{, leading to upregulation
of NCOA4 and subsequent regulation of ferritinoph-
agy, indicating that the cGAS-STING pathway regula-
tion of HSC senescence is a potential target for liver
fibrosis therapy [43]. Reduced YAP/TAZ mechanotrans-
duction contributes to senescence by activating
CcGAS-STING signalling. YAP/TAZ activity decreases in
stromal cells during normal ageing and replicating this
decrease by genetically deactivating YAP/TAZ in these
cells results in rapid ageing. Disabling YAP/TAZ leads
to the development of ageing characteristics that are
preceded by the activation of tissue senescence. YAP/
TAZ regulates cGAS-STING signalling by maintaining
nuclear envelope integrity through the direct tran-
scriptional control of lamin B1 and ACTR2, which are
essential for the formation of the perinuclear actin cap.
Therefore, maintaining YAP/TAZ mechanosignalling or
blocking STING could be effective strategies for reduc-
ing senescence-related inflammation and enhance
healthy senescence [44].

Apoptosis is a form of PCD that releases cytochrome
¢ from the mitochondria and is controlled by the equi-
librium of anti-apoptotic and pro-apoptotic proteins in
the BCL-2 family, as well as effector caspases (e.g.
caspase-3, -6, and -7) and initiator caspases (e.g.
caspase-8, caspase-9 and caspase-10) [37]. This process
reaches its peak when caspase-6 fragments the nuclear
membrane, cleaving several intracellular proteins (e.g.
caspase-3 and PARP) and causing membrane bubbles
to integrate DNA into nucleosomal structures [45].
These events represent characteristic signs of apoptosis
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Figure 4. cGAS-STING signalling in cell death. (A) The cGAS-STING pathway in senescence. Lipid deposition/Oroxylin a stimulate
the leakage of mtDNA to initiate IFN-I production and SASP via the cGAS-STING pathway, resulting cellular senescence. (B)The
CGAS-STING pathway in apoptosis. Mitochondrial stress induce the release of mtDNA to activate the cGAS-STING pathway, result-
ing in IFN-I and cytokines production, which in turn aggravate caspase-3 to promote apoptosis. (C) The cGAS-STING pathway in
pyroptosis. Stress/ROS induce mtDNA to activate the cGAS-STING pathway to promote NF-KB signalling, which triggers NLRP3
inflammasome and caspase-1 to activate GSDMD-dependent pyroptosis. In addition, NF-KB can also suppress mitophage to pro-
mote pyroptosis. (D) The cGAS-STING pathway in ferroptosis. Stress/ROS induce mtDNA to activate the cGAS-STING pathway to
promote IRF3 signalling, which triggers IFN-I production to activate ferroptosis. cGAS, cyclic GMP-AMP synthase; STING, stimulator
of interferon genes; mtDNA, mitochondrial DNA; IFN-I, interferon-I; SASP, senescence-associated secretory phenotype; ROS, reactive
oxygen species; NF-kB, nuclear factor-kB; NLRP3, nucleotide-binding domain and leucine-rich repeat containing protein 3.

and are frequently utilized as typical indicators of cell
death. During apoptosis, the released mtDNA is sensed
by cGAS-STING, stimulating an inflammatory response.
The cGAS-STING pathway promotes apoptosis in vari-
ous liver diseases. Acetaminophen (APAP)-induced mice
hepatotoxicity is attributed to inflammatory responses
and apoptosis by activation of the cGAS-STING signal-
ling pathway. Emodin prevents APAP-induced liver
injury by stimulating the nuclear factor erythroid
2-related factor 2 (Nrf2)-mediated antioxidant stress
pathway and suppressing the cGAS-STING pathway to
inhibit apoptosis [46]. Wang et al. found that human
mesenchymal stem cells (hMSCs) could alleviate liver
injury by promoting M2 macrophages to induce stress
granules against damage due to stress. hMSCs could

decrease reactive oxygen species (ROS) production,
apoptosis and endoplasmic reticulum (ER) stress to
inhibit the cGAS-STING pathway, reducing TNF-q, IL-6,
IL-1B mRNA expression in macrophages, which weak-
ens the inflammatory responses to ameliorate hepato-
cytes damage [47]. In HCC, STAT3 knockdown can
strengthen sorafenib-induced ER stress-induced apop-
tosis, where delivered DNA induces cGAS-STING path-
way in CD103+ dendritic cells (DCs) to induce IFN-I
production. Finally, CD8+ T and natural killer cells (NKs)
can be induced to improve the anti-HCC immune
responses. The enhanced anti-HCC ability of the
combination of sorafenib with STAT3 knockdown
was attributed to apoptosis induced by the
DNA-cGAS-STING-type | IFNs axis in DCs [48]. Altogether



these studies verify effects of cGAS-STING pathway on
apoptosis in liver diseases.

Pyroptosis is a form of cell death that induces
inflammasome sensing and blocks plasma membrane
integrity. These sensors are of various types, such as
the Nod-like receptor family, DNA receptor absent in
melanoma 2 (AIM2), and pyrin receptor. These sen-
sors identify various PAMPs and DAMPs emitted by
invading microorganisms or disrupted cellular pro-
cesses. When confronted with central microbial spread
and potential threats, inflammasomes of the immune
system induce lytic cell death and act as a robust
defense against infections or cell stress [37].
cGAS-STING signalling is vital to pyroptosis in various
liver diseases. In thioacetamide (TAA)-induced acute
liver injury (ALI), hepatocyte-specific XBP1 knockout
mice showed worsened ALl with elevated hepatocel-
lular pyroptosis via release of mtDNA and activation
of the cGAS-STING pathway. These findings indicate
that macrophage XBP1 deficiency enhances pyropto-
sis by inhibiting mitophagy, resulting in activation of
mtDNA/cGAS/STING signalling, suggesting a promis-
ing role in treatment options for ALl [49]. In mice
with hexafluoropropylene oxide trimer acid (HFPO-TA)-
induced liver fibrosis, mitochondrial ROS (mtROS)
production was increased, inducing cGAS-STING sig-
nalling as an upstream regulatory mechanism of
pyroptosis and fibrosis. HFPO-TA promotes liver fibro-
sis through mtROS/cGAS-STING/NLRP3-induced pyro-
ptosis [50].

Ferroptosis, a distinct form of cell death influenced
by iron-dependent phospholipid peroxidation and dis-
covered in 2012, has been controlled by several cellu-
lar metabolic pathways such as redox balance, iron
regulation, mitochondrial function, and amino acid,
lipid, and sugar metabolism, along with different sig-
nalling pathways associated with diseases. Ferroptosis
is involved in the regulation of organ damage and
degenerative diseases [51]. Accumulating evidence
indicates that ferroptosis influences cGAS-STING signal-
ling in liver diseases, suggesting that oxidative
stress-induced ferroptosis and macrophage-associated
inflammation are important factors in several liver dis-
orders. Su et al. showed that hepatocyte-specific
TAK1-deficient mice exhibit notable liver damage and
elevated intrahepatic M1 macrophage counts.
Ferrostatin-1, an inhibitor of ferroptosis, alleviates liver
damage and fibrosis, and decreases tumour burden,
which in turn blocks the activation of macrophage
STING signalling. Oxidative DNA damage resulting
from hepatocellular ferroptosis activates STING signal-
ling in macrophages, leading to liver injury, fibrosis,
and cancer. Therefore, blocking macrophage STING
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signalling may be a novel treatment strategy for the
prevention of chronic liver disease [52]. Li et al. estab-
lished that the ginsenoside Rd ameliorated ALI in mice
with reduced amounts of serum and liver iron,
4-hydroxynonenal, and 8-hydroxy-2 deoxyguanosine,
as well as decreased expression of cGAS and STING.
Erastin, a ferroptosis inducer, effectively counteracted
the hepatoprotective effects and impact of ginseno-
side Rd on specific markers, indicating that ginseno-
side Rd prevents ferroptosis by inhibiting the
CGAS-STING pathway, thereby shielding mice against
carbon tetrachloride (CCl4)-induced ALI [53]. Manganese
activates cGAS-STING to promote mitochondrial lipid
peroxidation and ROS production by releasing type |
IFN to reduce DHODH function, thereby inducing fer-
roptosis in tumour, providing a new strategy to com-
plement existing anti-tumour treatment options [54].
On the other hand, cGAS is found to protect HCC from
ferroptosis. cGAS localizes in mitochondrial membrane
to form oligomerization with dynamin-related protein
1 to inhibit ferroptosis, indicating the potential role of
cGAS in regulating ferroptosis and novel targets for
cancer [55].

The cGAS-STING signalling pathway in
inflammatory liver diseases

Viral hepatitis

Globally, viral hepatitis is a serious public health prob-
lem with high morbidity and mortality rates. Hepatitis
B Virus (HBV) infection remains the leading cause of
chronic hepatitis, liver cirrhosis, and HCC [56]. The
innate immune response is activated during viral rep-
lication when host factors recognize viral replication
intermediates. As a critical cytosolic DNA sensor,
CcGAS-STING has drawn considerable research attention
owing to its antiviral capability and role in innate
immunity [57-59] and many studies have focused on
viral hepatitis (Figure 5(A)).

HBV interacts with the signalling pathways of
hepatocyte innate immunity and suppresses its func-
tion. Hence, it is crucial to explore the interactions
between HBV and innate immunity to identify novel
therapeutic approaches for treating HBV infections.
Stimulation of cGAS-STING signalling may consider-
ably inhibit HBV replication in vitro and in vivo.
Conversely, blocking cGAS promotes HBV DNA accu-
mulation [60]. Mechanistically, cGAS-STING signalling
is responsible for innate immune responses to HBV
and preventing HBV assembly [61]. The hepatitis B
virus X protein (HBx) is a crucial regulatory protein in
HBV. It acts as an antagonist of the cGAS-STING
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pathway. HBx inhibits the release of type | IFN by
directly facilitating the ubiquitination and autophagy
destruction of cGAS, which inhibit the host cGAS
DNA-sensing mechanism to enhance the replication
of HBV [62]. Therefore, the cGAS-STING pathway is
involved in the monitoring of HBV infection and
could be utilized for the development of innovative
anti-HBV  approaches. For instance, Schisandra
Chinensis demonstrates antiviral activity against HBV,
resulting in decreased levels of HBeAg, HBcAg, HBsAg
and HBV DNA; Schisandra Chinensis activates
CcGAS-STING signalling to promote the expression of
TBK1, critical for IRF3 phosphorylation and IFNf gen-
eration [63]. Shu et al. examined the effect of RVX-208,
a small molecule that enhances the expression of

apoA-l, on the inhibition of HBV. RVX-208 stimulates
the cGAS-STING pathway to induce cytokines with
antiviral properties such as IFNs, proinflammatory
cytokines, and chemokines [64]. However, the pro-
cesses controlling cGAS stability, particularly feedback
regulation during viral infections, remain unclarified.
In mice peritoneal macrophages, viral infection trig-
gers the activation of the UAF1-USP1 deubiquitinase
complex, which specifically combines with cGAS to
cleave its K48-linked polyubiquitination, enhancing its
protein level and cGAS-dependent type | IFN
responses. Antiviral responses induced by cGAS are
inhibited by a deficiency in Uaf1 and inhibitors of the
UAF1-USP1 deubiquitinase complex, thus promoting
viral infection [65].



Liver injury

The liver can be damaged by various factors, including
alcohol consumption, medications, radiation and IR.
Hepatocyte necrosis or apoptosis caused by injury
leads to the release of nuclear DNA or mitochondrial
DNA (mtDNA). These molecules act as DAMPs and
induce innate immune responses, causing sterile liver
inflammation [66]. As a DNA sensor, cGAS has been
reported to be activated and stimulate STING in vari-
ous types of liver injuries (Figure 5(B)).

Drug-induced liver injury (DILI)

DILI is defined as damage due to the use of suspected
drugs. DILI can be classified into hepatocellular, choles-
tatic, or mixed types and may also involve immunolog-
ical reactions [67]. APAP is a widely used analgesic and
antipyretic medication, and both intentional and inad-
vertent overdose may result in severe nephrotoxicity
and hepatotoxicity, inducing acute liver failure and
kidney injury [68,69]. The primary mechanisms under-
lying APAP-induced liver failure are inflammatory
responses and oxidative stress [70]. APAP-induced liver
injury shows increased cGAS-STING signalling. APAP
suppresses Nrf2-mediated antioxidative stress and
stimulates the NLRP3 inflammasome by inducing the
cGAS-STING signalling pathway, thus accelerating liver
injury [46]. In liver NPCs, APAP-mediated necrosis con-
tributes to DNA release and activates cGAS-STING sig-
nalling, leading to further type 1 IFN production, which
amplifies liver injury [71]. cGAS-STING boosts inflam-
matory factors, further inhibiting M2-type macro-

phages to promote inflammatory responses in
APAP-treated mice, resulting in hepatocyte dam-
age [47].

Liver IR injury

Liver IR injuries are the main cause of hepatic dysfunc-
tion and failure. Ischemia-induced mtDNA activates
macrophage cGAS-STING to promote liver IR injury
through an elevated NLRP3-mediated inflammatory
response in aged livers [72,73]. A recent study demon-
strated that STING triggers liver IR injury by facilitating
calcium-dependent caspase 1-GSDMD processing in
macrophages and that STING knockdown reduces liver
IR injury [74]. Activation of the STING pathway is
involved in liver IR injury. MiR-24-3p has been reported
to reduce cell death and ameliorate liver inflammatory
responses during hepatic IR, possibly through a mech-
anism inhibiting STING [75], representing a potential
therapeutic approach in the clinic. In addition, the
CGAS-STING pathway activated by Sirt3 induces
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hepatocyte death through cytosolic mtDNA releasing
to result in cGAS transcription liver IR injury model
[76], indicating cGAS-STING a promising target in
liver IRI.

Radiation-induced liver injury

Radiation-induced liver injury is associated with a high
mortality rate [77]. The dsDNA released after irradia-
tion rapidly triggers the cGAS-STING pathway in NPCs,
resulting in the synthesis and release of IFN-I and
simultaneous damage to hepatocytes [8].

Sepsis-associated acute liver injury

Similarly, sepsis-associated acute liver injury contrib-
utes to the release of large amounts of dsDNA.
cGAS-STING signalling is activated during sepsis-induced
liver injury and cGAS deficiency in mice significantly
attenuates liver injury, liver dysfunction by inhibiting
IFN-I responses and hepatocyte death [78]. Furthermore,
exosomes derived from bone marrow mesenchymal
stem cells could markedly alleviate septic liver injury
by inhibiting ¢GAS-STING signalling, amplifying mito-
phagy, and decreasing the release of mtDNA into the
cytosol [79]. Thus, cGAS-STING signalling plays an
important role in septic liver injury and is a potential
target for its treatment.

Non-alcoholic fatty liver disease (NAFLD),
non-alcoholic steatohepatitis (NASH), and
alcoholic liver disease (AFLD)

STING expression has been found to be significantly
upregulated in liver of patients with NAFLD [20]. In
NAFLD patients, STING activation is associated with
development of liver inflammation and fibrosis by
monocyte-derived macrophages, indicating that STING
contributes to the progression of NAFLD (Figure 5(C)).
The number of STING-positive cells in the liver tissues
of patients with NAFLD increases with inflammation
and fibrosis, suggesting that STING influences NAFLD
progression and may be a key regulator of inflamma-
tion and fibrosis [80]. Researchers found that NAFLD
hepatocytes rapidly increase in number and have
widespread disturbances in DNA replication, character-
ized by a slowdown in the pace of replication forks
and activation of the ataxia telangiectasia and
Rad3-related (ATR)/CHK1 pathways. Therefore, DNA
damage related to replication builds up in hepatocytes
affected by NAFLD, triggering activation of the
CGAS-STING pathway to connect replication stress to
the IFN-lI response [81]. Moreover, bacterial DNA is
present in the liver tissue of patients with NAFLD,
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which may be derived from the gut microbiota. The
presence of these bacteria correlates with the severity
of NAFLD and development of liver fibrosis.
Mechanistically, bacterial extracellular vesicles (bEVs)
released by the gut microbiota induce inflammation
and fibrosis in NAFLD by activating cGAS-STING signal-
ling, suggesting that the gut microbiota and bEVs are
crucial for the pathogenesis and development of
NAFLD and are new targets for the treatment of
NAFLD [82].

Inflammation and fibrosis are common manifesta-
tions of NASH [83]. Hepatic steatosis is characterized
by the accumulation of substantial quantities of tri-
glycerides in the hepatocytes. Prolonged fatty liver can
lead to hepatocyte death, which can progress to NASH,
liver cirrhosis, and HCC [84]. p62 inclusions in hepato-
cytes serve as a crucial indicator to differentiate
between simple fatty liver disease and NASH and indi-
cate an unfavourable prognosis for HCC. Mechanistically,
CcGAS and STING are upstream regulators responsible
for activating the lipotoxic properties of TBK1 and
phosphorylating p62 to further increase ubiquitin-p62
aggregates [85]. cGAS-STING signalling is involved in
the progression of NASH, and modulating this route
could potentially serve as a novel treatment approach
[20,80]. Licorice is a commonly used herb that is
known for its anti-inflammatory and hepatoprotective
effects. In mouse NASH models, licorice extract has the
ability to hinder cGAS-STING pathway by suppressing
STING oligomerization, thus alleviating hepatic fibro-
sis [86].

AFLD is a persistent liver disease characterized by
abnormal accumulation of fat. This condition is mostly
caused by long-term heavy alcohol intake [87]. If not
treated appropriately, AFLD can eventually lead to
development of alcoholic hepatitis, liver fibrosis, liver
cirrhosis and HCC [88]. As the potential mechanism of
AFLD remains unknown, few efficacious methods can
reverse AFLD or impede its progression to more severe
conditions. Jin et al. found that curcumol significantly
suppressed the release of cytoplasmic chromatin frag-
ments (CCF) produced by ethanol and activated
CcGAS-STING, impairing the secretion of inflammatory
markers associated with SASP [41]. These findings indi-
cate the potential applications of cGAS-STING signal-
ling in AFLD therapies. Alcohol decreases the hepatic
expression of DRP1, leading to an increase in mega-
mitochondria and  mitochondrial maladaptation.
Mechanistically, alcohol reduces DRP1 levels by pro-
moting the formation of enlarged mitochondria and
inhibiting mitophagy, which leads to liver damage and
inflammation caused by elevated levels of cytosolic
mtDNA and impairs mitochondrial function, triggering

the activation of the cGAS-STING-IFN signalling path-
ways [89]. This study provides evidence for the crucial
involvement of mitochondrial dynamics and mitoph-
agy with cGAS-STING signalling in safeguarding
against ALD.

Liver fibrosis

Liver fibrosis is a chronic disease caused by inflamma-
tory and immunological responses. It is identified as an
excessive accumulation of extracellular matrix. Currently,
efficient therapeutic approaches are lacking for the
management of liver fibrosis, which demonstrates sig-
nificant mortality globally [90]. Increasing evidence indi-
cates that the cGAS-STING pathway influences liver
fibrosis (Figure 5(D)). In the CCl4 mouse liver fibrosis
model, TDP-43 expression progressively increases along
with activation of cGAS-STING signalling and an increase
in inflammatory factors upregulated through the NF-«B
pathway. In addition, co-localization of mitochondria
and TDP-43 affects the severity of liver fibrosis. These
results suggested that TDP-43 influences liver fibrosis
and aggravates inflammation by upregulating the
CGAS-STING pathway [91]. These findings indicate that
CCl4 stimulated the release of mtDNA and significantly
enhanced the immunological response mediated by
CGAS-STING. This effect was suppressed by MitoQ, which
effectively prevented the development of liver fibrosis,
demonstrating that mitochondrial oxidative stress is
involved in the development of liver fibrosis induced by
CCl4. Hence, mitigating or reversing mitochondrial dam-
age could be a promising strategy for treating liver dis-
orders caused by CCl4 [92]. In mice, Xbp1 deficiency
ameliorates liver fibrosis by reducing the cytosolic
release of mtDNA owing to oxidative mitochondrial
injury to suppress NLPR3 activation in a cGAS-STING
IRF3-dependent manner [90]. STING activates NLRP3
inflammatory vesicles through an epigenetic mecha-
nism, which mediates hepatocyte pyroptosis and
hepatic inflammation in liver fibrosis. By inhibiting the
STING-NLRP3 signalling pathway, liver fibrosis can be
attenuated and potential mechanisms involving oxida-
tive stress and metabolic reprogramming can be
revealed [93]. In chronic CCl4-induced liver fibrosis in
mice, induction of cGAS-STING signalling promotes the
dysfunction of LSECs to increase sinusoidal microthrom-
bosis, which results in increased portal vein pressure,
thus aggravating the degree of fibrosis [94]. However,
the pro-fibrotic or anti-fibrotic effects of cGAS-STING
remain contested. HSC senescence attenuates liver
fibrosis. Manganese (MN) exhibits significant antifibrotic
effects by inducing senescence and eliminating



activated HSCs, which rely on activated cGAS-STING sig-
nalling to promote prosenescence with enhanced
immune clearance [95]. Oroxylin A induces senescence
by suppressing cGAS gene methylation to prevent
methionine metabolites from stimulating the cGAS-STING
pathway, eventually ameliorating fibrosis  [42].
Furthermore, oroxylin A induces cGAS-STING pathway
to stimulate cytokines such as IFNP to activate ferritino-
phagy to prevent liver fibrosis. Importantly, cGAS siRNA
partially counteracts this effect [43].

Autoimmune hepatitis(AlH)

The recognition of IFN-I and self-nucleic acids as key
factors during the development of systemic autoim-
mune diseases has led to significant interest in the
role of the cGAS-STING pathway in these conditions
[9]. Ventus Therapeutics has advanced VENT-03, the
first cGAS-STING pathway inhibitor, into phase | clinical
trials, thus initiating a new journey in the treatment of
autoimmune diseases using cGAS-STING inhibitors.
This trial was designed to evaluate the safety of
VENT-03 in healthy volunteers, with subsequent trials
planned for the treatment of more complex autoim-
mune diseases, such as systemic lupus erythematosus
(SLE) and systemic sclerosis [96]. Hou et al. revealed
that CCDC50, a recently discovered autophagy receptor,
suppresses  STING-directed IFN-I  signalling by
transporting K63-polyubiquitinated STING to the autol-
ysosomes for destruction. CCDC50 downregulation
enhances the immunological response mediated by
cGAS-STING, which is induced by serum from SLE
patients [97], implying that cGAS-STING maybe a pos-
sible target for autoimmune diseases.

AlH is a chronic inflammatory disease characterized
by continuous autoimmune responses that directly tar-
get the liver [98]. However, only a few documented
instances exist of cGAS-STING signalling being impli-
cated in autoimmune liver diseases (Figure 5(E)). Mn
aggravates liver damage and hepatic inflammation
induced by ConA by activating cGAS-STING signalling.
Moreover, cGAS knockout alleviates Mn-induced liver
damage [99], broadening our perspective for future
investigations into the treatment and prediction of
AIH. Genetic vulnerability is the main factor implicated
in autoimmune liver disease, which causes an imbal-
ance in both humoral and cellular immunity. This
imbalance induces the production of autoimmune
antibodies and T-cell-mediated autoimmune responses,
leading to injury. Because the cGAS-STING pathway is
central to both innate and adaptive immunity, it may
participate in autoimmune liver disease. Further
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research is needed to elucidate the effects of
cGAS-STING in AlH.

Clinical applications of cGAS-STING signalling in
diseases

Studies on the role of cGAS-STING in inflammatory
liver diseases with inadequate or unfulfilled treatment
options suggest its potential as a target for therapeu-
tic development. The cGAS-STING pathway triggers
sterile inflammation, which is crucial for liver damage.
Therefore, inhibitors of the cGAS-STING pathway are
prospective targets for the treatment of inflammatory
liver diseases. Here we summarize the inhibitors in
applications in Tables 1 and 2 and the mechanisms in
Figure 6.

cGAS inhibitors

cGAS functions as a sensor and an enzyme that catal-
yses the second messenger, cGAMP, for STING signal-
ling. Aberrant cGAS activation is linked to many
immune-mediated inflammatory diseases, making it a
promising candidate for improving ¢GAS- and
STING-dependent inflammatory disorders.

An important step in the cGAS-STING pathway,
CcGAS catalyses the conversion of GTP and ATP into

Table 1. cGAS Antagonists used in inflammatory or autoim-
mune diseases.

Compounds/ Functions/Biological
Molecules Experimental models effects Refs
PF-06928125 in AGS(Aicardi- Occupy the active [100]
Goutiéres binding
syndrome) mouse checkpoint of cGAS
models to compete with
cGAMP.
RU.521 in BMDMs Occupy the active [101]
site of the
enzyme to
compete with
ATP and GTP.
G150 in primary Occupy an cGAS [102]

H-macrophages catalytic binding
pocket similar to
that of GTP and
ATP.
in pyrophosphatase  Binds with R376 [103]
(PPiase) -coupled and N482 at an
assay cGAS catalytic
binding pocket.

Compound S3

Disrupt DNA in THP-1 cells They focus on [104-107]
binding in THP-1 cells dsDNA-binding
inhibitors in TREX1-deficient domain to
(Antimalarial cells disrupting the
drugs, association
Suramin, between cGAS
A151) and dsDNA.

Baicalin and its  in pyrophosphatase  They inhibiti cGAS [108]
aglycone (PPiase) -coupled at the molecular
baicalein assay level.
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Table 2. STING Antagonists used in inflammatory or autoimmune diseases.

Compounds/ CDNbased
Molecules (Yes or No) Experimental models Functions/Biological effects Refs
Astin C Yes in HEK293 cells Targets the CDN sites to diminish the combination of IRF3 and [109,110]
in Raw264.7 cells STING signaling, blocking the STING pathway.
in Trex1*mice
c-176 No in HEK293T cells Hinders the interaction between STING and CDN by binding to [111]
in Trex1—/— mouse model Cys-91 in rat STING, thereby preventing STING palmitoylation
H151 No in HEK293T cells Hinders the interaction between STING and CDN by binding to [111]
in THP-1 cells Cys-91 to prevent
in Trex1—/—Ifnb1AB-luc/AB-luc palmitoylation of STING
mice
NO2-FAS No in THP-1 cells Targets the N-terminal domain of STING to induce covalent [112,113]
connections between the Cys88 and Cys91 residues.
cccp No in Raw264.7, HEK293T, Hela cells Inhibits and diminishes the phosphorylation of STING to impair [114]

the mitochondrial membrane potential to disrupt interaction
between TBK-1 and STING.

2',3'-cGAMP upon detecting either internal or external
DNA [104,115]. Therefore, limiting the interaction
between cGAS and DNA to suppress its enzymatic
functions is the viable approach to avoid cGAS-STING
pathway.

Catalytic site inhibitors

PF-06928125 binds to the active site of cGAS at a
location that usually occupies the adenosine base of
cGAMP or ATP. Although PF-06928125 bound to
cGAS in the biochemical tests, it did not exhibit
inhibitory effects in the cellular tests. Blocking the
active site may necessitate stronger chemicals, owing
to the elevated quantities of ATP and GTP inside the
cell [100].

RU.521, using recombinant mouse cGAS (m-cGAS)
with a RapidFire mass spectrometry instrument in a
high-throughput screening process, is discovered
through further chemical synthesis based on structural
guidance. It has a crystal structure that is coupled to
cGAS with dsDNA located at the active site of cGAS,
with the highest potency in a cellular assay. It is widely
used in the mouse model of Aicardi-Goutiéres syn-
drome to inhibit cGAS activity [101].

G150 is a chemotype G compound with a pyridoin-
dole tricyclic core. It demonstrates no off-target effects
on G150 in various experiments assessing inhibition in
the innate immune system [102].

Compound S3 exhibits an IC50 of 49uM in
PPiase-coupled assay combined with docking assess-
ment. The co-crystal structures of h-cGAS/compound 3
showed that they interacted with the active site of
cGAS in a manner consistent with anticipated binding
based on simulated screening [103].

Inhibitors that disrupt DNA binding
While research groups have also focused on inhibiting
cGAS’ active site, an alternative technique could involve

disrupting the association between cGAS and dsDNA,
which induces cGAS expression.

Antimalarial drugs, like hydroxychloroquine and
quinacrine, are being referred to promising therapies
for SLE which are known to suppress IFNB expression
through  specifically  disrupting interaction  of
cGAS-dsDNA [105].

Suramin has been identified as a cGAS inhibitor
that binds to the dsDNA-binding site to suppress the
cGAS-dsDNA complex formation. Suppression of cGAS
is specific because it does not impact the TLR4 path-
ways [104].

A151 is an oligodeoxynucleotide that suppresses
TLR9 signaling and AIM2 [106]. It inhibits cGAS via a
competing dsDNA-binding domain. A151 could success-
fully suppress IFN-I expression in TREX1-deficient cells,
suggesting a potential treatment for autoimmune disor-
ders triggered by dsDNA. However, the specific binding
site for A151 remains unknown and requires further
research for a comprehensive understanding [107].

Inhibitors that targeting cGAS

cGAS-specific inhibitors primarily occupy catalytic sites
that hinder the formation of cGAMP. Additionally, scaf-
folds for cGAS inhibitors are scarce, necessitating the
discovery of new inhibitors that can accelerate drug
development targeting cGAS.

Baicalin and its aglycone baicalein. Among natural
flavonoids, baicalin and baicalein are recognized for
their potent anti-inflammatory activity. Recently, bai-
calin and baicalein were identified as inhibitors of
cGAS. A further virtual screening process utilizing
information from the crystal structures of baicalein
revealed a new inhibitor with enhanced effectiveness.
Baicalin and baicalein can potentially reduce inflamma-
tion by inhibiting cGAS at the molecular level and
serve as examples of flavonoids for the discovery of
new cGAS inhibitors [108].
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Figure 6. The mechanism of cGAS-STING inhibitors in application. (A) The schematic diagram indicates the functional structural
domains of human STING. (B) The schematic diagram shows the mechanisms of inhibitors at different stages during activation of
CGAS-STING. cGAS, cyclic GMP-AMP synthase; STING, stimulator of interferon genes.

STING inhibitors

Two primary methods are recommended to verify the
efficacy of STING inhibitors. One approach involves
compounds that bind to cyclic dinucleotide (CDN)-
binding sites, effectively blocking STING activation.
Another method involves identifying antagonists that
focus on either Cys88 or Cys91 residues close to the
transmembrane region of STING [9], both of which are
palmitoylated.

Targeting the CDN-binding site
Tetrahydroisoquinolines. Inhibitors target CDN-binding
sites based on the meristic structure of the CDN-binding
domain. Compound 1 is a low-affinity agent that com-
petes for the CDN site, resulting in STING inactiva-
tion [106].

Astin C, as a natural agent, targets the CDN sites.
Mechanistically, Astin C diminishes the combination of
IRF3 and STING signaling, blocking the STING pathway
[109]. And it shows a potently anti-inflammatory
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effects in an HSV-1infection model and its therapeutic
potential in the treatment of autoimmune dis-
eases [110].

Targeting STING palmitoylation site

c-176, as a type of nitrofuran ramification, hinders the
interaction between STING and CDN by binding to
Cys-91 in rat STING, thereby preventing STING palmi-
toylation [111].

H151 can
c-176 [111].

Nitro-fatty acids (NO2-FAS), targeting the N-terminal
domain of STING could induce covalent connections
between the Cys88 and Cys91 residues. This process
suppresses palmitoylation of STING, ultimately induc-
ing inactivation [112]. NO2-FAs suppresses STING pal-
mitoylation in SAVI patient-derived fibroblasts [111].
And NO2-FA treatment also decreases inflammatory
markers in heart tissues in Trex7”- model [113].

CCCP inhibits and even diminishes the phosphory-
lation of STING, impairing the mitochondrial mem-
brane potential to disrupt the interaction between
TBK-1 and STING, eventually attenuating IFN-I-mediated
inflammatory responses [114].

Using cryoelectron microscopy (cryo-EM), the struc-
tures of STING filaments in both apo- and cGAMP-bound
forms, the former of which binds two ER membranes to
prevent TBK1 recruitment, resulting in the autoinhibition
of STING. This study provides a comprehensive view of
STING autoinhibition, contributing significantly to the
existing knowledge of cGAS-STING signalling [116].

In summary, various inhibitors of cGAS-STING
regulate cell physiological effects based on different
mechanisms, among which are effective in inhibiting
inflammation, attenuating autoimmune diseases in ani-
mals. However, these inhibitors have only been con-
ducted in animal models without any data in the
human body and the effective dose and toxicology
still remain unclear. In the future, more researches,
especially clinical studies, are appealing to disease
treatments targeting cGAS-STING STING signalling.

inhibit human STING similarly to

Conclusion and perspectives

The consequences resulting from activation of STING
and its pathways play crucial roles in liver disorders.
Although cGAS-STING signalling can help defend
against external infections in the liver, overactive or
aberrant activation of this pathway can be harmful.
Further research is warranted to explore the modula-
tion of STING expression for the treatment and pre-
vention of liver disorders.

As discussed above, the cGAS-STING pathway has
an inhibitory effect on HBV hepatitis, but a stimulating
effect in ALD, NAFLD, and liver fibrosis. In addition, in
liver injury and autoimmune hepatitis, the cGAS-STING
signalling pathway aids disease progression.

More efforts are needed to solve the following
issues. First, it is urgent to confirm clinical translation
of laboratory experiments and to further understand
the specific functions of cGAS-STING signalling during
liver disease development. Second, reports have
focused on finding reliable biomarkers and utilizing
animal experiments and specific chemicals to observe
CGAS-STING expression in mice and human samples.
For example, notably, quantifying the expression of
cGAMP and Ser366 STING phosphorylation are partic-
ular indicators of pathway activity and can be valuable
clinical biomarkers that accurately represent
CGAS-STING pathway involvement. The relationships
between STING and autophagy, necroptosis, ferropto-
sis, and pyroptosis in various liver diseases should be
extensively studied in the future research. In addition,
it is important to comprehensively investigate the
mechanisms of the STING pathway in liver inflamma-
tory diseases and explore techniques to control
PCD-associated genes.

Although the cGAS-STING pathway is significant in
liver inflammatory diseases, it is crucial to note that
the intricacy of liver inflammation. Utilizing particular
combinations of medications in the cGAS-STING path-
way could be a potential approach to treat liver
inflammation. Moreover, more studies are required to
apply the current research results to medications that
inhibit or stimulate the cGAS-STING pathway in liver

inflammatory diseases.
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