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The cyclic GMP-AMP synthase (cGAS) and its downstream effector, the stimulator of
interferon genes (STING), are crucial components of the innate immune response,
traditionally recognized for their role in detecting cytosolic DNA from pathogens
and damaged host cells. However, recent research indicates that the cGAS-STING
pathway also significantly impacts metabolic processes, particularly glycerolipid
metabolism. Glycerolipids are essential for energy storage and cellular membrane
integrity, and their dysregulation is linked to metabolic disorders such as obesity,
insulin resistance, and non-alcoholic fatty liver disease (NAFLD). Both cGAS and
STING are expressed in various metabolic tissues, suggesting a potential role in
lipid homeostasis. Chronic activation of the cGAS-STING pathway may promote
inflammatory states that exacerbate insulin resistance and lipid accumulation,
forming a feedback loop of metabolic dysfunction. This review explores the emerging
relationship between cGAS/STING signaling and glycerolipid metabolism, discussing
the mechanisms through which this pathway influences lipid regulation and the
potential for therapeutic interventions. By integrating insights from immunology
and metabolism, we aim to provide a comprehensive understanding of how the
cGAS-STING axis may serve as a novel target for addressing metabolic disorders
and enhancing metabolic health outcomes.

KEYWORDS

cGAS/STING pathway, inflammation, immune response, glycerolipid metabolism,
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1 Introduction

The cyclic GMP-AMP synthase (cGAS) serves as a vital sensor for cytosolic DNA,
initiating a critical immune response against both pathogenic invasion and cellular damage.
When DNA is improperly localized in the cytosol, cGAS catalyzes the synthesis of cyclic
GMP-AMP (cGAMP) from ATP and GTP. This second messenger subsequently activates the
stimulator of interferon genes (STING) pathway, leading to the production of type I interferons
(IFN-1) and other pro-inflammatory cytokines (1, 2). Although the cGAS-STING signaling
pathway is predominantly recognized for its role in innate immunity, recent research highlights
its broader biological functions that extend into various physiological contexts, including
metabolism (3, 4).

Emerging evidence suggests that the cGAS-STING pathway is intricately linked to
glycerolipid metabolism, a key process in maintaining cellular energy balance and membrane
integrity (5-7). Glycerolipids, which encompass triglycerides and phospholipids, are not only
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critical for energy storage but also play essential roles in cellular
signaling and membrane dynamics. Dysregulation of glycerolipid
metabolism is increasingly associated with metabolic disorders such as
obesity, insulin resistance, and non-alcoholic fatty liver disease
(NAFLD) (8). These conditions are characterized by imbalances in lipid
synthesis and degradation, often exacerbated by inflammatory processes.

Both ¢GAS and STING exhibit expression patterns in various
metabolic tissues, including adipose tissue, liver, and muscle,
suggesting that they may contribute to the regulation of lipid
metabolism (9-11). Human protein Atlas analysis has shown that
cGAS is present in key metabolic organs, indicating a potential role in
sensing cellular stress or damage within these tissues.! Conversely, the
expression of STING is more selective, predominantly found in
immune tissues, but also detected in metabolic tissues, albeit at lower
levels.? This discrepancy prompts further investigation into how these
proteins may influence metabolic processes, especially given their
known roles in mediating inflammatory responses.

The interplay between cGAS/STING signaling and glycerolipid
metabolism may create a complex feedback loop, where chronic
activation of this pathway can lead to a heightened inflammatory state,
contributing to the development of insulin resistance and fat
accumulation. For instance, pro-inflammatory cytokines produced as
aresult of cGAS-STING activation can interfere with insulin signaling
pathways, promoting a state of metabolic dysregulation. Furthermore,
the association of cGAS with lipid droplets in adipocytes suggests that
it may play a direct role in modulating lipid storage and mobilization,
linking immune signaling with energy homeostasis.

Despite the progress made in understanding the role of cGAS and
STING in immune contexts, their contributions to metabolic
regulation remain underexplored. There is a pressing need to
investigate how the cGAS-STING pathway influences various aspects
of glycerolipid metabolism, including lipid synthesis, storage, and
breakdown. Additionally, understanding the molecular mechanisms
underlying these interactions could reveal new therapeutic targets for
addressing metabolic diseases.

This review aims to synthesize current findings regarding the
cGAS-STING signaling pathway, emphasizing its role in glycerolipid
metabolism and its implications for metabolic health. By bridging the
fields of immunology and metabolism, we seek to highlight the
potential of targeting the cGAS-STING axis as a novel therapeutic
approach for metabolic disorders. Through a comprehensive
examination of the existing literature, we aim to elucidate the critical
functions of this signaling pathway in regulating metabolism,
ultimately contributing to a better understanding of the interplay
between immune responses and metabolic health.

2 cGAS/STING signaling pathway

The innate immune system serves as the primary defense
mechanism against pathogens, employing a variety of strategies to
recognize and combat infections. A key aspect of this response is the
detection of pathogen-derived DNA in the cytosol, primarily mediated

1 https://www.proteinatlas.org/ENSG00000164430-CGAS/tissue
2 https://www.proteinatlas.org/ENSG00000184584-STING1/tissue
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by the enzyme ¢GAS. Upon encountering double-stranded DNA
(dsDNA), cGAS becomes activated and catalyzes the synthesis of the
second messenger cGAMP. This molecule interacts with STING,
facilitating STINGs translocation from the endoplasmic reticulum
(ER) to the ER-Golgi intermediate compartment and ultimately to the
Golgi apparatus. This translocation is crucial for engaging downstream
signaling cascades that lead to the activation of the TANK binding
kinase 1 (TBK1) and interferon regulatory factor 3 (IRF3), which
drive IFN-1 expression (2). The well-recognized cGAS/STING
signaling pathway is as Figure 1.

The cGAS-STING pathway is not only a first line of defense
against infections but also a mediator of sterile inflammation in
response to self-DNA, such as mitochondrial DNA (mtDNA) and
nuclear DNA that become aberrantly localized in the cytosol due to
cellular stress, genomic instability, or DNA damage. This inappropriate
activation can result in pathological conditions including autoimmune
diseases, cancer, and metabolic dysfunctions (12, 13). Thus, while the
cGAS-STING pathway is vital for immune surveillance, it can also
have detrimental consequences when improperly activated, indicating
its dual role as both a protective and a potentially harmful
signaling mechanism.

cGAS activity is intricately regulated through spatial and temporal
mechanisms. Originally identified as a cytosolic DNA sensor, cGAS
has also been localized in the nucleus, where it associates closely with
chromatin. This nuclear localization appears to prevent cGAS from
activating in response to self-DNA, as it is sequestered away from
cytosolic compartments (14). Recent studies have shown that cGAS
binds to the histone H2A-H2B heterodimer in nucleosomes, which
inhibits its dimerization and enzymatic activation (15, 16).
Additionally, cGAS has been found on the plasma membrane of
macrophages, where its localization may also prevent activation by
self-DNA during genotoxic stress (17). Beyond compartmentalization,
cGAS
modifications, including phosphorylation, acetylation, ubiquitination,

activity is influenced by various post-translational
glutamylation, and SUMOylation, each modulating its function in
response to cellular cues (18, 19). The regulation of cGAS by these
modifications underscores the complexity of its role in cellular
signaling and immune responses.

In summary, the cGAS-STING signaling pathway exemplifies a
sophisticated mechanism of immune detection that integrates
pathogen recognition with the regulation of inflammation. Its dual
nature as a protector against infections and a potential contributor to
disease states highlights the need for further exploration of its
functions, particularly in the context of metabolic disorders and other
pathophysiological conditions. Understanding the intricate regulation
of this pathway could provide new therapeutic targets for managing
diseases linked to dysregulated immune responses and metabolism.

3 Post-translational modification of
cGAS

The cGAS-STING pathway is closely controlled to protect the host
from excessive immune activation, which could be harmful.
Overstimulation of IFN production due to unchecked cytosolic cGAS
activity has been linked to autoimmune conditions (1). Thus, the
precise regulation of cGAS-STING signaling is essential for ensuring
a balanced immune defense. Positive regulatory mechanisms facilitate
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the swift production of IFNs and pro-inflammatory cytokines, while
negative feedback systems are in place to avoid overactivation of the
immune system. Post-translational modifications play a key role in
modulating or fine-tuning the cGAS-STING pathway.

3.1 Phosphorylation

3.1.1 Phosphorylation of cGAS

The cGAS-STING pathway, integral for antiviral immune
responses, is tightly regulated to ensure a balanced immune reaction
and to prevent harmful consequences associated with overactivation,
such as autoimmune diseases (20). One of the primary mechanisms
for controlling cGAS activity involves post-translational modifications,
particularly phosphorylation. Phosphorylation are critical post-
translational modifications involved in regulating various cellular
processes, this dynamic process enables cells to fine-tune cGAS
function in response to viral infections or other DNA-damaging
events (21, 22).

Phosphorylation can serve as a negative regulator of cGAS activity.
For example, the kinase AKT plays a key role by phosphorylating
human cGAS at Ser305 (and at Ser291 in murine cGAS), functioning
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as an “on/oft” switch. This modification occurs near the catalytic site
of cGAS and significantly hampers its ability to synthesize cGAMP, an
essential molecule for activating the STING pathway. This inhibition
of cGAS by AKT phosphorylation reduces the production of IFN-1
and other antiviral cytokines, ultimately enhancing viral replication,
as demonstrated in herpes simplex virus 1 (HSV-1) infections (23).
Inhibition of AKT, on the other hand, restores cGAS activity, boosting
the immune response against the virus.

Once mitosis concludes, the ability of cGAS to sense cytosolic
DNA is restored through the action of protein phosphatases such as
PP1 and PP2, which dephosphorylate the inhibitory sites, enabling
cGAS to resume its immune surveillance function. This reversible
modulation underscores the importance of phosphorylation as a
means to control cGAS activity based on cellular context, ensuring
that immune responses are both timely and appropriately restrained
to avoid autoimmunity (24).

3.1.2 Phosphorylation and dephosphorylation of
STING

Phosphorylation and dephosphorylation are critical for the
modulation of the stimulator of STING pathway. As described above,
oligomerized STING recruits TBK1, which phosphorylates STING
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at Ser366 (Ser365 in mice), a key step in activating downstream
signaling pathways, such as IRF3-mediated IFN-1 production (25).
In addition, C-terminal src kinase (CSK) phosphorylates STING at
tyrosine residues (Tyr240 and Tyr245) to promote its aggregation
and immune response activation during viral infections, such as
herpes simplex virus 1 (HSV-1) (26). Similarly, protein phosphatase
6 catalytic subunit (PPP6C) acts as a negative regulator by
dephosphorylating STING at Ser366, and its depletion significantly
enhances STING activation in response to double-stranded DNA
(dsDNA) stimulation (27). This fine-tuning ensures proper immune
responses, preventing hyperactivation and maintaining immune
homeostasis. Furthermore, epidermal growth factor receptor
(EGFR) and spleen tyrosine kinase (SYK) can phosphorylate STING
at Tyr245 and Tyr240, respectively, facilitating STING trafficking to
the Golgi apparatus, which is essential for the production of IFN-1
(28). Conversely, the dephosphorylation of these sites by protein
tyrosine phosphatases, such as tyrosine-protein phosphatase
non-receptor types 1 and 2 (PTPN1/2), leads to STING degradation
via a proteasomal pathway, thereby dampening immune
responses (29).
Overall, the
dephosphorylation is crucial for modulating STING activity.

balance between phosphorylation and
Dysregulation of this balance may contribute to pathological
conditions, where hyperactivation or suppression of immune

responses could drive disease progression.

3.2 Ubiquitination of cGAS

Ubiquitin is a small and highly conserved protein composed of
76 amino acids, including seven lysine residues and a single
methionine residue (M1) (30). Ubiquitination, a significant post-
translational modification, involves a cascade of enzymes: El
activating enzymes, E2 conjugating enzymes, and E3 ligases, which
facilitate the attachment of ubiquitin chains to target proteins. The
process begins with ubiquitin forming a thioester bond with the E1
enzyme, which is then transferred to E2. Subsequently, the
E2-ubiquitin complex interacts with an E3 ligase, forming an
isopeptide bond between the carboxyl group of Gly-76 in ubiquitin
and the lysine residue of the substrate (31, 32). This modification is
crucial for the regulation of various cellular processes, including the
cGAS-STING signaling pathway, which is vital for controlling
antiviral immune responses.

The first E3 ubiquitin ligase identified to mediate the ubiquitination
of cGAS was ring finger protein 185 (RNF185), which contains a RING
domain that interacts directly with cGAS. RNF185 specifically facilitates
K27-linked ubiquitination, which enhances the enzymatic activity of
cGAS (33). The deletion of RNF185 reduces the activation of IRF3
triggered by cytoplasmic DNA (34). Another E3 ligase, ring finger
protein interacting with C kinase (RINCK), also modulates cGAS
activity by inducing its monoubiquitination. RINCK plays a key role in
the synthesis of cGAMP, and its absence leads to compromised defenses
against DNA viruses (35). Furthermore, TNF receptor-associated factor
6 (TRAF6), an additional E3 ubiquitin ligase, promotes cGAS activation
and downstream IFN-1 production through specific ubiquitination of
cGAS (36). Another significant player in this process is tripartite motif-
containing protein 56 (TRIM56), which facilitates the ubiquitination of
cGAS at Lys335, promoting its dimerization, DNA binding, and
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cGAMP synthesis, all of which contribute to antiviral immune responses
(37, 38).

In addition to these direct interactions, some DUBs regulate cGAS
indirectly. For instance, upon HSV-1 infection, USP14 is recruited and
works alongside TRIM 14 to remove K48-linked ubiquitin from cGAS
at Lys414 (39). This process prevents autophagic degradation of cGAS,
stabilizing it and promoting the expression of IFN-1, which enhances
the organism’s antiviral defense capabilities (40).

4 cGAS/STING signaling in innate
immunity

The cGAS-STING signaling pathway serves as a vital mechanism
for the host’s defense against pathogen invasion, playing a crucial role
in immune responses. This pathway is activated by a range of
substrates, including both pathogen-derived DNA from viruses and
self-derived DNA, such as mtDNA and genomic DNA. cGAS
effectively recognizes various DNA viruses, including Kaposi’s
sarcoma-associated herpesvirus (KSHV), vaccinia virus (VACV),
herpes simplex virus type-1 (HSV-1), and retroviruses such as human
immunodeficiency virus (HIV) and West Nile virus (WNV) (41, 42).
Additionally, cGAS is involved in the immune response to several
bacterial pathogens, such as Listeria monocytogenes and Staphylococcus
aureus (43).

When cGAS detects dsDNA, it becomes activated and produces
the second messenger cGAMP. This molecule binds to STING,
prompting its translocation from the endoplasmic reticulum (ER) to
the Golgi apparatus, leading to the production of IFN-f and other
pro-inflammatory mediators. This signaling cascade enhances the
host’s ability to eliminate invading pathogens. Notably, certain viral
infections can induce oxidative stress or promote the release of
interleukin-1p (IL-1f), which results in mtDNA escaping into the
cytoplasm, further amplifying IFN-1 response (44, 45). In bacterial
DNA
lipopolysaccharides (LPS) and can also activate STING through direct
interaction with cyclic dinucleotides (CDNs). While the cGAS-STING
pathway is critical for antimicrobial defense, its activation by self-DNA

infections, mt can be generated in response to

can also lead to autoimmune conditions such as systemic lupus
erythematosus (SLE) and rheumatoid arthritis. A clinical study
indicated that 15% of SLE patients exhibited elevated levels of cGAMP
despite carrying wild-type alleles for the exonuclease treX1, suggesting
a complex underlying genetic basis (46). Moreover, cGAS/STING
activation linked to DNA damage has been implicated in
neurodegenerative diseases, including Parkinson’s disease, where it
contributes to chronic inflammation (47). Recent research has further
illuminated the ¢cGAS-STING pathway’s role in cancer biology,
proposing mechanisms for its anti-tumor effects. These mechanisms
include promoting cellular senescence and enhancing cytokine
production, which collectively stimulate immune responses against
tumors (48, 49). This suggests that targeted activation of the cGAS-
STING pathway could serve as a promising strategy for cancer
immunotherapy (50). However, inappropriate activation of this
signaling pathway has also been associated with chronic diseases, such
as macular degeneration and non-alcoholic steatohepatitis (51, 52).
Despite its beneficial roles, various pathogens have developed
strategies to evade the host immune response by targeting cGAS or
STING. This can occur through mechanisms such as the degradation
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of signaling proteins or disruption of their pathways. For example,
during HSV-1 infection, the viral protein USP21 negatively regulates
IFN-1 signaling via the deubiquitination of STING, while other viral
proteins can inhibit STING’s function by preventing its dimerization
or cleaving it (53, 54). Additionally, some viruses, like hepatitis B virus
(HBV), utilize protective mechanisms to shield their DNA
from detection.

Understanding these complex interactions and mechanisms will
be essential for developing targeted therapeutic strategies aimed at
modulating this pathway in various clinical contexts.

5 cGAS/STING signaling in
cardiometabolic diseases

5.1 cGAS/STING signaling and
cardiovascular diseases

5.1.1 Epidemiology and risk factors of
cardiovascular diseases

Cardiovascular diseases (CVDs) including atherosclerosis (AS),
heart failure, myocardial infarction (MI), coronary artery disease, and
aortic aneurysm and dissection (AAD), are among the most common
and deadly health conditions globally. Their incidence is increasing,
with cases appearing in younger populations due to a combination of
genetic, environmental, and lifestyle factors. Research has shown that
age and sex play significant roles in CVD risk, with men being more
prone to these diseases, while women typically develop them
10-15years later (55, 56). Notably, conditions such as aortic aneurysm,
one of the deadliest surgical CVDs, see mortality rates climb by 1-2%
per hour after onset, with about 50% of patients succumbing before
reaching the hospital. AS, cardiac hypertrophy, and hypertension
further contribute to CVDs by triggering inflammatory responses in
endothelial cells, largely due to mitochondrial dysfunction,
endoplasmic reticulum stress, unfolded proteins, and macrophage
infiltration (57-59). These mechanisms often lead to tissue fibrosis in
advanced stages, highlighting the need for a deeper understanding of
the intrinsic factors driving CVD progression.

Mounting evidence underscores the role of both innate and
adaptive immune systems in CVD development, with immune
dysregulation acting as a critical factor. Damage to host tissue, whether
from endogenous or exogenous DNA, can lead to immune
homeostasis disruption and inflammatory responses, contributing to
the onset of CVDs. Ectopic DNA, resulting from cell damage or
infection, is particularly harmful, triggering inflammatory cascades
(60). Normally, enzymes like Three-prime repair exonuclease 1
(TREX1) act to degrade cytosolic DNA, preventing its accumulation
and subsequent activation of IFN-1 pathway, which would otherwise
provoke inflammation (61). Studies have shown that TREXI
deficiency in mice leads to increased mortality due to IFN-1 pathway
activation, and these mice develop inflammatory myocarditis,
resulting in cardiomyopathy and heart failure (62).

5.1.2 Immune dysregulation and the role of
cGAS/STING in CVDs

The discovery of the cGAS-STING pathway has provided new
insights into the immune mechanisms behind CVDs. This pathway
serves as a crucial sensor for cytosolic DNA, activating immune

Frontiers in Medicine

10.3389/fmed.2024.1512916

responses to maintain homeostasis. LPS triggers caspase-11 activation,
which in turn activates GSDMD, resulting in the release of mtDNA
from damaged mitochondria. In mouse models lacking TREX1, the
absence of cGAS leads to complete protection from lethality,
drastically reducing IFN-1-driven inflammation and preventing the
production of autoantibodies (63). Additionally, cGAS-deficient mice
exhibit reduced cardiac inflammation, less ventricular dilatation, and
improved heart function (64, 65). These findings suggest that cGAS-
STING is a central player in controlling DNA-induced inflammation
in the cardiovascular system, offering potential therapeutic targets for
the treatment of CVDs. The cGAS-STING signaling pathway plays a
significant role in driving AS, myocardial damage, and impaired AS,
all of which contribute to inflammatory responses in endothelial cells
and macrophages (66). For instance, IRF3 has been implicated in the
development of AS in both humans and murine models (67).
Increased IRF3 expression has been observed in the endothelial layer
of atherosclerotic arteries and within macrophages of atheromatous
plaques in patients with coronary artery disease and hyperlipidemic
ApoE™"~ mice. Knocking out IRF3 in hyperlipidemic mice has been
shown to significantly reduce AS progression by decreasing
macrophage infiltration, lipid accumulation, and inflammation, while
also reducing necrotic core formation (68). Additionally, IRF3
depletion in endothelial cells was found to be more effective in
reducing AS than its depletion in bone marrow-derived cells (67).

AS is marked by lipid accumulation, immune cell infiltration, and
foam cell formation in large arteries, leading to vessel narrowing,
ischemia, and severe clinical outcomes. IFN-1 play a key role in
atherogenesis by enhancing macrophage activity and immune cell
responses that worsen AS (69). The cGAS-STING pathway has
emerged as a critical sensor of aberrant DNA, activating IFN-1 and
promoting inflammation, VSMC phenotypic switching, and plaque
instability. Studies show that cGAS or STING deficiency reduces
plaque vulnerability by preventing premature VSMC senescence and
preserving fibrous caps, positioning the pathway as a therapeutic
target (70). In addition, mitochondrial DNA release due to
mitochondrial damage activates cGAS-STING in endothelial cells,
increasing monocyte adhesion and exacerbating AS (71). Bacterial
LPS further induces mtDNA release via gasdermin D cleavage,
enhancing cGAS-STING signaling (Figure 2). The pathway also drives
inflammation in macrophages through TBK1 and NF-kB activation
(72-74). While other DNA sensors may be involved, the full
connection between DNA damage and AS progression remains
unclear. In summary, the cGAS-STING pathway significantly
contributes to AS development and plaque rupture through its
regulation of inflammation and vascular cell behavior. Targeting this
pathway offers potential for new therapies aimed at reducing plaque
instability and treating AS.

The development of aortic aneurysm and dissection (AAD) is
primarily driven by the progressive loss of smooth muscle cells
(SMCs) and degradation of the extracellular matrix (ECM), eventually
leading to aortic dilation, dissection, and rupture (75-77). Despite
extensive research, the exact molecular mechanisms underlying these
processes remain under investigation. Recent studies have identified
the ¢cGAS-STING signaling pathway as a critical factor in the
pathogenesis of AAD, providing new insights into its development
(66, 78). In the setting of AAD, increased cytoplasmic DNA release
from damaged SMCs and macrophages has been shown to activate
STING. Specifically, DNA from SMCs in sporadic AAD induced by
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cGAS-STING pathway plays a significant role in mediating cardiovascular disease. High-fat diet (HFD) or palmitic acid (PA) exposure increases
mitochondrial stress and lowers mitochondrial ALDH2 activity due to reduced melatonin levels, leading to impaired mitochondrial function and the
release of mtDNA. Additionally, LPS activates caspase-11, which triggers GSDMD activation, further contributing to mtDNA release from damaged

mitochondria. This mtDNA subsequently activates the STING-IRF3 pathway, which promotes macrophage infiltration and the development of cardiac

fibrosis. DNA fragmentation in smooth muscle cells (SMCs) facilitates the transfer of DNA to macrophages, stimulating MMP-9 expression and
contributing to extracellular matrix formation. Once activated, IRF3 translocates to the nucleus and induces MST1 expression, promoting YAP

phosphorylation and suppressing cyclin D transcription, thereby inhibiting endothelial cell angiogenesis. Moreover, it upregulates ICAM-1 and VCAM-1

expression, enhancing inflammation and promoting SMC proliferation, contributing to proatherogenic effects.

high-fat diet and angiotensin II (Ang II) in mouse models is
phagocytosed by macrophages, initiating the activation of STING and
its downstream signaling via IRF3. This cascade leads to the
upregulation of matrix metalloproteinase-9 (MMP-9), which directly
promotes ECM degradation, contributing to aortic thickening,
dissection, and rupture (66). This pathological process is significantly
attenuated in STING-deficient mice, where aortic dilation and rupture
are markedly reduced. Furthermore, reactive oxygen species (ROS)-
induced DNA damage results in the continuous release of DNA
fragments, which further stimulate the cGAS-STING-TBKI1-IRF3
axis, exacerbating SMC death (79). In a single-cell analysis, activation
of STING-IRF3 signaling was shown to drive a shift in SMCs from
their normal contractile state to a pro-inflammatory phenotype (80).
This phenotypic shift, characterized by chromatin remodeling, is a key
contributor to AAD progression. In contrast, STING knockout mice
exhibited this
transformation, maintaining the integrity of the SMC population (80).

resistance  to stress-induced  inflammatory
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5.1.3 Vascular remodeling and STING-dependent
signaling

STING has been found to play a critical role in promoting SMC
apoptosis and necrosis, which is mediated through IFN-1 and TNF
receptor signaling pathways (81). The release of damaged SMC DNA
into macrophages triggers STING-dependent IRF3-MMP-9 signaling,
further degrading the ECM and driving the degenerative changes
associated with AAD (66). TBK1-IRF3 signaling also exacerbates
fructose-induced cardiac injury, and suppression of this pathway
through the NLRP4 inflammasome dampens inflammation and
hypertrophy. In mouse models of aortic banding-induced cardiac
hypertrophy, STING knockdown alleviates cardiac remodeling and
inhibits fibrosis and inflammatory responses (82). Additionally,
STING-mediated ER stress has been implicated in pathological
hypertrophy. STING activation in macrophages during myocardial
infarction (MI) promotes inflammation, fibrosis, and apoptosis in
both cardiomyocytes and cardiac fibroblasts (82). In the context of
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obesity-induced cardiac dysfunction, overactivation of the cGAS-
STING pathway leads to increased inflammation and impaired
mitochondrial autophagy. Furthermore, in models of Alzheimer’s
disease (AD)-related cardiac dysfunction, melatonin treatment
alleviated myocardial remodeling and contractile dysfunction through
restoration of mitochondrial integrity via the cGAS-STING-TBK1
pathway (83). Interestingly, contrary to traditional views, excessive
mtDNA leakage was shown to inhibit, rather than activate, the cGAS-
STING pathway by depleting intracellular cGAS, suggesting that
effective STING activation may be contingent on maintaining
mitochondrial integrity and sufficient intracellular cGAS levels (84).
Further research is needed to elucidate this phenomenon.

5.1.4 cGAS/STING signaling and metabolic
regulation in CVDs

Emerging evidence suggests a link between the cGAS-STING
pathway and metabolic regulation in CVDs. Research has
demonstrated that cGAS-STING activation influences the expression
of key regulators of lipid metabolism, including sterol regulatory
element-binding proteins (SREBPs) and fatty acid-binding proteins
(FABPs) (85). For example, in atherosclerotic lesions, cGAS-STING
activation promotes the release of pro-inflammatory cytokines,
enhancing macrophage foam cell formation by disrupting cholesterol
efflux pathways (1). Moreover, mitochondrial stress-induced mtDNA
release activates cGAS-STING in vascular endothelial cells,
exacerbating lipid peroxidation and monocyte adhesion (86).
Additionally, there is growing interest in the cGAS-STING pathway’s
role in regulating mitochondrial function and its impact on oxidative
stress and lipid metabolism. The inhibition of this pathway has been
shown to reduce lipid accumulation in preclinical models, suggesting
its potential as a therapeutic target for managing lipid dysregulation
in CVDs (87, 88).

These findings highlight the dual role of cGAS-STING signaling
in mediating inflammatory responses and lipid metabolic processes,
underscoring its significance in the metabolic regulation of
cardiovascular diseases. Further studies are warranted to explore its
therapeutic potential in targeting metabolic pathways for improved
cardiovascular outcomes.

5.2 cGAS/STING signaling in metabolism

5.2.1 cGAS/STING signaling and obesity

The canonical STING-IRF3 signaling pathway plays a significant
role in driving inflammation in adipose tissue under conditions of
obesity (89, 90). Activation of STING in adipocytes has been shown
to enhance the phosphorylation of Jun N-terminal kinase (JNK) and
NEF-kB in response to LPS stimulation, further amplifying
proinflammatory responses in adipocytes and hepatocytes. In
addition, the deficiency of disulfide bond A oxidoreductase-like
protein (DsbA-L) in adipose tissue during obesity leads to
mitochondrial dysfunction. This dysfunction triggers the release of
mtDNA, which activates the cGAS-STING pathway, leading to a
cascade that decreases cyclic AMP (cAMP) levels and inhibits protein
kinase A (PKA) signaling. These disruptions contribute to obesity-
induced inflammation and metabolic imbalances. Moreover, the
STING-IRF3 axis regulates intracellular adhesion molecule-1
(ICAM-1) expression in endothelial cells, promoting macrophage
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infiltration and high-fat diet (HFD)-induced endothelial inflammation
within adipose tissue. Collectively, overnutrition, cytokines, and
cytosolic DNA serve as activators of cGAS-STING signaling in various
adipose cell types, contributing to widespread inflammation and
metabolic dysfunction.

Beyond inflammation, the STING-IRF3 pathway has been
implicated in the dysregulation of insulin signaling, which is a key
feature of obesity-related insulin resistance (91). Insulin signaling
typically involves components like the insulin receptor, IRS1, PI3K,
AKT, and GLUT4, with phosphorylation events driving the
translocation of GLUT4 and intracellular glucose transport. However,
in the context of obesity, interactions between insulin signaling and
inflammatory pathways, including STING-IRF3, contribute to insulin
resistance (92, 93). Studies have shown that IRF3 deficiency reduces
phosphorylation of AKT and IRS1 at Tyr608 in the livers of HFD-fed
mice, impairing insulin signaling (94). Conversely, in white adipose
tissue, IRF3 knockout increases GLUT4 expression and enhances
AKT phosphorylation, thereby maintaining glucose homeostasis (95).

Studies have demonstrated that IRF3, part of the cGAS-STING
pathway, plays a protective role against diet-induced hepatic insulin
resistance. By inhibiting the proinflammatory IKKB/NF-xB pathway,
IRF3 mitigates insulin resistance in the liver. Mice lacking IRF3
showed reduced insulin receptor substrate 1 (IRS1) and protein kinase
B (AKT) phosphorylation in the liver, worsening insulin resistance
(96). However, in 3T3-L1 adipocytes, IRF3 contributed to insulin
resistance induced by TLR ligands, while IRF3 knockout improved
glucose homeostasis by enhancing glucose uptake and increasing
GLUT4 expression and insulin signaling in adipose tissue (97). These
findings suggest that the role of IRF3 in insulin resistance is tissue-
specific, necessitating further
IRF3 knockouts.

TBK1, a downstream effector of STING, also interacts with insulin

research with tissue-specific

signaling pathways. In obese Zucker rats and HFD-fed mice, TBK1
phosphorylates the insulin receptor on Ser994, contributing to insulin
resistance (98). Moreover, inhibiting TBKI1 enhances insulin-
stimulated AKT phosphorylation, improving insulin sensitivity. TBK1
has further been linked to reduced expression of the insulin receptor
and AKT in the hippocampus of obese mice (99, 100). These findings
suggest that the cGAS-STING-TBK1-IRF3 axis plays a crucial role in
the crosstalk between inflammation and insulin resistance, although
further studies are needed to clarify the exact mechanisms underlying
these interactions.

5.2.2 cGAS/STING signaling and thermogenesis
during obesity

In addition to its role in regulating insulin sensitivity and action,
the activation of the cGAS-STING pathway has been linked to the
regulation of energy balance (4). Obesity arises from excessive energy
intake and/or inadequate energy expenditure, partly due to impaired
thermogenic activity in brown or beige fat. These fat tissues, which
usually dissipate energy as heat via thermogenesis due to their high
mitochondrial density, are compromised. Mice with fat-specific
DsbA-L knockout exhibited increased mitochondrial stress, greater
activation of the cGAS-STING pathway in adipose tissue, and reduced
expression of thermogenic genes when exposed to cold. These mice
also showed decreased energy expenditure and gained more weight.
Conversely, STING inactivation or reduced mitochondrial stress
through fat-specific DsbA-L overexpression protected mice against
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obesity induced by a high-fat diet. In DsbA-L-deficient adipocytes,
suppression of cGAS or STING through shRNA or inhibition of the
STING downstream kinase TBKI1/IKKe led to
phosphorylation of protein kinase A (PKA) and enhanced expression

increased

of the uncoupling protein 1 gene, indicating a cell-autonomous effect
of the cGAS-STING pathway on thermogenic gene regulation.
Treatment of primary adipocytes with 2"3’-cGAMP, which activates
downstream STING  signaling, increased the activity of
phosphodiesterases PDE3B/PDE4 and lowered intracellular cAMP
levels. In contrast, STING knockout significantly elevated both basal
and P3-adrenoceptor agonist CL316243-induced cAMP levels in
primary adipocytes. These findings suggest that mitochondrial stress-
induced activation of the cGAS-STING pathway acts as a suppressor
of thermogenesis in adipose tissue by inhibiting cAMP-PKA signaling
and reducing thermogenic gene expression. Supporting this, adipose-
specific knockout of TBK1 reduced HFD-induced obesity by
increasing energy expenditure, likely due to enhanced AMPK activity,
which promotes catabolic processes (101). Additionally, treating obese
mice with amlexanox, an inhibitor of TBK1 and IKKe, raised energy
expenditure by boosting thermogenesis (102). The TBK1 target IRF3
has been identified as a strong repressor of thermogenic gene
expression and oxygen consumption in adipocytes, and mice lacking
IRF3 displayed increased beige fat development and energy
expenditure (103) (Figure 3). Furthermore, abnormal activation of
type I IFN signaling in brown adipocytes caused significant
mitochondrial dysfunction and reduced thermogenic capacity. These
data reveal that adipose cGAS-STING-IFN signaling plays a negative
role in the regulation of thermogenesis and energy expenditure.
However, further research using adipose tissue-specific knockout
models for cGAS and STING is needed to confirm their roles in
energy homeostasis.

5.2.3 cGAS/STING signaling and lipid metabolism

Cholesterol and fatty acid synthesis are tightly regulated by
SREBP1 and SREBP2, which are key transcription factors belonging
to the basic helix-loop-helix leucine zipper family (104, 105). These
SREBPs are produced as precursors in the endoplasmic reticulum
(ER) and processed in the Golgi apparatus into their active forms,
where they become functional transcription factors. The transport of
SREBPs from the ER to the Golgi requires their interaction with
SREBP cleavage-activating protein (SCAP), which facilitates their
movement via COPII-coated vesicles (9).

Studies reveal that lipid metabolism and IFN response are
co-regulated, allowing innate immune cells to modulate metabolism
during viral infections (106, 107). For instance, treating bone marrow-
derived macrophages (BMDMs) with viral or IFN-stimulating agents
decreased the synthesis of cholesterol and long-chain fatty acids while
increasing their cellular uptake through an IFNAR-dependent
pathway, demonstrating the disruption of lipid metabolism during
innate immune activation (108). Interestingly, the relationship
between innate immune signaling and cholesterol metabolism is
bidirectional, as silencing SCAP or SREBP2, which shifts metabolism
from cholesterol synthesis to import, activated the cGAS-STING
pathway and enhanced type I IFN signaling, increasing viral resistance
(109). Conversely, cholesterol supplementation reduced IFN gene
expression, counteracting the antiviral phenotype.

Research has also shown that SREBP2 trafficking by SCAP is
essential for proper STING translocation and downstream signaling
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(110). SCAP interacts with STING, acting as a scaffold to recruit IRF3
to the perinuclear region or Golgi microsomes, triggering antiviral
signaling (107). Inhibition of SCAP impairs STING-mediated IRF3
signaling, increasing susceptibility to infections like HSV-1. More
recently, Chu et al. (110) identified Niemann-Pick type C1 (NPC1), a
lysosomal membrane protein, as a cofactor in STING’s lysosomal
degradation. NPC1 knockout disrupted cholesterol export, facilitating
STING activation by its retention in the SCAP-SREBP2 complex and
leading to increased STING signaling. In addition to cholesterol
metabolism, disturbances in fatty acid metabolism also activate the
cGAS-STING pathway. Inhibition of FABP5, a lipid chaperone
involved in fatty acid uptake and transport, activated cGAS-STING-
mediated type I IFN signaling (111). Disruptions in FABP5 reduced
fatty acid elongation and desaturation, impaired mitochondrial
function, and triggered mtDNA release, which activated the cGAS-
STING pathway in regulatory T cells. Similar findings by Yuan et al.
(111) showed that palmitic acid-induced mtDNA release activated
cGAS-STING signaling, suggesting that fatty acid supplementation
enhances antiviral defenses.

These findings indicate a strong link between the cGAS-STING
pathway, fatty acid metabolism, and type I IFN signaling. However,
further research is required to understand whether this reciprocal
regulation also occurs in metabolic tissues like the liver, which plays a
central role in cholesterol and fatty acid metabolism, and how the
innate immune system contributes to lipid homeostasis in
these tissues.

5.2.4 cGAS/STING signaling and glycerolipid
metabolism

The cGAS-STING signaling pathway plays a crucial role in the
pathogenesis of glycerolipid metabolism, which includes both
nonalcoholic and alcoholic fatty liver diseases. Nonalcoholic fatty liver
(NAFL), characterized by excess fat accumulation in the liver of
individuals who consume little to no alcohol, can progress into
nonalcoholic steatohepatitis (NASH), a more severe inflammatory
condition that increases the risk of cirrhosis, hepatocellular carcinoma,
and liver failure, contributing to heightened mortality in obese
patients (112, 113). Elevated levels of cGAS-STING signaling
components, including cGAS, STING, and IRF3, have been observed
in both human NAFL and NASH patients, as well as in high-fat diet
(HFD) or NASH mouse models (9, 114). Mice deficient in STING
exhibit reduced hepatic steatosis, fibrosis, and inflammation when
subjected to either an HFD or a methionine- and choline-deficient
(MCD) diet, suggesting the pathway’s involvement in diet-induced
NAFLD/NASH (51). Furthermore, silencing STING or IRF3 in
human hepatic cells significantly reduces fatty acid-induced hepatic
inflammation and apoptosis by inhibiting the NF-kB pathway and
lowering inflammatory cytokine levels (115).

However, the specific role and expression of STING in the
liver remain ambiguous. While some evidence suggests that
STING is expressed predominantly in nonparenchymal cells such
as macrophages—including monocyte-derived macrophages
(CCR2*, S100A9%), (CD68%), and CD163
macrophages, other studies point to its expression in hepatocytes,

Kupffer cells

where it contributes to hepatocyte injury and apoptosis (116, 117).
Interestingly, transplantation of bone marrow from STING-
deficient mice into wild-type mice led to a reduction in
HFD-induced hepatic steatosis, while the reverse scenario restored

frontiersin.org


https://doi.org/10.3389/fmed.2024.1512916
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Suetal.

10.3389/fmed.2024.1512916

a Ve
\/\/

\ i’

N Adipose
tissue

O\ )|

TNF-a 5O

Jo

&

"

Mitochondrial stress

¢
ONOK

mtDNA release IKKe

NF-xkB

FIGURE 3

reducing thermogenesis and contributing to obesity attenuation.

TNER1 l Thermogenesis

‘@.

.
(caS) — (6TING () ——(rR3) s
¢

cGAS-STING pathway plays a critical role in mediating obesity in adipose tissue. Overnutrition induces mitochondrial stress and dysfunction, leading to
the release of mtDNA in adipocytes due to DsbA-L inhibition. This mtDNA is detected by cGAS, which subsequently activates the STING-TBK1-IRF3
pathway, resulting in IFN-1 production or activation of the TBK1-NF-kB pathway, both of which promote the release of proinflammatory cytokines.
Similarly, LPS activate IRF3 via TLR4 receptor binding. The activation of TNFR1 by TNF-a and TLR4 by palmitate synergistically increases CCL2/MCP-1
production, promoting macrophage infiltration and inflammation in obesity. Additionally, IRF3 suppresses GLUT4 expression in adipocytes, leading to
insulin resistance. On the other hand, STING activation of TBK1/IKKe inhibits PDE3B/4 expression, which suppresses cAMP-PKA signaling, thereby

TLR4

T

(PDE3B/4)

/

¢ Inflammation
e Metabolic disorder

/

hepatic fat accumulation and inflammation, highlighting the
critical role of macrophage STING in diet-induced liver
dysfunction. Despite these findings, further research is needed to
clarify the tissue-specific roles of cGAS and STING in
NAFLD/NASH.

The role of IRF3 in NAFLD development has been a subject of
controversy, as its functions vary depending on the signaling pathway
involved. Some research suggests that cytoplasmic IRF3 interacts with
IKKS@, inhibiting NF-kB activation, and that reduced IRF3 levels may
from HFD-induced hepatic
inflammation, and macrophage infiltration (96). Conversely, another

protect hepatocytes steatosis,
study demonstrated that IRF3 inhibits lipogenesis by binding directly
to the Scd1 promoter, which encodes a rate-limiting enzyme for fat
synthesis (118). While TRIF-IRF3 signaling appears to inhibit
lipogenesis, STING-IRF3 signaling has been shown to promote lipid
accumulation, inflammation, and apoptosis in hepatocytes (115). In
obese mice and human hepatocytes, elevated STING and IRF3 levels
have been linked to increased proinflammatory signaling and markers
of apoptosis, with silencing either molecule leading to reduced
inflammation, increased glycogen storage, and diminished fat
deposition (115).
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Several studies have highlighted the significant role of the
STING-IRF3 pathway in promoting NAFLD/NASH through
enhanced lipid accumulation and inflammatory responses. Elevated
TBKI1 phosphorylation, a downstream target of STING, has been
observed in HFD-fed mice, and inhibiting TBK1 via amlexanox or
gene knockout significantly reduced hepatic steatosis, inflammation,
and macrophage infiltration (102, 119). Cho et al. (120) demonstrated
that the cGAS-STING-TBKI1 axis mediates p62 phosphorylation,
which leads to protein inclusions, a key marker of NASH, in
hepatocytes exposed to saturated fatty acids and in HFD-fed obese
mice. Additionally, STING and TLR9 synergistically promote
mitochondrial DNA (mtDNA)-induced inflammatory responses in
hepatocytes, especially through Kupffer cell activation (51). The
involvement of STING in glucose regulation via IRF3, independent of
body weight effects, further underscores its complex role in liver
metabolic function.

The cGAS-STING pathway also plays a pivotal role in liver
fibrosis, a key complication of NASH. Mice lacking STING show
reduced expression of fibrosis markers such as aSMA, TGF-p1,
and Collagen 1A1 following an MCD diet, while STING knockout
attenuates chronic inflammation-induced liver fibrosis (9). STING
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activation in hepatic stellate cells (HSCs) has been linked to
increased TGF-fl-induced fibrosis, suggesting a mechanism
where macrophage STING triggers fibrosis through paracrine
signaling to HSCs. Additionally, the STING-IRF3 axis has been
implicated in connecting mitochondrial stress-induced hepatocyte
death to liver fibrosis, linking inflammation to secondary
injury (117).

In alcohol-related liver disease (ALD), the cGAS-STING pathway
is similarly important. Alcohol-induced hepatotoxicity and oxidative
stress contribute to a range of liver conditions, from steatosis to
cirrhosis and liver cancer, but no effective treatment currently exists
(94). In ALD, IRF3 is activated in response to ER stress in hepatocytes,
where it works with the apoptotic protein Bax to initiate STING-
mediated apoptosis (121). Alcohol consumption releases mtDNA in
hepatocytes, which activates cGAMP. Connexin 32 (Cx32) facilitates
the intercellular transfer of cGAMP, spreading inflammation signals
from hepatic parenchymal to nonparenchymal cells, amplifying the
secondary inflammatory response in alcoholic fatty liver (122). In
addition, cGAS and IRF3 knockout models show protection against
ALD, underscoring the pathway’s therapeutic potential. The main
signaling pathway is as in Figure 4.

Overall, the cGAS-STING pathway is critical in nutrient stress-
induced NAFLD, NASH, ALD, and even hepatocellular carcinoma
(97). Its involvement in both hepatocytes and macrophages makes it

10.3389/fmed.2024.1512916

a promising therapeutic target for treating a wide range of
liver diseases.

6 Pre-clinical development of
cGAS-STING pathway inhibitors

The cGAS-STING signaling pathway has emerged as a key target
for therapeutic intervention due to its role in chronic inflammation,
autoimmunity, and metabolic disorders. Various pre-clinical studies
have focused on developing inhibitors that can selectively modulate
this pathway, aiming to reduce adverse inflammatory responses while
preserving essential immune functions. This section summarizes
several promising ¢cGAS-STING inhibitors and their potential
therapeutic applications.

6.1 Small-molecule inhibitors of STING

Small molecules, such as Vent-03, H-151, C-176, and C-178,
inhibit STING by binding to its transmembrane domain, blocking its
translocation to the Golgi apparatus, a crucial step for downstream
signaling (123). In murine models of autoimmune diseases, H-151 has
been shown to decrease IFN-1 production, which alleviates symptoms
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cGAS-STING pathway in the liver plays a key role in mediating NAFLD/NASH/ALD. Mitochondrial stress caused by methionine-choline-deficient (MCD)
diets, high-fat diets (HFD), free fatty acids (FFAs), and LPS leads to the release of mtDNA. In hepatocytes and hepatic stellate cells, mtDNA activation
triggers inflammatory responses similar to those in adipocytes, resulting in elevated inflammation, lipid accumulation, and liver fibrosis through
proinflammatory cytokine production. The transport of cGAMP from hepatocytes to immune cells via connexin 32 (CX32) spreads these infammatory
effects. In addition, alcohol-induced ER stress and LPS/TLR4 signaling can activate the cGAS-STING-IRF3 pathway, leading to apoptosis. However, IRF3
also suppresses Scdl transcription through TLR3/TRIF signaling, which inhibits adipogenesis.
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in models of systemic lupus erythematosus (SLE) and psoriasis (124).
Notably, C-176 has demonstrated efficacy in reducing inflammatory
markers in SLE models, highlighting its potential for treating
autoimmune diseases linked to STING overactivation (125). Vent-03
has shown potential in pre-clinical studies, and it showed safety
priority in well-tolerated doses far exceeding those planned for use in
Phase 2 trials. Its efficacy in animal models highlights the potential for
using cGAS-STING pathway inhibitors to manage inflammatory and
metabolic conditions where the pathway’s chronic activation
exacerbates disease progression (126).

6.2 Antagonists targeting cGAS/STING
signaling

Direct inhibition of cGAS has been explored with compounds like
RU.521 and G150. RU.521, for instance, directly binds to the cGAS
enzyme, inhibiting its ability to synthesize cGAMP (127). Pre-clinical
studies have shown that RU.521 is effective in preventing inflammatory
responses in murine models of lupus and arthritis (127). Another
compound, G150, inhibits cGAS by blocking its DNA-binding site,
effectively reducing cGAMP production (128). Such cGAS-targeted
approaches may provide a safer therapeutic option, especially in
diseases where upstream inhibition of cGAS is preferred to reduce
downstream immune activation. Moreover, there is increasing interest
in cyclic dinucleotide (CDN) analogs and STING competitive
inhibitors. For example, DMXAA and CRID3 are CDN analogs that
act as competitive inhibitors, preventing the binding of natural CDNs
to STING (129). Initially developed as anti-tumor agents, these
compounds have shown promise in reducing chronic inflammation
in pre-clinical models of cardiovascular and metabolic diseases. In AS
models, DMXAA reduced vascular inflammation by downregulating
pro-inflammatory cytokines and decreasing plaque formation,
suggesting its utility in conditions driven by vascular inflammation
(130, 131). In recognition of the interconnected nature of
inflammatory pathways, dual inhibitors targeting cGAS-STING and
other immune pathways are also being developed. Amlexanox, a dual
inhibitor of TBK1 and IKKe, downstream kinases in the STING
pathway, has shown potential in animal models of obesity and type 2
diabetes. It works by reducing STING-mediated inflammation, which
in turn improves insulin sensitivity and metabolic health. Amlexanox-
treated mice exhibit reduced adipose inflammation and improved
glucose tolerance, making it a promising candidate for metabolic
diseases associated with chronic inflammation (132). Peptide
inhibitors, such as SNX9-derived peptides, are being investigated for
their ability to inhibit cGAS dimerization, an essential step for its
activation. These peptides have shown promise in in vitro studies by
blocking cGAS activation in response to cytosolic DNA (133). Though
still in early pre-clinical stages, peptide inhibitors may offer a more
targeted approach with fewer off-target effects, holding potential for
diseases where selective inhibition of the cGAS-STING axis is critical.

6.3 Therapeutic potential in cancer
While many inhibitors are aimed at reducing inflammation,

cGAS-STING pathway activation has also shown potential in cancer
immunotherapy, where stimulating immune responses against tumors
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is beneficial. Paradoxically, in the cancer context, STING agonists
(such as ADU-S100) are in development to boost immune surveillance
(134, 135). However, antagonists like H-151 and C-176 are also being
investigated in cancers associated with chronic inflammation, where
reducing STING activity could help minimize tumor-promoting
inflammation, especially in hepatocellular carcinoma and pancreatic
cancer models (136, 137).

While these pre-clinical studies have demonstrated the
therapeutic promise of cGAS-STING inhibitors, clinical translation
faces several challenges, including achieving tissue specificity,
minimizing off-target effects, and ensuring adequate bioavailability.
Ongoing research is focused on optimizing these inhibitors to
enhance their safety profiles and efficacy. Nanoparticle-based
delivery systems and tissue-specific targeting approaches are under
exploration to improve the selective inhibition of cGAS-STING
signaling in target tissues, potentially paving the way for precision
therapies in inflammation-driven diseases.

7 Conclusions and prospectives

c¢GAS-STING signaling pathway, long recognized for its vital role
in the detection of cytosolic DNA and initiation of innate immune
responses, has been increasingly implicated in the regulation of
metabolic processes. While initially appreciated for its antiviral and
antitumor functions, recent evidence reveals that this pathway also
plays a significant role in the modulation of lipid metabolism,
particularly glycerolipid metabolism. This dual functionality positions
the cGAS-STING axis at the intersection of immune regulation and
metabolic control, adding complexity to its biological significance.
Dysregulation of the pathway has been strongly linked to a number of
metabolic disorders, including obesity, insulin resistance, and liver
disease, as well as broader inflammatory conditions. As such, the
pathway offers considerable potential as a therapeutic target for
addressing metabolic dysfunctions, but its precise regulation in
various tissues remains a subject of ongoing investigation.

The cGAS-STING pathway exerts its metabolic influence through
mechanisms that involve not only immune cells but also adipocytes,
hepatocytes, and other metabolic cells. For example, mitochondrial
stress in adipocytes caused by overnutrition or fatty acid accumulation
can lead to the release of mtDNA, which activates the cGAS-STING
pathway. In turn, this activation promotes inflammatory responses
that can exacerbate conditions like obesity and insulin resistance.
Similarly, in hepatocytes, cGAS-STING signaling drives inflammation,
lipid accumulation, and fibrosis, contributing to the progression of
NAFLD and NASH. These observations highlight the diverse roles of
this pathway across metabolic tissues, suggesting that its activation can
induce a feedback loop that perpetuates metabolic dysfunction
through chronic inflammation. One of the most compelling aspects
of the cGAS-STING pathway is its ability to interact with multiple
other signaling cascades that govern both immune and metabolic
processes. For instance, components of this pathway can modulate key
metabolic regulators such as the TLR4-NF-kB, JNK, AMPK, mTOR,
and insulin signaling pathways. These interactions allow the cGAS-
STING axis to play a central role in balancing immune responses with
cellular metabolism. However, while transient activation of this
pathway can provide necessary immune protection, prolonged or
chronic activation is associated with detrimental effects. Sustained
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activation of the cGAS-STING pathway has been shown to contribute
to persistent inflammation, leading to increased insulin resistance,
lipid accumulation, and even tumorigenesis in certain contexts.
Therefore, achieving precise control over the timing and magnitude
of this pathway’s activation is critical for maintaining metabolic health
and preventing disease progression.

Despite the advances in understanding the metabolic functions of the
cGAS-STING pathway, several challenges remain in fully elucidating its
mechanisms. One key challenge lies in determining how this pathway
functions in a tissue-specific manner. Studies have shown that the effects
of cGAS-STING activation can vary widely depending on the cell type
involved. For instance, in adipocytes, STING activation has been linked
to reduced thermogenesis and increased fat storage, whereas in
hepatocytes, the same pathway contributes to inflammation and fibrosis.
Additionally, the cGAS-STING pathway’s interaction with immune cells
such as macrophages further complicates its role, as it can lead to immune
cell infiltration into metabolic tissues, exacerbating inflammation and
metabolic imbalance. Understanding these tissue-specific effects is crucial
for developing targeted therapies that can modulate this pathway without
inducing harmful side effects. Therapeutically, targeting the cGAS-STING
pathway presents both opportunities and challenges. On one hand, the
pathway’s central role in linking immune and metabolic responses makes
it an attractive target for treating chronic inflammatory metabolic
diseases. Inhibiting cGAS or STING has the potential to mitigate
inflammation and improve metabolic outcomes in diseases such as
obesity, insulin resistance, and NAFLD. Moreover, because cGAS-STING
activation can lead to tumorigenesis in certain contexts, selectively
inhibiting this pathway could also offer benefits in cancer prevention. On
the other hand, selective modulation of this pathway is not without risks.
Given its critical role in antiviral and antitumor immunity, indiscriminate
inhibition of cGAS-STING could compromise the body’s ability to mount
effective immune responses. Therefore, it is essential to develop
therapeutic strategies that can precisely target the pathway in specific
tissues or conditions, while preserving its protective immune functions.
Future research will need to focus on addressing several key questions.
First, it remains unclear how much of the observed metabolic
dysfunctions linked to cGAS-STING are directly due to pathway
activation within metabolic cells, as opposed to secondary effects resulting
from immune cell infiltration and inflammation. Additionally, there is a
need to explore how distinct regulatory mechanisms within different
tissues influence the pathway’s function. The development of more
sophisticated pharmacological agents, capable of specifically targeting
c¢GAS-STING components in a tissue- and cell-specific manner, will
be crucial for unlocking the therapeutic potential of this pathway.

In light of the tissue-specific challenges highlighted above,
various experimental approaches can be implemented to investigate
the role of cGAS-STING signaling across distinct tissue types.
Advanced genetic tools, such as tissue-specific knockouts or
conditional knockout models, can provide insights into the
functional contributions of cGAS and STING within particular
tissues, such as adipose, liver, and cardiovascular tissues. These
models allow for the precise inactivation of c¢GAS-STING
components in target organs, thereby isolating their tissue-specific
effects on metabolism and inflammation. Furthermore, single-cell
RNA sequencing can be employed to reveal cell-specific gene
expression changes and identify distinct cell populations responding
to cGAS-STING activation within heterogeneous tissues. This
approach, combined with spatial transcriptomics, could help

Frontiers in Medicine

12

10.3389/fmed.2024.1512916

elucidate the microenvironmental context of cGAS-STING
signaling, particularly in inflammatory or fibrotic settings. Lastly,
imaging techniques like fluorescence microscopy using tagged
versions of cGAS or STING, coupled with live-cell imaging, offer a
real-time perspective on how these proteins localize and respond to
stimuli within various cellular compartments across different
tissues. Such imaging can help track protein translocation and
activation dynamics, shedding light on tissue-specific regulatory
mechanisms. These methodologies collectively offer pathways for
overcoming the existing knowledge gaps and enhancing our
understanding of the nuanced roles of cGAS-STING signaling in
tissue-specific contexts.

In conclusion, the cGAS-STING signaling pathway represents a
critical nexus between immune regulation and metabolic control, with
implications for a wide range of diseases. While much progress has
been made in understanding its role in innate immunity, its emerging
functions in metabolism are only beginning to be fully appreciated.
Continued research into the tissue-specific and cell-specific roles of
this pathway will provide new insights into the mechanisms
underlying metabolic disorders and may pave the way for novel
therapeutic interventions aimed at restoring metabolic balance and
enhancing health outcomes.
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