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Abstract: Fibrosis is characterised by an excessive response to tissue injury during wound healing, resulting in excessive scarring, 
which can affect any organ and lead to deformity or death. Fibrogenesis is a highly orchestrated process in which extracellular matrix 
deposition becomes unstructured, disrupting normal tissue architecture and subsequently impairing proper organ function through 
complex molecular signals and cellular responses. Inflammation is an important trigger for both regeneration and fibrosis after tissue 
damage—particularly due to inflammatory cytokines released by various recruited and activated immune cells—which can provoke an 
excessive inflammatory response in a short time. The cyclic GMP-AMP synthase (cGAS)–stimulator of interferon genes (STING) 
pathway has emerged as a key mediator of inflammation in the context of infection, cellular stress, tissue damage, and fibrosis. This 
reflects its capacity to sense and regulate cellular responses to ubiquitous danger-associated molecular patterns, mainly microbial or 
host-derived DNA. The cGAS–STING pathway plays a pivotal role in the development and progression of fibrotic diseases by linking 
cellular stress and DNA damage to chronic inflammation and fibroblast activation, thereby driving pathological tissue remodeling and 
extracellular matrix accumulation. However, a systematic summary of cGAS–STING in fibrotic diseases is lacking. Therefore, this 
review focuses on the effects and molecular mechanisms of cGAS–STING signalling in fibrotic diseases. We outline the principal 
elements of the cGAS–STING signalling cascade and discuss the mechanisms underlying the association of cGAS–STING activity 
with fibrosis in different organs. Finally, we elucidate the recently developed cGAS and STING antagonists and summarise their 
potential clinical applications in fibrotic diseases. 
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Introduction
Fibrosis, or tissue scarring, refers to the irreversible progression of fibrogenesis, which occurs in multiple organs—such 
as the liver, lungs, kidneys, heart, skin, or central nervous system—and leads to their dysfunction.1,2 The dominant 
pathology of organ fibrosis is featured by increased fibrous connective tissue and decreased parenchymal cells in organs.3 

Organ fibrosis is a major contributor to global morbidity and mortality, accounting for approximately 45% or more of 
deaths in developed societies.4 However, due to the unclear cellular and molecular mechanisms that regulate fibrosis, 
effective antifibrotic targets and therapeutic interventions remain scarce.

Insights into the fibrotic tissue environment have deepened our understanding of the progression and resolution of fibrogen
esis, in which immune cells, inflammasomes, inflammatory cytokines, and intracellular signaling pathways play pivotal roles.5–7 

The innate immune system provides the first line of defense against tissue injury and plays a pivotal role in the initiation of 
fibrosis, while the adaptive immune system contributes to the chronicity and specificity of the fibrotic response—particularly in 
autoimmune-associated fibrosis. In essence, innate immunity initiates and orchestrates the fibrotic response, whereas adaptive 
immunity sustains and refines its progression.8–10 The interplay between the innate and adaptive immune systems is crucial in 
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determining whether tissue injury resolves or progresses to chronic fibrosis. Therefore, understanding this immunological 
balance opens new avenues for immunomodulatory therapies that target fibrosis at various stages.

The stimulator of interferon genes (STING), discovered by Glen N. Barber’s team in 2008, is a crucial mediator that 
engages in innate immunity, inflammation and infectious diseases.11,12 Cyclic GMP-AMP synthase (cGAS), positioned 
upstream of STING, detects pathogens and aberrant DNA, producing cyclic GMP-AMP (cGAMP) as a secondary messenger 
that activates STING. This activation leads to the phosphorylation of downstream molecules such as interferon regulatory 
factor 3 (IRF3), TANK-binding kinase 1 (TBK1), and nuclear factor kappa B (NF-κB).13 Activation of the cGAS–STING 
pathway triggers the production of type I interferons (IFN-I) and proinflammatory cytokines, such as interleukin-1β (IL-1β), 
IL-6, and tumor necrosis factor-α (TNF-α), thereby enhancing the immune response.13,14

Beyond infectious diseases, an increasing number of studies have shown that cGAS–STING signaling is also 
involved in autoimmune, cancerous, fibrotic, and aging-related neurodegenerative diseases.15 For example, the excessive 
inflammation response induced by aberrant activation of cGAS-STING resulted in fibrotic pulmonary diseases.16 

Moreover, a variety of natural extractives, such as licorice extract and naringenin, have demonstrated potential 
immunoregulatory effects by inhibiting the cGAS–STING pathway, thereby preventing liver inflammation and 
fibrogenesis.17,18 In addition, a non-canonical cGAS-STING signaling, cGAS-STING-PERK-eukaryotic initiation factor 
2α (eIF2α) pathway, was shown to participate in lung and kidney fibrosis.19 Notably, cGAS–STING-mediated inflam
mation plays a critical role in organ fibrosis. Therefore, with the discovery of inhibitors targeting the cGAS–STING 
pathway, inflammation and fibrosis driven by this signaling cascade could be significantly ameliorated.

This review is devoted to detailing the molecular and cellular mechanisms of cGAS–STING signaling across various organ 
fibrotic diseases. Furthermore, a comprehensive compilation of cGAS–STING-related antagonists applied in fibrotic diseases 
is presented. We also discuss relevant challenges and offer our perspectives on directions for future research.

Overview of cGAS-STING Signaling
The cGAS–STING pathway is a crucial mediator that regulates inflammation in response to infections, cellular stress, 
and tissue injury. Insights into the structure, molecular components, activation mechanisms, and crosstalk of cGAS– 
STING signaling are highly significant for the development of targeted therapeutics for human inflammatory diseases.

Structural and Molecular Biology of the cGAS-STING Signaling
The cGAS–STING signaling pathway is primarily composed of cGAS, cGAMP, and STING. Discovered by Zhijian J. Chen’s 
team in 2013, cGAS functions as both a sensor and receptor of DNA. It was initially thought to be a cytosolic protein that 
remains inactive under physiological conditions.20 In 2019, Jonathan C. Kagan et al first demonstrated that inactive cGAS is 
localized at the plasma membrane through the function of an N-terminal phosphoinositide-binding domain, which prevents 
unwanted activation by avoiding recognition of small amounts of DNA scattered in the cytoplasm.21

Upon invasion by external pathogens or internal cellular damage, microbial and host-derived DNAs are often exposed. 
When extraneous or autologous DNAs appear outside the nucleus or specific organelles like mitochondria, cGAS catalytic 
activity is triggered through interaction with short double-stranded DNA (dsDNA).15 Once activated, cGAS catalyzes the 
synthesis of 2′3′-cGAMP from GTP and ATP.22 Subsequently, cGAMP, acting as a second messenger, activates STING by 
binding to its cyclic dinucleotide (CDN)-binding pocket, initiating a signaling cascade that leads to the production of type 
I interferons (IFN-I) and other immune mediators.23,24

STING is a transmembrane protein localized to the endoplasmic reticulum (ER) that functions as a pattern recognition 
receptor (PRR) capable of detecting CDN.11,25,26 It consists of a cytosolic N-terminal domain, a four-segment transmembrane 
region, and a cytosolic C-terminal domain (CTD).27 STING typically exists as a dimer, with its CTD forming a V-shaped 
structure that binds cGAMP at the dimer interface through both direct and solvent-bridged hydrogen bonds.28,29 Upon 
cGAMP binding, STING undergoes a conformational change that triggers its translocation from the endoplasmic reticulum 
(ER) to the Golgi apparatus and leads to its accumulation in perinuclear vesicles.30–32 When STING translocates to the ER– 
Golgi intermediate compartment (ERGIC), it recruits TBK1, which phosphorylates both IRF3 and itself.33,34 Phosphorylated 
IRF3 then dimerizes and translocates to the nucleus, where it promotes the expression of IFN-I and interferon-stimulated 
genes (ISGs), orchestrating a robust antiviral response34 (Figure 1).
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The above process is referred to as the canonical cGAS–STING signaling pathway. In other words, non-canonical cGAS– 
STING signaling pathways also exist. To date, several non-canonical pathways have been reported, including cGAS-STING/NF- 
κB, cGAS-STING/p38-MAPK, cGAS-STING-NLRP3, cGAS-STING-PERK-eIF2α, and cGAS-STING-induced LC3 lipida
tion-mediated autophagy.35–38 The upstream activation of NF-κB in the cGAS–STING/NF-κB pathway is similar to that of IRF3, 
but the downstream effects primarily lead to enhanced inflammation through the production of proinflammatory mediators such as 
IL-1β, IL-6, and TNF-α39 (Figure 1).

Effects of cGAS-STING Signaling Activation
The initiation of cGAS–STING signaling in mammalian cells is closely associated with antiviral activity, primarily through 
the downstream induction of IFN-I and ISGs.40 As our understanding of the molecular mechanisms and cellular roles of 
cGAS–STING signaling deepens, it has become clear that activation of this pathway leads to multiple effects. Beyond antiviral 
defense, the cGAS–STING pathway is also closely linked to cancer immunology and tumorigenesis.41 Pharmacological 
targeting of STING has shown promise in promoting antitumor immunity.42 Moreover, prior research has indicated that 
overactivation of the cGAS–STING pathway is associated with several autoimmune diseases, including rheumatoid arthritis, 
Aicardi-Goutières syndrome, and systemic lupus erythematosus.43 Although the cGAS–STING signaling pathway typically 

Figure 1 Molecular mechanism of the cGAS-STING signaling. Double-stranded DNA (dsDNA)—from microbes, damaged tissues or dead cells, and injured mitochondria— 
present in the cytoplasm will be sensed by cyclic GMP-AMP synthase (cGAS). Then cGAS will catalyze ATP and GTP into the second messenger 2′,3′-cyclic GMP-AMP 
(cGAMP), which will further activate the stimulator of interferon genes (STING) that located at the endoplasmic reticulum in a conformational change of oligomerization. 
The activated STING will move to Golgi. At Golgi, STING will recruit and phosphorylate the TANK-binding kinase 1 (TBK1) and/or inhibitor of kappa B kinase (IKK), 
thereafter phosphorylating interferon regulatory factor 3 (IRF3) into dimerization and inhibitor of nuclear factor-kappa B (IκB) into degradation, resulting in IRF3 and nuclear 
factor-kappa B (NF-κB) activation and translocation into the nucleus to induce transcription of type I interferon (IFN-I) and interferon-stimulated genes (ISGs) as well as 
proinflammatory cytokines, such as IL-1β, IL-6, TNF-α.
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regulates immune surveillance by detecting viral, bacterial, and damaged self-DNAs, its overactivation can be detrimental.44 

In the context of neuroinflammation, sustained activation of the cGAS–STING pathway contributes to neurodegenerative 
disorders such as Alzheimer’s disease, Parkinson’s disease, and multiple sclerosis.45–48

In terms of cellular functions, the cGAS–STING signaling pathway is involved in processes such as DNA repair, 
metabolism, cellular aging, cell death, and autophagy.15 The translocation of cGAS into the nucleus, which depends on 
importin-α and phosphorylation of cGAS at tyrosine 215, occurs in response to DNA damage.49 Thereafter, cGAS associates 
with double-stranded DNA breaks and interacts with poly (ADP-ribose) polymerase 1 (PARP1), impeding the formation of 
the PARP1–Timeless complex and thereby suppressing DNA repair.49 Additionally, cGAMP can inhibit homologous 
recombination (HR) by reducing cellular NAD+ levels and suppressing poly ADP ribosylation, a crucial post-translational 
modification required for assembling DNA repair proteins.50 The cGAS–STING signaling pathway also plays a role in lipid 
and glucose metabolism, potentially contributing to obesity, diabetes, nonalcoholic fatty liver disease (NAFLD), and 
cardiovascular diseases (CVDs).51–53 Cellular senescence is a biological process that facilitates generational change but has 
also emerged as a significant contributor to aging, age-related pathologies, and tumorigenesis.54,55 Recent studies have found 
that cGAS–STING signaling contributes to pro-tumorigenic effects and aging-related diseases by triggering the senescence- 
associated secretory phenotype (SASP) in senescent cells.56,57 Cell death encompasses a variety of types, including apoptosis, 
necroptosis, pyroptosis, ferroptosis, and autophagic/lysosomal cell death.58,59 More importantly, cGAS-STING signaling is 
involved in all of them.60 Particularly, cGAS-STING signaling-mediated autophagy is highly exploited.38 However, there 
remains a significant gap between our understanding of cGAS–STING signaling and the pathological mechanisms and cellular 
functions it mediates.

Crosstalk of cGAS-STING Signaling with Other Signaling Transductions and Cellular 
Processes
Upstream Regulators
Caspase family members are protease enzymes essential for initiating cell death through their unique cysteine-dependent 
protease activity. In this process, a cysteine residue in the active site performs a nucleophilic attack, cleaving target proteins 
immediately after aspartic acid residues.61 The majority of caspases act as negative regulators of the cGAS–STING pathway. 
For example, Caspase-1 reduces IFN-β production by binding to and cleaving cGAS at residues D140/157, subsequently 
dampening TBK1 phosphorylation and IRF3 nuclear translocation in Mycobacterium bovis–infected cells.62,63 Conversely, 
the absence of Caspase-1 leads to increased IFN-I production during DNA virus infections. Similarly, Caspase-3 cleaves 
cGAS at D319, MAVS at D429/490, and IRF3 at D121/125 in cells infected with DNA or RNA viruses, resulting in decreased IFN- 
I production.64 Additionally, in humans, caspase-4 and caspase-5, along with caspase-11 in mice, act as upstream activators of 
caspase-1, facilitating the cleavage of IL-1β and IL-18.65,66 However, the specific cleavage sites on cGAS require further 
investigation. Moreover, Caspases-3, −7, and −9 promote IFN-β secretion from apoptotic cells while inhibiting STING 
recruitment, as well as the phosphorylation and dimerization of TBK1 and IRF3.67 This suggests that they function as 
inhibitors of signaling pathways activated by mitochondrial DNA (mtDNA)-mediated damage-associated molecular patterns 
(DAMPs), thereby reducing IFN-α/β production via the cGAS–STING–TBK1–IRF3 axis.67 Subsequently, the cGAS–STING 
signaling pathway initiates caspase-3, −7, and −9 dependent apoptosis by promoting the degradation of X-linked inhibitor of 
apoptosis (XIAP), following TBK1/IKK-mediated phosphorylation of XIAP at serine 430.68

Downstream Signaling
Pyroptosis is a highly inflammatory form of programmed cell death characterized by cell rupture, typically occurring 
during infections with intracellular pathogens and playing a crucial role in the antimicrobial response.69 When pathogens 
infiltrate cells or cellular stress disrupts mitochondrial homeostasis, double-stranded DNA can accumulate in the 
cytoplasm, triggering inflammatory responses via activation of the cGAS–STING pathway. This, in turn, initiates 
pyroptosis through the formation of a large supramolecular complex—known as the inflammasome (or pyroptosome) 
—in response to intracellular danger signals.70 Additionally, inflammasome-associated proteins—such as caspase-1, 
gasdermin D, the CARD domain of ASC, and potassium channels—play regulatory roles in the cGAS–STING 
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pathway.70 This intricate crosstalk leads to a cascade amplification effect, intensifying the immune response and 
potentially exacerbating the pathological processes underlying inflammatory and autoimmune diseases.

Autophagy is an essential and evolutionarily conserved cellular process that degrades unnecessary or dysfunctional compo
nents through a lysosome-dependent mechanism. In 2019, research teams led by Zhijian J. Chen and Quan Chen identified a novel 
link between autophagy and the cGAS–STING signaling pathway. They discovered that STING can activate autophagy as 
a primary function of the pathway—independently of TBK1 activation and interferon induction. Instead, this process relies on 
WD repeat domain phosphoinositide-interacting protein 2 (WIPI2) and autophagy-related protein 5 (ATG5) to facilitate LC3 
lipidation, thereby promoting the formation of autophagosomes.38,71 Autophagy plays a dual role in cGAS–STING signaling by 
both promoting inflammatory responses and facilitating the degradation of STING.72,73 Since then, an increasing number of 
studies have confirmed that several substances—such as Meteorin-like hormone (Metrnl), the deubiquitinating enzyme TRABID, 
Activin A, Unc-93 homolog B1 (UNC93B1), and metformin—can inactivate cGAS–STING signaling through autophagy- 
dependent mechanisms, thereby alleviating disease or suppressing pathological cellular processes.74–78

Functional Interaction
NF-κB is a critical inflammatory pathway that regulates the immune response to infection and can be activated downstream of 
cGAS–STING signaling as a transcriptional regulator. Moreover, NF-κB activation—mediated by signaling pathways such as 
Toll-like receptors (TLRs), interleukin-1 receptor (IL-1R), tumor necrosis factor receptors (TNFRs), growth factor receptors 
(GFRs), and protein kinase C (PKC)—can induce microtubule depolymerization, which inhibits STING’s trafficking and 
degradation in lysosomes via the microtubule network.79 Taken together, these findings indicate that cGAS–STING signaling 
can initiate NF-κB activation, while NF-κB activation, in turn, enhances cGAS–STING signaling by regulating microtubule- 
mediated STING trafficking.

Yes-associated protein (YAP) functions as a transcriptional coregulator, promoting the expression of genes that drive cell 
proliferation while simultaneously suppressing those that induce apoptosis.80 Studies have shown that cGAMP directly 
promotes YAP phosphorylation at serine residues S127 and S397, thereby regulating cell proliferation through the YAP 
signaling pathway.81,82 Additionally, activation of the cGAS–STING pathway can trigger the Hippo signaling pathway, 
resulting in the inactivation of YAP1 and its paralog TAZ (also known as WWTR1), which contributes to the suppression of 
tumorigenesis.83,84 Interestingly, previous research has found that activation of YAP/TAZ can inhibit cGAS–STING signaling, 
thereby impairing immune surveillance in non-small cell lung cancer (NSCLC).84

cGAS-STING Signaling in Fibrosis Diseases
cGAS-STING Signaling in Pulmonary Fibrosis
Pulmonary fibrosis (PF) refers to a group of lung diseases characterized by progressive scarring and stiffening of lung tissue, 
leading to an irreversible decline in the lungs’ oxygen diffusion capacity.85 PF is classified as one of the interstitial lung 
diseases (ILDs), which can result from identifiable causes such as environmental pollutants, certain medications, and 
infections. Similar to other ILDs, idiopathic pulmonary fibrosis (IPF)—a form with no known cause—is defined as 
a chronic, progressive fibrotic lung disease.86,87 The current understanding of PF pathogenesis is that it results from an 
abnormal wound-healing response in lung tissue, triggered by various disease-specific factors. These factors activate key 
effector cells—primarily pulmonary fibroblasts—leading to excessive inflammation and fibrosis.88,89 Acute lung inflamma
tion is considered a precursor to PF, while chronic inflammation is thought to promote its progression.90,91 Recent studies have 
highlighted that the aberrant activation of the cGAS-STING pathway contributes to pulmonary inflammation and fibrosis.

A previous study showed that polystyrene microplastics—emerging environmental pollutants—induced ferroptosis, leading 
to varying degrees of lung damage and fibrosis in a mouse model by activating the cGAS–STING signaling pathway, and 
inhibition of both ferroptosis and cGAS–STING signaling reduced lung injury and pulmonary fibrosis following exposure to 
polystyrene microplastics.92 Similarly, Ficolin B—a recognition molecule secreted via alveolar macrophage-derived exosomes— 
was found to exacerbate bleomycin-induced lung injury through cGAS–STING-mediated ferroptosis.93 Additionally, PF was 
induced in mice by pharyngeal aspiration of a novel nanomaterial, graphitized multi-walled carbon nanotubes (GMWCNTs), 
which triggered high expression of the cGAS–STING signaling pathway at the gene level, but co-administration of a STING 
inhibitor effectively reduced GMWCNT-induced pulmonary inflammation and fibrosis.94 Furthermore, honokiol—a natural 
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extract from Magnolia bark with known antioxidant and anti-inflammatory properties—was shown to attenuate silica-induced 
pyroptosis and protect against PF by modulating the cGAS–STING signaling pathway, offering potential therapeutic applications 
for silicosis and related inflammatory responses.95 Moreover, fluvoxamine, a selective serotonin reuptake inhibitor, has demon
strated therapeutic effects in IPF by reducing fibroblast activation and migration in response to transforming growth factor-beta 1 
(TGF-β1) stimulation, through inhibition of the cGAS–STING signaling pathway and its downstream targets96 (Figure 2).

Paradoxically, some research illustrated that STING plays a protective role in PF that is independent of IFN-I signaling 
but associated with prolonged neutrophilic inflammation, showing that STING deficiency leads to aggravated PF, character
ized by increased collagen deposition in the lungs and excessive expression of remodeling factors97 (Figure 2).

Figure 2 cGAS-STING signaling in pulmonary, hepatic, renal, cardiac, and cutaneous inflammation and fibrosis. In pulmonary fibrosis, polystyrene microplastics (PS-MPs), 
graphitized multi-walled carbon nanotubes (GMWCNTs), silica and bleomycin could activate cGAS-STING signaling and result in pulmonary inflammation and fibrosis. 
Previous research also illustrated that STING plays a protective role in pulmonary fibrosis associated with prolonged neutrophilic inflammation. In hepatic fibrosis, TAR 
DNA-binding protein 43 (TDP-43), transforming growth factor-beta (TGF-β), polystyrene microplastics (PS-MPs), hexafluoropropylene oxide trimer acid (HFPO-TA) and 
X-box binding protein 1 (XBP1) could upregulate cGAS-STING activation and lead to hepatic stellate cells (HSCs) activation, resulting in hepatic fibrosis. Whereas Oroxylin 
A could antagonize hepatic fibrosis by cGAS-STING/IRF3-induced HSCs senescence via IRF3 and retinoblastoma (RB) interaction. In renal fibrosis, hypoxia, chronic heat, 
N6-adenosine-methyltransferase 70 kDa subunit (METTL3), mitochondrial transcription factor A (TFAM) deficiency and protein kinase C-delta (PKC-δ) could activate 
cGAS-STING signaling and result in renal inflammation and fibrosis. In cardiac fibrosis, cardiomyocytes-derived small extracellular vesicles (sEVs) and hypertension could 
induce myocardial infarction (MI) and cardiac fibrosis by activating cGAS-STING signaling. In cutaneous fibrosis, the autoimmune disorder is the cause of Systemic Sclerosis 
and leads to cGAS-STING activation, resulting in fibrosis in the skin. However, burn injury, wound infection or surgery-induced pathological scarring, characterized by 
excessive accumulation of extracellular matrix (ECM), could be driven through cGAS-STING activation or not is unknown.
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Anyhow, the paradoxical effects of cGAS-STING signaling in pulmonary fibrosis may stem from differences in the 
microenvironments studied or from crosstalk with other signaling pathways. Therefore, further investigation into the 
precise role of cGAS-STING signaling in PF is essential to develop effective therapies.

cGAS-STING Signaling in Renal Fibrosis
Renal fibrosis (RF) represents the final common pathway of progressive kidney diseases, culminating in irreversible renal failure. 
It is characterized by excessive extracellular matrix (ECM) deposition that leads to parenchymal scarring, making it the most 
prevalent pathological feature of chronic kidney diseases (CKDs).98 Due to the severity and irreversibility of kidney failure, 
treatment options such as hemodialysis, peritoneal dialysis, or kidney transplantation often impose significant inconvenience and 
financial burdens on patients.99,100 Currently, it is widely accepted that RF represents a failed wound-healing process in kidney 
tissue. This leads to tubular atrophy, persistent interstitial inflammation, tissue fibrosis, glomerular scarring, and reduced vascular 
density following sustained injury. The process involves activation of mesangial cells and fibroblasts, as well as tubular epithelial- 
mesenchymal transition, which serve as the primary sources of matrix-producing cells in kidney disease.101,102 Inflammation 
triggered by kidney injury initially acts as a protective response; however, when prolonged and excessive, it contributes to the 
progression of renal diseases, ultimately leading to end-stage RF.103 Therefore, as one of the key inflammatory pathways, cGAS- 
STING signaling presents significant regulations in renal inflammation and fibrosis.

Studies have demonstrated that the cGAS-STING signaling pathway promotes RF under hypoxic conditions, a process 
linked to glycolysis mediated by 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3). Inhibition of STING or 
IRF3 effectively reduced the elevated expression of PFKFB3 and alleviated hypoxia-induced RF. These findings suggest that 
the cGAS-STING/IRF3/PFKFB3 signaling axis may serve as a promising therapeutic target for renal inflammation and early- 
stage RF.104 In addition, previous research demonstrated that m6A RNA modification, facilitated by the 70 kDa subunit of N6- 
adenosine-methyltransferase (METTL3), may promote renal fibrosis by specifically enriching and stabilizing the cGAS- 
STING signaling pathway.105 Interestingly, Ki Wung Chung et al observed significant mitochondrial defects in both human 
and animal models of renal fibrosis, characterized by a deficiency of mitochondrial transcription factor A (TFAM) in renal 
tubular cells.106 Furthermore, they discovered that improper packaging of mtDNA led to its leakage into the cytosol, triggering 
cGAS-STING activation in renal cells of TFAM knockout mice. Additionally, deletion of STING ameliorated renal fibrosis in 
these mouse models, highlighting a critical regulatory role of cGAS-STING signaling in renal inflammation and fibrosis.106 

Moreover, chronic heat exposure was found to induce renal fibrosis and mitochondrial damage in laying hens by activating the 
mtDNA-cGAS-STING signaling pathway, which subsequently triggered inflammation.107 Thereafter, protein kinase C-delta 
(PKC-δ) was found to be significantly upregulated in renal fibrosis biopsy samples from both humans and mice. Furthermore, 
the PKC-δ inhibitor rottlerin attenuated renal fibrosis induced by unilateral ureteral ligation and suppressed activation of the 
cGAS-STING signaling pathway, highlighting PKC-δ as a key regulator of renal fibrosis via this pathway108 (Figure 2).

Based on the above research findings, the cGAS-STING signaling pathway plays a critical role in the pathogenesis 
and progression of renal inflammation and renal fibrosis. Therefore, targeting molecules or employing techniques that 
modulate the cGAS-STING pathway may offer promising new therapeutic strategies for kidney inflammation and RF.

cGAS-STING Signaling in Hepatic Fibrosis
Hepatic fibrosis (HF) is characterized by excessive accumulation of connective tissue in the liver due to an overly 
exuberant wound-healing response triggered by chronic or repeated injury. This condition occurs in most types of chronic 
liver diseases (CLDs), especially those with inflammatory components, and can ultimately lead to portal hypertension— 
where scarring impedes blood flow through the liver—or cirrhosis, which distorts normal liver structure and 
function.109,110 However, unlike pulmonary or renal fibrosis, some forms of HF are potentially reversible. Based on 
current understanding, HF develops when hepatic stellate cells (HSCs) become activated and transdifferentiate into 
hepatic myofibroblasts in response to injury or inflammation.109,111 Hepatitis refers to liver inflammation caused by viral 
infections or liver injury and can present as either an acute condition (lasting less than six months) or a chronic condition 
(persisting for six months or more).112,113 The key difference is that acute (short-term) hepatitis often resolves on its own, 
whereas chronic hepatitis can lead to severe and potentially fatal complications, including cirrhosis, liver cancer, and 
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liver failure.114 With increasing research into the pathogenesis of liver diseases, the cGAS–STING signaling pathway has 
been shown to promote liver inflammation and fibrosis.115

Evidence has shown that activation of the cGAS–STING signaling pathway, triggered by TAR DNA-binding protein 43 
(TDP-43)-induced mtDNA release, is involved in HF. Moreover, the activation of cGAS–STING signaling and the colocalization 
of mitochondria with TDP-43 were found to correlate with the severity of HF.116 Subsequently, another study reported similar 
findings: activation of the cGAS–STING signaling pathway, along with mtDNA release induced by TGF-β, is essential for the 
transcriptional regulation and transdifferentiation of HSCs, a key event in the initiation of HF. They also found that inhibition of 
STING effectively blocked TGF-β-induced HSCs transdifferentiation and reduced HF both prophylactically and 
therapeutically.117 In addition, recent studies have demonstrated that polystyrene microplastics not only contribute to lung injury 
and PF, but their prolonged accumulation also induces HF. Rong Shen et al revealed that polystyrene microplastics smaller than 
1μm can enter cells and accumulate in the liver via the bloodstream, and even at low concentrations, these particles may cause 
hepatic injury and dysfunction by activating the cGAS–STING–NF-κB signaling pathway.118 Similarly, hexafluoropropylene 
oxide trimer acid (HFPO-TA), a contemporary substitute for perfluorooctanoic acid with emerging environmental toxicity, has 
been shown to induce a cascade of pathological events in mice.119 Specifically, HFPO-TA exposure increased mitochondrial 
reactive oxygen species (mtROS) levels, activated the cGAS–STING signaling pathway, and triggered NLRP3-mediated 
pyroptosis, ultimately leading to HF.119 These findings suggest that HFPO-TA–induced HF involves a mtROS-driven cGAS– 
STING–NLRP3 pyroptotic signaling axis.119 Furthermore, X-box binding protein 1 (XBP1), a transcription factor essential for 
regulating immune-related gene expression, has been shown to activate STING signaling in macrophages by promoting the 
cytosolic leakage of self-derived mtDNA, thereby contributing to the progression of HF.120 Accordingly, Li Chen et al 
demonstrated that naringenin, a natural flavonoid with anti-inflammatory properties, functions as a specific antagonist of 
cGAS, which effectively prevents HSCs activation and disrupts the secretion of proinflammatory factors mediated by the cGAS- 
STING signaling pathway, thereby impeding the progression of HF in murine models18 (Figure 2).

Interestingly, a recent study demonstrated that treatment with Oroxylin A—a naturally occurring O-methylated flavone 
derived from Scutellaria baicalensis Georgi—can activate ferritinophagy in HSCs via the cGAS-STING signaling pathway, 
thereby inducing HSCs senescence and subsequently attenuating HF.121 Additionally, Qirou Wu et al unexpectedly discovered 
that IRF3, activated through the cGAS-STING signaling pathway, forms significant endogenous nuclear complexes with 
retinoblastoma protein (RB), a key regulator of the cell cycle. This interaction attenuates RB hyperphosphorylation, thereby 
promoting HSCs senescence. These findings reveal an unforeseen yet pivotal role of STING–IRF3–RB signaling in inducing 
HSCs senescence and limiting the progression of HF122 (Figure 2).

Similar to its role in PF, the cGAS–STING signaling pathway exhibits both protective and pathogenic effects in HF. 
Therefore, further investigation is essential to elucidate the precise pathophysiological mechanisms by which cGAS– 
STING signaling contributes to liver inflammation and fibrosis.

cGAS-STING Signaling in Cardiac Fibrosis
Cardiac fibrosis (CF) is a pathological condition marked by excessive ECM deposition in the myocardium, or abnormal 
thickening of the pericardium and endocardium—particularly around heart valves such as the tricuspid and pulmonary 
valves—resulting from aberrant proliferation and activation of cardiac fibroblasts (CFs). This process increases the risk 
of arrhythmias, impairs cardiac function, and ultimately contributes to the development of heart failure.123,124 Similar to 
HF, changes associated with CF may be reversible in certain contexts, as the condition can be self-limiting and may 
resolve completely with appropriate intervention or removal of the underlying cause.

The most extensive fibrotic remodeling of the heart typically occurs following acute cardiomyocyte death, which 
results in the abrupt loss of a substantial number of cardiomyocytes. This event triggers a robust inflammatory response 
and subsequently leads to the replacement of necrotic myocardium with collagen-rich scar tissue.124 Additionally, 
pressure overload conditions—such as hypertension and aortic stenosis—as well as volume overloads caused by valvular 
regurgitant lesions, along with cardiomyopathies like hypertrophic or post-viral dilated cardiomyopathy, can also lead to 
extensive CF. This fibrotic remodeling increases myocardial stiffness and impairs diastolic function, ultimately con
tributing to ventricular dilation and the progression to heart failure.123,124
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Heart inflammation is the body’s innate immune response to cardiac infection or injury and is generally classified into three 
main types based on the affected tissue: endocarditis (inflammation of the inner lining of the heart chambers and valves), 
myocarditis (inflammation of the heart muscle), and pericarditis (inflammation of the protective sac surrounding the heart).125 

To date, activation of the cGAS–STING signaling pathway has been identified as a key promoter of the early inflammatory 
response, as well as of pathological cardiac remodeling and dysfunction.126 Recent research has shown that small extracellular 
vesicles (sEVs) derived from cardiomyocytes, containing mitochondrial components, can enter CFs and initiate CF by 
promoting CFs activation and proliferation through the cGAS–STING signaling pathway.127 Thus, inhibitors of the cGAS- 
STING signaling pathway have demonstrated protective effects against CF. Lavinia Rech et al confirmed that pharmacological 
inhibition of STING using C178 or H-151 reduced infarct expansion, myocardial scarring, and hypertrophy three weeks after 
reperfused myocardial infarction in a preclinical murine model.128 At the same time, another study confirmed that treatment 
with H-151 significantly preserved myocardial function and attenuated cardiac fibrosis129 (Figure 2).

Consequently, inhibitors targeting the cGAS-STING signaling pathway may represent promising therapeutics to 
improve wound healing and pathological remodeling, thereby alleviating CF.

cGAS-STING Signaling in Cutaneous Fibrosis
The hallmarks of skin injury—pathogen invasion and localized tissue damage—result in the release of DNA. When this 
free DNA accumulates in the cytoplasm, it activates the cGAS-STING signaling pathway, triggering the production of 
IFN-I, inflammatory cytokines, and chemokines, thereby connecting wound healing and scar formation with immune 
system activation.130 In the environment of tissue injury, resident cells and immune cells release an excess of growth 
factors—such as fibroblast growth factor (FGF), TGF-β1, IL-1, and IL-6—which activate fibroblasts and promote their 
differentiation into secretory myofibroblasts through the fibroblast-to-myofibroblast transition process.131 The high 
quantity of myofibroblasts leads to the excessive production of ECM proteins.132

Systemic sclerosis (SSc), also known as scleroderma, is a complex autoimmune disease targeting connective tissues and 
often resulting in progressive skin fibrosis.133 The activation of fibroblasts plays a pivotal role in the progression of fibrosis in 
SSc, characterized by connective tissue thickening and excessive accumulation of ECM, especially collagen types I and III.131 

Previous studies demonstrated that centromere dysfunction leads to chromosomal instability—manifested as aneuploidy and 
micronuclei formation—in SSc, and they found that the formation of micronuclei in SSc is closely linked to cGAS-STING 
pathway activation and correlates with the clinical severity of skin fibrosis134 (Figure 2).

Pathological scarring, including hypertrophic scars and keloids, is a common form of cutaneous fibrosis characterized 
by thick, raised, red scars that extend above the normal skin surface due to excessive collagen deposition during wound 
healing.135 Pathological scarring is considered a result of dysregulated inflammation during wound healing, along with 
persistent chronic inflammation in the reticular dermis.136,137 Additionally, our previous study summarized the immunor
egulatory roles of immune cells in wound healing and skin scarring, highlighting the potential involvement of cGAS- 
STING signaling modulation in scar formation.138 Therefore, regulating the cGAS-STING–mediated inflammatory 
response during wound healing may offer a promising strategy to prevent or mitigate pathological scar formation (Figure 2).

Therapeutic Potential Targeting cGAS-STING Signaling in Fibrosis Diseases
Considering that immunomodulation of the cGAS-STING signaling pathway represents a promising target for first-in- 
class immunotherapies, inhibitors—particularly those targeting the key protein STING—have shown encouraging 
therapeutic potential in preclinical models of fibrotic diseases.16 Each of these inhibitors is specifically discussed in 
the following paragraphs (Table 1).

RU.521
RU.521 is a potent and selective inhibitor of cGAS that effectively blocks cGAS-mediated upregulation of IFN-I. Studies have 
shown that intracisternal administration of RU.521 reduces microglial activation and neuroinflammation, as well as restores 
the balance between sympathetic and parasympathetic nervous system activities, which collectively contribute to lowering 
blood pressure.139 This reduction in hypertension subsequently alleviates myocardial interstitial fibrosis, cardiomyocyte 
hypertrophy, and impaired cardiac function in Angiotensin II (Ang II)-induced hypertensive mice139 (Figure 3).
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H-151
H-151 is a potent and selective covalent antagonist of STING that effectively suppresses STING palmitoylation and reduces 
TBK1 phosphorylation, demonstrating strong inhibitory effects both in vitro and in vivo. Shiyu Hu et al showed that H-151 
treatment markedly decreases the IFN-I response in bone marrow-derived macrophages (BMDMs) stimulated by cardiac 
dsDNA, which the suppression leads to reduced apoptosis of adult cardiomyocytes and decreased scar formation in cardiac 
fibroblasts cultured with conditioned medium from BMDMs.129 These findings indicate that H-151-mediated inhibition of 
STING can preserve myocardial function and attenuate cardiac fibrosis following myocardial infarction (Figure 3).

C-176 and C-178
C-176 and C-178 are nitrofuran derivatives that selectively bind covalently to the transmembrane cysteine residue 91 of 
STING, effectively blocking activation-induced STING palmitoylation. These compounds also possess the ability to cross the 
blood-brain barrier. A recent study demonstrated that treatment with C-176 significantly reduced histopathological features in 
a mouse model of PF induced by GMWCNTs.94 Specifically, it decreased alveolar wall thickening, alveolar collapse, and 
inflammatory cell infiltration. Also, mRNA and protein expression levels of cGAS, STING, NF-κB, IL-1β, and TGF-β1 were 
markedly reduced after C-176 administration, suggesting that STING inhibition by C-176 may effectively mitigate pulmonary 
inflammation and fibrosis.94 However, it was identified that the species-specific activity of C-178 and C-176 compounds 
directly targets mouse STING but not human STING145 (Figure 3).

IFM-0044907
IFM-0044907 is a small-molecule inhibitor of STING. Suyavaran Arumugam et al demonstrated that IFM-0044907 
effectively blocked the transactivation of HSCs and reversed carbon tetrachloride (CCl₄)-induced HF in mice.117 These 
findings underscore the pivotal role of STING in HF and highlight IFM-0044907 as a promising therapeutic candidate for 
treating liver fibrosis (Figure 3).

Other Natural Products
Several natural products targeting the cGAS-STING signaling pathway have been identified to attenuate PF. For instance, 
20(S)-Protopanaxadiol, derived from ginseng, and Heterophyllin B, extracted from Radix Pseudostellariae, demonstrated 

Table 1 Application of cGAS–STING Pathway-Related Inhibitors in Fibrosis Diseases

Target Inhibitor Effect Application

Subject Disease

cGAS RU.521139 Alleviating myocardial interstitial fibrosis, cardiomyocyte 

hypertrophy, and contractile dysfunction in Ang II– 
induced hypertensive mice

cGAS-/-mice Heart Disease

STING H-151129 Preserving myocardial function and alleviating cardiac 

fibrosis after myocardial infarction

Male C57BL/6J mice Myocardial 

Infarction
C-176 and C-17894 Decreasing pulmonary inflammation and fibrosis in mice 

induced by graphitized multi-walled carbon nanotubes

Male C57BL/6 mice Pulmonary Fibrosis

IFM-0044907117 Blocking hepatic stellate cells transactivation and 
reversing carbon tetrachloride-induced hepatic fibrosis

Male C57BL/6N mice Hepatic Fibrosis

20(S)-Protopanaxadiol & 

Heterophyllin B140,141

Reducing expression of fibrotic hallmarks and improving 

survival rate by phosphorylating adenosine 5′- 
monophosphate-activated protein kinase (AMPK)

Male C57BL/6 mice Pulmonary Fibrosis

Tanreqing injection and 

Juglanin142,143

Alleviating bleomycin 

-induced lung fibrosis by inhibiting inflammatory responses

Male C57BL/6J mice Pulmonary Fibrosis

Qingfei Xieding144 Alleviating fibrosis in MLE-12 cells and bleomycin-induced 

lung fibrosis through reactivating autophagy and inhibiting 

mitochondrial injury

MLE-12 (mouse lung 

epithelial cell line), 

Male C57BL/6 mice

Pulmonary Fibrosis
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promising pharmacological effects on bleomycin-induced PF by reducing STING expression through the phosphoryla
tion and activation of AMPK.140,141 Tanreqing injection (TRQ), a well-established traditional Chinese medicine, 
effectively alleviates bleomycin-induced pulmonary fibrosis by inhibiting STING signaling through modulation of 
endoplasmic reticulum stress pathways.142 Juglanin, a compound derived from the green husks of walnuts (Juglans 
mandshurica) or the Chinese herb He Shou Wu, can reduce inflammation and attenuate pulmonary fibrosis by inhibiting 
STING in human lung fibroblasts and mouse epithelial cells, as well as downregulating fibrotic markers such as TGF-β1, 
α-SMA, fibronectin, matrix metalloproteinase-9 (MMP-9), and collagen I.143 Qingfei Xieding prescription, a traditional 
Chinese medicine effective as an adjuvant treatment for pulmonary diseases, alleviated bleomycin-induced PF by 
activating autophagy and inhibiting inflammation mediated through the mtDNA-cGAS-STING pathway144 (Figure 3).

However, despite the therapeutic potential of existing cGAS-STING signaling inhibitors, challenges persist in 
developing novel agonists and optimizing agonist delivery systems to enhance biotherapeutic outcomes.

Future Perspective
Organ fibrosis accounts for up to 45% of all deaths in the developed world due to its relentlessly progressive and 
irreversible nature.4 Despite significant progress in understanding the pathobiology of fibrosis, effective therapies for 

Figure 3 Application of inhibitors and natural products targeting cGAS and STING in fibrosis diseases.
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clinical patients remain limited. Given that inflammatory regulation plays a key role in the initiation and progression of 
fibrosis, targeting inflammatory pathways and molecules offers promising therapeutic potential.146

The cGAS-STING signaling pathway has emerged as a critical mediator of inflammation in response to infection, 
cellular stress, and tissue damage.147 It has also shown significant roles in various pathological conditions, including 
inflammatory diseases, cancer, autoimmune disorders, fibrotic diseases, and neurodegeneration.41,148–150 With growing 
research into the cellular and molecular mechanisms of cGAS-STING signaling in fibrotic diseases—including pulmon
ary, renal, hepatic, cardiac, and cutaneous fibrosis—most studies indicate that its aberrant activation acts as a promoter of 
organ fibrosis onset and progression.16,106,115,126,134 Thus, strategies targeting the cGAS-STING signaling pathway have 
demonstrated therapeutic potential for fibrotic diseases. For instance, Quzhou Fructus Arantii-nB, fluvoxamine, and 
honokiol have been shown to alleviate PF by inhibiting cGAS-STING signaling; naringenin disrupts this pathway to 
prevent HF; and H-151 treatment significantly preserves myocardial function and attenuates CF by specifically targeting 
STING.18,95,96,129,151 Consequently, these findings indicate that the cGAS-STING signaling pathway contributes to 
fibrotic processes, and its inhibition shows promising therapeutic potential for organ fibrosis. However, there is also 
evidence suggesting that cGAS-STING signaling may exert protective roles in certain contexts, such as PF and HF, 
highlighting the complexity and context-dependent nature of this pathway.97,121,122 Therefore, further in-depth research is 
required to elucidate the crosstalk between cGAS-STING signaling and other signaling pathways involved in fibrotic 
processes, as well as to advance its pharmaceutical translation into clinical applications.

Pathological scars, such as hypertrophic scars and keloids, have long posed significant challenges for both patients 
and clinicians due to the lack of effective therapies—particularly in the case of keloids, which are characterized by a high 
recurrence rate.152 This is largely due to the unclear pathogenesis of hypertrophic scars and keloids. Nevertheless, 
inflammation within the microenvironment of skin wounds and scars plays a critical role in the processes of wound 
healing and scar formation.137 To date, no studies have specifically investigated the role of cGAS-STING signaling in the 
pathogenesis of hypertrophic scars or keloids. Given its established involvement in inflammation and fibrosis, this 
pathway may represent a promising therapeutic target, warranting further investigation.

To sum up, the role of cGAS-STING signaling in fibrotic diseases is complex and multifaceted, influenced by various 
factors such as individual variability, tissue microenvironment, the extent and duration of pathway activation, the 
functional state of resident cells, and potential contributions from comorbid conditions. Despite growing interest, current 
evidence remains insufficient to clearly define how cGAS-STING signaling modulates fibrotic processes or whether 
targeting this pathway can effectively reverse or halt organ fibrosis. Therefore, future research should aim to elucidate the 
precise cellular and molecular mechanisms involved, develop selective and safe therapeutic agents, and evaluate their 
efficacy in clinical settings. Continued exploration of the cGAS-STING pathway holds promise for advancing treatment 
strategies and improving outcomes in fibrotic diseases.

Conclusions
This review provides a comprehensive overview of the effects and molecular mechanisms of the cGAS-STING signaling 
pathway in fibrotic diseases. It outlines the core components of the cGAS-STING cascade, summarizes the mechanisms 
by which its activation contributes to fibrosis across multiple organs, and catalogs recently developed cGAS and STING 
antagonists explored in fibrotic disease models. Furthermore, it discusses the therapeutic potential and translational 
prospects of targeting this pathway in clinical settings.

Author Contributions
All authors made a significant contribution to the work reported, whether that is in the conception, study design, 
execution, acquisition of data, analysis and interpretation, or in all these areas; took part in drafting, revising or critically 
reviewing the article; gave final approval of the version to be published; have agreed on the journal to which the article 
has been submitted; and agree to be accountable for all aspects of the work.

Disclosure
The authors report no conflicts of interest in this work.

https://doi.org/10.2147/JIR.S541656                                                                                                                                                                                                                                                                                                                                                                                                                                                           Journal of Inflammation Research 2025:18 10788

Zhao et al                                                                                                                                                                            

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



References
1. Lurje I, Gaisa NT, Weiskirchen R, et al. Mechanisms of organ fibrosis: emerging concepts and implications for novel treatment strategies. Mol 

Aspects Med. 2023;92:101191. doi:10.1016/j.mam.2023.101191
2. Weiskirchen R, Weiskirchen S, Tacke F. Organ and tissue fibrosis: molecular signals, cellular mechanisms and translational implications. Mol 

Aspects Med. 2019;65:2–15. doi:10.1016/j.mam.2018.06.003
3. Henderson NC, Rieder F, Wynn TA. Fibrosis: from mechanisms to medicines. Nature. 2020;587(7835):555–566. doi:10.1038/s41586-020- 

2938-9
4. Wynn TA. Cellular and molecular mechanisms of fibrosis. J Pathol. 2008;214(2):199–210. doi:10.1002/path.2277
5. Antar SA, Ashour NA, Marawan ME, et al. Fibrosis: types, effects, markers, mechanisms for disease progression, and its relation with oxidative 

stress, immunity, and inflammation. Int J Mol Sci. 2023;24(4):4004. doi:10.3390/ijms24044004
6. Huang E, Peng N, Xiao F, et al. The roles of immune cells in the pathogenesis of fibrosis. Int J Mol Sci. 2020;21(15):5203. doi:10.3390/ 

ijms21155203
7. Zhang WJ, Chen SJ, Zhou SC, et al. Inflammasomes and Fibrosis. Front Immunol. 2021;12:643149. doi:10.3389/fimmu.2021.643149
8. Malaviya R, Kipen HM, Businaro R, et al. Pulmonary toxicants and fibrosis: innate and adaptive immune mechanisms. Toxicol Appl Pharmacol. 

2020;409:115272. doi:10.1016/j.taap.2020.115272
9. Siamwala JH, Zhao A, Barthel H, et al. Adaptive and innate immune mechanisms in cardiac fibrosis complicating pulmonary arterial 

hypertension. Physiol Rep. 2020;8(15):e14532. doi:10.14814/phy2.14532
10. Khanam A, Chua JV, Kottilil S. Immunopathology of chronic hepatitis B infection: role of innate and adaptive immune response in disease 

progression. Int J Mol Sci. 2021;22(11):5497. doi:10.3390/ijms22115497
11. Ishikawa H, Barber GN. STING is an endoplasmic reticulum adaptor that facilitates innate immune signalling. Nature. 2008;455 

(7213):674–678. doi:10.1038/nature07317
12. Barber GN. STING: infection, inflammation and cancer. Nat Rev Immunol. 2015;15(12):760–770. doi:10.1038/nri3921
13. Hopfner KP, Hornung V. Molecular mechanisms and cellular functions of cGAS-STING signalling. Nat Rev Mol Cell Biol. 2020;21 

(9):501–521. doi:10.1038/s41580-020-0244-x
14. Chauvin SD, Stinson WA, Platt DJ, et al. Regulation of cGAS and STING signaling during inflammation and infection. J Biol Chem. 2023;299 

(7):104866. doi:10.1016/j.jbc.2023.104866
15. Chen C, Xu P. Cellular functions of cGAS-STING signaling. Trends Cell Biol. 2023;33(8):630–648. doi:10.1016/j.tcb.2022.11.001
16. Zhang J, Zhang L, Chen Y, et al. The role of cGAS-STING signaling in pulmonary fibrosis and its therapeutic potential. Front Immunol. 

2023;14:1273248. doi:10.3389/fimmu.2023.1273248
17. Luo W, Xu G, Song Z, et al. Licorice extract inhibits the cGAS-STING pathway and protects against non-alcoholic steatohepatitis. Front 

Pharmacol. 2023;14:1160445. doi:10.3389/fphar.2023.1160445
18. Chen L, Xia S, Wang S, et al. Naringenin is a potential immunomodulator for inhibiting liver fibrosis by inhibiting the cGAS-STING pathway. 

J Clin Transl Hepatol. 2023;11(1):26–37. doi:10.14218/JCTH.2022.00120
19. Zhang D, Liu Y, Zhu Y, et al. A non-canonical cGAS-STING-PERK pathway facilitates the translational program critical for senescence and 

organ fibrosis. Nat Cell Biol. 2022;24(5):766–782. doi:10.1038/s41556-022-00894-z
20. Gekara NO, Jiang H. The innate immune DNA sensor cGAS: a membrane, cytosolic, or nuclear protein? Sci Signal. 2019;12(581):eaax3521. 

doi:10.1126/scisignal.aax3521
21. Barnett KC, Coronas-Serna JM, Zhou W, et al. Phosphoinositide interactions position cGAS at the plasma membrane to ensure efficient 

distinction between self- and viral DNA. Cell. 2019;176(6):1432–1446.e1411. doi:10.1016/j.cell.2019.01.049
22. Civril F, Deimling T, de Oliveira Mann CC, et al. Structural mechanism of cytosolic DNA sensing by cGAS. Nature. 2013;498(7454):332–337. 

doi:10.1038/nature12305
23. Zhang X, Bai XC, Chen ZJ. Structures and mechanisms in the cGAS-STING innate immunity pathway. Immunity. 2020;53(1):43–53. 

doi:10.1016/j.immuni.2020.05.013
24. Blest HTW, Chauveau L. cGAMP the travelling messenger. Front Immunol. 2023;14:1150705. doi:10.3389/fimmu.2023.1150705
25. Zaver SA, Woodward JJ. Cyclic dinucleotides at the forefront of innate immunity. Curr Opin Cell Biol. 2020;63:49–56. doi:10.1016/j. 

ceb.2019.12.004
26. Burdette DL, Monroe KM, Sotelo-Troha K, et al. STING is a direct innate immune sensor of cyclic di-GMP. Nature. 2011;478(7370):515–518. 

doi:10.1038/nature10429
27. Ouyang S, Song X, Wang Y, et al. Structural analysis of the STING adaptor protein reveals a hydrophobic dimer interface and mode of cyclic 

di-GMP binding. Immunity. 2012;36(6):1073–1086. doi:10.1016/j.immuni.2012.03.019
28. Shu C, Yi G, Watts T, et al. Structure of STING bound to cyclic di-GMP reveals the mechanism of cyclic dinucleotide recognition by the 

immune system. Nat Struct Mol Biol. 2012;19(7):722–724. doi:10.1038/nsmb.2331
29. Shang G, Zhu D, Li N, et al. Crystal structures of STING protein reveal basis for recognition of cyclic di-GMP. Nat Struct Mol Biol. 2012;19 

(7):725–727. doi:10.1038/nsmb.2332
30. Lu D, Shang G, Li J, et al. Activation of STING by targeting a pocket in the transmembrane domain. Nature. 2022;604(7906):557–562. 

doi:10.1038/s41586-022-04559-7
31. Taguchi T, Mukai K, Takaya E, et al. STING operation at the ER/golgi interface. Front Immunol. 2021;12:646304. doi:10.3389/ 

fimmu.2021.646304
32. Ishikawa H, Ma Z, Barber GN. STING regulates intracellular DNA-mediated, type I interferon-dependent innate immunity. Nature. 2009;461 

(7265):788–792. doi:10.1038/nature08476
33. Dobbs N, Burnaevskiy N, Chen D, et al. STING activation by translocation from the ER is associated with infection and autoinflammatory 

disease. Cell Host Microbe. 2015;18(2):157–168. doi:10.1016/j.chom.2015.07.001
34. Tanaka Y, Chen ZJ. STING specifies IRF3 phosphorylation by TBK1 in the cytosolic DNA signaling pathway. Sci Signal. 2012;5(214):ra20. 

doi:10.1126/scisignal.2002521

Journal of Inflammation Research 2025:18                                                                                          https://doi.org/10.2147/JIR.S541656                                                                                                                                                                                                                                                                                                                                                                                                 10789

Zhao et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/j.mam.2023.101191
https://doi.org/10.1016/j.mam.2018.06.003
https://doi.org/10.1038/s41586-020-2938-9
https://doi.org/10.1038/s41586-020-2938-9
https://doi.org/10.1002/path.2277
https://doi.org/10.3390/ijms24044004
https://doi.org/10.3390/ijms21155203
https://doi.org/10.3390/ijms21155203
https://doi.org/10.3389/fimmu.2021.643149
https://doi.org/10.1016/j.taap.2020.115272
https://doi.org/10.14814/phy2.14532
https://doi.org/10.3390/ijms22115497
https://doi.org/10.1038/nature07317
https://doi.org/10.1038/nri3921
https://doi.org/10.1038/s41580-020-0244-x
https://doi.org/10.1016/j.jbc.2023.104866
https://doi.org/10.1016/j.tcb.2022.11.001
https://doi.org/10.3389/fimmu.2023.1273248
https://doi.org/10.3389/fphar.2023.1160445
https://doi.org/10.14218/JCTH.2022.00120
https://doi.org/10.1038/s41556-022-00894-z
https://doi.org/10.1126/scisignal.aax3521
https://doi.org/10.1016/j.cell.2019.01.049
https://doi.org/10.1038/nature12305
https://doi.org/10.1016/j.immuni.2020.05.013
https://doi.org/10.3389/fimmu.2023.1150705
https://doi.org/10.1016/j.ceb.2019.12.004
https://doi.org/10.1016/j.ceb.2019.12.004
https://doi.org/10.1038/nature10429
https://doi.org/10.1016/j.immuni.2012.03.019
https://doi.org/10.1038/nsmb.2331
https://doi.org/10.1038/nsmb.2332
https://doi.org/10.1038/s41586-022-04559-7
https://doi.org/10.3389/fimmu.2021.646304
https://doi.org/10.3389/fimmu.2021.646304
https://doi.org/10.1038/nature08476
https://doi.org/10.1016/j.chom.2015.07.001
https://doi.org/10.1126/scisignal.2002521


35. Yum S, Li M, Fang Y, et al. TBK1 recruitment to STING activates both IRF3 and NF-κB that mediate immune defense against tumors and viral 
infections. Proc Natl Acad Sci U S A. 2021;118(14):e2100225118. doi:10.1073/pnas.2100225118

36. Zhou X, Meng F, Xu B, et al. STING promotes invasion and migration of uveal melanoma through p38-MAPK signaling. Oncol Rep. 2024;51 
(2):23. doi:10.3892/or.2023.8682

37. Zhang W, Li G, Luo R, et al. Cytosolic escape of mitochondrial DNA triggers cGAS-STING-NLRP3 axis-dependent nucleus pulposus cell 
pyroptosis. Exp Mol Med. 2022;54(2):129–142. doi:10.1038/s12276-022-00729-9

38. Gui X, Yang H, Li T, et al. Autophagy induction via STING trafficking is a primordial function of the cGAS pathway. Nature. 2019;567 
(7747):262–266. doi:10.1038/s41586-019-1006-9

39. Wang L, Zhang S, Liu H, et al. STING activation in cardiomyocytes drives hypertrophy-associated heart failure via NF-κB-mediated 
inflammatory response. Biochim Biophys Acta Mol Basis Dis. 2023;1870(3):166997. doi:10.1016/j.bbadis.2023.166997

40. Erttmann SF, Swacha P, Aung KM, et al. The gut microbiota prime systemic antiviral immunity via the cGAS-STING-IFN-I axis. Immunity. 
2022;55(5):847–861.e810. doi:10.1016/j.immuni.2022.04.006

41. Samson N, Ablasser A. The cGAS-STING pathway and cancer. Nat Cancer. 2022;3(12):1452–1463. doi:10.1038/s43018-022-00468-w
42. Chin EN, Sulpizio A, Lairson LL. Targeting STING to promote antitumor immunity. Trends Cell Biol. 2023;33(3):189–203. doi:10.1016/j. 

tcb.2022.06.010
43. Hu Y, Chen B, Yang F, et al. Emerging role of the cGAS-STING signaling pathway in autoimmune diseases: biologic function, mechanisms and 

clinical prospection. Autoimmun Rev. 2022;21(9):103155. doi:10.1016/j.autrev.2022.103155
44. Paul BD, Snyder SH, Bohr VA. Signaling by cGAS-STING in neurodegeneration, neuroinflammation, and aging. Trends Neurosci. 2021;44 

(2):83–96. doi:10.1016/j.tins.2020.10.008
45. Ferecskó AS, Smallwood MJ, Moore A, et al. STING-triggered CNS inflammation in human neurodegenerative diseases. Biomedicines. 

2023;11(5):1375. doi:10.3390/biomedicines11051375
46. Govindarajulu M, Ramesh S, Beasley M, et al. Role of cGAS-sting signaling in alzheimer’s disease. Int J Mol Sci. 2023;24(9):8151. 

doi:10.3390/ijms24098151
47. Ma C, Liu Y, Li S, et al. Microglial cGAS drives neuroinflammation in the MPTP mouse models of parkinson’s disease. CNS Neurosci Ther. 

2023;29(7):2018–2035. doi:10.1111/cns.14157
48. Zamiri K, Kesari S, Paul K, et al. Therapy of autoimmune inflammation in sporadic amyotrophic lateral sclerosis: dimethyl fumarate and H-151 

downregulate inflammatory cytokines in the cGAS-STING pathway. FASEB j. 2023;37(8):e23068. doi:10.1096/fj.202300573R
49. Liu H, Zhang H, Wu X, et al. Nuclear cGAS suppresses DNA repair and promotes tumorigenesis. Nature. 2018;563(7729):131–136. 

doi:10.1038/s41586-018-0629-6
50. Banerjee D, Langberg K, Abbas S, et al. A non-canonical, interferon-independent signaling activity of cGAMP triggers DNA damage response 

signaling. Nat Commun. 2021;12(1):6207. doi:10.1038/s41467-021-26240-9
51. Gong J, Gao X, Ge S, et al. The role of cGAS-STING signalling in metabolic diseases: from signalling networks to targeted intervention. 

Int J Biol Sci. 2024;20(1):152–174. doi:10.7150/ijbs.84890
52. Ma XM, Geng K, Law BY, et al. Lipotoxicity-induced mtDNA release promotes diabetic cardiomyopathy by activating the cGAS-STING 

pathway in obesity-related diabetes. Cell Biol Toxicol. 2023;39(1):277–299. doi:10.1007/s10565-021-09692-z
53. Lv J, Xing C, Chen Y, et al. The STING in non-alcoholic fatty liver diseases: potential therapeutic targets in inflammation-carcinogenesis 

pathway. Pharmaceuticals. 2022;15(10):1241. doi:10.3390/ph15101241
54. Zhang L, Pitcher LE, Yousefzadeh MJ, et al. Cellular senescence: a key therapeutic target in aging and diseases. J Clin Invest. 2022;132(15): 

e158450. doi:10.1172/JCI158450
55. Schmitt CA, Wang B, Demaria M. Senescence and cancer - role and therapeutic opportunities. Nat Rev Clin Oncol. 2022;19(10):619–636. 

doi:10.1038/s41571-022-00668-4
56. Glück S, Guey B, Gulen MF, et al. Innate immune sensing of cytosolic chromatin fragments through cGAS promotes senescence. Nat Cell Biol. 

2017;19(9):1061–1070. doi:10.1038/ncb3586
57. Loo TM, Miyata K, Tanaka Y, et al. Cellular senescence and senescence-associated secretory phenotype via the cGAS-STING signaling 

pathway in cancer. Cancer Sci. 2020;111(2):304–311. doi:10.1111/cas.14266
58. Bertheloot D, Latz E, Franklin BS. Necroptosis, pyroptosis and apoptosis: an intricate game of cell death. Cell Mol Immunol. 2021;18 

(5):1106–1121.
59. Hadian K, Stockwell BR. The therapeutic potential of targeting regulated non-apoptotic cell death. Nat Rev Drug Discov. 2023;22(9):723–742. 

doi:10.1038/s41573-023-00749-8
60. Xu Y, Chen C, Liao Z, et al. cGAS-STING signaling in cell death: mechanisms of action and implications in pathologies. Eur J Immunol. 

2023;53(9):e2350386. doi:10.1002/eji.202350386
61. Kesavardhana S, Malireddi RKS, Kanneganti TD. Caspases in cell death, inflammation, and pyroptosis. Annu Rev Immunol. 2020;38:567–595. 

doi:10.1146/annurev-immunol-073119-095439
62. Liao Y, Liu C, Wang J, et al. Caspase-1 inhibits IFN-β production via cleavage of cGAS during M. bovis infection. Vet Microbiol. 

2021;258:109126. doi:10.1016/j.vetmic.2021.109126
63. Wang Y, Ning X, Gao P, et al. Inflammasome activation triggers caspase-1-mediated Cleavage of cGAS to regulate responses to DNA virus 

infection. Immunity. 2017;46(3):393–404. doi:10.1016/j.immuni.2017.02.011
64. Ning X, Wang Y, Jing M, et al. Apoptotic caspases suppress type i interferon production via the cleavage of cGAS, MAVS, and IRF3. Mol Cell. 

2019;74(1):19–31.e17. doi:10.1016/j.molcel.2019.02.013
65. Kayagaki N, Warming S, Lamkanfi M, et al. Non-canonical inflammasome activation targets caspase-11. Nature. 2011;479(7371):117–121. 

doi:10.1038/nature10558
66. Shi J, Zhao Y, Wang Y, et al. Inflammatory caspases are innate immune receptors for intracellular LPS. Nature. 2014;514(7521):187–192. 

doi:10.1038/nature13683
67. White MJ, McArthur K, Metcalf D, et al. Apoptotic caspases suppress mtDNA-induced STING-mediated type I IFN production. Cell. 2014;159 

(7):1549–1562. doi:10.1016/j.cell.2014.11.036

https://doi.org/10.2147/JIR.S541656                                                                                                                                                                                                                                                                                                                                                                                                                                                           Journal of Inflammation Research 2025:18 10790

Zhao et al                                                                                                                                                                            

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1073/pnas.2100225118
https://doi.org/10.3892/or.2023.8682
https://doi.org/10.1038/s12276-022-00729-9
https://doi.org/10.1038/s41586-019-1006-9
https://doi.org/10.1016/j.bbadis.2023.166997
https://doi.org/10.1016/j.immuni.2022.04.006
https://doi.org/10.1038/s43018-022-00468-w
https://doi.org/10.1016/j.tcb.2022.06.010
https://doi.org/10.1016/j.tcb.2022.06.010
https://doi.org/10.1016/j.autrev.2022.103155
https://doi.org/10.1016/j.tins.2020.10.008
https://doi.org/10.3390/biomedicines11051375
https://doi.org/10.3390/ijms24098151
https://doi.org/10.1111/cns.14157
https://doi.org/10.1096/fj.202300573R
https://doi.org/10.1038/s41586-018-0629-6
https://doi.org/10.1038/s41467-021-26240-9
https://doi.org/10.7150/ijbs.84890
https://doi.org/10.1007/s10565-021-09692-z
https://doi.org/10.3390/ph15101241
https://doi.org/10.1172/JCI158450
https://doi.org/10.1038/s41571-022-00668-4
https://doi.org/10.1038/ncb3586
https://doi.org/10.1111/cas.14266
https://doi.org/10.1038/s41573-023-00749-8
https://doi.org/10.1002/eji.202350386
https://doi.org/10.1146/annurev-immunol-073119-095439
https://doi.org/10.1016/j.vetmic.2021.109126
https://doi.org/10.1016/j.immuni.2017.02.011
https://doi.org/10.1016/j.molcel.2019.02.013
https://doi.org/10.1038/nature10558
https://doi.org/10.1038/nature13683
https://doi.org/10.1016/j.cell.2014.11.036


68. Nakhaei P, Sun Q, Solis M, et al. IκB kinase ε-dependent phosphorylation and degradation of X-linked inhibitor of apoptosis sensitizes cells to 
virus-induced apoptosis. J Virol. 2012;86(2):726–737. doi:10.1128/JVI.05989-11

69. Hsu SK, Li CY, Lin IL, et al. Inflammation-related pyroptosis, a novel programmed cell death pathway, and its crosstalk with immune therapy 
in cancer treatment. Theranostics. 2021;11(18):8813–8835. doi:10.7150/thno.62521

70. Liu J, Zhou J, Luan Y, et al. cGAS-STING, inflammasomes and pyroptosis: an overview of crosstalk mechanism of activation and regulation. 
Cell Commun Signal. 2024;22(1):22. doi:10.1186/s12964-023-01466-w

71. Liu D, Wu H, Wang C, et al. STING directly activates autophagy to tune the innate immune response. Cell Death Differ. 2019;26 
(9):1735–1749. doi:10.1038/s41418-018-0251-z

72. Zhang X, Liu J, Wang H. The cGAS-STING-autophagy pathway: novel perspectives in neurotoxicity induced by manganese exposure. Environ 
Pollut. 2022;315:120412. doi:10.1016/j.envpol.2022.120412

73. Lu Q, Chen Y, Li J, et al. Crosstalk between cGAS-STING pathway and autophagy in cancer immunity. Front Immunol. 2023;14:1139595. 
doi:10.3389/fimmu.2023.1139595

74. Lu QB, Ding Y, Liu Y, et al. Metrnl ameliorates diabetic cardiomyopathy via inactivation of cGAS/STING signaling dependent on LKB1/ 
AMPK/ULK1-mediated autophagy. J Adv Res. 2023;51:161–179. doi:10.1016/j.jare.2022.10.014

75. Chen YH, Chen HH, Wang WJ, et al. TRABID inhibition activates cGAS/STING-mediated anti-tumor immunity through mitosis and 
autophagy dysregulation. Nat Commun. 2023;14(1):3050. doi:10.1038/s41467-023-38784-z

76. Liu M, Li Y, Han S, et al. Activin A alleviates neuronal injury through inhibiting cGAS-STING-mediated autophagy in mice with ischemic 
stroke. J Cereb Blood Flow Metab. 2023;43(5):736–748. doi:10.1177/0271678X221147056

77. Zhu H, Zhang R, Yi L, et al. UNC93B1 attenuates the cGAS-STING signaling pathway by targeting STING for autophagy-lysosome 
degradation. J Med Virol. 2022;94(9):4490–4501. doi:10.1002/jmv.27860

78. Ren C, Jin J, Li C, et al. Metformin inactivates the cGAS-STING pathway through autophagy and suppresses senescence in nucleus pulposus 
cells. J Cell Sci. 2022;135(15). doi:10.1242/jcs.259738

79. Zhang L, Wei X, Wang Z, et al. NF-κB activation enhances STING signaling by altering microtubule-mediated STING trafficking. Cell Rep. 
2023;42(3):112185. doi:10.1016/j.celrep.2023.112185

80. Li R, Huang W. Yes-associated protein and transcriptional coactivator with PDZ-binding motif in cardiovascular diseases. Int J Mol Sci. 
2023;24(2):1666.

81. Meng Z, Moroishi T, Guan KL. Mechanisms of hippo pathway regulation. Genes Dev. 2016;30(1):1–17. doi:10.1101/gad.274027.115
82. LaCanna R, Liccardo D, Zhang P, et al. Yap/Taz regulate alveolar regeneration and resolution of lung inflammation. J Clin Invest. 2019;129 

(5):2107–2122. doi:10.1172/JCI125014
83. Plouffe SW, Lin KC, Moore JL, et al. The hippo pathway effector proteins YAP and TAZ have both distinct and overlapping functions in the 

cell. J Biol Chem. 2018;293(28):11230–11240. doi:10.1074/jbc.RA118.002715
84. Hao F. An overview of the crosstalk between YAP and cGAS-STING signaling in non-small cell lung cancer: it takes two to tango. Clin Transl 

Oncol. 2022;24(9):1661–1672. doi:10.1007/s12094-022-02826-7
85. Thannickal VJ, Toews GB, White ES, et al. Mechanisms of pulmonary fibrosis. Annu Rev Med. 2004;55(1):395–417. doi:10.1146/annurev. 

med.55.091902.103810
86. Liu GY, Budinger GRS, Dematte JE. Advances in the management of idiopathic pulmonary fibrosis and progressive pulmonary fibrosis. BMJ. 

2022;377:e066354.
87. Podolanczuk AJ, Thomson CC, Remy-Jardin M, et al. Idiopathic pulmonary fibrosis: state of the art for 2023. Eur Respir J. 2023;61 

(4):2200957. doi:10.1183/13993003.00957-2022
88. Koudstaal T, Funke-Chambour M, Kreuter M, et al. Pulmonary fibrosis: from pathogenesis to clinical decision-making. Trends Mol Med. 

2023;29(12):1076–1087. doi:10.1016/j.molmed.2023.08.010
89. Tsukui T, Wolters PJ, Sheppard D. Alveolar fibroblast lineage orchestrates lung inflammation and fibrosis. Nature. 2024;631(8021):627–634.
90. Savin IA, Zenkova MA, Sen’kova AV. Pulmonary fibrosis as a result of acute lung inflammation: molecular mechanisms, relevant in vivo 

models, prognostic and therapeutic approaches. Int J Mol Sci. 2022;23(23):14959.
91. Gifford AH, Matsuoka M, Ghoda LY, et al. Chronic inflammation and lung fibrosis: pleotropic syndromes but limited distinct phenotypes. 

Mucosal Immunol. 2012;5(5):480–484. doi:10.1038/mi.2012.68
92. Zhang J, Du J, Liu D, et al. Polystyrene microplastics induce pulmonary fibrosis by promoting alveolar epithelial cell ferroptosis through cGAS/ 

STING signaling. Ecotoxicol Environ Saf. 2024;277:116357. doi:10.1016/j.ecoenv.2024.116357
93. Wu X, Jiang Y, Li R, et al. Ficolin B secreted by alveolar macrophage exosomes exacerbates bleomycin-induced lung injury via ferroptosis 

through the cGAS-STING signaling pathway. Cell Death Dis. 2023;14(8):577. doi:10.1038/s41419-023-06104-4
94. Han B, Wang X, Wu P, et al. Pulmonary inflammatory and fibrogenic response induced by graphitized multi-walled carbon nanotube involved in 

cGAS-STING signaling pathway. J Hazard Mater. 2021;417:125984. doi:10.1016/j.jhazmat.2021.125984
95. Zhou Q, Chang M, Guo S, et al. Honokiol ameliorates silica-induced lung fibrosis by inhibiting macrophage pyroptosis via modulating cGAS/ 

STING signaling. Int Immunopharmacol. 2024;146:113812. doi:10.1016/j.intimp.2024.113812
96. Xie X, Wu X, Zhao D, et al. Fluvoxamine alleviates bleomycin-induced lung fibrosis via regulating the cGAS-STING pathway. Pharmacol Res. 

2023;187:106577. doi:10.1016/j.phrs.2022.106577
97. Savigny F, Schricke C, Lacerda-Queiroz N, et al. Protective role of the nucleic acid sensor STING in pulmonary fibrosis. Front Immunol. 

2020;11:588799. doi:10.3389/fimmu.2020.588799
98. Nastase MV, Zeng-Brouwers J, Wygrecka M, et al. Targeting renal fibrosis: mechanisms and drug delivery systems. Adv Drug Deliv Rev. 

2018;129:295–307. doi:10.1016/j.addr.2017.12.019
99. Huang S, Lu H, Chen J, et al. Advances in drug delivery-based therapeutic strategies for renal fibrosis treatment. J Mater Chem B. 2024;12 

(27):6532–6549. doi:10.1039/D4TB00737A
100. Davison SN, Pommer W, Brown MA, et al. Conservative kidney management and kidney supportive care: core components of integrated care 

for people with kidney failure. Kidney Int. 2024;105(1):35–45. doi:10.1016/j.kint.2023.10.001
101. Liu Y. Renal fibrosis: new insights into the pathogenesis and therapeutics. Kidney Int. 2006;69(2):213–217. doi:10.1038/sj.ki.5000054

Journal of Inflammation Research 2025:18                                                                                          https://doi.org/10.2147/JIR.S541656                                                                                                                                                                                                                                                                                                                                                                                                 10791

Zhao et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1128/JVI.05989-11
https://doi.org/10.7150/thno.62521
https://doi.org/10.1186/s12964-023-01466-w
https://doi.org/10.1038/s41418-018-0251-z
https://doi.org/10.1016/j.envpol.2022.120412
https://doi.org/10.3389/fimmu.2023.1139595
https://doi.org/10.1016/j.jare.2022.10.014
https://doi.org/10.1038/s41467-023-38784-z
https://doi.org/10.1177/0271678X221147056
https://doi.org/10.1002/jmv.27860
https://doi.org/10.1242/jcs.259738
https://doi.org/10.1016/j.celrep.2023.112185
https://doi.org/10.1101/gad.274027.115
https://doi.org/10.1172/JCI125014
https://doi.org/10.1074/jbc.RA118.002715
https://doi.org/10.1007/s12094-022-02826-7
https://doi.org/10.1146/annurev.med.55.091902.103810
https://doi.org/10.1146/annurev.med.55.091902.103810
https://doi.org/10.1183/13993003.00957-2022
https://doi.org/10.1016/j.molmed.2023.08.010
https://doi.org/10.1038/mi.2012.68
https://doi.org/10.1016/j.ecoenv.2024.116357
https://doi.org/10.1038/s41419-023-06104-4
https://doi.org/10.1016/j.jhazmat.2021.125984
https://doi.org/10.1016/j.intimp.2024.113812
https://doi.org/10.1016/j.phrs.2022.106577
https://doi.org/10.3389/fimmu.2020.588799
https://doi.org/10.1016/j.addr.2017.12.019
https://doi.org/10.1039/D4TB00737A
https://doi.org/10.1016/j.kint.2023.10.001
https://doi.org/10.1038/sj.ki.5000054


102. Huang R, Fu P, Ma L. Kidney fibrosis: from mechanisms to therapeutic medicines. Signal Transduct Target Ther. 2023;8(1):129. doi:10.1038/ 
s41392-023-01379-7

103. Meng XM, Nikolic-Paterson DJ, Lan HY. Inflammatory processes in renal fibrosis. Nat Rev Nephrol. 2014;10(9):493–503. doi:10.1038/ 
nrneph.2014.114

104. Jiang A, Liu J, Wang Y, et al. cGAS-STING signaling pathway promotes hypoxia-induced renal fibrosis by regulating PFKFB3-mediated 
glycolysis. Free Radic Biol Med. 2023;208:516–529. doi:10.1016/j.freeradbiomed.2023.09.011

105. Tsai YC, Hsieh TH, Liao YR, et al. METTL3-mediated N 6 -methyladenosine mRNA modification and cGAS-STING pathway activity in 
kidney fibrosis. J Am Soc Nephrol. 2024;35(10):1312–1329. doi:10.1681/ASN.0000000000000428

106. Chung KW, Dhillon P, Huang S, et al. Mitochondrial damage and activation of the STING pathway lead to renal inflammation and fibrosis. Cell 
Metab. 2019;30(4):784–799.e785. doi:10.1016/j.cmet.2019.08.003

107. Nanto-Hara F, Yamazaki M, Murakami H, et al. Chronic heat stress induces renal fibrosis and mitochondrial dysfunction in laying hens. J Anim 
Sci Biotechnol. 2023;14(1):81. doi:10.1186/s40104-023-00878-5

108. Wang D, Li Y, Li G, et al. Inhibition of PKC-δ retards kidney fibrosis via inhibiting cGAS-STING signaling pathway in mice. Cell Death 
Discov. 2024;10(1):314. doi:10.1038/s41420-024-02087-z

109. Kisseleva T, Brenner D. Molecular and cellular mechanisms of liver fibrosis and its regression. Nat Rev Gastroenterol Hepatol. 2021;18 
(3):151–166. doi:10.1038/s41575-020-00372-7

110. Parola M, Pinzani M. Liver fibrosis: pathophysiology, pathogenetic targets and clinical issues. Mol Aspects Med. 2019;65:37–55. doi:10.1016/j. 
mam.2018.09.002

111. Hernandez-Gea V, Friedman SL. Pathogenesis of liver fibrosis. Annu Rev Pathol. 2011;6(1):425–456. doi:10.1146/annurev-pathol-011110- 
130246

112. Odenwald MA, Paul S. Viral hepatitis: past, present, and future. World J Gastroenterol. 2022;28(14):1405–1429. doi:10.3748/wjg.v28.i14.1405
113. Russell RI. Hepatitis. Scott Med J. 1970;15(9):331–338. doi:10.1177/003693307001500905
114. Suriawinata AA, Thung SN. Acute and chronic hepatitis. Semin Diagn Pathol. 2006;23(3–4):132–148. doi:10.1053/j.semdp.2006.11.001
115. Luo S, Luo R, Lu H, et al. Activation of cGAS-STING signaling pathway promotes liver fibrosis and hepatic sinusoidal microthrombosis. 

Int Immunopharmacol. 2023;125(Pt B):111132. doi:10.1016/j.intimp.2023.111132
116. Yong H, Wang S, Song F. Activation of cGAS/STING pathway upon TDP-43-mediated mitochondrial injury may be involved in the 

pathogenesis of liver fibrosis. Liver Int. 2021;41(8):1969–1971. doi:10.1111/liv.14895
117. Arumugam S, Li B, Boodapati SLT, et al. Mitochondrial DNA and the STING pathway are required for hepatic stellate cell activation. 

Hepatology. 2023;78(5):1448–1461. doi:10.1097/HEP.0000000000000388
118. Shen R, Yang K, Cheng X, et al. Accumulation of polystyrene microplastics induces liver fibrosis by activating cGAS/STING pathway. Environ 

Pollut. 2022;300:118986. doi:10.1016/j.envpol.2022.118986
119. Zhang X, Du J, Huo S, et al. Hexafluoropropylene oxide trimer acid causes fibrosis in mice liver via mitochondrial ROS/cGAS-STING/NLRP3- 

mediated pyroptosis. Food Chem Toxicol. 2023;174:113706. doi:10.1016/j.fct.2023.113706
120. Wang Q, Bu Q, Liu M, et al. XBP1-mediated activation of the STING signalling pathway in macrophages contributes to liver fibrosis 

progression. JHEP Rep. 2022;4(11):100555. doi:10.1016/j.jhepr.2022.100555
121. Sun Y, Weng J, Chen X, et al. Oroxylin A activates ferritinophagy to induce hepatic stellate cell senescence against hepatic fibrosis by 

regulating cGAS-STING pathway. Biomed Pharmacother. 2023;162:114653. doi:10.1016/j.biopha.2023.114653
122. Wu Q, Leng X, Zhang Q, et al. IRF3 activates RB to authorize cGAS-STING-induced senescence and mitigate liver fibrosis. Sci Adv. 2024;10 

(9):eadj2102. doi:10.1126/sciadv.adj2102
123. Czubryt MP, Hale TM. Cardiac fibrosis: pathobiology and therapeutic targets. Cell Signal. 2021;85:110066. doi:10.1016/j.cellsig.2021.110066
124. Kong P, Christia P, Frangogiannis NG. The pathogenesis of cardiac fibrosis. Cell Mol Life Sci. 2014;71(4):549–574. doi:10.1007/s00018-013- 

1349-6
125. Lasrado N, Yalaka B, Reddy J. Triggers of inflammatory heart disease. Front Cell Dev Biol. 2020;8:192. doi:10.3389/fcell.2020.00192
126. Hu D, Cui YX, Wu MY, et al. Cytosolic DNA sensor cGAS plays an essential pathogenetic role in pressure overload-induced heart failure. Am 

J Physiol Heart Circ Physiol. 2020;318(6):H1525–h1537. doi:10.1152/ajpheart.00097.2020
127. Zhang C, Hao H, Wang Y, et al. Intercellular mitochondrial component transfer triggers ischemic cardiac fibrosis. Sci Bull. 2023;68 

(16):1784–1799. doi:10.1016/j.scib.2023.07.030
128. Rech L, Abdellatif M, Pöttler M, et al. Small molecule STING inhibition improves myocardial infarction remodeling. Life Sci. 

2022;291:120263. doi:10.1016/j.lfs.2021.120263
129. Hu S, Gao Y, Gao R, et al. The selective STING inhibitor H-151 preserves myocardial function and ameliorates cardiac fibrosis in murine 

myocardial infarction. Int Immunopharmacol. 2022;107:108658. doi:10.1016/j.intimp.2022.108658
130. Mizutani Y, Kanbe A, Ito H, et al. Activation of STING signaling accelerates skin wound healing. J Dermatol Sci. 2020;97(1):21–29. 

doi:10.1016/j.jdermsci.2019.11.008
131. Watanabe T, Baker Frost DA, Mlakar L, et al. A human skin model recapitulates systemic sclerosis dermal fibrosis and identifies COL22A1 as 

a TGFβ early response gene that mediates fibroblast to myofibroblast transition. Genes. 2019;10(2):75. doi:10.3390/genes10020075
132. Shook BA, Wasko RR, Rivera-Gonzalez GC, et al. Myofibroblast proliferation and heterogeneity are supported by macrophages during skin 

repair. Science. 2018;362(6417). doi:10.1126/science.aar2971
133. Rosendahl AH, Schönborn K, Krieg T. Pathophysiology of systemic sclerosis (scleroderma). Kaohsiung J Med Sci. 2022;38(3):187–195. 

doi:10.1002/kjm2.12505
134. Paul S, Kaplan MH, Khanna D, et al. Centromere defects, chromosome instability, and cGAS-STING activation in systemic sclerosis. Nat 

Commun. 2022;13(1):7074. doi:10.1038/s41467-022-34775-8
135. Jeschke MG, Wood FM, Middelkoop E, et al. Scars. Nat Rev Dis Primers. 2023;9(1):64. doi:10.1038/s41572-023-00474-x
136. Ogawa R. Keloid and hypertrophic scars are the result of chronic inflammation in the reticular dermis. Int J Mol Sci. 2017;18(3):606. 

doi:10.3390/ijms18030606
137. Hong YK, Chang YH, Lin YC, et al. Inflammation in wound healing and pathological scarring. Adv Wound Care. 2023;12(5):288–300. 

doi:10.1089/wound.2021.0161

https://doi.org/10.2147/JIR.S541656                                                                                                                                                                                                                                                                                                                                                                                                                                                           Journal of Inflammation Research 2025:18 10792

Zhao et al                                                                                                                                                                            

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1038/s41392-023-01379-7
https://doi.org/10.1038/s41392-023-01379-7
https://doi.org/10.1038/nrneph.2014.114
https://doi.org/10.1038/nrneph.2014.114
https://doi.org/10.1016/j.freeradbiomed.2023.09.011
https://doi.org/10.1681/ASN.0000000000000428
https://doi.org/10.1016/j.cmet.2019.08.003
https://doi.org/10.1186/s40104-023-00878-5
https://doi.org/10.1038/s41420-024-02087-z
https://doi.org/10.1038/s41575-020-00372-7
https://doi.org/10.1016/j.mam.2018.09.002
https://doi.org/10.1016/j.mam.2018.09.002
https://doi.org/10.1146/annurev-pathol-011110-130246
https://doi.org/10.1146/annurev-pathol-011110-130246
https://doi.org/10.3748/wjg.v28.i14.1405
https://doi.org/10.1177/003693307001500905
https://doi.org/10.1053/j.semdp.2006.11.001
https://doi.org/10.1016/j.intimp.2023.111132
https://doi.org/10.1111/liv.14895
https://doi.org/10.1097/HEP.0000000000000388
https://doi.org/10.1016/j.envpol.2022.118986
https://doi.org/10.1016/j.fct.2023.113706
https://doi.org/10.1016/j.jhepr.2022.100555
https://doi.org/10.1016/j.biopha.2023.114653
https://doi.org/10.1126/sciadv.adj2102
https://doi.org/10.1016/j.cellsig.2021.110066
https://doi.org/10.1007/s00018-013-1349-6
https://doi.org/10.1007/s00018-013-1349-6
https://doi.org/10.3389/fcell.2020.00192
https://doi.org/10.1152/ajpheart.00097.2020
https://doi.org/10.1016/j.scib.2023.07.030
https://doi.org/10.1016/j.lfs.2021.120263
https://doi.org/10.1016/j.intimp.2022.108658
https://doi.org/10.1016/j.jdermsci.2019.11.008
https://doi.org/10.3390/genes10020075
https://doi.org/10.1126/science.aar2971
https://doi.org/10.1002/kjm2.12505
https://doi.org/10.1038/s41467-022-34775-8
https://doi.org/10.1038/s41572-023-00474-x
https://doi.org/10.3390/ijms18030606
https://doi.org/10.1089/wound.2021.0161


138. Zhao W, Zhang H, Liu R, et al. Advances in immunomodulatory mechanisms of mesenchymal stem cells-derived exosome on immune cells in 
scar formation. Int J Nanomedicine. 2023;18:3643–3662. doi:10.2147/IJN.S412717

139. Han C, Qian X, Ren X, et al. Inhibition of cGAS in paraventricular nucleus attenuates hypertensive heart injury via regulating microglial 
autophagy. Mol Neurobiol. 2022;59(11):7006–7024. doi:10.1007/s12035-022-02994-1

140. Ren G, Lv W, Ding Y, et al. Ginseng saponin metabolite 20(S)-protopanaxadiol relieves pulmonary fibrosis by multiple-targets signaling 
pathways. J Ginseng Res. 2023;47(4):543–551. doi:10.1016/j.jgr.2023.01.002

141. Shi W, Hao J, Wu Y, et al. Protective effects of heterophyllin B against bleomycin-induced pulmonary fibrosis in mice via AMPK activation. 
Eur J Pharmacol. 2022;921:174825. doi:10.1016/j.ejphar.2022.174825

142. Deng J, He Y, Sun G, et al. Tanreqing injection protects against bleomycin-induced pulmonary fibrosis via inhibiting STING-mediated 
endoplasmic reticulum stress signaling pathway. J Ethnopharmacol. 2023;305:116071. doi:10.1016/j.jep.2022.116071

143. Sun SC, Han R, Hou SS, et al. Juglanin alleviates bleomycin-induced lung injury by suppressing inflammation and fibrosis via targeting sting 
signaling. Biomed Pharmacother. 2020;127:110119. doi:10.1016/j.biopha.2020.110119

144. Wang Y, He X, Wang H, et al. Qingfei xieding prescription ameliorates mitochondrial DNA-initiated inflammation in bleomycin-induced 
pulmonary fibrosis through activating autophagy. J Ethnopharmacol. 2024;325:117820. doi:10.1016/j.jep.2024.117820

145. Haag SM, Gulen MF, Reymond L, et al. Targeting STING with covalent small-molecule inhibitors. Nature. 2018;559(7713):269–273. 
doi:10.1038/s41586-018-0287-8

146. Mack M. Inflammation and fibrosis. Matrix Biol. 2018;68-69:106–121. doi:10.1016/j.matbio.2017.11.010
147. Li Q, Wu P, Du Q, et al. cGAS-STING, an important signaling pathway in diseases and their therapy. MedComm. 2024;5(4):e511. doi:10.1002/ 

mco2.511
148. Decout A, Katz JD, Venkatraman S, et al. The cGAS-STING pathway as a therapeutic target in inflammatory diseases. Nat Rev Immunol. 

2021;21(9):548–569. doi:10.1038/s41577-021-00524-z
149. Liu Y, Pu F. Updated roles of cGAS-STING signaling in autoimmune diseases. Front Immunol. 2023;14:1254915. doi:10.3389/ 

fimmu.2023.1254915
150. Zhang Y, Zou M, Wu H, et al. The cGAS-STING pathway drives neuroinflammation and neurodegeneration via cellular and molecular 

mechanisms in neurodegenerative diseases. Neurobiol Dis. 2024;202:106710. doi:10.1016/j.nbd.2024.106710
151. Wei X, Jing J, Huang R, et al. QFAE-nB alleviates pulmonary fibrosis by inhibiting the STING pathway in mice. J Ethnopharmacol. 2024;319 

(Pt 2):117295. doi:10.1016/j.jep.2023.117295
152. Knowles A, Glass DA. Keloids and Hypertrophic Scars. Dermatol Clin. 2023;41(3):509–517. doi:10.1016/j.det.2023.02.010

Journal of Inflammation Research                                                                                               

Publish your work in this journal 
The Journal of Inflammation Research is an international, peer-reviewed open-access journal that welcomes laboratory and clinical findings on 
the molecular basis, cell biology and pharmacology of inflammation including original research, reviews, symposium reports, hypothesis 
formation and commentaries on: acute/chronic inflammation; mediators of inflammation; cellular processes; molecular mechanisms; pharmacology 
and novel anti-inflammatory drugs; clinical conditions involving inflammation. The manuscript management system is completely online and 
includes a very quick and fair peer-review system. Visit http://www.dovepress.com/testimonials.php to read real quotes from published authors.  

Submit your manuscript here: https://www.dovepress.com/journal-of-inflammation-research-journal

Journal of Inflammation Research 2025:18                                                                                               10793

Zhao et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.2147/IJN.S412717
https://doi.org/10.1007/s12035-022-02994-1
https://doi.org/10.1016/j.jgr.2023.01.002
https://doi.org/10.1016/j.ejphar.2022.174825
https://doi.org/10.1016/j.jep.2022.116071
https://doi.org/10.1016/j.biopha.2020.110119
https://doi.org/10.1016/j.jep.2024.117820
https://doi.org/10.1038/s41586-018-0287-8
https://doi.org/10.1016/j.matbio.2017.11.010
https://doi.org/10.1002/mco2.511
https://doi.org/10.1002/mco2.511
https://doi.org/10.1038/s41577-021-00524-z
https://doi.org/10.3389/fimmu.2023.1254915
https://doi.org/10.3389/fimmu.2023.1254915
https://doi.org/10.1016/j.nbd.2024.106710
https://doi.org/10.1016/j.jep.2023.117295
https://doi.org/10.1016/j.det.2023.02.010
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Overview of cGAS-STING Signaling
	Structural and Molecular Biology of the cGAS-STING Signaling
	Effects of cGAS-STING Signaling Activation
	Crosstalk of cGAS-STING Signaling with Other Signaling Transductions and Cellular Processes
	Upstream Regulators
	Downstream Signaling
	Functional Interaction


	cGAS-STING Signaling in Fibrosis Diseases
	cGAS-STING Signaling in Pulmonary Fibrosis
	cGAS-STING Signaling in Renal Fibrosis
	cGAS-STING Signaling in Hepatic Fibrosis
	cGAS-STING Signaling in Cardiac Fibrosis
	cGAS-STING Signaling in Cutaneous Fibrosis

	Therapeutic Potential Targeting cGAS-STING Signaling in Fibrosis Diseases
	RU.521
	H-151
	C-176 and C-178
	IFM-0044907
	Other Natural Products

	Future Perspective
	Conclusions
	Author Contributions
	Disclosure

