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a hovel therapeutic
horizon for renal fibrosis
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Renal fibrosis, a pivotal pathological hallmark of chronic kidney disease (CKD),
arises from persistent inflammatory responses and extracellular matrix (ECM)
deposition. Emerging evidence indicates the cyclic GMP-AMP synthase-stimula-
tor of interferon genes (cGAS-STING) signaling pathway has exerted a crucial
influence on the progression of renal fibrosis. This pathway exacerbates the
release of inflammatory factors and ECM deposition through reprograming the
polarization state of macrophages, thereby driving renal fibrosis. This review
delineates the regulatory role of the cGAS-STING signaling pathway in macro-
phage-related renal fibrosis and critically evaluates emerging innovative strategies
targeting this pathway, including small molecule inhibitors, nanocarrier-based
delivery systems, and gene editing technologies. However, current research still
faces certain limitations, including the complexity of molecular mechanisms,
differences in research results, and challenges in clinical translation. By synthe-
sizing recent advances in cGAS-STING-mediated macrophage reprogramming
for renal fibrosis intervention, this review aims to provide a foundation for precise
therapeutic development.
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Highlights

* Elucidates the central role of the cGAS-STING pathway in driving renal fibrosis.

* Reveals the dual regulatory role of macrophage polarization in renal fibrosis.

* This review critically evaluates emerging therapeutic strategies targeting this
pathway (e.g., small molecule inhibitors, nanocarrier-based delivery systems, gene
editing technologies).
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1 Overview of renal fibrosis and its
immuno-inflammatory landscape

Chronic kidney disease (CKD) is defined by a sustained
decrease in glomerular filtration rate (GFR) or elevated urinary
albumin excretion (1). Its progression to end-stage renal disease
(ESRD) frequently culminates in renal failure, severely impairing
patient quality of life and ranking among the top ten contributors to
global disease burden (1, 2). From 1990 to 2016, worldwide CKD
incidence, mortality rate, and disability-adjusted life years rose by
89%, 98%, and 62%, respectively, underscoring a critical public
health challenge (3). Advanced CKD is often characterized by
irreversible kidney fibrosis, manifested as glomerulosclerosis, tubu-
lar atrophy, and interstitial fibrosis (2). Given the high incidence
and mortality rate of CKD, the irreversibility of kidney fibrosis, and
limited therapeutic options, in-depth research on its mechanisms is
imperative. Inflammatory cell infiltration and fibroblast activation
drive renal fibrosis (4). During this process, the polarization state of
macrophages serves as a key regulatory node. Classically activated
M1-type macrophages exacerbate tissue damage via pro-inflamma-
tory cytokines such as TNF-a,, IL-12, and IL-6 (5). While excessive
M2 polarization promotes fibroblast activation through mediators
such as IL-22 and transforming growth factor-B (TGF-B) (6, 7).
Consequently, reprogramming macrophage polarization is re-
garded as a promising therapeutic strategy.

Emerging evidence positions the cyclic GMP-AMP synthase-
stimulator of interferon genes (cGAS-STING) pathway as an
upstream regulator of the inflammatory response and extracellular
matrix (ECM) deposition in renal fibrosis (8). Cytoplasmic DNA
released by damaged renal tubular epithelial cells or other immune
cells activates cGAS, catalyzing the synthesis of 2'3'-cyclic guano-
sine monophosphate-adenosine monophosphate (2'3’-cGAMP)
(9). This second messenger induces STING translocation from
the endoplasmic reticulum (ER) to the Golgi apparatus. In the
Golgi apparatus, STING oligomers recruit and activate TANK-
binding kinase 1 (TBK1) and the inhibitor of nuclear factor kB
kinase complex (IKK complex), phosphorylating interferon regu-
latory factor 3 (IRF3) and activating nuclear factor kB (NF-kB).
These transcription factors cooperatively induce pro-inflammatory
factors (e.g., IL-6, TNF-a, and IL-1f) and pro-fibrotic factors (e.g.,
TGF-f and IFN-I), driving the inflammatory state and the massive
deposition of collagen and fibronectin (10, 11). Notably, the cGAS-
STING pathway not only promotes fibroblast transformation but
also induces Macrophage-to-Myofibroblast Transition (MMT),
establishing a fibrosis-amplifying loop (8, 12). The cGAS-STING
signaling pathway has a crucial role in renal inflammation and
fibrosis, providing a new and important idea for the development of
targeted interventions to treat renal fibrosis.

In this review, we delineate how the cGAS-STING signaling
pathway governs macrophage polarization and its consequential
impact on renal fibrosis. We emphasize therapeutic opportunities
for targeting this pathway (e.g., cGAS inhibitors, STING inhibitors,
TBKI inhibitors) to reshape macrophage polarization and disrupt
fibrotic progression. Moreover, we also expound the strategies and
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prospects of using other emerging technologies (nanocarriers, gene
editing technology) to treat renal fibrosis through precisely target-
ing the cGAS-STING signaling pathway in macrophages. Therefore,
in-depth exploration of the interaction between the cGAS-STING
pathway and macrophage polarization not only contributes to
revealing the core molecular mechanism of renal fibrosis, but also
may establish a theoretical foundation for the development of anti-
fibrotic therapies.

2 The main characteristics and
mechanisms of renal fibrosis

Renal fibrosis culminates in irreversible renal structural damage
and progressive decline in renal function, eventually advancing to
ESRD. This progression manifests as glomerular sclerosis, renal
tubular atrophy, and renal interstitial fibrosis (2, 13). Renal tubular
epithelial cells (RTECs) are central to both kidney injury response
and fibrosis repair. While RTECs can self-repair following obstruc-
tion, ischemia, or toxin exposure, persistent or exaggerated repair
drives interstitial fibrosis and ESRD (13). The inflammatory re-
sponse induced by injury plays a crucial role in the fibrosis process.
(Figure 1) Kidney injury can activate inflammation in RTECs,
fibroblasts, and macrophages (4). RTECs express Toll-like receptors
(TLRs) that trigger NF-kB signaling, amplifying local inflammation
via TNF-a and IL-6 production (14). Concurrently, the activation
of the NLRP3 inflammasome (NOD-, LRR-, and pyrin domain-
containing protein 3) in RTECs is another key mechanism for the
inflammatory response (15). Once activated, the NLRP3
inflammasome recruits caspase-1, catalyzing the maturation of
pro-IL-1 and pro-IL-18 to exacerbate the cascade of inflammation
(16).

It is worth noting that the sustained inflammation can induce
epithelial-mesenchymal transition (EMT) in RTECs, considered an
important driving mechanism of renal fibrosis. EMT loses epithelial
cell markers (e.g., E-cadherin) and acquires a mesenchymal phe-
notype, showing increased o-smooth muscle actin (0-SMA) ex-
pression (17). This transition confers myofibroblast-like properties,
enhancing cell migration and invasion abilities, thus promoting the
deposition of ECM (17). Therefore, the injury of RTECs not only
triggers the inflammatory response but also exacerbates the process
of renal fibrosis through EMT. Fibroblasts are a type of mesenchy-
mal cell with a spindle-shaped morphology (17). Their abnormal
activation is pivotal for the abnormal progression of renal fibrosis.
Fibroblasts mainly synthesize ECM components such as collagen
and fibronectin. Activated by inflammatory factors, growth factors,
hypoxia, and mechanical stress, they synthesize collagen and
fibronectin to initially repair renal tissue damage (18). However,
aberrant differentiation into o-SMA+ myofibroblasts perpetuates
pathological ECM accumulation in scar tissue (4, 18, 19). Overall,
inflammation, RTEC-driven EMT, and fibroblast-myofibroblast
activation converge to fuel renal fibrosis through unchecked
ECM deposition.
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FIGURE 1

Key pathogenic mechanisms driving inflammation and fibrosis in renal fibrosis. (a) Inflammation phase (Acute injury): Renal tubular epithelial cell
(RTECQ) injury triggers the TLR/NF-kB pathway and NLRP3 inflammasome activation, leading to caspase-1-dependent maturation and release of
potent pro-inflammatory cytokines (IL-1B, IL-18, TNF-a, IL-6). This inflammatory cascade promotes M1 macrophage polarization, establishing a
self-amplifying cycle that exacerbates tissue damage. (b) Fibrosis phase (Repair/Recovery): Repair state drives macrophage polarization toward the
M2 phenotype and fibroblast activation into matrix-producing myofibroblasts. Key mediators include TGF-B1 (potent fibrogenic driver), IL-4, IL-13,
and IL-22. This results in excessive extracellular matrix (ECM) deposition (collagen, fibronectin) and o.-SMA expression, culminating in renal fibrosis.

3 cGAS-STING signaling pathway and
its role in immune surveillance

3.1 Structure of cGAS-STING

cGAS, a nucleotide transferase (NTase) family member, com-
prises an NTase domain and two DNA-binding domains (20). In the
resting state, cCGAS exists in an auto-inhibited conformation. When
activated, the two cGAS molecules form a 2:2 ¢cGAS-DNA dimer by
binding to two DNA strands (21). This dimerization process pro-
motes the conversion of cGAS from an inactive state to a highly active
state. Subsequently, the activated cGAS catalyzes the synthesis of the
second messenger 2'3'-cGAMP from ATP and GTP (21). STING, a
membrane-resident protein localized in the ER (22), contains a short
cytoplasmic region at the N-terminus, four transmembrane helices, a
cytoplasmic ligand-binding domain (LBD), and a disordered C-
terminal tail (CTT) (23). STING constitutively dimerizes via its
LBD. When 2'3’-cGAMP inserts into the central gap of the STING
dimer, it induces a conformational change in the LBD (24), exposing
the previously hidden CTT and creating a binding groove for TBK1
(25). This recruits the TBK1 dimer to trigger downstream immune
signal transduction (25).
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3.2 Activation and signal transduction of
the cGAS-STING pathway

Cytosolic DNA serves as a critical immune danger signal,
detected by cGAS. Emerging evidence indicates that both exogenous
DNA from microbial infections and endogenous DNA released
through DNA damage, mitochondrial damage, or cell death activate
cGAS, triggering the immune response (9). In addition to cytosolic
DNA, nuclear DNA (nDNA) is also considered critical for activating
cGAS. For instance, under pathological conditions such as oxidative
stress, mechanical strain, or genomic instability, the integrity of the
nuclear envelope may be compromised, leading to leakage of nuclear
DNA into the cytoplasm (26). Concurrently, nDNA damage leads to
increased release of DNA fragments, thereby activating the DNA
sensor cGAS (26). Upon binding to cytosolic DNA, cGAS undergoes
conformational changes and catalyzes the synthesis of second mes-
sengers 2'3’-cGAMP from ATP and GTP (9).

Subsequently, 2"3’-cGAMP binds to the STING dimer on the ER,
inducing its conformational changes and oligomerization. Oligomeric
STING recruits ER export protein 1 (STEPP), promoting accumulation
of phosphatidylinositol 3-phosphate (PI3P). PI3P mediates ER mem-
brane curvature and leads to the formation of COPII vesicles (27). This
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process enables STING trafficking from the ER through the ER-Golgi
intermediate compartment (ERGIC) to the Golgi apparatus (27). On
the Golgi membrane, STING oligomers recruit and activate TBK1 and
the IKK complex (10). Activated TBK1 phosphorylates Ser366 with its
STING-CTT, providing a binding site for interferon regulatory factor 3
(IRF3) (10). Subsequent TBKI1-mediated phosphorylation of IRF3
drives its dimerization, nuclear translocation, and induction of type I
interferons (IFN-I) (10). Concurrently, the IKK complex activates NF-
kB, leading to its nuclear entry and transcription of pro-inflammatory
cytokines, including TNF-o. and IL-6 (11). In summary, the cGAS-
STING signaling pathway acts as a central hub of innate immunity,
integrating signals from exogenous and endogenous cytosolic DNA to
orchestrate inflammatory cytokine and interferon production.

4 cGAS-STING signaling pathway in
renal fibrosis

4.1 The effect of the cGAS-STING signaling
pathway on inflammation

Renal inflammation, a key precursor event in the progression of
renal fibrosis, is characterized by elevated expression of pro-inflamma-
tory cytokines, including IL-6, TNF-, and IL-1B. Damaged RTECs
amplify the release of pro-inflammatory cytokines by activating the

10.3389/fimmu.2026.1809851

NF-xB pathway and the NLRP3 inflammasome (14, 16). (Figure 2)
Emerging evidence reveals the cGAS-STING signaling pathway as a
pivotal regulator of this inflammatory cascade. Specifically, upon
recognizing mitochondrial DNA (mtDNA) released during mitochon-
drial damage, cGAS triggers the downstream signaling pathway of
STING. Activated STING recruits the IKK complex, leading to
phosphorylation of nuclear factor-«B inhibitor and subsequent nuclear
translocation of NF-xB, which upregulates the transcription of pro-
inflammatory cytokines (e.g., TNF-at and IL-6) (28, 29). For example,
in renal injury models driven by mitochondrial transcription factor A
(TFAM) deficiency, STING knockout can significantly reduce NF-«xB
activation and the expression of downstream pro-inflammatory factors,
confirming STING’s role in inflammation via NF-xB (30).
Endogenous or exogenous DNA is recognized by cGAS, which
catalyses the synthesis of the second messenger cGAMP. The
binding of cGAMP to STING dimers on the ER induces STING
oligomerization. Activated STING oligomers are transported from
the ER via COPII-coated vesicles to the Golgi membrane. At the
Golgi, activated STING recruits and activates the kinases TBK1 and
the IKK complex. TBK1 and IKK then phosphorylate the transcrip-
tion factors IRF3 and NF-«B. Phosphorylated IRF3 forms dimers
and, together with activated NF-xB, translocates to the nucleus.
This induces the expression of various inflammatory factors.
These factors promote M1 macrophage polarization, amplifying
the inflammatory response. Conversely, cytokines, including TGF-
B1 and IL-22, induce M2 macrophage polarization, which promotes
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FIGURE 2
The cGAS-STING signaling pathway mediates macrophage polarization.
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the deposition of ECM components such as collagen and fibronec-
tin, contributing to fibrosis.

Furthermore, the cGAS-STING signaling pathway regulates the
NLRP3 inflammasome activation. For instance, in Pseudomonas
aeruginosa-infected mice lacking the autophagy-related protein 5
(ATG5), the massive mtDNA release in macrophages activated the
cGAS-STING signaling pathway, triggering the activation of the
NLRP3 inflammasome and the inflammatory cascade reaction (31).
It is worth noting that oxidized mtDNA (ox-mtDNA) has been
identified as a direct NLRP3 inflammasome activator (32-34). The
activated NLRP3 inflammasome cleaves pro-IL-1P via caspase-1,
further amplifying NF-xB signaling and pro-inflammatory cyto-
kines (e.g., IL-6, TNF-0, and IL-1B) (34). In conclusion, the
activation of NF-kB and the NLRP3 inflammasome are central to
establishing the inflammatory microenvironment that drives early
renal fibrosis. The cGAS-STING pathway serves as an indispensable
upstream regulator, propagating inflammation and fibrotic pro-
gression through these key effectors.

4.2 cGAS-STING signaling pathway in
fibrosis

During the occurrence and development of renal fibrosis,
fibroblast dysregulation is regarded as a central driver of it. The
cGAS-STING signaling pathway contributes critically to this pro-
cess through dual mechanisms. (Figure 2) First, it directly promotes
the activation of fibroblasts and myofibroblasts. Second, it signifi-
cantly enhances ECM deposition via a range of pro-inflammatory
and pro-fibrotic cytokines (8, 35). Evidence from unilateral ureteral
obstruction (UUQ) models demonstrated that STING deletion not
only significantly reduced the number of 0.-SMA+ myofibroblasts,
but also downregulated the expression levels of total collagen and
ECM components, including fibronectin and type I collagen (8).
This establishes cGAS-STING activation as essential for o.-SMA+
myofibroblast expansion and pathological ECM accumulation.

Furthermore, the activation of the cGAS-STING signaling pathway
amplifies the ECM infiltration by upregulating cytokines such as TGF-
B, IEN-L, IL-6, and TNF-o). TGF-B, a master fibrogenic regulator, can
stimulate activated macrophages to secrete pro-fibrotic cytokines and
induce their transition to a myofibroblast phenotype (36, 37). Similarly,
IFN-I also participated in the abnormal accumulation of collagen (38).
For instance, in systemic sclerosis, elevated IFN-I exacerbates ECM
deposition by promoting fibroblast activation and potentiating TGF-8
signaling, further aggravating ECM deposition (39). Thus, the cGAS-
STING signaling pathway accelerates kidney fibrosis through a dual
mechanism of directly activating matrix-producing myofibroblasts and
amplifying profibrotic cytokine networks.

In addition to the influence of fibroblasts, metabolism also plays
a significant role in renal fibrosis. In the fibrotic kidney, injured
RTECs undergo a profound metabolic shift characterized by en-
hanced glycolysis. This increased glycolysis is associated with
mitochondrial dysfunction. For example, in a UUO mouse model
of renal fibrosis, pyruvate carboxylase deficiency in RTECs leads to
impaired mitochondrial structure and function, resulting in in-
creased mtDNA release and subsequent activation of the cGAS-
STING pathway. Activation of this pathway further enhances
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glycolysis by regulating hypoxia-inducible factor HIF-low (40).
The increased expression of glycolytic enzymes, including HK2
and PKM2, exacerbates interstitial fibrosis and impairs renal
function (35). Therefore, RTECs may promote renal fibrosis by
activating the ¢cGAS-STING pathway, which upregulates glyco-
lytic metabolism.

5 Macrophages in renal fibrosis

5.1 The dual role of macrophages in kidney
fibrosis

Macrophages, key innate immune cells maintaining tissue ho-
meostasis and host defense, can dynamically polarize in response to
microenvironmental cues, adopting pro-inflammatory (M1) or pro-
healing (M2) phenotypes. In the early phase of acute kidney injury
(AKI), the local inflammatory microenvironment drives macro-
phages to polarize toward the M1 type. (Figure 1) Specifically,
damaged RTECs and infiltrating neutrophils release a large amount
of reactive oxygen species (ROS), establishing a potent oxidative
stress milieu (5). Concurrently, CD11c+ kidney dendritic cells secrete
abundant TNF-a and, via binding to the sphingosine-1-phosphate
receptor-3 (S1P3) of natural killer T (NKT) cells, amplify interferon-y
(IFN-y) production (41). These cytokines activate resident macro-
phages and facilitate the differentiation of infiltrating monocytes into
the pro-inflammatory M1 phenotype. M1-type macrophages secrete
abundant pro-inflammatory cytokines, such as TNF-o,, IL-12, and IL-
6, significantly exacerbating renal inflammation (5).

However, once the recovery period begins, the renal microen-
vironment shifts from a pro-inflammatory state to a state that
promotes repair and fibrosis. Macrophages consequently repolarize
from the pro-inflammatory M1 type to the pro-repair M2 type.
Notably, IFN-y administration elicits divergent effects: during
injury, it enhances M1 polarization, whereas in recovery (e.g.,
post-day 3 of ischemia-reperfusion), it drives M2 expression (42).
This underscores the microenvironment’s decisive role in macro-
phage plasticity. During the recovery phase, M2 polarization is
selectively activated by IL-4/IL-13 in the microenvironment. Upon
recognizing damage-associated molecular patterns (DAMPs) via
TLR4, M2 macrophages upregulate the production of interleukin-
22 (IL-22) through downstream signaling, promoting the prolifer-
ation of RTECs (6). They also secrete TGF-B1 to sustain
myofibroblast survival and modulate matrix metalloproteinases
(MMPs), maintaining the activation of myofibroblasts and medi-
ating ECM homeostasis (7). Furthermore, the IL-1 receptor-asso-
ciated kinase-M (IRAK-M) of M2 inhibits TLR/IL-1R signaling
transmission, resolving kidney inflammation (43). Critically,
RTEC-derived macrophage colony-stimulating factor (M-CSF) en-
hances M2-mediated repair, establishing a reciprocal repair axis
(44, 45). In summary, macrophages exhibit highly environment-
dependent phenotypic transitions: M1 dominance propagates
early injury, while M2 polarization, via IL-22, TGF-B1, and
IRAK-M, orchestrates tissue repair and inflammation resolution
during recovery.
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5.2 Macrophage polarization and renal
fibrosis

In renal fibrosis, macrophage polarization is critically linked to
inflammation and fibrosis, making its targeted regulation an
emerging therapeutic strategy. Aberrant activation of the classical
Wnt/B-catenin signaling pathway directly amplifies the pro-fibrotic
potential of macrophages (46). Specifically, Wnt3a exacerbates the
synergistic effect of IL-4 or TGF-B1, potentiating the polarization of
macrophages to the M2 phenotype. Subsequent [3-catenin nuclear
translocation and binding to T-cell factor (TCF)/lymph enhancer
binding factor upregulates pro-fibrotic genes (e.g., Snail and PAI-1),
accelerating collagen deposition (46, 47). The knockout of -catenin
in macrophages significantly reduces the infiltration of M2-type
macrophages and a-SMA+ myofibroblasts in the kidneys, confirm-
ing its central role in driving M2 polarization and inducing the
activation of myofibroblasts (46).

Twistl, a member of the basic helix-loop-helix transcription
factor family, has been confirmed to be critically related to fibrosis
(48). In RTECs, Twistl promotes M2 polarization in rRTECs by
upregulating galectin-3, which induces IL-4 secretion (49).
Emerging studies proved that galectin-3 is mainly secreted by
macrophages and can further activate various pro-fibrotic factors,
promoting collagen deposition and fibroblast proliferation (50).
Pharmacological inhibition of Twistl (e.g., with metformin) can
reduce M2 infiltration in the kidney, supporting Twistl/Galectin-3
axis as a viable anti-fibrotic target (51).

G protein-coupled estrogen receptor 1 (GPER1), a novel estrogen
receptor, plays a significant role in modulating macrophage polari-
zation and renal fibrosis (52). Evidence is mounting that GPERI
agonists can downregulate the expression of TLR4 in macrophages
and inhibit the activation of NF-xB induced by LPS, significantly
suppressing the release of M1-related inflammatory mediators (53,
54). Additionally, the activation of GPERI also interferes with the
profibrotic effect mediated by M2. Activated GPERI1 inhibits the
transformation of fibroblasts into myofibroblasts and reduces ECM
deposition (55). These studies indicate that GPERI can simulta-
neously inhibit the inflammatory response mediated by M1 and the
fibrotic process mediated by M2, providing a highly promising
strategy for targeting macrophages in the treatment of renal fibrosis.
In summary, the Wnt/B-catenin, Twistl/Galectin-3 axis, and GPER1
signaling converge on macrophage polarization to drive renal fibrosis.
These methods provide a theoretical basis for mitigating inflamma-
tory responses and inhibiting the fibrotic process.

6 The cGAS-STING signaling pathway
mediates the polarization of
macrophages

As discussed above, RTEC injury is a critical initiating event in
renal fibrosis. Damaged RTECs activate immune cells through
various mechanisms, in which macrophages play a central role.
Macrophages exhibit dual functions in renal fibrosis: predominantly
M1-type pro-inflammatory activity in the acute phase and M2-type
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pro-fibrotic activity in the chronic phase. Recent studies have
revealed that the cGAS-STING pathway acts as a bridging link
between RTEC injury and macrophage reprogramming (35). Under
injury-induced stress, RTECs undergo mitochondrial dysfunction
and metabolic reprogramming, leading to the release of mtDNA
into the cytosol or extracellular space. This mtDNA is recognized by
adjacent macrophages, activating the intracellular cGAS-STING
signaling cascade, which subsequently promotes the expression of
inflammatory cytokines, chemokines, and pro-fibrotic factors.

Of note, the regulation of macrophages by the cGAS-STING
pathway is microenvironment-dependent. During the acute injury
phase, this pathway amplifies the inflammatory response via in-
ducing M1 polarization, as evidenced in murine models of kidney
injury (UUO) and radiation-induced lung injury (RILI). For in-
stance, in a mouse model of kidney injury mediated by UUO,
genetic ablation of cGAS/STING significantly reduced F4/80+
macrophage infiltration and pro-inflammatory cytokine expression
(e.g., TNF-a, IL-1B, IL-6, monocyte chemoattractant protein-1
(MCP-1), and TGF-B1) (8). This confirms that cGAS/STING is
an important factor in inducing M1 polarization. Similarly, in a
mouse model of RILI (12.5Gy whole thoracic irradiation), the
c¢GAS-STING pathway significantly activated M1-type macrophage
polarization by upregulating CCL2 (MCP-1), exacerbating pro-
inflammatory cytokines, and exacerbating tissue damage (56).

In addition to amplifying the inflammatory response, during the
repair stage, the cGAS-STING signaling pathway promotes fibrosis
through M2-mediated mechanisms. For example, in the UUO model,
cGAS/STING knockout attenuated renal expression of collagen I/III
and fibronectin in kidneys (8). Additionally, in a mouse model induced
by a high-fat diet, STING deficiency reduced collagen deposition and
the severity of liver fibrosis (57). These studies consistently establish the
pathway’s conserved pro-fibrotic function across organs. In summary,
the ¢GAS-STING signaling pathway orchestrates a dual response. It
not only mediates inflammatory responses through M1 polarization
but also promotes ECM deposition through M2 polarization.
Therefore, targeting inhibition of this pathway simultaneously attenu-
ate M1-driven inflammatory responses and M2-driven fibrosis, pro-
viding a potential therapeutic strategy for macrophage polarization—
dependent conditions such as kidney fibrosis.

The cGAS-STING pathway triggers inflammatory responses
and fibrosis by regulating macrophage polarization. During the
acute phase of injury, this pathway preferentially promotes M1
polarization; however, in a chronic fibrotic microenvironment
dominated by TGEF-f, the same pathway potentiates M2-like pro-
fibrotic activity. The biased output of this pathway may be highly
dependent on the cellular microenvironment, encompassing both
cytokines and cellular metabolism. In the acute phase, the accumu-
lation of various cytokines and LPS mediates STING activation. For
instance, in a sepsis model, LPS mediates the activation of the
c¢GAS-STING-IFN-B signaling axis, inducing macrophage polari-
zation toward the M1 phenotype and altering mitochondrial
homeostasis and metabolic status (58). Conversely, in a PD-induced
encapsulating peritoneal sclerosis model, STING activation in
peritoneal mesothelial cells significantly increases the secretion of
the macrophage chemokine CCL2, leading to enhanced macro-
phage infiltration and the formation of pathological adhesions (59).
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This positive feedback loop amplifies the fibrotic response. These
findings suggest that the expression and functional output of the
cGAS-STING pathway are highly dependent on the state of the
cellular microenvironment.

7 Targeting the cGAS-STING signaling
pathway to mitigate renal
inflammation and fibrosis

After cytoplasmic DNA is recognized by cGAS, cGAS triggers
the catalytic formation of the second messenger cGAMP from ATP
and GTP. cGAMP activates STING, initiating the TBK1-IRF3/NF-
kB signaling cascade, which amplifies renal inflammation and
fibrosis. Consequently, pharmacological inhibition of key pathway
components, including ¢cGAS, STING, and TBKI, represents a
promising therapeutic strategy to disrupt this pathogenic axis.

RU.521, a catalytic site inhibitor of cGAS, occupies the active sites
of ¢cGAS and potently suppresses cGAMP synthesis, thereby inhib-
iting the transduction of the cGAS-STING signaling pathway (60).
For example, in murine UUO mouse models, daily RU.521

10.3389/fimmu.2026.1809851

administration (10mg/kg) significantly reduced the protein levels of
inflammatory factors (e.g., TNF-o,, IL-1B, IL-6), fibronectin, type I
collagen, and a-SMA in renal tissue (Table 1) (8). Similarly, in a
sepsis mouse model, RU.521 (5mg/kg) also effectively attenuated the
expression of cardiac inflammatory factors and improved cardiac
function (65). These results indicate the efficacy of RU.521 in
curtailing inflammation and collagen deposition via cGAS-STING
signaling pathway blockade, providing preclinical evidence for inter-
vention in kidney fibrosis.

Similar to cGAS, the activity of the STING protein is also
precisely regulated by various post-translational modifications,
notably palmitoylation at Cys91. Specifically, the STING
palmitoylation inhibitor C-176 can covalently bind to the Cys91
of STING and block the palmitoylation at this site, inhibiting the
downstream signaling pathway of STING (Table 1) (61). For
example, in a TEAM-deficient renal fibrosis model, C-176 signifi-
cantly reduced the deposition of collagen and the inflammatory
response (30). Moreover, chronic C-176 treatment in TrexI-/- mice
also suppressed IFN-I production (61). In summary, C-176 inhibits
the palmitoylation of STING, validating palmitoylation inhibition
as a precise therapeutic approach for targeting the cGAS-STING
signaling pathway and intervening in renal fibrosis.

TABLE 1 A summary table of drugs, targets and functions related to the cGAS-STING pathway.

. Regulated
Drug/ Associated €9 : .
biochemical Function Reference
Technology pathway
component
oo TNF-0, IL-1B, IL-6, Iflthlb;nocr;AoSf th; catjly’uc
murine mouse site of ¢ reduce
RU.521 cGAS cGAS-STING fibronectin, type I K . (8, 57)
models inflammation and
collagen, and o-SMA .
collagen deposition.
The inhibition of STING-
. TNF-o, IL-1pB, IL-6, Cys 91 palmitoylation
TFAM-defi 1
C-176 STING-Cys91 i deficient rena STING pathway | fibronectin, type I reduces the occurrence of (58, 59)
fibrosis models i .
collagen, IFN-I inflammation and
fibrosis.
The inhibition of th
mouse model of myocardial c GZ;HS'ITIII\;OGH (;th ea
st STING.Cysol TpK | Infarctions mice model of | cGAS-STING- | ECM, IFN-B, TNF-o, oned th pr ‘r” yi I I
; YR transient middle cerebral TBK1 IFN-y, IL-10 P ev'e ¢ R ¢ prog ?ss ° ’
artery occlusion of kidney inflammation
Ty occlu and fibrosis.
folic acid-mediated renal cGAS-STING- ma.cro%)hage phenotypic | The cGAS-STING
H-151 STING-Cys91, TBK1 fibrosis models macrophage switching, fibroblast pathway reprograms the (12, 60, 61)
polarization activation function of macrophages.
adeno-associated o
irus-delivered murine UUO mouse MCP-1, TNF-q, IL-18, The VDACI inhibitor
virus-deliv uri u
mtDNA cGAS-STING IL-6, collagen I, a-SMA, | inhibited the cGAS- (62)
VBIT-12 (a models 4 fib N STING path
VDACI inhibitor) and fibronectin pathway.
Amlexanox inhibits renal
Amlexanox (a murine UUO mouse cGAS, STING, pSTING, .
TBK1 AS-STIN fi th h th 63
TBK1 inhibitor) models CGAS-STING pTBKI1, IEN, ECM brosis through the ©3)
c¢GAS-STING pathway.
STING knockdown
mouse models of renal inhibited the polarization
lentivi STING GAS-STING ECM 64
entvirus ischemia-reperfusion injury © of the cGAS-STING (64)
pathway.
. The knockout of cGAS/
murine UUO mouse ECM, TNF-0,, IL-1 STING inhibited th
> -a, IL- inhibited the
CRISPR-Cas9 cGAS/STING models; mice models with cGAS-STING . (8, 55)
. . and IL-6 activation of the cGAS-
HFD-induced steatosis
STING pathway.

CRISPR-Cas9, clustered regularly interspaced short palindromic repeats associated protein 9; TFAM, mitochondrial transcription factor A; UUO, unilateral ureteral obstruction.
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TBKI1, a critical downstream protein of ¢GAS-STING, also
plays a pivotal role in inflammation and fibrosis. H-151 blocks
the palmitoylation of STING-Cys91 through covalent binding,
indirectly impairing the recruitment and phosphorylation of
TBKI1 (Table 1) (66). GSK8612 directly targets the kinase domain
of TBK1, blocking its catalytic activity (62). Both strategies atten-
uate the signal transduction of the STING pathway, exerting anti-
inflammatory and anti-fibrotic effects. In folic acid (FA)-induced
models, treatment with H-151 or GSK861 significantly reduced the
accumulation of myofibroblasts and hindered the differentiation of
macrophages into myofibroblasts, thus reducing ECM deposition
(12). These results indicate that direct or indirect inhibition of
TBK1 can effectively curb the process of renal fibrosis, providing a
new strategy for precise targeting of the cGAS-STING signaling
pathway in clinical practice. In conclusion, inhibiting the upstream
(cGAS, STING) or downstream (TBK1) nodes within the cGAS-
STING pathway can effectively alleviate renal inflammation and
ECM deposition, providing a robust preclinical foundation for
targeting this pathway to treat fibrotic kidney disease.

8 Regulating macrophage phenotype
through targeting the cGAS-STING
signaling pathway

The cGAS-STING signaling pathway, a central regulatory
pathway for innate immunity, represents a therapeutic target for
modulating macrophage polarization to suppress inflammation and
mitigate fibrosis. Selective inhibition of STING with H-151 signif-
icantly impedes the transformation of macrophages-to-
myofibroblast transdifferentiation by blocking this pathway (12).
For instance, in a FA-mediated renal fibrosis model, H-151 atten-
uated both macrophage phenotypic switching and fibroblast acti-
vation, reducing ECM deposition (12). These findings indicate that
pharmacological cGAS-STING blockade reprograms macrophage
function to ameliorate the renal microenvironment, thereby coun-
teracting inflammation and fibrosis.

Comparable mechanisms operate in cardiac and neurological
pathologies. For instance, in a myocardial infarction model, H-151
targeted macrophage cGAS-STING signaling to inhibit the produc-
tion of IFN-f3, suppressing local inflammatory responses and allevi-
ating the occurrence of myocardial cell fibrosis (66). Similarly, after a
stroke, the activation of STING mediated the transformation of
macrophages to an inflammatory phenotype, exacerbating
neuroinflammation. H-151 administration downregulated the ex-
pression of pro-inflammatory cytokines such as TNF-o. and IFN-y
in macrophages while elevating the expression of anti-inflammatory
factor IL-10, subsequently alleviating neuroinflammation and restor-
ing neural function (67). Collectively, H-151-mediated cGAS-STING
inhibition reprograms macrophage phenotypes, demonstrating broad
anti-inflammatory and anti-fibrotic efficacy across organ systems.
This establishes macrophage-centered cGAS-STING targeting as a
unifying strategy for fibrosis treatment in diverse diseases.
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9 Other emerging technologies in
targeted therapy

9.1 Nanocarrier delivery technology

Nanotechnology is emerging as an important means of inter-
vening in renal fibrosis, with its advantages lying in its precise
targeting capabilities and minimal off-target effects. Utilizing
nanocarrier technology to target the cGAS-STING signaling path-
way provides a novel therapeutic approach for treating renal
fibrosis. Voltage-dependent anion channel 1 (VDACI) is closely
related to the cGAS-STING signaling pathway. Specifically, VDAC1
increases the permeability of the mitochondrial outer membrane,
facilitating the release of mtDNA into the cytoplasm, and subse-
quently activating the cGAS-STING signaling to trigger inflamma-
tion and fibrosis (64, 68). Consequently, targeting intervention of
VDACI disrupts cGAS-STING activation, attenuating renal in-
flammation and fibrosis (69). For instance, in UUO mice models,
adeno-associated virus 9 (AAV9)-delivered VBIT-12 (a VDAC1
inhibitor) suppressed cGAS-STING signaling pathway, significantly
reducing the expression of pro-inflammatory cytokines (e.g., MCP-
1, TNF-q, IL-1B, and IL-6), and fibrosis markers (e.g., collagen I, oi-
SMA, and fibronectin) (Table 1) (69). These findings indicate that
inhibitors of the cGAS-STING signaling pathway based on
nanocarriers can effectively block the expression of this pathway
and achieve precise silencing of it.

Furthermore, the carrier can also intervene in renal fibrosis by
targeting the expression of STING. Studies confirmed that viral
vector-mediated STING knockdown robustly ameliorates fibrotic
phenotypes (70). In a mouse model of renal ischemia-reperfusion
injury (IRI), intrarenal delivery of STING-targeted lentivirus mark-
edly reduced collagen deposition, as evidenced by Masson staining
(71). This underscores that the STING lentivirus provides a precise
tool for precise targeted treatment of renal fibrosis. In summary,
nanomaterials targeting the cGAS-STING signaling pathway estab-
lish a novel conceptual framework for the targeted treatment of
renal fibrosis.

9.2 Gene editing technology

Gene editing technologies (such as CRISPR-Cas9) provide
novel approaches for directly modulating the cGAS-STING path-
way in macrophages. Evidence from murine UUO models demon-
strates that genetic ablation of either cGAS or STING attenuates
renal inflammation, reduces collagen deposition, and ameliorates
fibrosis (8, 57). Importantly, gene-editing technology has further
verified that the cGAS-STING pathway is a pivotal driver of renal
fibrogenesis. Specifically, in the mouse model with PINK1 knockout
achieved through gene editing, Masson’s trichrome staining re-
vealed that PINKI deficiency promoted mtDNA release and stim-
ulated the cGAS-STING pathway, subsequently mediating the
occurrence of renal inflammation and fibrosis (72). Collectively,
these gene-editing-based investigations provide compelling evi-
dence supporting the cGAS-STING pathway in macrophages as a
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therapeutic target, thereby informing a new direction for the
treatment of renal fibrosis. Although AAV9-delivered VBIT-12,
STING-targeted lentivirus, and PINK1 knockout have shown anti-
fibrotic effects in mouse models, these approaches remain at the
preclinical proof-of-concept stage. Their long-term safety needs to
be evaluated prior to clinical translation.

10 Potential adverse effects

While inhibition of the cGAS-STING pathway can ameliorate
the progression of renal fibrosis, it may also lead to certain adverse
effects. As a crucial component of the human innate immune
system, this pathway plays an essential role in viral infections and
tumor immunity. For example, in patients with hepatitis B, HBV
viral DNA can be recognized by the cGAS-STING pathway,
promoting the release of IFN-I and various inflammatory cytokines,
thereby blocking viral replication (73). Furthermore, IFN-I not only
directly inhibits viral replication but also activates antigen-present-
ing cells (APCs) and promotes the cross-presentation and activa-
tion of CD8+ T cells, thereby suppressing tumor cell growth (74).
These studies indicate that this pathway possesses antiviral and
antitumor functions. When this pathway is inhibited or inactivated,
immune surveillance is weakened. The body becomes unable to
effectively sense DNA damage or abnormal DNA, leading to
insufficient production of IFN-I, thereby reducing the capacity to
eliminate abnormal cells. Long-term inhibition of this pathway may
increase the risk of infection as well as the risk of tumorigenesis and
metastasis. Therefore, when developing immunomodulatory drugs,
strategies such as targeted delivery, intermittent dosing, or local
administration should be considered to mitigate the adverse effects
of inhibiting this pathway.

11 Conclusion

This review focuses on the central role of the cGAS-STING
signaling pathway in renal fibrosis, especially in macrophage pro-
inflammatory and pro-fibrotic functions. This pathway promotes
the release of inflammatory factors and the deposition of extracel-
lular matrix by regulating the polarization states of M1 and M2
macrophages, driving the progression of renal fibrosis.
Consequently, targeting the cGAS-STING signaling pathway, in-
cluding small molecule inhibitors of the cGAS-STING signaling
pathway, nanocarrier delivery technologies, and gene editing tech-
nologies, provides novel therapeutic strategies for the treatment of
renal fibrosis.

Renal fibrosis is mainly characterized by glomerular sclerosis,
renal tubular atrophy, and renal interstitial fibrosis. Renal injury can
activate various cells, including renal tubular epithelial cells, endo-
thelial cells, fibroblasts, and macrophages. Notably, renal tubular
epithelial cells mediate the release of inflammatory factors through
the TLR/NF-xB signaling pathway and NLRP3 inflammasome
activation. Macrophages critically drive renal fibrosis pathogenesis.
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Early renal injury establishes an inflammatory microenvironment
that promotes monocyte-derived macrophages and M1 polariza-
tion, further amplifying the release of inflammatory factors and
aggravating renal inflammatory damage. During the repair period,
highly expressed M2 macrophages promote tissue repair and
inflammation resolution. However, their sustained activation can
lead to excessive deposition of ECM components such as collagen
and fibronectin, thereby mediating the development of renal
fibrosis. Therefore, precisely targeting macrophages is a feasible
strategy for treating renal fibrosis.

The cGAS-STING signaling pathway, a crucial core component
of the innate immune system, centrally regulates macrophage
polarization. On one hand, this pathway promotes M1 polarization,
upregulating the expression of pro-inflammatory factors such as
TNF-0, IL-1B, and IL-6, thereby exacerbating renal inflammatory
responses. Simultaneously, it also drives M2 polarization, acceler-
ating the deposition of collagen, fibronectin, and other ECM
depositions, thereby mediating the development of renal fibrosis.
Although this mechanism has been extensively studied in various
fields such as tumors and autoimmune diseases, its specific role in
renal fibrosis remains incompletely defined (75-77). The regulatory
effect of the cGAS-STING signaling pathway on macrophages in
renal fibrosis provides robust preclinical evidence for the treatment
of renal fibrosis.

Pharmacological or genetic inhibition of the ¢cGAS-STING
signaling pathway can effectively reprogram the phenotype of
macrophages and attenuate renal fibrosis. The current intervention
methods mainly include small molecule inhibitors, nanocarrier
technology, and gene knockout technology. Small molecule inhib-
itors targeting the cGAS-STING signaling pathway often include
cGAS inhibitors, STING inhibitors, and TBK1 inhibitors. The cGAS
inhibitor RU.521 can inhibit the activation of macrophages, sup-
press the release of pro-inflammatory factors, and reduce the
deposition of extracellular matrix. The STING inhibitor C-176
has an essential role in improving renal inflammation and fibrosis.
The TBK1 inhibitor H-151 and GSK8612 significantly reduce the
transformation of macrophages into fibroblasts, reducing the de-
position of ECM. In addition, other emerging technologies are also
applied in targeting the cGAS-STING signaling pathway. For
example, the AAV9-mediated VBIT-12 vector, STING lentivirus,
and the cGAS or STING gene knockout using CRISPR-Cas9
technology inhibit the progression of renal inflammation and
fibrosis by targeting the cGAS-STING signaling pathway, providing
a novel strategy for precisely targeting macrophages.

However, the translation from current research to clinical
application still faces several critical challenges. Although numerous
studies have demonstrated that the cGAS-STING pathway plays a
significant role in promoting inflammation and fibrosis, its specific
effects are context-dependent, characterized by cell-type specificity
and disease-stage propensity. This review primarily focuses on the
dual role of this pathway in renal macrophages. However, its
functions may not be identical in other cell types. For instance, in
the liver, activation of this pathway can induce the differentiation of
immature dendritic cells into a mature phenotype, upregulating co-
stimulatory molecules such as CD80, CD86, and CD11, thereby
mediating the proliferation of CD4+ T cells (78). In tumor
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immunity, the canonical cGAS-STING pathway typically exerts
anti-tumor effects by activating CD8+ T cells and inducing the
production of IFNs (79). Conversely, the non-canonical STING
pathway promotes immune escape by upregulating the secretion of
IL-35 and IL-10 in regulatory B cells (Bregs), thereby suppressing
the cytotoxic function of NK and CD8+ T cells (80). These studies
further substantiate the cell-type specificity of the cGAS-STING
signaling pathway.

Secondly, the activation effects of the cGAS-STING pathway
may differ across various disease stages. In the early phase of AKI,
activation of the cGAS-STING pathway mediated by LPS can
promote M1 polarization, thereby initiating inflammatory re-
sponses and tissue repair programs. In contrast, chronic kidney
injury activates this pathway to promote M2 polarization, subse-
quently activating fibroblasts and driving the fibrotic process.
Notably, the functional status of macrophages is no longer confined
to the traditional M1/M2 binary opposition model but instead
presents a continuous spectrum model (81). This suggests that
the ultimate effects of the cGAS-STING pathway may be highly
dependent on the local microenvironment’s cytokine composition
and metabolic status. Therefore, the complexity of the pathway’s
molecular mechanisms, the specificity of different cell types, and the
dynamic diversity of the microenvironment collectively constitute
the context-dependent nature and potential contradictions in its
functional manifestations. This also represents a major obstacle to
its clinical translation.

There is an urgent need to conduct more translational medical
research to validate its therapeutic efficacy. Future investigations
should employ high-resolution technologies such as single-cell
transcriptomics and spatial transcriptomics to deeply explore the
dynamic evolution of different macrophage subpopulations at
various stages of renal fibrosis and their interactive networks with
fibroblasts and renal tubular epithelial cells. This will help elucidate
the functional heterogeneity of the cGAS-STING signaling within
specific macrophage subsets and provide a theoretical basis for
optimizing precision targeted therapeutic strategies. Concurrently,
it is essential to systematically evaluate the regulatory role of this
signaling pathway in different diseases and its long-term effects in
clinical trials, thereby providing a solid theoretical foundation and
data support for clinical practice. In conclusion, although the cGAS-
STING pathway is still in the exploratory stage for renal fibrosis, its
potential in macrophage reprogramming should not be underesti-
mated. By exploring the deeper mechanisms of this pathway in
renal fibrosis, it is expected that more effective treatment options
will be available for patients with renal fibrosis in the future.
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