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Osteoarthritis (OA) and Rheumatoid Arthritis (RA) are significant health concerns

with notable prevalence and economic impact. RA, affecting 0.5% to 1.0% of the

global population, leads to chronic joint damage and comorbidities. OA, primarily

afflicting the elderly, results in joint degradation and severe pain. Both conditions

incur substantial healthcare expenses and productivity losses. The cGAS-STING

pathway, consisting of cyclic GMP–AMP synthase (cGAS) and stimulator of

interferon genes (STING), is a crucial component of mammalian immunity. This

pathway is responsible for detecting foreign DNA, particularly double-stranded

DNA (dsDNA), triggering innate immune defense responses. When cGAS

recognizes dsDNA, it catalyzes the synthesis of cyclic GMP–AMP (cGAMP),

which then binds to and activates STING. Activated STING, in turn, initiates

downstream signaling events leading to the production of interferons and other

immune mediators. The cGAS-STING pathway is essential for defending against

viral infections and maintaining cellular balance. Dysregulation of this pathway

has been implicated in various inflammatory diseases, including arthritis, making

it a target for potential therapeutic interventions. Understanding the intricate

molecular signaling network of cGAS-STING in these arthritis forms offers

potential avenues for targeted therapies. Addressing these challenges through

improved early detection, comprehensive management, and interventions

targeting the cGAS-STING pathway is crucial for alleviating the impact of OA

and RA on individuals and healthcare systems. This review offers an up-to-date

comprehension of the cGAS-STING pathway’s role in the development and

therapeutic approaches for these arthritis types.
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1 Introduction

Rheumatoid arthritis (RA) imposes a significant health burden

due to its persistent and widespread impact, affecting about 0.5% to

1.0% of the global population, with a higher prevalence in women.

The disease’s chronicity results in ongoing joint damage, deformities,

and functional limitations, profoundly affecting patients’ daily lives

(1, 2). Its economic implications are noteworthy, covering various

healthcare expenses and productivity losses (3). RA is linked to an

elevated risk of comorbidities, particularly cardiovascular diseases,

complicating the overall management (4). RA is typified by immune

dysregulation, manifesting as persistent inflammation and

hyperplasia of the synovium, resulting in erosive damage to the

joints. In RA, inflammatory mediators, including cytokines and

autoantibodies, instigate synovial inflammation, the formation of

pannus tissue, and erosion of both cartilage and bone. These

inflammatory processes entail intricate interactions between

various immune cell populations, cytokines, and signaling

pathways, ultimately driving detrimental alterations in joint

architecture (5). The condition demands frequent healthcare

interactions, intensifying healthcare utilization. Furthermore, RA

contributes to mental health challenges, including anxiety and

depression, and disrupts personal and social dynamics, potentially

leading to social isolation (6). The variability in disease severity and

treatment responses introduces complexities in care. Addressing

these challenges through improved early detection, effective

treatments, and comprehensive management is essential to

alleviate the impact of RA on individuals and healthcare systems

(7). In contrast to RA, osteoarthritis (OA) is a chronic

musculoskeletal disorder in which biomechanical factors play a

pivotal role and primarily affect the elderly. This biomechanical

damage often stems from factors such as age-related changes (8),

environmental factors (9), joint misalignment (10), or excessive

mechanical loading (11). Nevertheless, OA manifests through the

progressive degradation of cartilage and modifications in joint

structures leading to cartilage wear, osteophyte formation, and

subchondral bone remodeling (12). The disease results in severe

joint pain, stiffness, and reducedmobility, significantly impacting the

quality of life for affected individuals. Although biomechanical stress

also contributes to joint damage in RA, particularly in later disease

stages, it is the inflammatory and proliferative mechanisms that

predominantly dictate disease progression (13). On the other hand,

OA is not a single clinical entity and includes a spectrum of

conditions such as post-traumatic osteoarthritis (14) or calcium

pyrophosphate crystal-associated osteoarthritis (CPPD) (15)

associated. It should be noted that the inflammatory pathogenesis

of these two arthritis is convergent in some way. Recognizing these

disparate pathogenic pathways is imperative for tailoring effective

treatment approaches (16). A comprehensive understanding of the

primary drivers of joint damage in OA and RA enables clinicians to

devise tailored interventions aimed at alleviating symptoms and

preserving joint function effectively. Osteoarthritis is a complex

condition influenced by aging, environmental factors, and

biochemical changes. Immune cells, particularly activated

neutrophils, macrophages, and T cells, play a pivotal role in
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driving inflammation in the affected joints. Proinflammatory

cytokines such as IL-1b, TNF-a, and IL-6, along with chemokines,

contribute to the recruitment of immune cells, amplifying the

inflammatory cascade. Matrix metalloproteinases (MMPs),

including MMP-1, MMP-3, and MMP-13, contribute to the

breakdown of the extracellular matrix in articular cartilage.

Signaling pathways such as NF-kB, MAPK, and PI3K/AKT are

activated, regulating the expression of inflammatory genes (17).

Signaling pathways play pivotal roles in the pathogenesis of RA.

Dysregulation of key pathways such as JAK-STAT, MAPK, PI3K-

AKT, SYK, Wnt, and Notch contributes to the chronic

inflammation, immune system abnormalities, and joint damage

observed in RA. Abnormal activation of these pathways in

synovial cells, immune cells, and cartilage is associated with

increased production of pro-inflammatory cytokines, hyperplasia

of synovial tissues, and bone destruction. Transcription factors like

NF-kB, along with epigenetic modifications, further amplify the

inflammatory response. Understanding the intricate molecular

signaling network in RA provides valuable insights for developing

targeted therapies to modulate these pathways and alleviate disease

symptoms (18). The cyclic GMP–AMP synthase (cGAS)–stimulator

of interferon genes (STING) pathway plays a pivotal role in

mammalian immunity by detecting foreign DNA, particularly

double-stranded DNA (dsDNA), and initiating innate immune

defense responses. Moreover, the cGAS–STING pathway is

connected to NF-kB-mediated transcriptional activation,

autophagy, responses that inhibit proliferation, and cell death.

These associations contribute to its involvement in both antiviral

defense and maintaining cellular balance. Irregularities in this

pathway are linked to inflammatory diseases, prompting ongoing

initiatives to devise therapeutic approaches targeting cGAS–STING

for diverse conditions, especially arthritis (19). There is ample

evidence demonstrating the dysregulation of the cGAS-STING

signaling pathway implicated in the pathogenesis of various types

of arthritis, especially OA and RA. Despite the distinct and

multifactorial pathogeneses of OA and RA, substantial evidence

suggests that the dysregulation of the cGAS-STING signaling

pathway is implicated in the inflammatory pathogenesis of various

types of arthritis, particularly in these two conditions (20, 21).

Therefore, this review aims to present the current understanding

of the role of this pathway in the pathogenesis of OA and RF and

provides novel strategies to target cGAS-STING in them.
2 cGAS-STING pathway in OA and RA

2.1 Overview of cGAS-STING pathway

The activation of the cGAS-STING pathway occurs when

cytoplasmic DNA is detected, and this DNA can arise from various

sources such as viral or bacterial infections, as well as cellular stress or

damage. In both RA and OA, genomic mechanisms contribute to the

generation of cytoplasmic DNA, often stemming from cellular stress,

inflammation, or tissue damage characteristic of these arthritic

conditions (5, 12). In RA, aberrant immune responses result in
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increased cell death, leading to the release of nuclear DNA fragments

into the cytoplasm (22). Similarly, in OA, mechanical stress and

inflammation in the joint microenvironment can trigger the release of

mitochondrial or nuclear DNA (23). The cGAS-STING pathway

orchestrates a critical arm of the innate immune system, honing in on

the vigilant detection of cytoplasmic DNA (24). At the forefront of

this surveillance system is the enzyme cGAS, acting as a sentinel that

recognizes and binds to double-stranded DNA. Upon activation,

cGAS catalyzes the synthesis of cyclic GMP-AMP (cGAMP), a

secondary messenger that sets in motion a cascade of events. The

epicenter of this response is the endoplasmic reticulum-bound

protein STING, which engages with cGAMP and subsequently

recruits the kinase TBK1 (TANK-binding kinase 1). Alternatively,

in the absence of a discernible ligand, endoplasmic reticulum stress

has been observed to potentially activate the STING. This activation

mechanism is believed to occur through calcium and reactive oxygen

species (ROS)-mediated mitochondrial impairment, leading to the

release of mitochondrial DNA (mtDNA). Hypoxia has the potential

to disrupt electron transport and induce mitochondrial damage

directly. Nonetheless, it is plausible that disturbances in

endoplasmic reticulum calcium balance, increased ROS production,

and heightened stress levels could contribute to mitochondrial

impairment and subsequent release of mitochondrial DNA

(mtDNA) into the cytosol. This release of mtDNA could trigger

the cGAS, prompting the production of cGAMP, thereby activating

the STING pathway (25, 26). This catalytic action culminates in the

phosphorylation of key players such as interferon regulatory factor 3

(IRF3) and IkappaB kinase (IKKs) orchestrating the activation of a

DNA immune response. Phosphorylated IRF3 and NF-kB
transcription factor translocates to the nucleus, instigating the

expression of type I interferons and inflammatory cytokines (19).

An overview of these events is depicted in Figure 1.
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2.2 cGAS-STING in pathogenesis of OA
and RA

The cGAS/STING signaling pathway assumes a pivotal role in

regulating the aggressive behavior of rheumatoid synovial tissues.

Within the context of RA, fibroblast-like synoviocytes (FLSs)

display tumor-like characteristics, influencing persistent joint

inflammation and destruction. The accrual of cytosolic double-

stranded DNA (dsDNA) in RA FLSs triggers the cGAS/STING

pathway, activating STING and prompting the generation of type I

interferons. This activation propels the migration and invasion of

RA FLSs, crucial factors in the aggressive nature of rheumatoid

synovial tissues. Inhibiting cGAS or STING expression curtails

dsDNA-induced migration and invasion of RA FLSs,

underscoring the pivotal role of the cGAS/STING pathway in

shaping the invasive profile of FLSs. Additionally, the role of

MST1-FOXO1 pathway was highlighted, elucidating that MST1

activation, influenced by the cGAS/STING pathway, impacts

FOXO1 phosphorylation and nuclear translocation. FOXO1

emerges as a critical downstream element of MST1, contributing

to the regulatory mechanisms governing dsDNA-induced

migration and invasion of RA FLSs, thereby enhancing our

comprehension of the intricate signaling dynamics in the

pathogenesis of rheumatoid arthritis (Figure 2) (21). In

inflammatory arthritis, cGAS and STING function as pattern

recognition receptors (PRRs). These receptors play a critical role

in the innate immune response by detecting cytosolic DNA,

particularly during cellular stress or viral infections. In the

presence of the pro-inflammatory cytokine TNF, prolonged

stimulation leads to cGAS and STING activation, resulting in the

release of mitochondrial DNA into the cytosol. This triggers the

STING pathway, inducing a type I interferon (IFN) response and
FIGURE 1

A quick overview of cGAS/STING signaling pathway.
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the upregulation of interferon-stimulated genes (ISGs). cGAS

deficiency ameliorates symptoms in an arthritis model, suggesting

that cGAS and STING may be involved in the development and

progression of inflammatory arthritis. Targeting these pathways

could potentially offer therapeutic strategies for diseases

characterized by TNF-mediated inflammation (27). Elevated

cytosolic dsDNA is detected in RA FLS, especially when exposed

to TNF-a, and is linked to the intensity of synovial inflammation.

Introducing transfected cytosolic dsDNA induces the generation of

inflammatory cytokines and matrix metalloproteinases by RA FLS.

RA FLS exhibit diminished DNaseII levels, responsible for cytosolic

dsDNA degradation, indicating a possible connection between

reduced DNaseII and heightened cytosolic dsDNA. Thus, cGAS/

STING pathway is linked with inflammatory reactions triggered by

cytosolic dsDNA in RA FLS. The cGAS/STING pathway

contributes to inflammatory responses in RA FLS, while DNaseII

serves as a regulatory factor controlling cytosolic dsDNA levels and

subsequent cytokine production (28).
2.3 Role of cGAS in arthritis

2.3.1 cGAS in RA
cGAS emerges as a pivotal contributor to RA development. The

expression of cGAS is notably higher in RA-FLS compared to OA-

FLS. Stimulation with the proinflammatory cytokine TNFa further

escalates cGAS expression over time. Significantly, increased cGAS

levels in RA FLS are associated with heightened cell proliferation,

suggesting a role in the pathological advancement of RA. Moreover,
Frontiers in Immunology 04
cGAS facilitates proinflammatory responses by augmenting the

production of key mediators (IL-1b, IL-6, MMP-1, MMP-3) in

response to TNFa, indicating its involvement in the regulation of

inflammatory pathways. Mechanistically, cGAS activation appears

to impact AKT and ERK pathways, providing insights into the

molecular processes underlying its influence on RA pathogenesis.

Conversely, suppressing cGAS mitigates these effects, suggesting a

potential therapeutic approach to alleviate inflammation and

proliferation in RA. These findings offer a nuanced understanding

of cGAS’s intricate role in RA and propose it as a viable target for

therapeutic intervention in autoimmune arthritis (29). RA-FLSs

and macrophages play a significant role in promoting inflammatory

and bone-erosive factors within the synovium (30). Extracellular

traps (ETs), such as neutrophil extracellular traps (NETs) and

macrophage extracellular traps (METs), consisting of histones,

DNA, and other components, have been associated with

autoimmune disorders. The accumulation of macrophages and

METs, characterized by citrullinated histones (CitH3), in RA

synovial tissues has been discovered. METs are also identified in

RA synovial fluids. In laboratory experiments, RA-FLSs treated with

METs display heightened tumor-like behaviors, including increased

proliferation, migration, invasion, and the expression of

proinflammatory cytokines and matrix-degrading enzymes. The

cGAS pathway is implicated in MET-induced effects, and

inhibition of cGAS reverses these responses. Additionally, METs

activate the PI3K/Akt signaling pathway in RA-FLSs, connecting

the DNA-sensing pathway to downstream signaling involved in

tumor-like characteristics. Therefore, METs contribute to the

promotion of pathological features in RA-FLSs through the
FIGURE 2

Role of cGAS in pathogenesis of RA (left) and OA (right). In both conditions, activation of cGAS results in disease progression.
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cGAS/PI3K/Akt pathway, offering insights into potential

therapeutic targets for treating RA (Figure 2) (31).

2.3.2 cGAS in OA
Fibronectin fragments, specifically the 29-kDa fibronectin

fragment (29-kDa FN-f), are protein components derived from

the breakdown of fibronectin, a large glycoprotein involved in the

extracellular matrix of connective tissues. In OA, the effects of 29-

kDa FN-f on chondrocytes, the cells embedded in cartilage tissues,

have been explored. Exposure to 29-kDa FN-f induces DNA

damage in chondrocytes and activates cGAS and STING pathway.

This activation leads to the expression of pro-inflammatory

cytokines, including type I interferons, granulocyte-macrophage

colony-stimulating factor (GM-CSF), granulocyte colony-

stimulating factor (G-CSF), and interleukin-1b (IL-1b). Notably,
these effects are mediated through Toll-like receptor-2 (TLR-2) and

Nucleotide-binding oligomerization domain-containing protein 2

(NOD2) signaling pathways, as silencing of TLR-2 or NOD2

suppresses 29-kDa FN-f-induced activation of the cGAS/STING

pathway (Figure 2) (32).
2.4 Role of STING in arthritis

2.4.1 STING in OA
STING emerges as a key player in pathogenesis of OA. Elevated

STING expression is observed in both human andmouse OA articular

cartilage, and its levels increase in response to the pro-inflammatory
Frontiers in Immunology 05
cytokine IL-1b. STING activation is associated with DNA damage,

and its overexpression in chondrocytes induces extracellular matrix

(ECM) degradation through the NF-kB signaling pathway. This

degradation involves upregulation of matrix-degrading enzymes

(ADAMTS5, MMP13) and downregulation of ECM proteins

(Collagen II, Aggrecan). Additionally, STING promotes cellular

senescence and apoptosis in chondrocytes, processes integral to OA

pathology. Importantly, therapeutic interventions, such as STING

knockdown, demonstrate promising outcomes in mitigating OA

progression in mice, suggesting STING as a potential target for OA

treatment by addressing its impact on ECM integrity, cellular

function, and disease severity (Figure 3) (33). STING plays a crucial

role in influencing various aspects of OA. Initially, in chondrocytes

exhibiting OA-like characteristics under inflammatory conditions,

both STING and IFI204, pattern recognition receptors sensing

cytosolic DNA, are specifically upregulated. This heightened

expression is associated with catabolic factors like IL-1b, hypoxia-
inducible factor (HIF)-2a, or ZIP8, indicating their involvement in

OA pathogenesis. Moreover, STING activation is linked to DNA

damage in chondrocytes, suggesting a mechanistic connection

between DNA damage response and OA progression. Notably, the

absence of STING in mice demonstrated a protective effect against

post-traumatic OA, emphasizing its direct impact on cartilage

destruction and subchondral bone sclerosis. Additionally, STING

deficiency reduced OA-associated mechanical allodynia, indicating

its role in influencing pain perception during OA. Conversely,

stimulating the STING pathway intensified both OA progression

and mechanical sensitivity in mice, particularly affecting cartilage
FIGURE 3

Role of STING in pathogenesis of RA (left) and OA (right). In both conditions, activation of STING results in disease progression via inducing
cell death.
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destruction and subchondral bone sclerosis, while osteophyte

formation remained unaffected. This dual role of STING, both

promoting and mitigating OA manifestations, underscores its

complex involvement in the disease process. Furthermore, the study

explored STING’s impact on pain-sensitization molecules, revealing

that STING deficiency reduced the expression of TRPV1 and CGRP in

the synovium and meniscus. These findings suggest that STING’s

regulatory influence extends beyond joint structural changes to

modulating peripheral sensitization, thereby impacting OA-

associated pain (34).

2.4.2 STING in RA
In contrast to OA, it should be noted STING might negatively

control RA development in early stages of the disease. A study has

investigated the role of STING in the pathogenesis of RA using a

collagen-induced arthritis (CIA) mouse model. The synovium in

RA involves fibroblast-like synoviocytes and macrophage-like

synoviocytes, contributing to inflammation and joint damage.

STING’s pivotal role in driving the inflammatory cascade of RA

even gets bolder, as indicated that in RA, elevated intracellular levels

of STING were observed, whereas in OA synovial fluids (SFs), a

predominance of extracellular STING was noted. Dysregulation of

both Nrf2 and STING pathways has been implicated in RA

pathogenesis. Decreased Nrf2 activity and increased STING

activation have been observed in RA patients, correlating with

disease severity and joint damage (35). Surprisingly, STING is not

necessary for arthritis development in the CIA model. While the

arthritis scores were comparable between wild-type and STING-

deficient mice, the latter showed higher levels of anti-collagen type 2

antibodies, suggesting a potential negative regulatory role for

STING in the early stages of autoimmune arthritis. Gene

expression profiling of splenocytes revealed changes related to B

cell receptor (BCR) signaling, indicating a potential role of STING

in B cell biology. Further experiments demonstrated that STING

negatively regulates BCR-induced B cell proliferation and mediates

B cell death. The findings suggest a nuanced role for STING in RA,

influencing B cell responses and potentially acting as a negative

regulator in the early stages of autoimmune arthritis (Figure 3) (36).
2.5 TBK1

2.5.1 TBK1 in OA
Several studies have explored the role of TBK1 in OA using

animal and cell models. A significant decrease in TBK1 expression

in deteriorated cartilage of OA patients and chondrocytes from aged

mice has been observed. Upon TNF-a stimulation, there was an

elevation in both p-TBK1 S172 and TBK1 proteins. Overexpression

of TBK1 in chondrocytes mitigated TNF-a-induced apoptosis,

maintained mitochondrial function, and reversed alterations in

mitochondrial dynamics. TBK1 directly phosphorylated DRP1 at

Ser637, facilitating mitochondrial fusion and hindering apoptosis-

related cell death through enhanced mitophagy. Furthermore,

TBK1 activation by malvidin-3-O-arabinoside (M3A) during

TNF-a stimulation revealed a TBK1-dependent pathway,
Frontiers in Immunology 06
involving AMPK activation that regulated DRP1 phosphorylation.

Intraarticular injection of lentivirus-TBK1 in a destabilization of the

medial meniscus (DMM)-induced OA mouse model demonstrated

protective effects, suggesting that TBK1 could alleviate OA

progression by activating autophagy and suppressing apoptosis.

In summary, the findings propose a potential therapeutic function

for TBK1 in mitigating the advancement of OA (37). In contrast to

the above findings, a study revealed heightened expression of TBK1

in OA models, particularly under interleukin-1 beta (IL-1b)
stimulation. Lentivirus-induced TBK1 silencing in OA mice

significantly mitigated cartilage degradation, reflected in lowered

OARSI scores and diminished serum levels of cartilage degradation

markers. Similarly, in an in vitro OA cell model, TBK1 silencing

demonstrated a protective impact against ECM degradation.

Further analysis indicated that TBK1 activated the JAK/STAT

signaling pathway, and the positive effects of TBK1 silencing on

ECM degradation were nullified by STAT3 activation (Figure 4).

These findings emphasize TBK1 as a promising therapeutic target

for OA, potentially through its influence on JAK/STAT signaling

and modulation of ECM degradation processes (38).

2.5.2 TBK1 in RA
TBK1 assumes a crucial role in modulating the immune

response in RA. Upon Toll-like receptor 3 (TLR3) activation in

FLS, TBK1 becomes active and contributes to sustained

inflammation by phosphorylating interferon regulatory factors

(IRFs) 3 and 7. This activation initiates the expression of

interferon response genes, particularly C-X-C motif ligand 10

(CXCL10)/IFN-g-induced protein 10 kDa (IP-10), known for its

involvement in RA-related inflammation. TBK1 deficiency results

in a notable decrease in IP-10 production, a chemokine associated

with RA pathogenesis. Additionally, TBK1 regulates IRF3

activation, IFN-b gene expression, and IP-10 promoter activity in

FLS. Consequently, TBK1 stands out as a pivotal element in the

molecular pathway contributing to the inflammatory response in

RA, presenting itself as a potential target for therapeutic strategies

aimed at modulating immune-related mechanisms in this

autoimmune disorder (39). TBK1 emerges as a pivotal player in

autoimmune diseases and the development of inflammatory

arthritis resulting from compromised DNA clearance. In

situations where DNase II is lacking, TBK1 becomes recruited to

STING, contributing to the onset of polyarthritis. TBK1 activation

triggers the heightened production of inflammatory cytokines like

TNF-a and IL-6, implicated in joint inflammation and damage.

Thus, inhibiting TBK1-mediated signaling, especially its interaction

with STING, could serve as a potential therapeutic strategy for

alleviating inflammatory arthritis linked to impaired DNA

clearance. This understanding of TBK1’s molecular role provides

valuable insights into the underlying mechanisms of autoimmune

diseases, offering potential targets for therapeutic intervention (22).

Mutations are also implicated in pathogenesis of RA. The p53 gene,

widely recognized as a tumor suppressor, is involved not just in

cancer but also in immune and inflammatory reactions. The

p53R211* mutant, a common p53 mutation in cancer, affects RA

using an adjuvant-induced arthritis (AIA) rat model. Evidence
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shows that this mutation has an immunomodulatory effect,

alleviating arthritis, reducing synovial hyperplasia, and improving

bone destruction. Mechanistically, the mutant inhibits T-cell

activation, decreases Th17 cell populations, and suppresses pro-

inflammatory cytokines. The anti-arthritic effect involves

inactivating immune-related pathways, particularly the TBK1-

IRF3-STING signaling cascade. The p53R211* mutant seems to

interact with TBK1, inhibiting its activation and downstream

immune responses. Therefore, the findings propose a potential

therapeutic role for the p53R211* mutant in RA by modulating

immune and inflammatory pathways, shedding light on the

intricate relationship between p53 mutations and autoimmune

diseases (Figure 4) (40).
2.6 IRF-3

The phosphorylated forms of IKKϵ and IRF-3 were found to be

significantly elevated in RA synovial tissue compared to OA tissue.

In FLS, stimulation with poly(I-C) led to increased IKKϵ
phosphorylation, IRF-3 activation, and elevated IFNb production.

Experiments using a dominant-negative IKKϵ adenovirus

demonstrated the crucial role of IKKϵ in poly(I-C)-mediated IRF-

3 activation and type I IFN gene expression in FLS. In addition,

IKKϵ inhibition suppressed IFNb and RANTES gene expression at

the mRNA level. Findings from IKKϵ−/− mouse synoviocytes

further supported the regulatory role of IKKϵ in IFNb and

RANTES gene expression (41). The vital involvement of innate
Frontiers in Immunology 07
immune responses in cell activation and recruitment within the

rheumatoid joint is notable. Recognition of viral and bacterial

products by TLRs and innate sensors is thought to contribute to

these processes. The gene expression profile in RA synovium

indicates exposure to TLR ligands, displaying characteristics of

the type I IFN signature. Despite unclear proximal mechanisms,

the IkB kinase (IKK)-related kinase, IKKϵ, seems involved in the

signaling pathway activated by polyinosinic-polycytidylic acid (poly

[I-C])–mediated TLR3 activation in human RA synoviocytes.

However, the downstream transcription factors controlling type I

IFN-regulated gene expression in RA remain unidentified. It is

hypothesized that the IFN regulatory factor (IRF) family, especially

IRF3 and IRF7, may regulate the IFN response in RA. The results

suggest that, in poly (I-C)–stimulated FLS, IRF3 takes precedence

over IRF7 as the primary regulator of type I IFN responses. Unlike

many other cell types, primary human RA synoviocytes reveal IRF3

as the dominant transcription factor, with a relatively modest

contribution from IRF7. Moreover, IRF3 is found to regulate

various cytokines, chemokines, and matrix metalloproteinases

(MMPs) through a mechanism involving c-Jun and the AP-1

promoter site (42).
2.7 IKK

2.7.1 IKK in OA
Researcher have investigated the distinct roles of IKKa and

IKKb in OA pathogenesis, focusing on their impact on chemokine
FIGURE 4

Role of TBK1 in pathogenesis of OA (left) and RA (right). In OA, TBK1 acts as a double-edged sword, inhibiting apoptosis via mitophagy induction or
stimulating it through JAK/STAT axis. However, in RA, activation of TBK1 exacerbates diseases by producing inflammatory cytokines.
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production by chondrocytes. Utilizing surgical animal models to

replicate human OA, the researchers identify key target genes,

including interleukin-1b (IL-1b) and ADAMTS5, within the NF-

kB pathway. IKKa is found to play a significant role in the loss of

maturation arrest of chondrocytes, leading to hypertrophy and

terminal differentiation, while chemokines, particularly CCL2/

MCP-1, mediate crosstalk between OA cartilage chondrocytes

and other joint compartments, contributing to immune cell

chemotaxis and synovial inflammation. RNA interference-

mediated knockdown of IKKa and IKKb in chondrocytes reveals

their distinct impact on chemokine gene expression, with CCL2/

MCP-1 being notably affected. Functional studies demonstrate that

conditioned media from chondrocytes with IKKa or IKKb
knockdown inhibit monocyte chemotaxis, emphasizing the

critical role of these kinases in OA pathophysiology and

suggesting potential therapeutic targets (43). Furthermore, Wang

et al. explored the intricate regulatory network involving long non-

coding RNAs (lncRNAs), microRNAs (miRNAs), and key signaling

pathways in the context of OA. The investigation highlights

the role of lncRNA SNHG1 in mitigating OA progression.

SNHG1 is identified as a crucial factor in protecting chondrocytes

from oxidative stress-induced apoptosis and inflammation.

Mechanistically, SNHG1 downregulates miR-195, which, in turn,

negatively regulates IKKa—an inhibitor of the NF-kB complex. By

employing in vitro experiments using H2O2-treated chondrocytes,

it was revealed that SNHG1 overexpression prevents apoptosis,

decreases ROS levels, and reduces the production of inflammatory

cytokines. Furthermore, SNHG1 is shown to directly target miR-

195, and miR-195 is demonstrated to directly target IKKa. By
extending these findings to an in vivo OA rat model, it was

demonstrated that miR-195 antagomiR treatment alleviates OA,

accompanied by increased SNHG1 expression and reduced NF-kB
signaling. Therefore, SNHG1 may play a protective role in OA by

modulating the miR-195/IKKa axis, offering potential therapeutic

insights into OA management (44).
2.8 Nrf2

The nuclear factor erythroid 2-related factor 2 (Nrf2) is a key

transcription factor known for its cytoprotective role against

oxidative stress. Recent studies have revealed a complex interplay

between Nrf2 and the STING pathway, which plays a critical role in

innate immunity and inflammation. Nrf2 has been shown to

modulate the activity of the STING pathway through multiple

mechanisms. Firstly, Nrf2 activation suppresses the expression of

STING and downstream inflammatory cytokines, thereby

attenuating the STING-mediated inflammatory response (23, 45).

Additionally, Nrf2 activation promotes the expression of

antioxidant enzymes such as heme oxygenase-1 (HO-1) and NAD

(P)H quinone oxidoreductase 1 (NQO1), which mitigate oxidative

stress and dampen STING signaling (46). Furthermore, Nrf2

activation enhances autophagy, a cellular process implicated in

the degradation of cytoplasmic DNA and regulation of STING

activation. Dysregulation of both Nrf2 and STING pathways has

been implicated in RA pathogenesis. Decreased Nrf2 activity and
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increased STING activation have been observed in RA patients,

correlating with disease severity and joint damage (35). Similarly, in

OA imbalance in the Nrf2-STING axis contributes to sustained

inflammation, cartilage degradation, and joint dysfunction in OA.

In this regard the study of Ni and colleagues revealed that The

activation of Nrf2 suppresses the STING-dependent NF-kB
pathway, consequently mitigating the inflammatory response,

extracellular matrix (ECM) degeneration, and senescence

observed in chondrocytes when stimulated by IL-1b. Restoring
the Nrf2 function or targeting the STING pathway represents

promising therapeutic strategies for both OA and RA. Preclinical

studies utilizing Nrf2 activators or STING inhibitors have shown

efficacy in ameliorating arthritis symptoms and reducing

joint inflammation in animal models. Collectively, these

findings suggest that Nrf2 serves as a negative regulator of the

STING pathway, exerting anti-inflammatory and cytoprotective

effects (47).
3 cGAS-STING as a Promising Target
in Arthritis

Exploring therapeutic interventions that target cGAS/STIN

holds significant promise, considering the pivotal role of its

downstream targets in the pathogenesis of both osteoarthritis and

rheumatoid arthritis. The cGAS/STIN pathway, involved in sensing

cytoplasmic DNA, triggers a cascade of events that ultimately lead

to the activation of inflammatory responses. The identification of

the cGAS-STING pathway as a potential therapeutic target has

spurred the development of various strategies to modulate its

activity. One approach involves catalytic site inhibitors, which

target the enzymatic activity of cGAS, thereby preventing the

production of the second messenger molecule, cGAMP, which

activates the STING pathway. Examples of such inhibitors include

PF-06928125, RU.521, G150, and Compound S3. Another strategy

focuses on disrupting the binding of cGAS to double-stranded DNA

(dsDNA), which is the activating trigger for the cGAS-STING

pathway. Compounds like hydroxychloroquine, quinacrine,

suramin, and suppressive oligodeoxynucleotides (e.g., A151) are

investigated for this purpose. Additionally, small molecules can be

designed to occupy the cyclic dinucleotide (CDN)-binding site of

STING, acting as competitive antagonists of STING activators.

Examples of such antagonists include tetrahydroisoquinolines and

astin C. Furthermore, inhibitors targeting the palmitoylation sites of

STING, such as nitrofurans (e.g., C-176, C-178), indole ureas (e.g.,

H-151), and nitroimidazoles, represent another avenue

for modulating the cGAS-STING pathway’s activity. These

therapeutic strategies hold promise for the treatment of diseases

associated with dysregulated immune responses mediated by the

cGAS-STING pathway (19). Therapeutic targeting of the cGAS-

STING pathway for the treatment of inflammatory diseases like OA

and RA holds promise but comes with potential demerits and

challenges that have been investigated. These include the risk of off-

target effects, immunosuppression, the complexity of the pathway,

disease specificity, potential adverse events, the risk of resistance

development, challenges in drug delivery, and limited clinical data.
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Addressing these challenges will be crucial for ensuring the safety

and efficacy of drugs targeting the cGAS-STING pathway in diverse

patient populations and disease contexts (48–50). Further research

and clinical trials are needed to better understand the therapeutic

potential and limitations of targeting this pathway in

various diseases.

By strategically addressing cGAS/STIN, researchers aim to

modulate the downstream signaling pathways implicated in the

progression of osteoarthritis and rheumatoid arthritis. This

approach may offer a nuanced and effective means of managing

these debilitating joint disorders, potentially providing novel

avenues for therapeutic development and improving the quality
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of life for individuals affected by these conditions. Herein, we

introduce different pharmaceutical that can target this pathway in

both RA and OA (Table 1).
3.1 Natural products

The effectiveness of natural products in treating arthritis, such

as RA and OA, remains an area of interest and investigation.

Natural products, known for their potential anti-inflammatory

and antioxidant properties, have been explored for their ability to

alleviate arthritis symptoms. These substances may contain
TABLE 1 Therapeutics targeting cGAS/STING pathway in OA and RA.

Therapeutic Type of
Arthritis or
inflammatory
model

Cell lines Study
type

Targeted Highlights

Natural products

Gelsevirine (GS) OA HEK293T In vitro/
In vivo

↓STING
↓MMP3, ↓MMP9,
↓MMP13, ↓IFNb,
↓TNFa, and ↓Il6
↑Col2A and ↑Il10.

“GS attenuated the activation of the STING/TBK1
pathway induced by IL-1b, leading to a reversal of the
inflammatory response and degeneration in cultured
chondrocytes.”
“Treatment with GS attenuated the degradation of
articular cartilage in both age-related osteoarthritis
(OA) and destabilization of the medial meniscus
(DMM)-induced OA.”

(51)

Catechin Collagen-
induced arthritis

HEK92 In vitro/
In vivo

↓IKK-b, ↓NF-kb
↓IL-1, ↓IL-6, and
↓IL-17A

“In a mouse model of collagen-induced arthritis,
administration of catechin was correlated with
diminished paw thickness, decreased clinical scoring,
and lowered mRNA levels of inflammatory cytokines.”

(52)

Glabralactone Carrageenan-
induced hind paw
edema model

RAW264.7 In vitro/
In vivo

↓iNOS, ↓TNF-a, ↓IL-
1b, ↓miR-155,
↓NF-kB, ↓IRF-3

“The anti-inflammatory effects of glabralactone were
partially attributed to its ability to suppress the
production of proinflammatory mediators, including
iNOS and IL-1b, in inflamed paw edema tissues in rat
models.”
“Glabralactone effectively suppressed the activation of
both NF-kB and the TRIF-dependent IRF-3 pathway in
macrophages stimulated with LPS.”

(53)

Triptolide RA RAW264.7 In vitro/
In vivo

↓cGAS-STING
↓TNF-a, ↓IL-1b and
↓IL-6

“In M1 macrophages, the released TP exhibited anti-
inflammatory and immunosuppressant properties by
down-regulating the expressions of cGAS and STING
proteins. Consequently, this down-regulation led to a
reduction in the secretion of TNF-a, IL-1b, and IL-6.”

(54)

Synthetic Effectors

C-176 RA and OA Bone
marrow-
derived
macrophages
(BMMs)

In vitro/
In vivo

↓STING, ↓NF-kB,
↓Nuclear factor of
activated T-cells c1
(NFATc1),
↓cathepsin K,
↓calcitonin receptor,
and ↓V-ATPase a3

“C-176 demonstrated the ability to mitigate LPS-
induced bone resorption in mice, attenuate joint
destruction in knee arthritis induced by meniscal
instability, protect against cartilage matrix loss in ankle
arthritis induced by collagen immunity and inhibit the
activation and formation of osteoclasts.”

(55)

CS12192 RA
(adjuvant-induced
arthritis, collagen-
induced arthritis in
rat model)

KHYG-1,
UT-7, THP-
1, RAW264.7

In vitro/
In vivo

↓JAK3/↓JAK1/↓TBK1
↓STATs, ↓IRF3, ↓IFN
↓CD4+, ↓Th17

“CS12192 demonstrated a more selective inhibitory
activity on JAK3, as evidenced by decreased activation
of p-STATs and p-IRF3, along with IFN down-
regulation in cultured cells.
CS12192 exhibited dose-dependent amelioration of
disease severity, hind body weight loss, paw swelling,
and bone destruction in rat models.”

(56)

(Continued)
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bioactive compounds that modulate inflammatory pathways and

immune responses (58, 59).

3.1.1 Gelsevirine
Gelsevirine (GS) is an alkaloid that originates from Gelsemium

elegans Benth, a traditional Chinese herb. It possesses diverse

pharmacological characteristics, encompassing analgesic, anti-

inflammatory, and anxiolytic effects. The compound is specifically

noted for its robust anxiolytic properties and comparatively lower

toxicity when contrasted with other alkaloids (60). Gelsevirine,

exhibits potential in relieving OA by specifically targeting the

STING pathway. In laboratory tests using chondrocytes

stimulated with IL-1b, gelsevirine demonstrates notable effects,

such as enhancing cell viability, suppressing matrix-degrading
Frontiers in Immunology 10
enzymes and pro-inflammatory cytokines, and reducing

apoptosis. Importantly, gelsevirine downregulates STING

expression in chondrocytes, a factor elevated in OA conditions,

contributing to protection against IL-1b-induced damage. In OA

mouse models, gelsevirine treatment improves both age-related and

surgery-induced OA, evident through lowered OARSI scores,

decreased MMP13 positive cells, and increased cartilage area.

Notably, the positive outcomes of gelsevirine appear to rely on an

intact STING pathway, as observed in STING-deficient mice where

gelsevirine fails to provide additional benefits. The proposed

mechanism involves gelsevirine facilitating the K48-ubiquitination

of STING, indicating its regulatory role in modulating STING

activity. Overall, these findings suggest that gelsevirine holds

promise as a potential therapeutic agent for OA, acting by
TABLE 1 Continued

Therapeutic Type of
Arthritis or
inflammatory
model

Cell lines Study
type

Targeted Highlights

Synthetic Effectors

Nitisinone OA
(Mice with anterior
cruciate ligament
transection surgery
(ACLT)
-induced
osteoarthritis)

Primary
chondrocytes
(C57BL/6)

In vitro/
In vivo

↓cGAS/
STING↓NF-kB

“Nitisinone inhibited the cGAS/STING signaling
pathway and decreased activation of the STING-
dependent NF-kB pathway, thereby reducing
extracellular matrix degradation and alleviating
chondrocyte inflammation, inhibited osteoclastogenesis
and delayed subchondral bone remodeling.”

(20)

Itaconate OA
(Mice ACLT-
induced
osteoarthritis)

RAW264.7 In vitro/
In vivo

↑Nrf2/↓STING
↓NF-kB

“Itaconate can activate Nrf2, leading to the inhibition
of the STING-dependent NF-kB pathway.
Consequently, this alleviates the inflammation,
extracellular matrix (ECM) degeneration, and
senescence of chondrocytes induced by IL-1b
stimulation.
Itaconate decreases cartilage degradation and reduces
inflammation in the synovial membrane in a
mouse model.”

(47)

Auranofin RAW 264.7 In vitro ↓TBK1, ↓NF-kB,
↓IRF3, ↓IFN
inducible protein-
10, ↓IFNb

“Suppression of this TRIF pathway by auranofin
coincides with diminished activation of IRF3 and
subsequent down-regulation of target genes, including
IFNb and IP-10.”

(57)

Nanodrugs

Nanomedicine‐in‐
hydrogel (NiH): cGAS
inhibitor RU.521 and
cationic nanoparticles

RA
(collagen-induced
arthritis in a
mouse model)

RAW 264.7 In vitro/
In vivo

↓cGAS
↓TNF‐a, ↓IL‐6
↑Immunosuppressive
regulatory T cells
(Treg) and ↑myeloid‐
derived
suppressor cells

“NiH prolongs the lymph node retention of co-
delivered agents: the cGAS inhibitor RU.521 and
cationic nanoparticles. These components collectively
inhibit cGAS pharmacologically and scavenge cell-free
DNA (cfDNA), which effectively suppresses
proinflammation and reduces the fractions of T helper
17 cells and CD4+ T cells.”

(23)

NiH:
polyethyleneimine-
coated mesoporous
polydopamine
nanoparticles loaded
with STING
antagonist C-176
(PEI-PDA@C-
176 NPs)

RA
(collagen-induced
arthritis in a
mouse model)

RAW264.7 In vitro/
In vivo

↓STING
↓TBK1,
↓IRF3, ↓IFNb

“PEI-PDA@C-176 nanoparticles (NPs) were found to
significantly diminish joint damage in mouse models of
dsDNA-induced arthritis and collagen-induced arthritis
by targeting and inhibiting the STING pathway.”

(45)
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mitigating inflammatory and degenerative processes through its

modulation of the STING pathway (51).

3.1.2 Catechin
Catechins are polyphenolic compounds found naturally in

various plants and foods, with green tea being a notable source.

In the context of arthritis, catechins have been investigated for their

potential as inhibitors of IKK-b. Catechins, including epicatechin

and epigallocatechin gallate, demonstrated inhibitory effects on

IKK-b in in vitro assays. In a collagen-induced arthritis mouse

model, catechin treatment was associated with reduced paw

thickness, clinical scoring, and mRNA levels of inflammatory

cytokines (IL-1b, IL-6, and IL-17A). These findings suggest that

catechins may modulate the STING pathway, potentially

contributing to their anti-arthritic effects. However, further

research is necessary to elucidate the detailed mechanisms and

therapeutic potential of catechins in arthritis treatment (52).

3.1.3 Glabralactone
Glabralactone, extracted from the Angelica sinensis plant,

demonstrates anti-inflammatory effects by effectively suppressing

the activation of IRF-3 in LPS-stimulated RAW264.7 cells. IRF-3 is

a transcription factor crucial for the innate immune response and

cytokine production. In the context of inflammatory diseases such

as arthritis and osteoarthritis, glabralactone’s capacity to inhibit

IRF-3 activation suggests a potential modulation of the immune

response, possibly reducing the expression of proinflammatory

agents. Although these findings show promise for glabralactone in

alleviating inflammation, further research and clinical

investigations are necessary to validate its therapeutic potential in

managing inflammatory joint conditions like arthritis and

osteoarthritis (53).

3.1.4 Triptolide
Triptolide is a bioactive compound derived from Tripterygium

wilfordii Hook F, known for its potent anti-inflammatory

properties. Micelles loaded with Triptolide, specifically FA-

DexLA@TP (FDL@TP), are designed for targeted drug delivery in

the treatment of RA. These micelles, modified with folic acid, aim to

actively target M1 macrophages involved in RA-associated

inflammation. Administration of Triptolide-loaded micelles,

particularly FDL@TP, can down-regulate the cGAS-STING

signaling pathway. The modulation of cGAS and STING protein

expressions suggests a mechanism by which Triptolide-loaded

micelles exert anti-inflammatory effects, making them a potential

therapeutic strategy for RA by enhancing drug delivery efficiency

and targeting specific immune cells involved in the disease (54).
3.2 Synthetic effectors of cGAS/STING

3.2.1 C-176
C-176, a compound recognized for its ability to inhibit the

STING pathway, exhibits potential as a treatment for inflammatory

osteolytic conditions like RA and OA. Through its impact on the
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STING pathway, C-176 hinders inflammatory responses and

diminishes osteoclast activity, addressing pivotal factors

contributing to bone degradation in RA. Experimental models

indicate that C-176 provides protection for joint tissues by

reducing erosion and enhancing bone parameters. In the case of

OA, C-176 enhances subchondral bone microstructure, safeguards

cartilage, and diminishes osteoclast activity, resulting in an overall

alleviation of OA symptoms. The compound’s mechanism of action

involves the modulation of molecular pathways, including NF-kB
and MAPK, which are linked to osteoclast differentiation and

inflammation. While these findings suggest therapeutic potential,

further investigation, including clinical trials, is essential to confirm

the safety and effectiveness of C-176 as a viable treatment for RA

and OA in human subjects (55).

3.2.2 CS12192
CS12192 is a novel Janus kinase (JAK) inhibitor that selectively

targets JAK3, JAK1, and TBK1. JAKs are key signaling molecules in

pro-inflammatory cytokine pathways, making them attractive

targets for treating autoimmune diseases such as RA. TBK1,

involved in type I interferon induction, is also a potential

therapeutic target in RA. CS12192 inhibits JAK3, JAK1, and

TBK1 activity, reducing the phosphorylation of signal transducer

and activator of transcription (STAT) proteins. In preclinical

models of arthritis, CS12192 demonstrates significant efficacy in

reducing disease severity and hind paw swelling, along with

immune modulation effects, including the inhibition of Th17

differentiation and suppression of pro-inflammatory cytokines.

These findings suggest that CS12192 holds promise as a

therapeutic candidate for RA and other autoimmune conditions,

acting through JAK and TBK1 pathways (56).

3.2.3 Nitisinone
Nit i s inone (NTBC) i s a spec ific inh ib i to r o f 4 -

hydroxyphenylpyruvate dioxygenase (4-HPPD), utilized in

treating metabolic disorders such as hereditary type I tyrosinemia

and alkaptonuria by reducing the accumulation of toxic

metabolites. Recent research indicates potential therapeutic effects

of NTBC on OA. In chondrocytes, NTBC demonstrates the ability

to inhibit TNF-a-induced extracellular matrix degradation, reduce

inflammation, and suppress the cGAS-STING/NF-kB pathway.

Additionally, NTBC hinders RANKL-induced osteoclastogenesis,

crucial for preventing subchondral bone remodeling associated with

OA. The study suggests that NTBC acts through multiple

mechanisms, including the inhibition of specific cellular

pathways, making it a promising candidate for OA treatment. In

an in vivo OA mouse model induced by anterior cruciate ligament

transection (ACLT), NTBC exhibits efficacy in alleviating cartilage

degradation and osteoclast differentiation, highlighting its potential

as a therapeutic agent for OA (20).

3.2.4 Itaconate
Itaconate, particularly 4-Octyl Itaconate (4-OI), is a derivative

of the tricarboxylic acid (TCA) cycle, and it has gained attention for

its immunomodulatory properties. Itaconate is implicated in
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modulating the activity of the STING pathway. STING is a key

player in the innate immune response, and its activation leads to

inflammatory signaling. The study suggests that 4-OI inhibits the

STING-dependent NF-kB pathway, a process associated with

inflammation and tissue damage in OA. This inhibitory effect is

mediated through the activation of the Nrf2 (Nuclear factor

erythroid 2–related factor 2) pathway by itaconate. Nrf2, a

transcription factor, regulates genes involved in antioxidant and

cytoprotective responses. By activating Nrf2, itaconate suppresses

STING-mediated inflammation, extracellular matrix degradation,

and cellular senescence in chondrocytes, potentially offering a

protective role against OA progression. In addition, itaconate

could also alleviate chondrocyte apoptosis induced by M1

macrophages. The findings propose a novel mechanism by which

itaconate influences the immune response in OA through STING

pathway modulation via the Nrf2 pathway (47).

3.2.5 Auranofin
Auranofin, a gold(I) compound with sulfur-linked organic

ligands, is commonly used for RA treatment due to its anti-

inflammatory and immunosuppressive properties. It acts by

inhibiting NF-kB activation, phosphorylation of JAK1 and

STAT3, and the expression of cyclooxygenase-2. This study

explores a novel anti-inflammatory mechanism of auranofin,

revealing its ability to inhibit TLR4 dimerization induced by

lipopolysaccharide (LPS). As dysregulated Toll-like receptor

(TLR) activation is implicated in chronic inflammatory diseases

like RA, the study aims to identify auranofin’s molecular target in

the TRIF-dependent pathway of TLR3. The findings indicate that

auranofin suppresses poly[I:C]-induced NF-kB and IRF3

activation, phosphorylation of IRF3, pinpointing TBK1 as the

molecular target. This suggests that auranofin may have

therapeutic potential for dampening inflammatory responses

associated with TLR activation, specifically through its action on

TBK1 in the TRIF-dependent signaling pathway of TLRs (57).
3.3 Nanodrugs

Nanomedicine-in-hydrogel (NiH) (61) emerges as a promising

therapeutic approach against RA. This innovative strategy involves

the formulation of cationic nanoparticles (cNPs) with cfDNA-

scavenging properties and a cGAS inhibitor (RU.521) into an

injectable hydrogel. NiH is designed to target lymph nodes (LNs),

particularly addressing the enlarged LNs associated with RA. Upon

subcutaneous injection, NiH efficiently homes in on LNs, where it

acts to scavenge cell-free DNA (cfDNA), inhibit the cGAS-STING

pathway, and modulate the immune microenvironment. By

repolarizing macrophages, expanding regulatory T cells (Treg)

and myeloid-derived suppressor cells (MDSCs), and reducing

inflammatory cell populations, NiH aims to induce systemic

immune suppression, promoting an anti-inflammatory state and

restraining RA progression. The hydrogel component enables

controlled drug release and targeted delivery, ensuring sustained

therapeutic effects while minimizing systemic dissemination. NiH
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represents a targeted and multifaceted nanomedicine strategy to

address the underlying molecular mechanisms of RA and modulate

the immune response for therapeutic benefits (23). Similarly,

another research has investigated the potential of NiH approach,

specifically using polyethyleneimine (PEI)-coated polydopamine

(PDA) nanoparticles loaded with the STING pathway inhibitor

C-176, for the treatment of RA. The study begins by highlighting

the role of the STING pathway in inflammatory diseases,

emphasizing its dysregulation in RA. The researchers

hypothesized that cationic nanoparticles (NPs), particularly PEI-

modified NPs, can scavenge double-stranded DNA (dsDNA)

associated with RA pathology, thereby reducing STING

activation. The NiH, composed of PEI-PDA@C-176 NPs, was

designed for local delivery and sustained release, aiming to inhibit

the STING pathway and alleviate inflammation in RA. The

accumulation of cell-free dsDNA and activation of the STING

pathway in RA synovium and a mouse model of RA was

observed. Genetic deletion of STING was shown to ameliorate RA

pathogenesis. The NiH strategy was implemented by developing

and characterizing PEI-PDA@C-176 NPs, which exhibit good

biocompatibility. In vitro experiments reveal the NPs’ ability to

inhibit STING activation and dsDNA-induced inflammation. The

therapeutic efficacy of PEI-PDA@C-176 NPs is then demonstrated

in both dsDNA-induced arthritis and the collagen-induced arthritis

model, showing a reduction in clinical scores, synovial hyperplasia,

cartilage destruction, and bone damage. The study suggests that

PEI-PDA@C-176 NPs exert their effects through the STING

pathway, offering a potential targeted and multifaceted

nanomedicine strategy for treating RA (45).
4 Conclusion

The cGAS-STING signaling pathway, responsible for sensing

cytoplasmic DNA and triggering inflammatory responses, and its

downstream targets TBK1, IRF-3, and IKK play a crucial role in the

progression of RA and OA. In RA, the cGAS-STING pathway is

central to aggressive synovial tissue behavior, while in OA, it is

triggered by specific fragments, impacting cartilage breakdown.

cGAS, STING, and TBK1 are implicated in RA, influencing

inflammation and immune responses. STING’s role is intricate,

possibly acting as a negative regulator in early RA stages. TBK1 is

crucial for sustaining inflammation in both RA and OA, with

potential therapeutic implications. Elevated IRF-3 and IKK in RA

synovial tissue contribute to immune responses. The findings

underscore the intricate nature of these pathways in arthritis

development, suggesting potential targets for therapeutic

intervention. Targeting the cGAS-STING pathway is a therapeutic

intervention against OA and RA. The cGAS-STING pathway,

responsible for sensing cytoplasmic DNA and triggering

inflammatory responses, plays a crucial role in the progression of

these joint disorders. Various pharmaceutical approaches,

particularly natural products and synthetic effectors, can target

this pathway. Examples include Gelsevirine, a compound from a

traditional Chinese herb, which shows promise in relieving OA by
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modulating the STING pathway. Catechins, Glabralactone,

Triptolide, and Auranofin are explored for their potential anti-

arthritic effects through different mechanisms. Additionally,

nanodrugs, specifically Nanomedicine-in-hydrogel, can be used as

a targeted approach to inhibit the cGAS-STING pathway in RA,

aiming to induce systemic immune suppression and restrain disease

progression. These approaches present diverse strategies for

managing OA and RA by addressing the underlying molecular

mechanisms of inflammation and immune response.
Author contributions

XY: Writing – original draft, Writing – review & editing. LZ:

Writing – original draft, Writing – review & editing. YP: Writing –

original draft, Writing – review & editing.
Funding

The author(s) declare that no financial support was received for

the research, authorship, and/or publication of this article.
Frontiers in Immunology 13
Acknowledgments

During the preparation of this work, the authors used ChatGPT

by OpenAI to improve paper readability. After using this tool/

service, the authors reviewed and edited the content as needed

and took full responsibility for the publication's content
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
References
1. Huang J, Fu X, Chen X, Li Z, Huang Y, Liang C. Promising therapeutic targets for
treatment of rheumatoid arthritis. Front Immunol. (2021) 12:686155. doi: 10.3389/
fimmu.2021.686155
2. Wang Y, Chen L, Li F, Bao M, Zeng J, Xiang J, et al. TLR4 rs41426344 increases

susceptibility of rheumatoid arthritis (RA) and juvenile idiopathic arthritis (JIA) in a
central south Chinese Han population. Pediatr Rheumatol. (2017) 15:1–8. doi: 10.1186/
s12969-017-0137-5
3. Hsieh P-H, Wu O, Geue C, McIntosh E, McInnes IB, Siebert S. Economic burden

of rheumatoid arthritis: a systematic review of literature in biologic era. Ann Rheum
Dis. (2020) 79:771–7. doi: 10.1136/annrheumdis-2019-216243

4. Hill J, Harrison J, Christian D, Reed J, Clegg A, Duffield SJ, et al. The prevalence of
comorbidity in rheumatoid arthritis: a systematic review and meta-analysis. Br J
Community Nurs. (2022) 27:232–41. doi: 10.12968/bjcn.2022.27.5.232

5. Yap H-Y, Tee SZ-Y, Wong MM-T, Chow S-K, Peh S-C, Teow S-Y. Pathogenic
role of immune cells in rheumatoid arthritis: implications in clinical treatment and
biomarker development. Cells. (2018) 7:161. doi: 10.3390/cells7100161

6. Lwin MN, Serhal L, Holroyd C, Edwards CJ. Rheumatoid arthritis: the impact of
mental health on disease: a narrative review. Rheumatol Ther. (2020) 7:457–71.
doi: 10.1007/s40744-020-00217-4

7. Boyapati A, Schwartzman S, Msihid J, Choy E, Genovese MC, Burmester GR, et al.
Association of high serum Interleukin-6 levels with severe progression of rheumatoid
arthritis and increased treatment response differentiating Sarilumab from adalimumab
or methotrexate in a post hoc analysis. Arthritis Rheumatol. (2020) 72:1456–66.
doi: 10.1002/art.41299

8. Chen S, Li Y, Zhi S, Ding Z, Huang Y, Wang W, et al. lncRNA Xist regulates
osteoblast differentiation by sponging miR-19a-3p in aging-induced osteoporosis.
Aging Dis. (2020) 11:1058. doi: 10.14336/AD.2019.0724

9. Su S, He J, Wang C, Gao F, Zhong D, Lei P. A new dressing system reduces the
number of dressing changes in the primary total knee arthroplasty: a randomized
controlled trial. Front Surg. (2022) 9:800850. doi: 10.3389/fsurg.2022.800850

10. Babaei N, Hannani N, Dabanloo NJ, Bahadori S. A systematic review of the use
of commercial wearable activity trackers for monitoring recovery in individuals
undergoing total hip replacement surgery. Cyborg Bionic Syst. (2022) 2022:1–16.
doi: 10.34133/2022/9794641

11. Bahadori S, Williams JM, Collard S, Swain I. Can a purposeful walk intervention
with a distance goal using an activity monitor improve individuals’ Daily activity and
function post total hip replacement surgery. A randomized pilot trial. Cyborg Bionic
Syst. (2023) 4:69. doi: 10.34133/cbsystems.0069

12. Diamond LE, Grant T, Uhlrich SD. Osteoarthritis year in review 2023:
biomechanics. Osteoarthr Cartil. (2023) 32(2):138–47. doi: 10.1016/j.joca.2023.11.015
13. Shen Y, Teng L, Qu Y, Liu J, Zhu X, Chen S, et al. Anti-proliferation and anti-
inflammation effects of corilagin in rheumatoid arthritis by downregulating NF-kB and
MAPK signaling pathways. J Ethnopharmacol. (2022) 284:114791. doi: 10.1016/
j.jep.2021.114791

14. Dilley JE, Bello MA, Roman N, McKinley T, Sankar U. Post-traumatic
osteoarthritis: a review of pathogenic mechanisms and novel targets for mitigation.
Bone Rep. (2023) 18:101658. doi: 10.1016/j.bonr.2023.101658

15. Cowley S, McCarthy G. Diagnosis and treatment of calcium pyrophosphate
deposition (CPPD) disease: a review. Open Access Rheumatol Res Rev. (2023) 2023
(15):33–41. doi: 10.2147/OARRR.S389664

16. Lindler BN, Long KE, Taylor NA, Lei W. Use of herbal medications for
treatment of osteoarthritis and rheumatoid arthritis. Medicines. (2020) 7:67.
doi: 10.3390/medicines7110067

17. Chow YY, Chin K-Y. The role of inflammation in the pathogenesis of
osteoarthritis. Mediators Inflammation. (2020) 2020. doi: 10.1155/2020/8293921

18. Ding Q, Hu W, Wang R, Yang Q, Zhu M, Li M, et al. Signaling pathways in
rheumatoid arthritis: implications for targeted therapy. Signal Transduct Target Ther.
(2023) 8:68. doi: 10.1038/s41392-023-01331-9

19. Decout A, Katz JD, Venkatraman S, Ablasser A. The cGAS–STING pathway as a
therapeutic target in inflammatory diseases. Nat Rev Immunol. (2021) 21:548–69.
doi: 10.1038/s41577-021-00524-z

20. Yang T, Ma H, Lai H, Lu Y, Ni K, Hu X, et al. Nitisinone attenuates cartilage
degeneration and subchondral osteoclastogenesis in osteoarthritis and concomitantly
inhibits the cGAS/STING/NF-kB pathway. Eur J Pharmacol. (2024) 176326.
doi: 10.1016/j.ejphar.2024.176326

21. Li R, Lin W, Kuang Y, Wang J, Xu S, Shen C, et al. cGAS/STING signaling in the
regulation of rheumatoid synovial aggression. Ann Transl Med. (2022) 10:1–18.
doi: 10.21037/atm

22. Li T, Yum S, Li M, Chen X, Zuo X, Chen ZJ. TBK1 recruitment to STING
mediates autoinflammatory arthritis caused by defective DNA clearance. J Exp Med.
(2021) 219:e20211539. doi: 10.1084/jem.20211539

23. Cheng F, Su T, Liu Y, Zhou S, Qi J, Guo W, et al. Targeting lymph nodes for
systemic immunosuppression using cell-free-DNA-scavenging and cGAS-inhibiting
nanomedicine-in-hydrogel for rheumatoid arthritis immunotherapy. Adv Sci. (2023)
10:2302575. doi: 10.1002/advs.202302575

24. Ou L, Zhang A, Cheng Y, Chen Y. The cGAS-STING pathway: A promising
immunotherapy target. Front Immunol. (2021) 12:795048. doi: 10.3389/fimmu.2021.795048

25. Smith JA. STING, the endoplasmic reticulum, and mitochondria: is three a crowd
or a conversation? Front Immunol. (2021) 11:611347. doi: 10.3389/fimmu.2020.611347
frontiersin.org

https://doi.org/10.3389/fimmu.2021.686155
https://doi.org/10.3389/fimmu.2021.686155
https://doi.org/10.1186/s12969-017-0137-5
https://doi.org/10.1186/s12969-017-0137-5
https://doi.org/10.1136/annrheumdis-2019-216243
https://doi.org/10.12968/bjcn.2022.27.5.232
https://doi.org/10.3390/cells7100161
https://doi.org/10.1007/s40744-020-00217-4
https://doi.org/10.1002/art.41299
https://doi.org/10.14336/AD.2019.0724
https://doi.org/10.3389/fsurg.2022.800850
https://doi.org/10.34133/2022/9794641
https://doi.org/10.34133/cbsystems.0069
https://doi.org/10.1016/j.joca.2023.11.015
https://doi.org/10.1016/j.jep.2021.114791
https://doi.org/10.1016/j.jep.2021.114791
https://doi.org/10.1016/j.bonr.2023.101658
https://doi.org/10.2147/OARRR.S389664
https://doi.org/10.3390/medicines7110067
https://doi.org/10.1155/2020/8293921
https://doi.org/10.1038/s41392-023-01331-9
https://doi.org/10.1038/s41577-021-00524-z
https://doi.org/10.1016/j.ejphar.2024.176326
https://doi.org/10.21037/atm
https://doi.org/10.1084/jem.20211539
https://doi.org/10.1002/advs.202302575
https://doi.org/10.3389/fimmu.2021.795048
https://doi.org/10.3389/fimmu.2020.611347
https://doi.org/10.3389/fimmu.2024.1384372
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Yang et al. 10.3389/fimmu.2024.1384372
26. Guo Q, Zhu D, Wang Y, Miao Z, Chen Z, Lin Z, et al. Targeting STING
attenuates ROS induced intervertebral disc degeneration. Osteoarthr Cartil. (2021)
29:1213–24. doi: 10.1016/j.joca.2021.04.017

27. Willemsen J, Neuhoff M-T, Hoyler T, Noir E, Tessier C, Sarret S, et al. TNF leads
to mtDNA release and cGAS/STING-dependent interferon responses that support
inflammatory arthritis. Cell Rep. (2021) 37. doi: 10.1016/j.celrep.2021.109977

28. Wang J, Li R, Lin H, Qiu Q, Lao M, Zeng S, et al. Accumulation of cytosolic
dsDNA contributes to fibroblast-like synoviocytes-mediated rheumatoid arthritis
synovial inflammation. Int Immunopharmacol. (2019) 76:105791. doi: 10.1016/
j.intimp.2019.105791

29. Wang Y, Su G-H, Zhang F, Chu J-X, Wang Y-S. Cyclic GMP-AMP synthase is
required for cell proliferation and inflammatory responses in rheumatoid arthritis
synoviocytes. Mediators Inflammation. (2015) 2015. doi: 10.1155/2015/192329

30. Niu M-M, Guo H-X, Shang J-C, Meng X-C. Structural characterization and
immunomodulatory activity of a mannose-rich polysaccharide isolated from
bifidobacterium breve H4–2. J Agric Food Chem. (2023) 71:19791–803. doi: 10.1021/
acs.jafc.3c04916

31. Weng W, Liu Y, Hu Z, Li Z, Peng X, Wang M, et al. Macrophage extracellular
traps promote tumor-like biologic behaviors of fibroblast-like synoviocytes through
cGAS-mediated PI3K/Akt signaling pathway in patients with rheumatoid arthritis. J
Leukoc Biol. (2024) 115:116–29. doi: 10.1093/jleuko/qiad102

32. Hwang HS, Lee MH, Choi MH, Kim HA. Induction of pro-inflammatory
cytokines by 29-kDa FN-f via cGAS/STING pathway. BMB Rep. (2019) 52:336.
doi: 10.5483/BMBRep.2019.52.5.072

33. Guo Q, Chen X, Chen J, Zheng G, Xie C, Wu H, et al. STING promotes
senescence, apoptosis, and extracellular matrix degradation in osteoarthritis via the
NF-kB signaling pathway. Cell Death Dis. (2021) 12:13. doi: 10.1038/s41419-020-
03341-9

34. Shin Y, Cho D, Kim SK, Chun J-S. STING mediates experimental osteoarthritis
and mechanical allodynia in mouse. Arthritis Res Ther. (2023) 25:90. doi: 10.1186/
s13075-023-03075-x

35. Scanu A, Lorenzin M, Luisetto R, Galozzi P, Ortolan A, Oliviero F, et al.
Identification in synovial fluid of a new potential pathogenic player in arthropathies.
Exp Biol Med. (2022) 247:1061–6. doi: 10.1177/15353702221087966

36. Tansakul M, Thim-Uam A, Saethang T, Makjaroen J, Wongprom B, Pisitkun T,
et al. Deficiency of STING promotes collagen-specific antibody production and B cell
survival in collagen-induced arthritis. Front Immunol. (2020) 11:1101. doi: 10.3389/
fimmu.2020.01101

37. Hu S, Mamun A, Shaw J, Li S, Shi Y, Jin X, et al. TBK1-medicated DRP1
phosphorylation orchestrates mitochondrial dynamics and autophagy activation in
osteoarthritis. Acta Pharmacol Sin. (2023) 44:610–21. doi: 10.1038/s41401-022-00967-7

38. Sun P, Xue Y. Silence of TANK-binding kinase 1 (TBK1) regulates extracellular
matrix degradation of chondrocyte in osteoarthritis by janus kinase (JAK)-signal
transducer of activators of transcription (STAT) signaling. Bioengineered. (2022)
13:1872–9. doi: 10.1080/21655979.2021.2018976

39. Hammaker D, Boyle DL, Firestein GS. Synoviocyte innate immune responses:
TANK-binding kinase-1 as a potential therapeutic target in rheumatoid arthritis.
Rheumatology. (2012) 51:610–8. doi: 10.1093/rheumatology/ker154

40. Zeng Y, Ng JPL, Wang L, Xu X, Law BYK, Chen G, et al. Mutant p53R211*
ameliorates inflammatory arthritis in AIA rats via inhibition of TBK1-IRF3 innate
immune response. Inflammation Res. (2023) 72:2199–219. doi: 10.1007/s00011-023-
01809-w

41. Sweeney SE, Mo L, Firestein GS. Antiviral gene expression in rheumatoid
arthritis: Role of IKKϵ and interferon regulatory factor 3. Arthritis Rheum. (2007)
56:743–52. doi: 10.1002/art.22421

42. Sweeney SE, Kimbler TB, Firestein GS. Synoviocyte innate immune responses: II.
Pivotal role of IFN regulatory factor 3. J Immunol. (2010) 184:7162–8. doi: 10.4049/
jimmunol.0903944

43. Olivotto E, Minguzzi M, D’Adamo S, Astolfi A, Santi S, Uguccioni M, et al. Basal
and IL-1b enhanced chondrocyte chemotactic activity on monocytes are co-dependent
Frontiers in Immunology 14
on both IKKa and IKKb NF-kB activating kinases. Sci Rep. (2021) 11:21697.
doi: 10.1038/s41598-021-01063-2

44. Wang Q, Deng F, Li J, Guo L, Li K. The long non-coding RNA SNHG1
attenuates chondrocyte apoptosis and inflammation via the miR-195/IKK-a axis. Cell
Tissue Bank. (2023) 24:167–80. doi: 10.1007/s10561-022-10019-3

45. Shen H, Jin L, Zheng Q, Ye Z, Cheng L, Wu Y, et al. Synergistically targeting
synovium STING pathway for rheumatoid arthritis treatment. Bioact Mater. (2023)
24:37–53. doi: 10.1016/j.bioactmat.2022.12.001

46. Wang P, Zhang S, Liu W, Lv X, Wang B, Hu B, et al. Bardoxolone methyl breaks
the vicious cycle between M1 macrophages and senescent nucleus pulposus cells
through the Nrf2/STING/NF-kB pathway. Int Immunopharmacol. (2024) 127:111262.
doi: 10.1016/j.intimp.2023.111262

47. Ni L, Lin Z, Hu S, Shi Y, Jiang Z, Zhao J, et al. Itaconate attenuates
osteoarthritis by inhibiting STING/NF-kB axis in chondrocytes and promoting M2
polarization in macrophages. Biochem Pharmacol. (2022) 198:114935. doi: 10.1016/
j.bcp.2022.114935

48. Liu Y, Pu F. Updated roles of cGAS-STING signaling in autoimmune diseases.
Front Immunol. (2023) 14:1254915. doi: 10.3389/fimmu.2023.1254915

49. Cheng Z, Dai T, He X, Zhang Z, Xie F, Wang S, et al. The interactions between
cGAS-STING pathway and pathogens. Signal Transduct Target Ther. (2020) 5:91.
doi: 10.1038/s41392-020-0198-7

50. Ablasser A, Chen ZJ. cGAS in action: Expanding roles in immunity and
inflammation. Science. (2019) 363:eaat8657. doi: 10.1126/science.aat8657

51. Feng M, Kong D, Guo H, Xing C, Lv J, Bian H, et al. Gelsevirine improves age-
related and surgically induced osteoarthritis in mice by reducing STING availability
and local inflammation. Biochem Pharmacol. (2022) 198:114975. doi: 10.1016/
j.bcp.2022.114975

52. Goyal G, Kalonia H, Lather V. Therapeutic Potential of Catechin as an IKK-b
Inhibitor for the Management of Arthritis: In vitro and In vivo Approach. J Pharm
Bioallied Sci. (2023) 15:172–9. doi: 10.4103/jpbs.jpbs_280_23

53. Choi TJ, Song J, Park HJ, Kang SS, Lee SK. Anti-Inflammatory Activity of
Glabralactone, a Coumarin Compound from Angelica sinensis, via Suppression of
TRIF-Dependent IRF-3 Signaling and NF-kB Pathways. Mediators Inflammation.
(2022) 2022. doi: 10.1155/2022/5985255

54. Xu A, Yang R, Zhang M, Wang X, Di Y, Jiang B, et al. Macrophage targeted
triptolide micelles capable of cGAS-STING pathway inhibition for rheumatoid arthritis
treatment. J Drug Target. (2022) 30:961–72. doi: 10.1080/1061186X.2022.2070173

55. Yu Z, Fu R, Li Y, Zhao D, Jiang H, Han D. The STING inhibitor C-176 attenuates
osteoclast-related osteolytic diseases by inhibiting osteoclast differentiation. FASEB J.
(2023) 37:e22867. doi: 10.1096/fj.202201600R

56. Shan S, Zhou Y, Yu J, Yang Q, Pan D, Wang Y, et al. Therapeutic treatment of a
novel selective JAK3/JAK1/TBK1 inhibitor, CS12192, in rat and mouse models of
rheumatoid arthritis. Int Immunopharmacol. (2019) 77:105914. doi: 10.1016/
j.intimp.2019.105914

57. Park S-J, Lee A-N, Youn H-S. TBK1-targeted suppression of TRIF-dependent
signaling pathway of toll-like receptor 3 by auranofin. Arch Pharm Res. (2010) 33:939–
45. doi: 10.1007/s12272-010-0618-2

58. Deligiannidou G-E, Gougoula V, Bezirtzoglou E, Kontogiorgis C,
Constantinides TK. The role of natural products in rheumatoid arthritis: current
knowledge of basic in vitro and in vivo research. Antioxidants. (2021) 10:599.
doi: 10.3390/antiox10040599

59. Deligiannidou G-E, Papadopoulos R-E, Kontogiorgis C, Detsi A, Bezirtzoglou E,
Constantinides T. Unraveling natural products’ role in osteoarthritis management—An
overview. Antioxidants. (2020) 9:348. doi: 10.3390/antiox9040348

60. Chen Y, Bian H, Lv J, SongW, Xing C, Hui C, et al. Gelsevirine is a novel STING-
specific inhibitor and mitigates STING-related inflammation in sepsis. Front Immunol.
(2023) 14. doi: 10.3389/fimmu.2023.1190707

61. Gai Y, Yin Y, Guan L, Zhang S, Chen J, Yang J, et al. Rational design of bioactive
materials for bone hemostasis and defect repair. Cyborg Bionic Syst. (2023) 4:58.
doi: 10.34133/cbsystems.0058
frontiersin.org

https://doi.org/10.1016/j.joca.2021.04.017
https://doi.org/10.1016/j.celrep.2021.109977
https://doi.org/10.1016/j.intimp.2019.105791
https://doi.org/10.1016/j.intimp.2019.105791
https://doi.org/10.1155/2015/192329
https://doi.org/10.1021/acs.jafc.3c04916
https://doi.org/10.1021/acs.jafc.3c04916
https://doi.org/10.1093/jleuko/qiad102
https://doi.org/10.5483/BMBRep.2019.52.5.072
https://doi.org/10.1038/s41419-020-03341-9
https://doi.org/10.1038/s41419-020-03341-9
https://doi.org/10.1186/s13075-023-03075-x
https://doi.org/10.1186/s13075-023-03075-x
https://doi.org/10.1177/15353702221087966
https://doi.org/10.3389/fimmu.2020.01101
https://doi.org/10.3389/fimmu.2020.01101
https://doi.org/10.1038/s41401-022-00967-7
https://doi.org/10.1080/21655979.2021.2018976
https://doi.org/10.1093/rheumatology/ker154
https://doi.org/10.1007/s00011-023-01809-w
https://doi.org/10.1007/s00011-023-01809-w
https://doi.org/10.1002/art.22421
https://doi.org/10.4049/jimmunol.0903944
https://doi.org/10.4049/jimmunol.0903944
https://doi.org/10.1038/s41598-021-01063-2
https://doi.org/10.1007/s10561-022-10019-3
https://doi.org/10.1016/j.bioactmat.2022.12.001
https://doi.org/10.1016/j.intimp.2023.111262
https://doi.org/10.1016/j.bcp.2022.114935
https://doi.org/10.1016/j.bcp.2022.114935
https://doi.org/10.3389/fimmu.2023.1254915
https://doi.org/10.1038/s41392-020-0198-7
https://doi.org/10.1126/science.aat8657
https://doi.org/10.1016/j.bcp.2022.114975
https://doi.org/10.1016/j.bcp.2022.114975
https://doi.org/10.4103/jpbs.jpbs_280_23
https://doi.org/10.1155/2022/5985255
https://doi.org/10.1080/1061186X.2022.2070173
https://doi.org/10.1096/fj.202201600R
https://doi.org/10.1016/j.intimp.2019.105914
https://doi.org/10.1016/j.intimp.2019.105914
https://doi.org/10.1007/s12272-010-0618-2
https://doi.org/10.3390/antiox10040599
https://doi.org/10.3390/antiox9040348
https://doi.org/10.3389/fimmu.2023.1190707
https://doi.org/10.34133/cbsystems.0058
https://doi.org/10.3389/fimmu.2024.1384372
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	cGAS-STING pathway in pathogenesis and treatment of osteoarthritis and rheumatoid arthritis
	1 Introduction
	2 cGAS-STING pathway in OA and RA
	2.1 Overview of cGAS-STING pathway
	2.2 cGAS-STING in pathogenesis of OA and RA
	2.3 Role of cGAS in arthritis
	2.3.1 cGAS in RA
	2.3.2 cGAS in OA

	2.4 Role of STING in arthritis
	2.4.1 STING in OA
	2.4.2 STING in RA

	2.5 TBK1
	2.5.1 TBK1 in OA
	2.5.2 TBK1 in RA

	2.6 IRF-3
	2.7 IKK
	2.7.1 IKK in OA

	2.8 Nrf2

	3 cGAS-STING as a Promising Target in Arthritis
	3.1 Natural products
	3.1.1 Gelsevirine
	3.1.2 Catechin
	3.1.3 Glabralactone
	3.1.4 Triptolide

	3.2 Synthetic effectors of cGAS/STING
	3.2.1 C-176
	3.2.2 CS12192
	3.2.3 Nitisinone
	3.2.4 Itaconate
	3.2.5 Auranofin

	3.3 Nanodrugs

	4 Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


