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SUMMARY

Hyperandrogenism induced ovarian inflammation is associated with the pathogenesis of polycystic ovary 

syndrome (PCOS), but the specific mechanism behind it remains unclear. The aim of this study was to eluci

date the association between mitochondrial DNA-cGAS-STING pathway and PCOS inflammatory response. 

RNA sequencing analysis and other experiments showed that inflammatory pathways were activated, mito

chondria were damaged, and mtDNA-cGAS-STING pathways were activated in PCOS women. In vitro, after 

stimulation of KGN cells with testosterone, the expression of pro-inflammatory factors was enhanced and the 

cGAS-STING pathway was activated. Stimulator of the interferon genes (STING) knockout can reduce testos

terone-induced inflammatory response and improve follicular function. Cyclosporin A therapy reduces cyto

plasmic mtDNA, blocks cGAS-STING pathway activation, alleviates inflammatory markers, and reverses 

abnormal follicular function. In vivo experiments have shown that inhibiting STING can reduce ovarian 

dysfunction and inflammation in PCOS patients. Hyperandrogenism in PCOS can trigger mitochondrial 

permeability transition pore (mPTP) overopening, leading to mtDNA release and cGAS-STING pathway acti

vation, causing inflammation and follicle damage.

INTRODUCTION

Polycystic ovary syndrome (PCOS), a prevalent endocrine 

disorder affecting women of reproductive age, is characterized 

by hyperandrogenism, ovulatory dysfunction, and polycystic 

ovaries.1,2 PCOS is a major issue within gynecological endocri

nology, precipitating a spectrum of reproductive dysfunctions, 

including oligomenorrhea, amenorrhea, and anovulatory infer

tility.2–4 This multifaceted disorder exerts its influence across a 

broad population, with epidemiological data indicating that it af

fects a significant proportion of women—with global prevalence 

ranging from 4% to 21%.5 PCOS is a complex syndrome with a 

heterogeneous presentation, making it challenging to delineate a 

single underlying pathophysiological mechanism. Current the

ories suggest that PCOS arises from a combination of genetic 

predispositions, environmental factors, and metabolic distur

bances. Central to the PCOS pathogenesis is an imbalance in 

the hypothalamic-pituitary-ovarian axis, leading to hyperandro

genism and anovulation.6 This hormonal imbalance is often 

accompanied by insulin resistance and compensatory hyperin

sulinemia, which further exacerbate androgen production.7

Follicular dysplasia is a pivotal factor contributing to 

anovulation and infertility among women with PCOS. The 

ovaries of patients with PCOS show abnormal activation of 

numerous antral follicles, which remain at the 2–8 mm stage, 

indicating a failure in dominant follicle selection and arrested 

growth of larger follicles (5–8 mm), culminating in polycystic 

ovarian morphology. This aberrant development disrupts the 

normal follicular recruitment, selection, and dominance pro

cesses.8,9 The molecular and cellular mechanisms underlying 

follicular dysregulation in PCOS are incompletely understood, 

hindering clinical treatment progress for PCOS-associated 

infertility.

The follicular microenvironment, particularly its inflammatory 

milieu, is critical for follicle development, maturation, and ovula

tion. Optimal inflammation is necessary for these processes, 

whereas sustained inflammation can adversely affect the follic

ular environment and impede follicular development and ovula

tion.10,11 Our research has demonstrated that hyperandrogene

mia induces ovarian inflammation and triggers granulosa 

cells (GCs) pyroptosis, which may contribute to the etiology of 

follicular dysplasia in PCOS.12 Thus, the specific molecular 
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mechanisms through which hyperandrogenemia initiates inflam

mation in the ovarian microenvironment warrant further 

elucidation.

Mitochondria are involved in energy production, as well as 

cellular signaling and innate immunity.13,14 Mitochondrial DNA 

(mtDNA), a circular genome encoding 13 proteins, 22 tRNAs, 

and 2 rRNAs, is particularly vulnerable to oxidative stress due 

to its proximity to the electron transport chain.15 Under condi

tions of cellular stress, damage, or apoptosis, mtDNA can be 

released into the cytosol, where it can activate the cyclic GMP- 

AMP synthase (cGAS), a stimulator of the interferon genes 

(STING) pathway.16 This pathway has recently emerged as a crit

ical mediator of innate immune responses, particularly in the 

context of cytosolic DNA sensing.17 Several mechanisms have 

been proposed for the release of mtDNA into the cytosol, 

including the formation of membrane pores, mitochondrial 

fission, and activation of the mitochondrial permeability transi

tion pore (mPTP).16 Once in the cytosol, mtDNA can act as a 

potent activator of cGAS. Upon binding to cytosolic DNA, 

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

which subsequently binds to and activates STING.18 This activa

tion induces a conformational change in STING, leading to its 

translocation from the endoplasmic reticulum (ER) to the Golgi 

Figure 1. The flow chart about the research 

of clinical samples 

The chart details the criteria for inclusion and 

exclusion of clinical samples and the experiments 

performed after obtaining the samples.

apparatus. At the Golgi, STING recruits 

and activates the TANK-binding kinase 

1 (TBK1), which in turn phosphorylates 

interferon regulatory factor 3 (IRF3) and 

nuclear factor-kappa B (NFKB). Phos

phorylated NFKB (pNFKB) dimerizes 

and translocates to the nucleus, where 

it induces the transcription of type I 

interferons and other pro-inflammatory 

cytokines.19,20

Mitochondrial dysfunction has been 

implicated in the pathogenesis of various 

metabolic and inflammatory diseases, 

including PCOS.21 Altered mitochondrial 

function and morphology have been 

shown in ovarian tissue of women with 

PCOS, including increased mitochondrial 

biogenesis and oxidative stress.22 These 

changes may lead to mtDNA release into 

the cytosol, where it can activate the 

cGAS-STING pathway and contribute to 

the inflammatory state observed in 

PCOS. However, the molecular mecha

nisms underlying the initiation and 

perpetuation of this inflammatory state 

in PCOS are not well described. Herein, 

we tested the hypothesis that cytosolic 

escape of mtDNA is a trigger for cGAS-STING-dependent 

inflammation in PCOS.

RESULTS

Inflammation pathway activation in follicles of patients 

with PCOS

We first collected GCs from women diagnosed with PCOS and 

age-matched healthy controls, all of whom were undergoing 

in vitro fertilization (IVF)/intracytoplasmic sperm injection (ICSI) 

treatment (Figure 1), for RNA-seq analysis. Comparative genomic 

and functional annotation analyses, utilizing Gene Ontology (GO) 

and Kyoto Encyclopedia of Genes and Genomes (KEGG). GO re

sults showed that PCOS was revealed a significant activation of 

inflammatory (Figure 2A), while KEGG results also showed that 

PCOS was associated with inflammatory pathways, such as 

NFKB pathway (Figure 2B). Meanwhile, the clinical data we 

collected also showed that the level of white blood cells in the 

PCOS group was significantly increased, indicating that PCOS 

patients were in a state of inflammation (Table 1).

Next, we collected follicular fluid (FF) and quantified the 

levels of pro-inflammatory biomarkers IL1B, IL17, and IL18. 

Elevated levels of these biomarkers in the FF of PCOS further 
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Figure 2. Activation of inflammation in FF and GCs cells in patients with PCOS 

(A) Functional annotation for GCs-related genes using GO enrichment analysis (n = 3). 

(B) Enriched pathways in KEGG analysis of GCs (n = 3). 

(C) Levels of IL1B in FF (n = 20). 

(D) Levels of IL17 in FF (n = 20). 

(E) Levels of IL18 in FF (n = 20). 

(F) mRNA levels of p65 in GCs in patients with PCOS and controls (n = 10). 

(G) mRNA levels of IL1B in GCs in patients with PCOS and controls (n = 10). 

(H) mRNA levels of IL18 in GCs in patients with PCOS and controls (n = 10). 

(I) Quantification of protein expression levels of p-p65/p65 in GCs of patients with PCOS compared with controls (n = 4). 

(legend continued on next page) 
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corroborated the presence of a pro-inflammatory response 

(Figures 2C–2E).

Phosphorylation and translocation of p65 to the nucleus is the 

most typical manifestation of NFKB pathway activation, so this 

study focused on p65. Finally, we evaluated the expression 

levels of p65, IL1B, and IL18 in both mRNA and protein forms 

within the GCs. Comparative analysis demonstrated significantly 

higher levels of p65, IL1B, and IL18 in the GCs of patients with 

PCOS compared with healthy controls (Figures 2F–1L). These 

findings reinforce the notion that inflammation is a characteristic 

feature within the follicular environment of patients with PCOS.

Mitochondrial damage, mtDNA release, and cGAS- 

STING activation in GCs of patients with PCOS

Multiple studies have shown that mitochondria play a vital role in 

inflammation, with the release of mtDNA from damaged mito

chondria serving as a key inflammatory mediator.16 Additionally, 

our previous research has demonstrated that damage to ovarian 

mitochondrial structure and function is associated with PCOS.23

Herein, we further compared the structural integrity of mitochon

dria in the GCs of patients with PCOS and healthy control women 

using electron microscopy. The results revealed that mitochon

dria in GCs of healthy controls exhibited normal morphology, 

characterized by rounded or oval shapes with well-organized 

cristae (Figure 3A, upper panel). Conversely, mitochondria in 

the GCs of patients with PCOS displayed signs of disarray, 

including swelling, irregular morphology, discontinuous, and 

ruptured membranes (Figure 3A, lower panel). These findings 

suggest significant mitochondrial injury to the mitochondrial 

membranes in GCs of patients with PCOS, which may lead to 

the release of mitochondrial contents.

Next, to investigate whether damage to the mitochondrial ultra

structure could result in an augmented release of mtDNA from 

mitochondria, we further quantified cytoplasmic mtDNA levels in 

the GCs of patients with PCOS. DNA was extracted from the cyto

plasm and analyzed using qPCR. The nuclear gene B2M served 

as an internal control, while mtDNA was specifically amplified us

ing ND1 and D loop primers. The analysis revealed significantly 

higher levels of cytoplasmic-free mtDNA in the GCs of patients 

with PCOS, suggesting a potential correlation between incom

plete mitochondrial structural integrity and increased mtDNA 

release in the GCs of women with PCOS (Figures 3B and 3C).

Previous research has indicated that cytosolic mtDNA is 

sensed by receptors, such as cGAS, activating STING, and initi

ating inflammatory signaling. Thus, we further compared the ex

pressions of cGAS and STING in the GCs of patients with PCOS 

and healthy controls. Our analysis revealed markedly increased 

protein expression levels of both cGAS and STING in the former 

group (Figures 3D and 3E). Collectively, these findings suggest 

that the cGAS-STING pathway is activated in the GCs of patients 

with PCOS, potentially contributing to the pathophysiology of the 

syndrome.

T-induced mtDNA releasing triggered inflammation via 

cGAS-STING pathway in KGN cells

To investigate the correlation between mtDNA release, activa

tion of the cGAS-STING signaling pathway, and inflammation, 

we established an in vitro model utilizing T. Specifically, we 

exposed KGN cell, a line of human GCs, to a high concentration 

of T (10 μM) to mimic the elevated androgen levels observed in 

women with PCOS. Following 24 h of incubation with T, we 

observed a significant increase in the mRNA and protein levels 

of inflammatory markers p65, IL1B, and IL18 compared with 

the control group (Figures 4A–4C). These results suggest that a 

high-androgen environment may promote ovarian cell inflamma

tion. Additionally, T treatment led to increased cytoplasmic 

mtDNA and activation of proteins involved in the cGAS-STING 

pathway, as evidenced by GCs from patients with PCOS 

(J) Representative WB images of p-p65, p65, IL1B, and IL18 in GCs in patients with PCOS and controls. 

(K) Quantification of protein expression levels of IL1B in GCs of patients with PCOS compared with controls (n = 4). 

(L) Quantification of protein expression levels of IL18 in GCs of patients with PCOS compared with controls (n = 4). 

Data are represented as mean ± SEM.*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Table 1. The clinical characteristics of PCOS patients and control

Parameters Control (n = 23) PCOS (n = 23) p value

Age (years) 29.61 ± 2.90 29.04 ± 3.18 0.533

BMI (kg/m2) 21.53 ± 2.83 24.44 ± 4.20 0.018*

FSH (IU/L) 7.69 ± 2.70 6.00 ± 1.62 0.014*

LH (IU/L) 4.18 ± 1.67 8.10 ± 1.53 <0.001***

LH/FSH 0.64 ± 0.40 1.50 ± 1.01 <0.001***

AMH (ng/mL) 3.78 ± 0.84 6.27 ± 1.02 <0.001***

Total testosterone (ng/mL) 1.37 ± 0.45 2.43 ± 0.17 <0.001***

Estradiol (pmol/L) 210.9 ± 80.27 172.3 ± 65.89 0.093

Progesterone (nmol/L) 1.99 ± 1.00 1.67 ± 0.95 0.281

Cholesterol (mmol/L) 4.58 ± 0.88 5.29 ± 1.06 0.017*

Fasting glucose (mmol/L) 5.15 ± 0.39 5.60 ± 0.69 0.009**

WBC (109/L) 5.03 ± 1.36 6.80 ± 1.93 <0.001***
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(Figures 4D–4G). Immunofluorescence revealed that cGAS 

expression was upregulated in KGN cells after T stimulation 

(Figure 4H and 4I).

Previous studies have demonstrated that mtDNA release 

from hepatocytes contributes to cGAS-STING activation in 

macrophages.24 As such, we investigated whether enhanced 

cGAS-STING activation in GCs was due to increased mtDNA 

release. To test this hypothesis, mtDNA was isolated and puri

fied from kidney epithelial cells, then transfected into KGN 

cells. Western Blot (WB) analysis was subsequently used to 

assess the expressions of cGAS, STING, and inflammatory 

markers. The results showed that following mtDNA stimulation, 

expressions of cGAS and STING increased, as did the levels of 

p-p65, IL1B, and IL18 (Figures 4J–4L).

These cumulative findings indicate that high androgen levels 

may trigger ovarian inflammation by promoting mtDNA escape, 

which subsequently activates the cGAS-STING pathway and 

further inflammation.

Inhibiting STING alleviated T-induced inflammation and 

dysfunction of KGN cells

The cGAS-STING pathway is a critical component of the innate 

immune response that is activated by the detection of cyto

plasmic DNA, resulting in the initiation of an inflammatory 

cascade. However, it has remained unclear whether this 

pathway also exerts similar inflammatory activation effects in 

Figure 3. Mitochondrial damage, release 

of mtDNA, and activation of cGAS-STING 

pathway in GCs of patients with PCOS 

(A) Representative transmission electron micro

scopy images of mitochondria in GCs of patients 

with PCOS and controls (scale bar, 0.5 μm). 

(B) RT-qPCR quantitative analysis of cytosolic 

mtDNA (D Loop) normalized to nuclear gene (B2M) 

of total lysates from GCs of patients with PCOS 

and controls (n = 3). 

(C) RT-qPCR quantitative analysis of cytosolic 

mtDNA (ND1) normalized to nuclear gene (B2M) of 

total lysates from the GCs in patients with PCOS 

and controls (n = 3). 

(D) Quantification of protein expression levels of 

cGAS and STING in GCs of patients with PCOS 

compared with controls (n = 3). 

(E) Representative WB images of cGAS and 

STING in GCs of patients with PCOS and controls. 

Data are represented as mean ± SEM.*p < 0.05, 

**p < 0.01.

ovarian GCs. To investigate this, we 

silenced STING expression in KGN cells 

using siRNA, leading to a significant 

decrease in p65, IL1B, and IL18; this sug

gests that the cGAS-STING pathway has 

a role in activating these pro-inflamma

tory markers (Figures 5A–5C). Addition

ally, we examined p65 translocation and 

found that T stimulation prompted its 

movement from the cytoplasm to the nu

cleus. However, this effect was signifi

cantly reduced upon STING knockdown, indicating the cGAS- 

STING pathway may be crucial for the full activation of NFKB 

by T stimulation (Figures 5D and 5E).

However, whether the inflammation induced in GCs by cGAS- 

STING pathway activation affects follicular function remained 

unclear. Therefore, we further analyzed the effect of STING 

knockdown on ovarian function by examining key genes related 

to follicular formation and steroidogenesis, including NR3C4 

(AR), follicle-stimulating hormone receptor (FSHR), HSD3B2, 

and CYP11A1. Our results showed a significant increase in these 

genes after T stimulation, which were significantly reduced upon 

STING silencing. This suggests that the cGAS-STING pathway 

modulates the expression of genes essential for normal follicle 

development and steroidogenesis (Figures 5F–5I).

In conclusion, these findings highlight the dual role of the 

cGAS-STING pathway in regulating both inflammation and folli

cle function, which could significantly contribute to the under

standing and management of PCOS.

Pharmacologically blocking KGN cell mPTP ameliorated 

T-induced mtDNA release, cGAS-STING activation, 

inflammation, and dysfunction

mtDNA is usually enclosed by the inner mitochondrial membrane 

(IMM), effectively preventing its escape.25 However, mtDNA 

escape into the cytoplasm needs to go through mPTP, which 

is located within the IMM. Previous research has suggested 
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that abnormal mPTP opening is linked to mtDNA leakage.26

Nevertheless, it has been unclear whether the abnormal release 

of mtDNA from the GCs of patients with PCOS is associated with 

mPTP dysfunction.

To investigate this, we initially employed an mPTP assay kit to 

quantify the degree of mPTP opening in KGN cells. The findings 

demonstrated a significant augmentation in mPTP opening in 

KGN cells after T treatment (Figures 6A and 6B). Next, to further 

analyze the relations between mPTP opening and mtDNA release 

from GCs, and the link between cGAS-STING and inflammation, 

we employed cyclosporine A (CsA), an mPTP inhibitor, to suppress 

mPTP opening (Figures 6A and 6B). As expected, CsA treatment 

led to a significant decrease in cytoplasmic-free mtDNA levels 

(Figures 6C and 6D). Additionally, downregulation of cGAS, 

STING, and pro-inflammatory markers was observed following 

mPTP inhibition (Figures 6E–6H and 7A–7D). Finally, to assess 

the impact of mPTP opening on ovarian follicle function, we evalu

ated the expression of key genes involved in follicle development 

and steroidogenesis after mPTP inhibition. As anticipated, T stim

ulation significantly increased mRNA levels of NR3C4 (AR), FSHR, 

HSD3B2, and CYP11A1 in KGN cells, while these genes were 

downregulated with mPTP inhibition with CsA (Figures 6I–6L).

Consequently, we hypothesized that in PCOS, mitochondrial 

damage and mPTP opening facilitate the escape of mtDNA 

into the cytoplasm, activating the cGAS-STING pathway and 

triggering inflammation, which in turn aggravates follicle 

dysfunction.

Inhibiting STING alleviated DHEA-induced ovarian 

dysfunction and inflammation in a PCOS mouse model

In the aforementioned experiment, we demonstrated that the 

cGAS-STING pathway plays a pivotal role in the inflammatory 

Figure 4. mtDNA release-induced activa

tion of inflammation and cGAS-STING 

pathway in T-induced KGN cells in vitro 

(A) mRNA levels of cGAS, STING, p65, IL1B, and 

IL18 in KGN cells exposed to T compared with 

controls (n = 3). 

(B) Representative western blotting images of 

p-p65, p65, IL1B, and IL18 in GCs of KGN cells 

exposed to T compared with controls. 

(C) Quantification of protein expression levels of 

p-p65/p65, IL1B, and IL18 in KGN cells exposed 

to T compared with controls (n = 3). 

(D) Representative western blotting images of 

cGAS and STING in GCs in KGN cells exposed to 

T compared with controls. 

(E) Quantification of protein expression levels of 

cGAS and STNG in KGN cells exposed to T 

compared with controls (n = 3). (F) RT-qPCR 

quantitative analysis of cytosolic mtDNA (D 

Loop) normalized to nuclear gene (B2M) of total 

lysates from the KGN cells exposed to T 

compared with controls (n = 3). 

(G) RT-qPCR quantitative analysis of cytosolic 

mtDNA (ND1) normalized to nuclear gene (B2M) of 

total lysates from the KGN cells exposed to T 

compared with controls(n = 3). 

(H) Representative fluorescence images of cGAS 

in KGN cells exposed to T compared with controls 

(scale bar, 50 μm). 

(I) Quantitative analysis of fluorescence intensity 

for cGAS in KGN cells exposed to T compared 

with controls (n = 3). 

(J) Representative western blotting images of 

cGAS, STING, p-p65, p65, IL1B, and IL18 after 

mtDNA transfection of KGN cells (n = 3, mtDNA 

1 μg/mL for 24 h). 

(K) Quantification of protein expression levels of 

p-p65/p65 after mtDNA transfection of KGN cells 

(n = 3). 

(L) Quantification of protein expression levels of 

cGAS, STING, IL1B, and IL18 after mtDNA trans

fection of KGN cells (n = 3). T, testosterone; Data 

are represented as mean ± SEM.*p < 0.05, 

**p < 0.01, ***p < 0.001, ****p < 0.0001.
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activation triggered by elevated levels of free mtDNA in an in vitro 

model of T-induced PCOS-like GCs. To further substantiate the 

association between the cGAS-STING pathway and ovarian 

inflammation, as well as ovarian function in PCOS, we subse

quently established an in vivo mouse model of PCOS and modu

lated it using the STING inhibitor C176. The morphological 

changes of ovary, follicles, and corpus luteum in control group, 

PCOS group and STING inhibition group were compared. In 

the control group, different stages of follicle development and 

an organized granular cell layer were observed. In the PCOS 

group, cystic follicles were observed in ovaries, the number of 

GCs in follicles decreased, the number of corpus luteum 

decreased, oocytes disappeared, and immature small follicles 

and oblated follicles increased significantly. The previous results 

were reversed after STING inhibition. By comparing the weight 

gain of mouse, we found that the weight gain of mouse in 

PCOS group was significantly higher than that in control group. 

These indicate that the mouse model was successfully con

structed (Figures 8A–8I).

qPCR analysis of PCOS mouse model ovaries revealed that, at 

the transcriptomic level, inflammatory markers p65, IL1B, and 

IL18 were significantly upregulated (Figure 8J). Additionally, 

Figure 5. Remission of inflammation and 

follicle dysfunction following STING inhibi

tion 

(A) mRNA levels of p65, IL1B, and IL18 in KGN 

cells exposed to T after STING knockdown by 

siRNA (n = 3). 

(B) Representative western blotting images of 

p-p65, p65, IL1B, and IL18 in KGN cells exposed 

to T after STING knockdown by siRNA. 

(C) Quantification of protein expression levels of 

p-p65/p65, IL1B, and IL18 in KGN cells exposed 

to T after STING knockdown by siRNA (n = 3). 

(D) Representative fluorescence images of p-p65 

in KGN cells exposed to T after STING knockdown 

by siRNA (scale bar, 50 μm). 

(E) Quantitative analysis of fluorescence intensity 

for p-p65 in KGN cells exposed to T after STING 

knockdown by siRNA (n = 3). 

(F) mRNA levels of NR3C4 in KGN cells exposed to 

T after STING knockdown by siRNA (n = 3). 

(G) mRNA levels of FSHR in KGN cells exposed to 

T after STING knockdown by siRNA (n = 3). 

(H) mRNA levels of HSD3B2 in KGN cells exposed 

to T after STING knockdown by siRNA (n = 3). 

(I) mRNA levels of CYP11A1 in KGN cells exposed 

to T after STING knockdown by siRNA (n = 3). T: 

testosterone; Data are represented as mean ± 

SEM.*p < 0.05, **p < 0.01, ***p < 0.001, 

****p < 0.0001.

genes associated with the cGAS-STING 

signaling pathway exhibited an upregu

lated expression pattern (Figure 8J). 

Administration of C176, a specific 

STING inhibitor, effectively mitigated the 

elevated levels of these inflammatory 

markers. WB analysis further corrobo

rated that C176 treatment abrogated 

the inflammatory activation induced by DHEA (Figures 8K 

and 8L).

Next, we further analyzed the effects of STING inhibition on 

ovarian function in mouse by detecting NR3C4, FSHR, 

HSD3B2, and CYP11A1. Our results showed that these genes 

were significantly increased after injection of DHEA in vivo, but 

these increases were significantly reduced after inhibition of 

STING (Figures 8M–8P).

Collectively, these experimental findings underscore the 

pivotal role of the cGAS-STING pathway in the etiology and pro

gression of PCOS, as well as in the generation of associated in

flammatory responses.

DISCUSSION

This study delved into the intricate mechanisms underlying the 

inflammation observed in PCOS, focusing on the roles of the 

cGAS-STING pathway and mtDNA.

Follicular dysplasia is a significant contributor to anovulation 

and infertility in women with PCOS. Despite their importance, 

the molecular and cellular mechanisms of follicular dysregulation 

in PCOS have remained elusive. Inflammation, a key player in 
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Figure 6. Remission of inflammation and follicle dysfunction following inhibition of opening levels of mPTP 

(A) Representative fluorescence images of mPTP opening levels in KGN cells exposed to T and CsA (scale bar, 100 μm). 

(B) Quantitative analysis of fluorescence intensity for mPTP opening levels in KGN cells exposed to T and CsA (n = 3). 

(C) RT-qPCR quantitative analysis of cytosolic mtDNA (D Loop) normalized to nuclear gene (B2M) of total lysates from the KGN cells exposed to T and CsA (n = 3). 

(D) RT-qPCR analysis of cytosolic mtDNA (ND1) normalized to nuclear gene (B2M) of total lysates from the KGN cells exposed to T and CsA (n = 3). 

(E) Representative western blotting images of p-p65, p65, and IL1B in KGN cells exposed to T and CsA. 

(F) Representative western blotting images of cGAS, STING, and IL18 in KGN cells exposed to T and CsA. 

(G) Quantification of protein expression levels of p-p65/p65 in KGN cells exposed to T and CsA (n = 3). 

(legend continued on next page) 
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normal ovarian folliculogenesis, can disrupt follicular dynamics 

when it becomes aberrant.27 Herein, we applied RNA-seq to 

discern differential gene expressions in GCs between patients 

with PCOS and healthy controls. KEGG and GO pathway analysis 

identified significant upregulation of inflammatory pathways in the 

GCs of women with PCOS, indicative of a pro-inflammatory state. 

Subsequent analysis of pro-inflammatory mediators in FF and 

GCs substantiated these findings, highlighting the pivotal role of 

inflammation in PCOS-related follicular dysregulation.

Expanding on previous findings of heightened inflammatory 

markers in PCOS, our study pinpointed an increase in specific 

cytokines—IL1B, IL17, and IL18—within a sample of patients 

with PCOS. Their overexpression in PCOS implicates these cy

tokines in the syndrome’s pathogenesis. Furthermore, an in

Figure 7. Inhibition of cGAS-STING pathway 

after reducing of the opening levels of mPTP 

(A) Representative fluorescence images of cGAS 

in KGN cells exposed to T and CsA (scale bar, 

50 μm). 

(B) Quantitative analysis of fluorescence intensity 

for cGAS in KGN cells exposed to T and CsA 

(n = 3). 

(C) Representative fluorescence images of STING 

in KGN cells exposed to T and CsA (scale bar, 

50 μm). 

(D) Quantitative analysis of fluorescence intensity 

for STING in KGN cells exposed to T and CsA 

(n = 3). T: Testosterone, CsA: Cyclosporin A; Data 

are represented as mean ± SEM.*p < 0.05, 

**p < 0.01, ***p < 0.001.

crease in p-p65, IL1B, and IL18 in the 

GCs of patients with PCOS was 

observed, underscoring the occurrence 

of a robust intra-follicular inflammatory 

response. While ovulation is known to 

induce inflammation, accurately quanti

fying this in the follicular environment of 

patients with PCOS is challenging. 

Nevertheless, our data suggest height

ened pro-inflammatory factor expres

sion during the preovulatory phase 

of PCOS.

Previous studies have established 

elevated androgen levels as initiators of 

local follicular inflammation. In vitro and 

in vivo models with increased androgen 

exposure exhibit heightened pro-inflam

matory factors in GCs and follicles. Our 

prior research showed that androgen 

exposure leads to NFKB, NLRP3, cas

pase1, and IL1B upregulation in KGN cells, causing GCs pyrop

tosis and follicular dysfunction. This has also been confirmed in a 

DHEA-induced PCOS mouse model.12 The mechanisms linking 

hyperandrogenism to follicular inflammation activation, how

ever, remain to be elucidated.

Inflammation, frequently arising from the activation of pattern 

recognition receptors expressed by both immune and non-im

mune cells, is a complex biological response that can be triggered 

by PAMPs or DAMPs. Within this intricate regulatory network, 

mitochondria emerge as pivotal players, transcending their tradi

tional roles in energy metabolism and apoptosis to serve as critical 

hubs in the modulation of inflammatory processes.16

mtDNA, a quintessential DAMP, assumes a paramount 

position in the orchestration of inflammatory cascades.28

(H) Quantification of protein expression levels of cGAS, STING, IL1B and IL18 in KGN cells exposed to T and CsA (n = 3). (I) mRNA levels of NR3C4 in KGN cells 

exposed to T and CsA (n = 3). 

(J) mRNA levels of FSHR in KGN cells exposed to T and CsA (n = 3). 

(K) mRNA levels of HSD3B2 in KGN cells exposed to T and CsA (n = 3). 

(L) mRNA levels of CYP11A1 in KGN cells exposed to T and CsA (n = 3). T: Testosterone, CsA: Cyclosporin A; Data are represented as mean ± SEM.*p < 0.05, 

**p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 8. Alleviation of ovarian inflammation and follicle dysfunction after inhibition of STING in DHEA-induced mouse model 

(A–C) Representative H&E images of mouse ovary in the mouse injected DHEA and C176 (scale bar, 100 μm, DHEA 60 mg/kg per mouse daily, C176 750 nmol per 

mouse daily in 200 μL corn oil). 

(D–H) Quantification of follicles at all stages and corpus luteum in the mouse injected DHEA and C176 (n = 6). 

(I) Quantification of body weight gain in the mouse injected DHEA and C176 (n = 6). 

(legend continued on next page) 
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Perturbations in cellular homeostasis, induced by a myriad of 

stimuli, can disrupt mitochondrial integrity, leading to mtDNA 

release into the cytoplasm.29 Once liberated, mtDNA is recog

nized by the nucleic acid sensor cGAS, which catalyzes the 

synthesis of the secondary messenger cGAMP. This molecu

lar event precipitates the activation and translocation of 

STING, culminating in the phosphorylation and nuclear trans

location of transcription factors IRF3 and NFKB. IFNI and IL6 

further underscores this inflammatory response.30

Within the PCOS context, transmission electron microscopy has 

revealed the pathological disarray of mitochondria, resulting in the 

cytosolic accumulation of mtDNA and activation of the cGAS- 

STING axis. Using both in vitro knockdown and in vitro inhibition 

of STING, our investigations have revealed a marked attenuation 

of T-induced inflammatory indices. These findings substantiate 

the hypothesis that the mtDNA-cGAS-STING pathway is inextri

cably linked to the inflammatory milieu characteristic of PCOS.

To exacerbate the inflammation, T plays a significant role in the 

KGN cells, a model of ovarian GCs. Our findings demonstrate that 

T can induce inflammation in these cells by activating the mtDNA- 

cGAS-STING pathway. This highlights the potential for T-mediated 

inflammation in the pathogenesis of PCOS.

A crucial insight provided herein is the effectiveness of knock

ing down STING, a key component of the cGAS-STING axis, in 

reducing T-induced inflammation in KGN cells. This manipula

tion significantly mitigated the production of pro-inflammatory 

cytokines, suggesting a promising therapeutic strategy for 

PCOS-related inflammation.

Furthermore, the study identified mPTP modulation as another 

method by which the mtDNA-cGAS-STING axis is regulated. By 

reducing mtDNA release into the cytosol, cGAS-STING axis acti

vation and the subsequent inflammatory response can be in

hibited. This finding points toward a balance between mtDNA 

release and mPTP regulation as a critical factor in managing 

inflammation.

Finally, this study demonstrates that inhibiting the STING 

protein can block Dehydroepiandrosterone (DHEA)-induced 

ovarian inflammation in a mouse model. DHEA is a known 

trigger of PCOS-like symptoms in rodents; successful of this 

inhibition in blocking inflammation suggests a translational 

approach for human PCOS treatment.

The established relation between mPTP opening and mito

chondrial homeostasis highlights that during heightened stress, 

mitochondrial homeostasis is disrupted, triggering mPTP activa

tion. This, in turn, facilitates release of mtDNA into the cyto

plasm.31 This study further reveals that the application of T to 

KGN cells enhances their mPTP opening. Inhibiting mPTP open

ing with CsA led to observations of reduced free mtDNA levels, 

decreased expression of genes and proteins related to the 

cGAS-STING pathway, and decreased downstream inflamma

tory markers.

Despite the established physiological significance of mPTP, its 

precise molecular constituents remain unclear. Nonetheless, 

recent work by Santhanam et al. revealed that mPTP is a hetero

meric protein complex, consisting primarily of SPG7 and CypD. 

Notably, interrupting the SPG7-CypD interaction significantly 

mitigates cell death triggered by oxidative stress.32 Numerous 

studies have further validated that pharmacological deactivation 

of mPTP, achieved via CypD inhibition, effectively halts mtDNA 

escape and accumulation in the cytoplasm.33

In conclusion, this study offers significant insights into the acti

vation of ovarian inflammation in PCOS, particularly through the 

cGAS-STING pathway and the role of mtDNA. The findings sug

gest new potential targets for treating PCOS-related inflamma

tion, such as inhibiting the STING protein or modulating the 

mPTP function. These findings also underscore the complexity 

of PCOS pathogenesis and highlight the promise of molecular in

terventions to mitigate the inflammation that characterizes this 

disorder. Future studies could explore these mechanisms 

further, and assess their clinical applicability in managing 

PCOS symptoms and improving fertility outcomes for women 

affected by this condition.

Limitations of the study

There are still many shortcomings in this study. Unfortunately, 

the number of clinical samples we selected was not sufficient. 

In the follow-up experiment, we will continue to expand the sam

ple size and try to select transgenic animals for in vivo experi

ment verification. The mechanisms governing how mitochondrial 

stress modulates the interactions among mPTP components, 

and the potential role of additional proteins in activating mPTP 

and subsequently releasing mtDNA into the cytoplasm, remain 

to be comprehensively elucidated.
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(J) mRNA levels of cGAS, STING, p65, IL1B, and IL18 in the ovarian tissue of mouse injected DHEA and C176 (n = 3). 

(K) Quantification of the protein expression levels of p-p65/p65, IL1B, and IL18 in the ovarian tissue of mouse injected DHEA and C176 (n = 3). 

(L) Representative western blotting images of p65, p-p65, IL1B, and IL18 in the ovarian tissue of mouse injected DHEA and C176 (n = 3). 

(M) mRNA levels of NR3C4 in the ovarian tissue of mouse injected DHEA and C176 (n = 3). 

(N) mRNA levels of FSHR in the ovarian tissue of mouse injected DHEA and C176 (n = 3). 

(O) mRNA levels of HSD3B2 in the ovarian tissue of mouse injected DHEA and C176 (n = 3). 

(P) mRNA levels of CYP11A1 in the ovarian tissue of mouse injected DHEA and C176 (n = 3). Data are represented as mean ± SEM.*p < 0.05, **p < 0.01, 

***p < 0.001, ****p < 0.0001.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-cGAS antibody [EPR26492-84] Abcam Cat#ab302617; RRID: AB_3076687

Anti-cGAS antibody [EPR23611-101] Abcam Cat#ab252416; RRID: AB_3677536

Anti-NF-kB p65 antibody [E379] Abcam Cat#ab32536; RRID: AB_776751

Phospho-NF-κB p65 (Ser536) (93H1) 

Rabbit mAb

Cell Signaling Technology Cat#3033s; RRID:AB_331284

STING (D2P2F) Rabbit mAb Cell Signaling Technology Cat#13647; RRID: AB_2732796

IL-1 Beta Polyclonal antibody Proteintech Cat#16806-1-AP; RRID: AB_10646432

IL-18 Polyclonal antibody Proteintech Cat#10663-1-AP; RRID: AB_2123636

TMEM173/STING Polyclonal antibody Proteintech Cat#19851-1-AP; RRID: AB_10665370

Beta Actin Monoclonal antibody Proteintech Cat#66009-1-Ig; RRID: AB_2687938

HRP-conjugated Goat Anti-Mouse IgG(H + L) Proteintech Cat#SA00001-1; RRID: AB_2722565

HRP-conjugated Goat Anti-Rabbit IgG(H + L) Proteintech Cat#SA00001-2; RRID: AB_2722564

Alexa Fluor® 594 AffiniPure® Fab Fragment 

Goat Anti-Rabbit IgG (H + L)

Jackson ImmunoResearch Labs Cat#111-587-003; RRID: AB_2338071

Biological samples

Human follicular fluid This paper N/A

Human granulosa cells This paper N/A

Chemicals, peptides, and recombinant proteins

Dulbecco’s Modified Eagle’s Medium/F12 medium KeyGENBioTECH Cat# KGL1201-500

Fetal bovine serum Sigma Cat#F0193

Testosterone APExBIO Technology LLC Cat#C6163

Cyclosporin A MedChemexpress Cat#HY-B0579

TRIzol TIANGEN Cat# DP424

SuperReal PreMix Plus Vazyme Cat#Q311

Reverse-transcribed kit Applied Biological Materials Cat#G490

4% paraformaldehyde Solarbio Cat#P1110

QuickBlockTMImmunostaining blocking solution Beyotime Cat#P0260

DAPI Servicebio Cat#G1012

Critical commercial assays

Mitochondrial DNA extraction kit Abcam Cat#ab65320

Tissue and Blood DNA Extraction kit QIAGEN Cat#69504

Mitochondrial permeability transition pore test kit Beyotime Cat#C2009

Deposited data

RNA-seq data This paper N/A

Experimental models: Cell lines

Human ovarian GC line (KGN) Zhong-qiao Xinzhou 

Biotechnology CO.LTD

ZQ0916

Experimental models: Organisms/strains

ICR mouse HANJIANG BIOTECHNOLOGY CO.LTD N/A

Oligonucleotides

siRNA targeting sequence see Table S1 This paper N/A

Primers used in RT-qPCR see Table S2 This paper N/A

Software and algorithms

GraphPad Prism 9 GraphPad Prism Software, Inc https://www.graphpad.com/

ImageJ software Schneider et al.34 https://imagej.net/software/fiji/
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethical approval

The clinical study was approved by the Institutional Review Committee of the Taizhou People’s Hospital (KY2022-162-01). Animal 

research has been approved by the Experimental Animal Ethics Committee of Jiangsu Hanjiang Biotechnology Co., LTD. (HJSW- 

2024021101).

Collection of clinical samples

The healthy control group (n = 23) and patients with PCOS with hyperandrogenemia (n = 23), all aged 20–35 years, all of whom were 

undergoing in vitro fertilization (IVF)/intracytoplasmic sperm injection (ICSI) treatment, were recruited from our hospital’s reproductive 

center and informed consent was obtained from all participants before they began the study. The patient group qualified for the 2003 

Rotterdam criteria and met one of the following characteristics: oligo ovulatory or anovulation, based on ultrasound examination of 

polycystic changes in the ovaries.

The healthy control group included women with tubal infertility or who were undergoing IVF. These women had normal ovarian 

function and endocrine indexes. Potential control participants who had an infectious disease or were taking antibiotics before or dur

ing IVF treatment were excluded.

Follicle-stimulating hormone (FSH), luteinizing hormone (LH), anti-Müllerian hormone (AMH), total testosterone (T), estrogen, and 

progesterone levels were measured for all participants on menstrual cycle days 2–4. Data collected included age, body mass index, 

total cholesterol, fasting blood glucose, and white blood cell count (Table 1). Three samples were randomly selected from each group 

for RNA-seq analysis. The specific process is shown in Figure 1.

ANIMAL STUDIES

Eighteen three-week-old female mice were carefully chosen and subsequently allocated at random into three groups: a control 

group, a PCOS model group, and an STING-inhibited model group. To induce PCOS-like characteristics, each PCOS group mouse 

received subcutaneous injections of dehydroepiandrosterone (DHEA) at a dose of 60 mg/kg/day over a period of 28 days.12 To inhibit 

STING, each mouse received intraperitoneal injection of C176 at a dose of 750 nmol per mouse daily in 200 μL corn oil over a period of 

28 days. The animals were monitored for symptoms resembling those of PCOS, including ovarian cyst formation. Upon conclusion of 

the study, the mice were humanely sacrificed, and relevant tissues, including ovaries, were harvested for further examination and 

analysis.

Culture and treatment of KGN cells

KGN cells were cultivated in DMEM/F12, supplemented with 10% FBS and 1% penicillin/streptomycin at 37oC, in an incubator con

taining 5% carbon dioxide. To assess the impact of hyperandrogen secretion by KGN cells on inflammation, the cells were exposed 

to 10 μM T (APExBIO, USA) for 24 h.12 To further investigate the link between hyperandrogenemia, inflammation, and mPTP opening 

levels, the mPTP inhibitor CsA (MCE, 10 μM) was introduced into the treatment regimen.

METHOD DETAILS

Collection and isolation of follicular fluid and ovarian GCs

Follicular fluid (FF) and ovarian GCs were collected from subjects using a standardized GnRH antagonist regimen for ovulation in

duction. When dominant follicles measuring 18 mm or larger were detected, participants received an intramuscular injection of 

6000 IU of human chorionic gonadotropin to induce ovulation. Thirty-six hours later, an ovulation extractor was used to collect 

the first tube of blood-free FF for subsequent enzyme-linked immunosorbent assay testing. The remaining FF was processed to 

isolate and extract ovarian GCs using a density gradient method. These cells were stored at − 80◦C for subsequent protein and 

mRNA extraction.

RNA transfection

To suppress STING, KGN cells were transfected with 30 nM siSTING using transfection reagents for 24 h, then immediately exposed 

to 10 μM T. The sequences are listed in Table S2.

RNA isolation and real-time quantitative polymerase chain reaction

Cellular RNA was extracted using TRIzol reagent (Tiangen, China) and reverse-transcribed into cDNA by a reverse-transcribed kit 

(Applied Biological Materials, Canada). Real-time quantitative polymerase chain reaction (qPCR) was performed on a Roche 

LightCycler (Roche, Basel, Switzerland) using SuperReal PreMix Plus (SYBR Green) (Vazyme, Nanjing, China). The threshold cycle 

value4 was used to determine the gene expression level. Then, using beta actin (ACTB) as the reference parameter, the formula 2ΔΔCt 

was calculated. The sequences of all primers used herein are in Table S2.
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Separation and purification of mitochondrial DNA

Based on previous research,35 the cells were first divided into two equal portions. Whole cell genomic DNA was extracted from one 

group using a centrifuge column and a commercial DNA extraction kit. For the other group, a specific mitochondrial DNA (mtDNA) 

extraction kit (Abcam, Cambridge, UK) was used to separately extract and purify the mtDNA. To obtain pure cytoplasmic compo

nents, the cytoplasm was separated from the nucleus, mitochondria, and ER by high-speed centrifugation. Subsequently, DNA 

was isolated from these cytoplasmic fractions using the Qiagen Tissue and Blood DNA Extraction kit (Germany). qPCR was then con

ducted on both the whole cell extracts and the purified cytoplasmic components. qPCR used primers specific to the human B2M 

gene and mtDNA (Dloop and ND1).

Western blot analysis

Total protein was extracted from GCs, KGN cells and mouse ovary. Electrophoresis was performed on a gel, and the proteins were 

transferred onto PVDF membranes. After blocking with 5% skim milk for 2 h at room temperature, the membrane was incubated with 

primary antibody overnight at 4◦C. The membrane was then incubated with the secondary antibody HRP Goat Anti-Rabbit IgG 

(SA00001-2, Proteintech) or HRP-conjugated Affinipure Goat Anti-Rat IgG (SA00001-1, Proteintech) for 2 h at room temperature. Af

ter washes, the blots were visualized using chemiluminescence detection (Tanon, Shanghai, China). ImageJ software was used to 

quantify WB band intensities.

Immunofluorescence

Cells were fixed with 4% paraformaldehyde to preserve their structures and prevent protein degradation. To allow antibodies to ac

cess their target molecules within the cell, the sample underwent permeabilization using 2% Triton, which disrupts the cell membrane 

without damaging the underlying structures. After blocking for 1 h, primary antibodies specific to the target molecules were added to 

the sample and allowed to bind overnight at 4◦C. Unbound primary antibodies were removed by washing the sample several times 

with PBS. Alexa Fluor-conjugated secondary antibodies were added to the sample and incubated for 1–2 h at room temperature. 

Unbound secondary antibodies were removed by washing the sample several times with PBS. Samples were then mounted on mi

croscope slides using a mounting medium like DAPI-containing mounting solution. Stained samples were examined using a fluores

cence microscope equipped with appropriate filters for detecting the fluorophores used in the labeling process. Images were 

captured using digital cameras.

Mitochondrial mPTP open assay

The Beyotime mPTP test kit (China) was used to detect mitochondrial mPTP. Treated cells were initially washed with PBS and sub

sequently incubated with calcein AM and Co2+ quencher at 37◦C for 30 min. The cells were then cultured in a dye-free medium at 

37◦C in the dark for an additional 30 min. The resulting observations were made under a fluorescence microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

The data are presented as mean ± standard error of the mean. Analyses were conducted using GraphPad Prism (GraphPad Inc, 

USA). One-way and two-way analysis of variance (ANOVA) were used, as appropriate, to test for statistically significant between- 

groups differences. Tukey’s post hoc test was used to compare all possible pairs and determine which differences were statistically 

significant. p < 0.05 was considered statistically significant.
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