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Abstract: Polycystic ovary syndrome (PCOS) is a polygenic and multifactorial reproductive
endocrine disorder, with chronic low-grade inflammation recognized as a contributing factor in its
pathogenesis. The NOD-like receptor protein 3 (NLRP3) inflammasome is a multiprotein complex
within the innate immune system whose activation leads to the production of inflammatory
cytokines and inflammatory factors. A growing body of evidence indicates that the NLRP3
inflammasome plays a critical role in the pathophysiology of PCOS. This review summarizes the
multifaceted roles of the NLRP3 inflammasome in the pathogenesis and treatment of PCOS, aiming
to provide novel insights and directions for further investigation into the pathogenic mechanisms
and clinical management of PCOS.
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1. Introduction

Polycystic ovary syndrome (PCOS) is a common reproductive endocrine disorder,
affecting approximately 5%-20% of women of reproductive age worldwide [1]. Its
principal clinical features include irregular menstrual cycles, anovulation or oligo-
ovulation, polycystic ovarian morphology, and hyperandrogenism [2]. It is the most
prevalent endocrine disorder among women of reproductive age and the leading cause of
anovulatory infertility, accounting for nearly 70% of patients with anovulatory infertility
[3]. In women with PCOS, despite the presence of numerous follicles, the number of high-
quality mature oocytes is severely limited, which substantially impairs their intrinsic
capacity for meiotic maturation and fertilization [4]. Although the etiology of PCOS
remains unclear, previous studies have demonstrated that its pathogenesis is closely
associated with chronic low-grade inflammation. Elevated expression levels of multiple
inflammatory markers, including interleukin-1 (IL-1), interleukin-6 (IL-6), interleukin-18
(IL-18), and tumor necrosis factor-alpha (TNF-a), have been observed in patients with
PCOS [5]. Inflammation is a defensive response to potentially harmful stimuli and
typically requires the participation of various protein complexes known as
inflammasomes. The NLRP3 inflammasome is one of the most extensively studied
inflammasomes, capable of recognizing diverse pathogenic microorganisms and stress-
related endogenous signaling molecules [6]. Activation of the NLRP3 inflammasome has
been implicated in numerous immune and metabolic disorders, including atherosclerosis,
obesity, type 2 diabetes mellitus, inflammatory bowel disease, endometriosis, and PCOS
[7-10]. Given the close association between the pathogenesis of PCOS and chronic
inflammation, the role of the NLRP3 inflammasome in PCOS has attracted widespread
attention from researchers.

2. Structure and Activation of the NLRP3 Inflammasome

The NLRP3 inflammasome is a critical mediator of host immune responses and is
composed of the cytoplasmic sensor NLRP3, the apoptosis-associated speck-like protein
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containing a CARD (ASC), and the inflammatory protease caspase-1 [11]. NLRP3 is the
core component of this complex and consists of three domains: a carboxy-terminal
leucine-rich repeat (LRR) domain with self-inhibitory and signal recognition functions; a
central adenosine triphosphatase (ATPase) domain (termed NACHT) that exhibits
ATPase activity and mediates self-oligomerization; and an amino-terminal pyrin domain
(PYD) responsible for recruiting ASC [12-14]. The ASC protein contains both a PYD
domain and a caspase recruitment domain (CARD). Through its PYD domain, ASC is
recruited into the signaling complex via PYD-PYD interactions, while the CARD domain
serves to recruit procaspase-1 monomers into the assembling complex, thereby activating
caspase-1 [15].

The NLRP3 inflammasome can be activated through three pathways: the canonical
pathway, the non-canonical pathway, and the alternative pathway [6]. In PCOS, activation
of the NLRP3 inflammasome typically occurs through the canonical pathway, which
requires both a priming signal and an activation signal for assembly. The priming signal
is usually mediated by Toll-like receptors, NOD1 and NOD?2, as well as cytokine receptors
(e.g., tumor necrosis factor receptor), leading to activation of nuclear factor kappa-B (NF-
kB). NF-xB then translocates to the nucleus and binds to DNA, ensuring adequate
expression of NLRP3, pro-interleukin-1f3 (pro-IL-1f3), and pro-interleukin-18 (pro-IL-18)
genes/proteins [16,17]. The activation signal is delivered through a series of distinct
stimuli, including pathogen-associated molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPs), which are required for NLRP3 inflammasome
complex assembly [18]. Activation of the NLRP3 inflammasome induces autoproteolytic
cleavage of pro-caspase-1 to release caspase-1 and triggers caspase-1-dependent
pyroptosis in various cell types [19]. NLRP3 activation through the canonical pathway
leads to the release of IL-1f and IL-18, which mediate inflammation and activate
gasdermin-D (GSDMD), thereby inducing inflammatory cell death known as pyroptosis
19 (As shown in Figure 1).
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Figure 1. Role of the NLRP3 Inflammasome in the Development and Progression of PCOS. T:
Androgen; FSH: Follicle-Stimulating Hormone; LH: Luteinizing Hormone; HA: Hyperandrogenism;
IR: Insulin Resistance; OA: Oligo-Ovulation or Anovulation.

3. Relationship between the NLRP3 Inflammasome and PCOS

The NLRP3 inflammasome is activated in various inflammatory and metabolic
diseases. It is expressed in ovarian granulosa cells (GCs) and can become abnormally
activated under pathological conditions or various stimuli [20]. Recently, a meta-analysis
revealed elevated levels of NLRP3 inflammasome components in both human subjects
with PCOS and animal models, suggesting that this inflammasome may play a role in the
development of PCOS [21]. Another study demonstrated that the NLRP3 inflammasome
may promote the pathogenesis of PCOS by regulating steroid metabolism, N-glycan
biosynthesis, post-translational modifications, oocyte maturation, autophagy, and
apoptosis-related gene expression [22].
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3.1. NLRP3 Inflammasome and Follicular Development and Ovulation

Chronic low-grade inflammation is closely associated with the pathogenesis of PCOS.
An aberrant inflammatory state can disrupt ovarian tissue and normal folliculogenesis,
leading to impaired oocyte quality, anovulation, and reduced female fertility [23].
Activation of the NLRP3 inflammasome leads to caspase-1 activation and the production
of IL-13 and IL-18. These cytokines play important roles in regulating ovarian
steroidogenesis, ovarian follicle maturation, and other reproductive processes [24]. The
NLRP3 inflammasome forms in ovarian GCs of patients with PCOS, inducing oxidative
stress, affecting cellular metabolism, and impairing cell proliferation [25]. Activation of
the NLRP3 inflammasome accelerates ovarian fibrosis in PCOS mouse models [26]. The
NLRP3/caspase-1 signaling pathway is involved in oxidative stress-triggered apoptosis of
ovarian GCs, and treatment with Rubus chingii Hu (a traditional Chinese medicine) can
reverse NLRP3 overexpression-induced pathological changes in ovarian tissue [27,28].
Therefore, the NLRP3 inflammasome typically leads to ovarian dysfunction, thereby
affecting follicular development and ovulation.

Furthermore, the NLRP3 inflammasome can upregulate N-glycan synthesis-related
genes in the human ovarian granulosa cell tumor (KGN) cell line. N-glycosylation is a
post-translational protein modification involving the covalent attachment of sugar chains
to specific residues of proteins, such as asparagine, serine, or threonine [29]. Glycosylation
defects can lead to numerous clinical disorders, including developmental delay, growth
impairment, and immune system diseases [30]. During follicular development, dynamic
changes in N-glycans in follicular fluid play a critical role; many hormones and growth
factors important for oogenesis and follicular development (such as FSH, LH, and oocyte-
secreted GDF9 and BMP15) are closely related to glycosylation. Moreover, major
glycoproteins in follicular fluid, such as transferrin and macroglobulin, are closely
associated with oocyte maturation [31]. Therefore, upregulation of NLRP3 may affect
these glycosylation factors, thereby influencing normal follicular development and
maturation. In summary, the NLRP3 inflammasome plays an important role in the
pathogenesis of PCOS; its activation can cause chronic inflammation, oxidative stress, and
ovarian fibrosis, impairing ovarian GC function and affecting follicular development.

3.2. NLRP3 Inflammasome and Hyperandrogenism

Hyperandrogenism has been demonstrated to be a major underlying cause of
infertility in patients with PCOS [32]. In a preclinical study of PCOS, low-grade
inflammation was shown to be associated with hyperandrogenism by stimulating the
NLRP3 inflammasome and promoting excessive production of inflammatory mediators
[26]. The NLRP3 inflammasome is a multiprotein complex that can be activated through
various pathways (such as cellular damage, pathogen invasion, or metabolic disorders)
[6]. Once activated, the released IL-18 increases androgen secretion by upregulating
CYP17A1 and CYP11A1 expression, thereby exacerbating PCOS symptoms [33]. Previous
studies have shown that TNF-a affects androgen secretion in KGN cells [34]. Li et al [35].
used exogenous TNF-a to induce KGN cells and found that DHEA and testosterone levels
were significantly increased. TNF-a induced NLRP3 inflammasome activation, while
upregulation of miR-1224-5p significantly reduced DHEA and testosterone levels and
simultaneously inhibited NLRP3 inflammasome activation. Overall, the effect of miR-
1224-5p upregulation in attenuating TNF-a-induced androgen production and
inflammation in KGN cells may be achieved through inhibition of NLRP3 inflammasome
activation.

Hyperandrogenism and inflammation interact in the pathology of PCOS [36]. Local
inflammatory responses may promote ovarian androgen production, and circulating
inflammatory biomarkers are closely influenced by circulating androgens. Molecular
markers of circulating androgens and oxidative stress are highly correlated with
inflammation. Some women with PCOS appear to have higher levels of androgens,
oxidative stress, and free fatty acids (FFAs), which can serve as danger signals for
activating the inflammasome pathway [37]. A mouse model study [38] further confirmed
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this: in ovarian GCs of testosterone-induced PCOS mice, excessive androgens may induce
inflammatory responses and further activate the NLRP3 inflammasome possibly through
the TLR4 pathway. Hyperandrogenism stimulates chronic low-grade inflammation in the
ovary to activate the NLRP3 inflammasome, further inducing a series of pathological
changes, including pyroptotic death of ovarian GCs, follicular dysfunction, and ovarian
interstitial cell fibrosis. In conclusion, the NLRP3 inflammasome and androgens interact
and influence each other, and further research is needed to elucidate the specific
mechanisms.

3.3. NLRP3 Inflammasome and Insulin Resistance

Insulin resistance or impaired insulin signaling is a core phenotype of PCOS and is
associated with other metabolic disorders such as obesity, non-alcoholic fatty liver disease
(NAFLD), type 2 diabetes (I2D), and ultimately cardiovascular disease (CVD), all of
which are long-term consequences of PCOS [39]. Strong evidence indicates that the
NLRP3 inflammasome plays a key role in insulin resistance (IR) [40]. In macrophages,
activation of the NLRP3 inflammasome can induce IL-1f3 and IL-18 production through
caspase-1; these pathways lead to pancreatic (3-cell death with chronic hyperglycemia and
affect diabetes progression [41]. IL-1p mediates the interaction between macrophages and
adipocytes, contributing to obesity-related IR. Meanwhile, IL-1p can reduce the
responsiveness of adipose tissue to insulin by inhibiting the insulin signaling pathway,
and inhibiting its production or activity may improve insulin signaling [42]. In obese
subjects, NLRP3 expression in subcutaneous adipose tissue and visceral adipose tissue is
positively correlated with BMI and IR [43,44]. Furthermore, NLRP3 inflammasome
inhibition has been found to reduce obesity-related inflammation and enhance insulin
sensitivity [45]. One study [46] using a dihydrotestosterone (DHT)-induced PCOS mouse
model found that early postnatal overfeeding combined with DHT triggered
hyperinsulinemia and systemic insulin resistance, which was associated with increased
hepatic inflammation and impaired energy metabolism regulation. Their study also
demonstrated that activation of hepatic c-Jun N-terminal kinase 1 (JNK1) and NLRP3,
accompanied by increased IL-13 expression, reduced AMP-activated protein kinase
(AMPK) phosphorylation and its target protein activity, thereby impairing insulin
signaling. Activating AMPK or inhibiting NLRP3 may represent a novel strategy for
improving PCOS-related insulin resistance. In brief, the NLRP3 inflammasome plays a
role in PCOS-related insulin resistance.

4. Therapeutic Potential of Targeting the NLRP3 Inflammasome in PCOS

PCOS is a complex disease, and current treatment approaches remain primarily
symptomatic. Increasing evidence suggests that the NLRP3 inflammasome plays an
important role in PCOS, and certain drugs have shown potential for treating PCOS by
targeting the NLRP3 inflammasome and inhibiting inflammatory pathways.

4.1. NLRP3 Inflammasome Inhibitors

A clinical cohort study showed that serum levels of NLRP3, caspase-1, IL-13, ASC,
and IL-18 were significantly elevated in patients with PCOS, and abnormal IL-18 and IL-
13 expression may be attributed to NALP3 inflammasome activation [47]. IL-18 and IL-1(3
play important roles in the characteristic pathological processes of PCOS. INF39 is a novel
acrylate compound capable of inhibiting NLRP3 ATPase activity [48]. When INF39 was
used to treat GCs from PCOS mice, ovarian fibrosis indicators were suppressed, and
ovarian interstitial fibrosis was significantly reduced [38]. During the development of
PCOS, follicular dysfunction and anovulation are closely associated with ovarian fibrosis,
and the NLRP3 inflammasome is considered a potential target for preventing ovarian
fibrosis [49]. However, effective inflammasome inhibitors for clinical research remain in
the early stages of development, and more studies are needed to evaluate their efficacy
and safety for PCOS.

4.2. NLRP3 Inflammasome Protective Agents
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summary, DIA possesses anti-inflammatory properties and has shown significant efficacy
in alleviating endocrine, metabolic, and ovarian structural alterations associated with
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5. Conclusion

In conclusion, the NLRP3 inflammasome plays a crucial role in the development and
progression of PCOS. Activation of the NLRP3 inflammasome is involved in multiple
pathophysiological processes of PCOS, including ovulatory dysfunction,
hyperandrogenism, and insulin resistance. To effectively treat PCOS, in-depth
investigation of the specific mechanisms of the NLRP3 inflammasome in the
pathophysiology of this disease is essential. Current studies suggest that certain drugs can
exert therapeutic effects by targeting the NLRP3 inflammasome; however, whether these
drugs can be successfully applied in clinical practice still lacks extensive clinical research.
Targeted therapy against the NLRP3 inflammasome and its downstream inflammatory
factors may become an effective treatment for PCOS.
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