Supplementary Table 1. Commonly investigated markers of chronic low-grade inflammation in ovarian hypofunction
	Category
	Marker
	Trend in OH
	Associated Mechanism

	Pro-inflammatory Mediators
	IL-6
	Increased
	1. Elevated levels of IL-6 directly inhibit estrogen synthesis in granulosa cells by suppressing the expression of cytochrome P450 aromatase, thereby blocking the initiation of follicular growth [66].
2. Elevated levels of IL-6 suppress the expression of key steroidogenic enzymes and transcription factors via activation of the Notch signaling pathway, leading to impaired hormone secretion and disrupted follicular development [67].
3. Elevated levels of IL-6 disrupt the vascular microenvironment through regulation of the JAK/STAT3 pathway, impairing follicular development and ovulation, and potentially affecting fertilization [67].

	
	TNF-α
	Increased
	1. Elevated TNF-α induces GCs apoptosis and suppresses steroidogenesis, leading to follicular atresia [14].
2. Elevated TNF-α induces oxidative stress, damaging oocyte DNA and mitochondria, and reducing oocyte quality [68].

	
	IL-1β
	Increased
	1. Elevated IL-1β inhibits the expression of FSH and LH receptors and estrogen production in GCs, thereby impairing follicular development and maturation [69].
2. Elevated IL-1β activates NF-κB, triggering multiple apoptotic pathways—including the mitochondrial, death receptor, and endoplasmic reticulum pathways—and induces GCs apoptosis and follicular atresia [70].
3. Elevated IL-1β stimulates fibroblasts in the ovarian cortex, leading to excessive extracellular matrix deposition, inducing ovarian fibrosis, and disrupting the follicular growth environment [15].

	
	IFN-γ
	Increased
	1. IFN-γ suppresses the mRNA and protein expression of CYP19A1, a key rate-limiting enzyme, and directly induces GCs apoptosis, leading to follicular atresia [62].
2. Elevated IFN-γ activates macrophages and modulates antigen presentation, inducing immune responses and remodeling the ovarian immune microenvironment, thereby resulting in follicular damage [71].
3. IFN-γ inhibits aromatase expression via STAT1 signaling, disrupts steroid hormone synthesis, and impairs ovarian function [72].

	
	IL-8
	Increased
	Elevated IL-8 recruits and activates neutrophils, thereby suppressing FSH-induced E2 production and CYP19A1 mRNA expression in GCs, leading to luteal phase deficiency [73].

	
	PG
	Subset Dysregulation
	1. PGF initiates luteolysis and participates in the regulation of various pro-inflammatory cytokines. Dysregulation of its subsets leads to disordered angiogenesis and accelerates apoptotic death of endothelial and luteal cells, resulting in ovarian insufficiency [74].
2. PGE2 promotes oocyte meiosis, cumulus cell expansion, and follicular rupture by inducing the expression of ovulation-related genes. Dysregulation of its subsets induces excessive inflammatory responses, interferes with follicular maturation, and leads to ovulatory dysfunction [75].

	Inflammatory Markers/Regulators
	CRP
	Increased
	1. Elevated CRP activates the complement system, modulates phagocyte function, and promotes the release of pro-inflammatory cytokines, thereby triggering local chronic inflammation in the ovary and damaging ovarian structure [76, 77].
2. Elevated CRP suppresses the secretion of FSH and inhibin B, leading to a shortened luteal phase. It also disrupts the normal function of the HPO axis, thereby affecting follicular development and hormone production [77].

	
	NLRP3
	Increased
	1. NLRP3 mediates the inflammatory cascade, leading to alterations in immune cell populations and promoting a pro-inflammatory shift in the ovarian microenvironment, thereby accelerating ovarian aging [15].
2. Activation of the NLRP3 inflammasome leads to sustained secretion of pro-inflammatory cytokines, maintaining a state of chronic inflammation in the body and accelerating biological aging processes such as ovarian hypofunction [15, 49].

	Oxidative Stress System
	ROS
	Increased
	1. Excessive ROS production induces ovarian cell apoptosis through multiple apoptotic pathways, including the extrinsic, intrinsic, and endoplasmic reticulum stress pathways, thereby exacerbating follicular atresia and leading to depletion of the primordial follicle pool [78].
2. Excessive ROS production activates the NLRP3 inflammasome and NF-κB pathway, promoting the secretion of inflammatory cytokines and exacerbating ovarian tissue damage [79, 80].
3. Excessive ROS production attacks mitochondrial mtDNA, leading to mitochondrial dysfunction, impairing oocyte energy supply and meiosis, and contributing to premature ovarian insufficiency [81].
4. Excessive ROS production accelerates telomere attrition, reduces telomerase activity, induces cellular senescence, and increases the risk of premature ovarian insufficiency [82, 83].

	
	Nrf2
	Decreased
	1. Reduced Nrf2 expression impairs the transcription of antioxidant enzymes and signaling factors, exacerbating oxidative stress damage in the ovary, decreasing oocyte quality, and leading to reduced fertility [84, 85].
2. Nrf2 deficiency directly downregulates microsomal epoxide hydrolase expression, reducing cellular antioxidant capacity and increasing ovarian susceptibility to environmental toxins, thereby accelerating ovarian aging [86, 87].

	
	SIRT1
	Decreased
	1. Reduced SIRT1 attenuates the SIRT1/FOXO1 signaling pathway, suppresses the expression of antioxidant enzymes, and decreases the resistance of ovarian cells to stress, leading to extensive apoptosis [88].
2. SIRT1 deficiency leads to oxidative DNA damage, impairs oocyte developmental competence and quality, and results in reduced fertilization rates and abnormal embryonic development [89].
3. SIRT1 knockout impairs estrogen synthesis capacity in GCs and downregulates the expression of related genes, leading to follicular atresia and accelerated depletion of ovarian reserve [90].

	
	SIRT6
	Decreased
	1. SIRT6 deficiency leads to telomere shortening and DNA damage, resulting in maternal oocyte dysfunction and early embryonic apoptosis [91, 92].
2. Reduced SIRT6 expression promotes the transcription of pro-inflammatory factors such as NF-κB, while decreasing the expression of Nrf2-dependent antioxidant genes including SOD and GSH-Px, thereby exacerbating inflammatory responses in vascular endothelial cells and leading to ovarian structural damage [93].

	Immune System
	LYM
	1. T lymphocyte subset dysregulation
2. B lymphocyte subset dysregulation
	CD4⁺ T Cells:
Th17 cell overactivation leads to secretion of IL-17A and other pro-inflammatory cytokines, disrupting immune homeostasis, inducing autoimmune oophoritis, and resulting in premature follicular depletion and ovarian insufficiency [94].
CD8⁺ T Cells:
Increases in the number and proportion of CD8⁺ T cells suppress the proliferation of GCs and promote their apoptosis via the endogenous apoptotic pathway, leading to follicular atresia and diminished ovarian reserve [95].
B Lymphocytes:
Dysregulation of B cell subsets increases the secretion of pro-inflammatory cytokines, disrupting ovarian microenvironment homeostasis and impairing ovarian reserve function [96].

	
	Mø
	Subset Dysregulation
	1. Dysregulated macrophage activity leads to extensive remodeling of the ovarian microenvironment. Aberrantly activated M1-like macrophages secrete cytokines that activate the MAPK and NF-κB signaling pathways in GCs, triggering their senescence or apoptosis, thereby promoting stromal fibrosis and reproductive dysfunction [97].
2. Reduced M2-like macrophages in the developing corpus luteum fail to effectively support the formation of the luteal vascular network, leading to abnormal luteal development and disruption of hormonal balance, which subsequently affects embryo implantation and early pregnancy success [98].
3. Intrusion of macrophages into the granulosa cell layer and their interaction with apoptotic GCs contribute to follicular atresia and a sharp decline in ovarian reserve [99].
4. Accumulation of aged macrophages with impaired phagocytic capacity in the ovarian microenvironment leads to SASP release and ROS accumulation, resulting in impaired ovarian function [100].

	
	NEU
	Increased
	1. Neutrophils, upon stimulation by inflammatory factors, generate NETs, the excessive deposition of which further promotes cytokine release, triggering inflammatory, immune, oxidative stress, and fibrotic responses, thereby impairing ovarian function [101].
2. Neutrophil infiltration into the ovary interferes with follicular development and disrupts hormonal balance, leading to diminished ovarian reserve. Additionally, while neutrophils can mediate ovarian tissue repair and regeneration through the release of growth factors and cytokines, excessive or dysregulated neutrophil activity may disrupt the ovarian microenvironment and impair fertility [102].

	Tissue Repair and Angiogenic Regulators
	TGF-β
	Subset Dysregulation
	1. Overactivation of TGF-β1 leads to extensive collagen deposition in the ovary, resulting in tissue stiffening and loss of elasticity, which compresses the space available for follicular growth, impairs follicular recruitment and expansion, and ultimately leads to depletion of the primordial follicle pool [103, 104].
2. Dysregulation of the TGF-β/Smad signaling pathway contributes to ovarian dysfunction through multiple mechanisms: Smad4 deficiency disrupts endocrine homeostasis and increases follicular atresia; elevated Smad5 affects the Fas/FasL apoptotic pathway in follicles, promoting apoptosis in GCs; and Smad7 overexpression is associated with a sharp increase in apoptosis rates [105, 106].

	
	
VEGF

	Decreased
	1. Reduced VEGF impairs angiogenesis, leading to insufficient ovarian blood perfusion and arrested follicular development [107].
2. Reduced VEGF enhances vasoconstriction and promotes thrombosis in ovarian microvessels, obstructing local blood circulation, inducing premature ischemic and hypoxic ovarian failure, and diminishing ovarian reserve and ovulatory capacity [108].

	
	IL-22
	Increased
	Elevated IL-22 activates the JAK/STAT3 signaling pathway via the IL-22R1/IL-10R2 receptor complex, disrupting the homeostasis of the follicular microenvironment [72].

	Cellular Homeostasis Regulators
	FOXO3
	Decreased
	1. [bookmark: _GoBack]Reduced FOXO3 expression directly mediates apoptosis of GCs through the endogenous apoptotic pathway, leading to follicular atresia and accelerated depletion of ovarian reserve [109].
2. Reduced FOXO3 expression disrupts the TNF-α–FOXO3 signaling axis, resulting in elevated local pro-inflammatory cytokine levels that create a pro-inflammatory microenvironment and inhibit follicular development [110].
3. FOXO3-mediated dysregulation of chemokine expression, along with abnormal mRNA modification, synergistically impairs granulosa cell function and contributes to ovarian hypofunction [111].


Abbreviations: AMH, Anti-Müllerian hormone; CRP, C-reactive protein; CD4+ T cell, CD4-positive T cell; CD8+ T cell, CD8-positive T cell; CYP19A1, Cytochrome P450 family 19 subfamily A member 1; DNA, Deoxyribonucleic acid; E2, Estradiol; Fas/FasL, Fas/Fas ligand; FOXO1, Forkhead box O1; FOXO3, Forkhead box O3; FSH, Follicle-stimulating hormone; GCs, Granulosa cells; GSH-Px, Glutathione peroxidase; HPO, Hypothalamic-pituitary-ovarian axis; IFN-γ, Interferon-γ; IL-1β, Interleukin-1β; IL-6, Interleukin-6; IL-8, Interleukin-8; IL-17A, Interleukin-17A; IL-22, Interleukin-22; IL-22R1/IL-10R2, Interleukin-22 receptor subunit 1/interleukin-10 receptor subunit 2; JAK/STAT3, Janus kinase/signal transducer and activator of transcription 3; LH, Luteinizing hormone; LYM, Lymphocyte; Mø, Macrophage; MAPK, Mitogen-activated protein kinase; mRNA, Messenger ribonucleic acid; mtDNA, Mitochondrial DNA; NEU, Neutrophil; NETs, Neutrophil extracellular traps; NF-κB, Nuclear factor kappa-B; NLRP3, NLR family pyrin domain containing 3; Nrf2, Nuclear factor erythroid 2-related factor 2; PGE2, Prostaglandin E2; PGF, Prostaglandin F; PG, Prostaglandin; ROS, Reactive oxygen species; SASP, Senescence-associated secretory phenotype; SIRT1, Sirtuin 1; SIRT6, Sirtuin 6; SOD, Superoxide dismutase; STAT1, Signal transducer and activator of transcription 1; TGF-β, Transforming growth factor-β; TGF-β1, Transforming growth factor-β1; Th17, T helper 17 cell; TNF-α, Tumor necrosis factor-α; VEGF, Vascular endothelial growth factor.
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