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Abstract. Polycystic ovary syndrome (PCOS) is a lifelong
endocrine-metabolic disorder affecting 11-13% of women
worldwide. Beyond ovulatory dysfunction, hyperandrogenism,
and polycystic ovarian morphology, PCOS is tightly linked to
insulin resistance, dyslipidemia, hypertension, and increased
cardiometabolic risk. Converging evidence places oxidative
stress at the core of PCOS pathophysiology, but current evidence
should be interpreted in a phenotype-aware manner. Obese,
hyperandrogenic, and Rotterdam phenotype A/B presenta-
tions generally carry a heavier systemic oxidant-inflammatory
burden than phenotype D, whereas lean PCOS may still exhibit
clinically relevant local ovarian redox abnormalities despite
a milder metabolic background. Mitochondrial dysfunction,
insulin resistance, and androgen excess amplify reactive
oxygen species generation, while granulosa-cell mitochondrial
depolarization, apoptotic signaling, and NF-kB-driven inflam-
mation degrade follicular fluid quality, oocyte competence,
and embryo development. However, the literature remains
heterogeneous because assay platform, specimen type,
cycle phase, adiposity, and treatment exposure all influence
biomarker reproducibility and comparability. In addition, most
human research supports association, whereas stronger causal
support comes from interventional or mechanistic research
showing that modulation of NADPH oxidase 4, antioxidant
pathways, mitochondrial function, or sex hormone-binding
globulin-related oxidative signaling can alter key reproductive
and metabolic phenotypes. To improve translational value, the
present review prioritizes a core biomarker panel spanning
serum/plasma and follicular fluid, distinguishes systemic
oxidative markers from local ovarian microenvironmental
markers, and critically compares antioxidant and metabolic
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interventions by evidence level, sample size, endpoint type, and
major limitations. Recent phenotype-oriented and multi-omics
reearch is further integrated to propose a biomarker-guided
framework for phenotype-stratified trials and precision
management of PCOS.
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1. Introduction

Polycystic ovary syndrome (PCOS) is a common, lifelong
endocrine disorder in women. Its global prevalence is 11-13%),
and population-based studies using the Rotterdam criteria
report estimates of 14-19%, highlighting a substantial public
health burden (1,2). Clinically, PCOS is characterized by
ovulatory dysfunction leading to oligomenorrhea or amenor-
rhea, clinical or biochemical hyperandrogenism, and polycystic
ovarian morphology. Insulin resistance and hyperinsulinemia
are frequent and are closely linked to early-onset type 2
diabetes (1,3,4). Prevalence varies by region and ethnicity;
obesity aggravates endocrine disturbances and further
increases prevalence, underscoring interactions between meta-
bolic susceptibility and environmental factors (5-7). In addition,
dyslipidemia, impaired glucose metabolism, and hypertension
are more common in PCOS, with a consequent increase in
cardiovascular events and related outcomes, emphasizing the
need for early identification and management (8-10).
Oxidative stress is a state of disrupted homeostasis caused
by an imbalance between the generation and clearance of reac-
tive oxygen species (ROS). It results in oxidative damage to
proteins, lipids, and DNA, along with dysregulation of cellular
signaling networks (11). As a key pathophysiological node,
oxidative stress is closely associated with numerous chronic
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diseases, including metabolic disorders such as diabetes, and
has therefore become a central focus for elucidating disease
mechanisms and identifying therapeutic targets (11-13).

Recent evidence places oxidative stress at the core of
female reproductive disorders and shows a tight link with the
onset and progression of PCOS, offering a fresh perspective
on its pathology (14,15). In PCOS, mitochondrial dysfunction
and insulin resistance drive excessive ROS production and
amplify inflammatory and stress signaling, further disrupting
redox balance and creating a self-perpetuating pathological
loop (16,17). Hyperandrogenism increases leukocyte sensi-
tivity to hyperglycemia and promotes ROS accumulation,
thereby intensifying systemic oxidative load and low-grade
inflammation (18). Together, these changes damage the follic-
ular microenvironment and oocyte quality, disturb ovulation
and steroidogenesis, and ultimately worsen oligo-ovulation
and infertility. These observations suggest that antioxidant
therapy and metabolic correction may be key avenues for
intervention (19).

Against this background, the present review not only
synthesizes recent advances on oxidative stress in PCOS, but
also extends prior narratives in four aspects. Redox features
are compared across lean and obese PCOS, hyperandrogenic
and non-hyperandrogenic states, and Rotterdam phenotypes
A-D (20,21). Correlative clinical observations are further
distinguished from pathways supported by experimental
intervention, cell-based manipulation, or animal evidence (21).
A prioritized translational biomarker panel is proposed, with
consideration of specimen choice, assay limitations, and
major sources of inter-study variability (20). Antioxidant and
metabolic interventions are critically appraised with respect
to evidence strength, endpoint hierarchy, and the remaining
gaps in long-term and head-to-head evaluation. Recent
phenotype-based biomarker studies and multi-omics analyses
further strengthen the rationale for precision-oriented redox
research in PCOS (22,23).

2. Pathophysiological foundations of PCOS

The pathophysiology of PCOS reflects the combined effects of
hypothalamic-pituitary-ovarian (HPO) axis imbalance, insulin
resistance, disruption of the local ovarian microenvironment,
and chronic low-grade inflammation. These processes amplify
one another and show heterogeneity across individuals and life
stages (24,25).

Endocrine imbalance. Patients with PCOS commonly
exhibit a remodeled HPO rhythm: An increased frequency
of gonadotropin-releasing hormone (GnRH) pulses drives
higher luteinizing hormone (LH) output with a relative defi-
ciency of follicle-stimulating hormone (FSH), yielding the
characteristic LH/FSH imbalance that underlies the ovarian
phenotype (24,26) (Fig. 1). Elevated LH directly stimulates
theca cells, enhancing steroidogenesis and upregulating
androgen synthesis, the upstream driver of clinical hyperan-
drogenism and the polycystic ovarian morphology (27,28).
Insulin acts together with LH in theca cells to promote
androgen biosynthesis; in parallel, hepatic synthesis of sex
hormone-binding globulin (SHBG) is suppressed, increasing
free androgens and magnifying androgen exposure and

actions in peripheral tissues (28,29). Anti-Miillerian hormone
(AMH) from small antral follicles is often elevated, inhib-
iting granulosa-cell aromatase and FSH-dependent follicular
progression, thereby reinforcing a pro-androgenic milieu and
delaying follicle selection (30,31). During adolescence and
early adulthood, relative resistance to progesterone negative
feedback can sustain high-frequency GnRH/LH pulsatility,
stabilizing the endocrine imbalance (24,32). Genetic suscepti-
bility loci, such as DENN domain-containing 1A (DENNDIA),
and dysregulated microRNAs have been linked to an intrinsic
pro-androgenic program in the ovary, possibly through the
upregulation of steroidogenic pathways that maintain androgen
excess (27,33).

Within this axis framework, heightened excitability of
arcuate kisspeptinergic neurons is considered to accelerate
GnRH pulses and blunt progesterone-mediated negative feed-
back, maintaining elevated LH pulse frequency and amplitude
and progressively uncoupling endocrine crosstalk between
the theca and granulosa compartments (24,32). Persistent
LH predominance limits granulosa cell aromatase capacity,
constraining the conversion of testosterone to estradiol and
deepening the androgenic environment; folliculogenesis stalls,
and ovulatory dysfunction ensues (28,30). AMH elevation not
only suppresses initial follicle recruitment within the ovary
but may also act via hypothalamic receptors to modulate
GnRH pulsatility, further amplifying the pro-androgen loop
and compounding impaired feedback along the axis (30,31).

Hyperandrogenism, in turn, weakens estrogen- and proges-
terone-mediated feedback at the hypothalamus and pituitary,
favors the accumulation of small antral follicles, and produces
a polycystic morphology, thereby consolidating irregular
ovulation and luteal insufficiency (26,28). Interacting with
body-composition and metabolic cues, hyperinsulinemia both
heightens theca-cell sensitivity to LH and suppresses hepatic
SHBG synthesis, markedly raising the fraction of free andro-
gens and amplifying receptor-mediated effects in skin/hair
follicles, liver, and adipose tissue (27,29). In lean PCOS, the
LH/FSH imbalance tends to be more pronounced, whereas in
obese PCOS, hyperinsulinemia can sustain an androgen load
even when the LH/FSH shift is modest, suggesting shared
upstream drivers behind divergent phenotypes (26,29).

Ovarian stromal hyperplasia and heightened angiogen-
esis are linked to androgen-dependent activation of vascular
endothelial growth factor (VEGF) signaling. This pattern
aligns with the tendency toward exaggerated responses during
ovulation induction and highlights constraints imposed by
the vascular microenvironment on follicle growth (27,34).
At the paracrine level, increased follistatin and reduced
activin A reshape signaling between granulosa and theca
cells, enforcing arrest at the small antral stage, lowering FSH
sensitivity, and decreasing the likelihood of dominant-follicle
emergence (30,35). During adolescence, physiologic increases
in small antral follicles and AMH can occur; thus, clinical
assessment should integrate menstrual history, evidence of
hyperandrogenism, and metabolic status to avoid over-diag-
nosing transient physiologic changes (31,36). At the molecular
genetic level, genome-wide studies highlight loci related to the
gonadotropin axis and metabolic pathways; DENNDIA vari-
ants, in particular, are associated with programmed activation
of theca-cell steroidogenesis, mirroring clinical heterogeneity
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Figure 1. Remodeling of the HPO axis in PCOS. Elevated AMH acts on the
hypothalamus to increase gonadotropin-releasing hormone GnRH, yielding
preferential LH output with relatively reduced FSH. LH targets theca cells to
enhance androgen (testosterone) production, while granulosa cells produce
estradiol. Ovarian steroid feedback to the hypothalamus-pituitary is impaired.
Hyperinsulinemia from the pancreatic islet augments androgen synthesis
and the liver lowers SHBG, increasing bioavailable androgens. AMH is
also elevated within the ovary. Together, increased GnRH/LH drive, insulin
excess, and reduced SHBG sustain a pro-androgenic milieu and disrupt
follicular function across the theca-granulosa unit. HPO, hypothalamic-pitu-
itary-ovarian; PCOS, polycystic ovary syndrome; AMH, anti-Miillerian
hormone; GnRH, gonadotropin-releasing hormone; LH, luteinizing hormone;
FSH, follicle-stimulating hormone; SHBG, sex hormone-binding globulin;
DHEA, dehydroepiandrosterone; DHEAS, DHEA sulfate.

and indicating that genetic background confers vulnerability
to endocrine disequilibrium (27,33).

From a systems perspective, neuroendocrine and metabolic
signals couple through pro-androgenic and anti-estrogenic
effects to establish a persistent disruption of ovarian homeo-
stasis. Through increased free androgens and insulin signaling,
this imbalance extends to peripheral tissues, forming a
pathological loop with limited reversibility and marked
inertia (26,29).

Insulin resistance and metabolic syndrome. Across ages and
body sizes, insulin resistance is common in PCOS. It features
a marked reduction in insulin-stimulated glucose uptake
with compensatory hyperinsulinemia, which strengthens
ovarian androgen production and promotes the accumulation
of metabolic complications (37,38). Oxidative stress acts as
a cross-system amplifier. Mitochondrial ROS and radicals
generated by NADPH oxidase weaken insulin-receptor
signaling and induce chronic low-grade inflammation, which
further aggravates hyperinsulinemia and its pro-androgenic
effects (39,40) (Fig. 2).

In skeletal muscle, insulin-signaling defects include
abnormal serine phosphorylation of the insulin receptor
and an imbalance in insulin receptor substrate (IRS)-linked
pathways, directly impairing glucose transport and down-
stream metabolic actions (41,42). Mitochondrial dysfunction
together with ectopic lipid deposition lowers the efficiency
of oxidative phosphorylation and drives energy-metabolism
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Figure 2. Insulin resistance and the metabolic-ovarian axis in PCOS. Insulin
resistance induces compensatory hyperinsulinemia from the pancreatic
islet. Insulin enhances theca-cell androgen (testosterone) production, while
granulosa cells generate estradiol. In parallel, the liver decreases SHBG,
increasing free androgens. These changes impair ovarian steroid feedback
and maintain a pro-androgenic environment that disrupts follicular function.
PCOS, polycystic ovary syndrome; SHBG, sex hormone-binding globulin;
AMH, anti-Miillerian hormone; GnRH, gonadotropin-releasing hormone;
LH, luteinizing hormone; FSH, follicle-stimulating hormone.

reprogramming. The accompanying excess ROS then
feeds back to suppress insulin signaling, forming a vicious
cycle (39,43). Adipose-tissue secretion patterns shift, with
higher leptin and follistatin and lower adiponectin, reducing
whole-body insulin sensitivity and increasing cardiometabolic
risk (38,44). When oxidative stress coexists with low adipo-
nectin, adipose inflammation and insulin resistance intensify,
adding to the metabolic burden (40).

At the glucose-uptake step, reduced postreceptor
expression of glucose transporter type 4 (GLUT4) limits
insulin-mediated glucose entry into adipocytes and myocytes,
worsening glucose intolerance and hyperinsulinemia (38,45).
ROS can also inhibit GLUT4 translocation and diminish the
expression and activity of multiple insulin-pathway compo-
nents, thereby reinforcing the postreceptor defect (39,40). In
the control of lipolysis, fewer f2-adrenergic receptors and
insufficient activation of protein kinase A restrict phosphoryla-
tion of hormone-sensitive lipase, blunting basal and stimulated
lipolysis and altering lipid turnover (46,47). The resulting
lipid spillover causes hepatic and skeletal-muscle lipotoxicity.
In concert with mitochondrial injury in muscle, this ampli-
fies systemic insulin resistance and the metabolic-syndrome
phenotype (43,48). Lipid peroxidation driven by lipotoxicity
further increases ROS generation, creating a positive feedback
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that maintains insulin resistance and oxidative stress at a high
steady state (49). Upregulation of the androgen-activating
enzyme aldo-keto reductase family 1 member C3 (AKR1C3)
in adipose tissue has been shown to enhance local testos-
terone formation, establishing a self-reinforcing loop between
metabolic dysfunction and hyperandrogenism that promotes
ectopic fat deposition and escalates inflammation (50,51). In
addition, androgen excess was found to heighten leukocyte
oxidative reactivity to hyperglycemia, amplifying systemic
inflammation and oxidative pressure and further damaging
insulin signaling (52).

The adrenal contribution to PCOS is often underestimated.
Under regulation by adrenocorticotropic hormone and insulin,
the zona reticularis synthesizes dehydroepiandrosterone
(DHEA) and DHEA sulfate (DHEAS). Clinically, functional
adrenal hyperandrogenism has been reported in 20 to 40%
of patients, and DHEAS, owing to its long half-life, serves
as a stable marker (53). Elevated DHEAS usually signals a
higher systemic androgen load. In a subset of young women
with phenotype A, however, it is accompanied by lower BMI
and insulin levels, indicating age- and phenotype-dependent
heterogeneity in adrenal androgen patterns and metabolic
traits (53). Peripheral metabolism of DHEA and its sulfate was
shown to couple with AKR1C3-driven local androgen activa-
tion, promoting lipid accumulation and worsening insulin
resistance, which forms a feed-forward loop with lipotoxicity
and inflammation (50,54). In the context of oxidative stress,
DHEA-induced animal models demonstrated that NADPH
oxidase 4 (NOX4) upregulation and ROS accumulation can
trigger ovarian and systemic metabolic injury. Treatment with
superoxide-dismutase mimetics or inhibition of NOX4 was
found to improve ovulation and glucose homeostasis, pointing
to a causal link between adrenal precursors and oxidative
pathways (55,56).

Changes in the ovarian microenvironment. In PCOS, the
number of antral follicles smaller than 9 mm is increased
and AMH is highly expressed. These changes suppress
FSH-dependent follicle recruitment and selection, causing
numerous follicles to stall at early stages and reducing the
chance of a dominant follicle, which directly lowers the prob-
ability of ovulation (30,36). Within the paracrine network of
granulosa and theca cells, higher follistatin and lower activin
A shift the balance of growth factors, block further growth to
the preovulatory size, and weaken the normal response to the
LH surge (30,35). During ovulation induction, this blockade
can be partly overcome by exogenous FSH, indicating some
plasticity of the granulosa cell response and providing a
rationale for clinical intervention (30).

High AMH in small antral follicles, together with an
ovarian androgenic milieu, delays maturation and cascade
progression of FSH receptor pathways, further reduces aroma-
tase efficiency, and expands the pool of early follicles (30,35).
Estrogens and androgens may induce premature luteinization;
early expression of the progesterone receptor disrupts the
timing needed for follicle maturation, leading to asynchrony
between ovulation triggering and follicle rupture and affecting
luteal function and cycle stability (35,57). In parallel, ovarian
stromal volume and angiogenic activity are broadly increased.
This is associated with androgen-driven upregulation of

VEGF signaling, matches the clinical tendency toward ovarian
hyperresponse during ovulation induction, and suggests that
the vascular microenvironment constrains follicle growth and
nutrient supply (27,34).

It is important to note that during adolescence, especially
in those without signs of hyperandrogenism, a physiologic rise
in small antral follicles and AMH can occur. Evaluation of
microenvironmental abnormalities should therefore integrate
endocrine and metabolic context to reduce overdiagnosis
of transient physiologic states (31,36). Follicular arrest and
defects in the microenvironment together lower oocyte quality
and maturity. By altering steroidogenesis and the timed
response to the LH surge, they influence fertilization and early
embryo development, producing linked adverse effects on
reproductive outcomes (30,35).

3. Associations between oxidative stress and the clinical
features of PCOS

As a shared pathological basis across metabolic and reproductive
phenotypes, oxidative stress shows stable, measurable signals
in the multidimensional presentation of PCOS and closely
tracks with elevated circulating oxidative biomarkers (58,59).
Reviews and meta-analyses indicate that these redox abnor-
malities are not driven solely by obesity; differences remain
in weight-matched cohorts and often coexist with low-grade
inflammation (59,60). The redox imbalance is associated with
insulin resistance, ovulatory dysfunction, lipid disorders, and
cardiovascular risk markers, underscoring a central role in
shaping the multisystem phenotype (58,61).

Insulin resistance and dysglycemia/dyslipidemia. Clinically,
oxidative-stress markers are commonly elevated in PCOS
and related to reduced insulin sensitivity, an association that
remains significant after adjusting for body weight (59,62).
High glucose augments reactive oxygen production in
peripheral monocytes and couples the phenotypes of
insulin resistance and hyperandrogenism, suggesting that
glucotoxicity and oxidative load amplify one another in the
metabolic profile (63). Glucose-induced monocyte oxida-
tive stress is linked to impaired -cell function, pointing to
a clinical connection between oxidative signaling and the
secretion-sensitivity axis of insulin (17). Dietary saturated fat
can rapidly raise leukocyte ROS and thiobarbituric acid-reac-
tive substances; the magnitude of this rise was shown to be
inversely correlated with insulin sensitivity from oral testing
and does not depend on obesity status (64). Defects of mito-
chondrial complex I in leukocytes parallel systemic insulin
resistance, supporting a link between immune-cell oxida-
tive metabolism and clinical metabolic disturbance (65).
A composite score integrating LDL, oxidative stress, and
inflammatory indices can distinguish PCOS from controls
and reflect metabolic load, offering a quantitative tool for
risk stratification (66). Lower serum paraoxonase-1 (PON1)
activity, together with reduced high-density lipoprotein
(HDL) antioxidant capacity, indicates impairment of enzy-
matic defenses and a higher susceptibility to atherosclerosis
in the setting of insulin resistance (67). Population studies
also show that higher total cholesterol and LDL often coexist
with elevated malondialdehyde (MDA) and reduced total
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antioxidant capacity (TAC), illustrating the parallel course
of dyslipidemia and oxidative stress (59,68).

Ovulatory dysfunction and reduced oocyte quality. With
respect to reproductive outcomes, oxidative stress is strongly
associated with disordered ovulation; diminished antioxidant
capacity within the follicular microenvironment accompanies
lower conception rates, indicating a clinical impact on ovarian
function (58,69). In assisted-reproduction studies, higher
MDA and lower TAC in follicular fluid were associated with
poorer embryo quality and lower fertilization rates, showing
a direct coupling between local oxidative status and oocyte
competence (70). Advanced glycation end products (AGEs)
are elevated systemically and in ovarian tissue in women with
PCOS, and are associated with anovulation and abnormal
follicle development, suggesting that dietary and endog-
enous AGEs may influence reproductive outcomes through
oxidative-inflammatory pathways (71). As a therapeutic signal,
antioxidant adjuncts such as N-acetylcysteine have been
shown to improve ovulation and pregnancy rates in a subset
of patients, supporting the feasibility of lowering oxidative
load to enhance oocyte quality and ovulatory efficiency (72).
Notably, oxidative stress, insulin resistance, and androgen
excess can form a self-reinforcing reproductive-metabolic
loop that sustains and recurs in ovulatory dysfunction (59,69).

Obesity and adipose-tissue oxidative stress. Adipose tissue in
PCOS shows features of dysfunction. Even in non-obese indi-
viduals, adipocytes exhibit disturbed homeostasis and altered
secretory profiles; oxidative stress and abnormal adipokine
profiles together contribute to higher systemic metabolic
risk (61). Oxidative load and low-grade inflammation in
adipose tissue promote each other and align with markers
of insulin resistance and atherogenic risk, highlighting the
amplifier role of peripheral fat stores in whole-body redox
imbalance (60,61). Clinically, lower PONI activity is accom-
panied by an unfavorable lipoprotein-subclass pattern, while
the adiponectin-to-leptin ratio serves as an index of adipose
function that reflects insulin resistance and oxidative burden,
providing actionable metrics for assessing adipose health
in PCOS (67,73). Population data also show that elevations
of MDA commonly coexist with higher LDL in PCOS,
supporting the association between lipid abnormalities and
oxidative injury (68). Multiple analyses further demonstrate
that, even after excluding obesity, women with PCOS display
a systemic oxidative-stress phenotype, indicating sources of
oxidative load that are independent of excess adiposity (59).

Elevated cardiovascular risk. Quantitative assessments of
endothelial function reveal significantly reduced flow-mediated
dilation in PCOS, including in young and non-obese individ-
uals, indicating early endothelial injury (74). Longitudinal and
functional research show impaired endothelium-dependent
vasodilation in young women with PCOS independent of
obesity, suggesting an increased risk for early cardiovascular
events (75). Oxidative stress has been shown to be associated
with cardiovascular risk indices and subclinical atherosclerosis,
such as greater carotid intima-media thickness, supporting a
role for oxidative processes in vascular structural and func-
tional abnormalities (76,77). Overall, a network centered on
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oxidative stress and low-grade inflammation, combined with
insulin resistance and dyslipidemia, places numerous women
with PCOS on a high cardiometabolic-risk trajectory during the
reproductive years. These data support early, multidisciplinary
assessment and timely intervention (58,60).

Phenotype-specific redox heterogeneity and clinical impli-
cations. An important translational issue is that oxidative
stress is not distributed uniformly across PCOS phenotypes.
Hyperandrogenic and more metabolically adverse phenotypes,
particularly Rotterdam phenotypes A and B, generally show a
higher burden of insulin resistance, dyslipidemia, and inflam-
matory activation, and therefore are more likely to exhibit
stronger systemic oxidant signatures (20,21,78). Phenotype C
usually retains androgen-related oxidative features but tends
to show an intermediate metabolic burden, whereas pheno-
type D is often characterized by milder systemic metabolic
disturbance and lower overall cardiometabolic risk. Obesity
further amplifies these differences, but it does not fully explain
them, because lean PCOS can still display redox abnormalities
linked to hyperandrogenism, altered mitochondrial function,
and impaired ovarian signaling (21,59).

At the biomarker level, this heterogeneity argues against
interpreting all oxidative readouts as interchangeable.
Serum or plasma markers such as MDA, total oxidant or
antioxidant indices, antioxidant enzyme activities, and inflam-
matory mediators are more informative for the systemic
metabolic-inflammatory burden, whereas follicular-fluid
markers better reflect the local ovarian microenvironment
and oocyte competence (22,79). This distinction is particu-
larly relevant in lean PCOS and in in vitro fertilization (IVF)
populations, in whom systemic metabolic impairment may be
modest while follicular oxidative disturbance remains biologi-
cally important (70,80). Phenotype-stratified studies should
therefore prespecify both clinical subgrouping and sample
compartment, rather than pooling women with fundamentally
different endocrine-metabolic backgrounds into a single
oxidative-stress category (20,23).

4. Mechanisms of oxidative stress in PCOS

Ocxidative stress is an imbalance between pro-oxidant and
antioxidant forces. In PCOS, it can be profiled by multi-
dimensional markers from body fluids and the ovarian
microenvironment, and it has been repeatedly documented
by evidence from multiple sources (14,81). The imbalance
appears as higher levels of several reactive oxygen species
and oxidative damage products, together with lower readouts
of key antioxidant systems, with a consistent direction across
platforms and specimen types (82,83).

Changes in oxidative-stress markers

Pro-oxidant markers. Focusing first on total ROS burden and
species composition, including superoxide anion, hydroxyl
radical, singlet oxygen, hydrogen peroxide, and peroxyni-
trite, multiple datasets show upward shifts, which indicate
a stronger overall oxidative pressure with stable direction-
ality (82,84). Coherent evidence around lipid peroxidation
shows that MDA is persistently elevated and rises in parallel
with ROS load. This pattern reflects increased vulnerability
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of polyunsaturated fatty acids and membrane lipids and posi-
tions MDA as a core intensity marker (85,86). Within the
same damage spectrum, protein carbonylation often increases
alongside MDA, suggesting a coordinated accumulation of
lipid and protein oxidative modifications that together outline
the pro-oxidant injury phenotype (81,83). At the nucleic-acid
level, 8-hydroxy-2'-deoxyguanosine (8-OHdG) is elevated
in the same direction as the above indices, providing direct
evidence of oxidative susceptibility of genetic material and
adding molecular detail to the damage profile (81,87).

Composite measures, such as total oxidant status and
related ratios, are generally higher than in controls, which
supports the presence of systemic oxidative stress and
allows relative ranking of overall burden (83,88). Regarding
population heterogeneity, women with obesity or metabolic
abnormalities show larger and directionally consistent
pro-oxidant signals, which helps distinguish them from
those with purely reproductive phenotypes and points to a
higher oxidative background (89,90). Across physiological
rhythms, ROS levels may fluctuate by stage, yet in PCOS
they often remain on a higher plateau, implying an elevated
baseline that may affect interpretation of cycle-related
measures (91,92). In the ovary, oxidative species and their
derivatives are also increased and move in parallel with
systemic status, reflecting coupling between the local
microenvironment and whole-body metabolic and endocrine
states (19,93).

Compensatory changes are sometimes observed.
Fat-soluble antioxidants such as a-tocopherol and retinol can
show mild increases, but end products such as MDA remain
high, indicating that such compensation is insufficient to
offset chain peroxidation and should be interpreted together
with pro-oxidant readouts (85,86). Phenotype-linked data
show that hyperandrogenic subtypes usually carry higher
pro-oxidant levels and more active damage markers, in line
with clinical severity and supporting the logic of phenotype
stratification (94,95). When metabolic risk factors are present,
the upward shifts in pro-oxidant indices are more pronounced
and uniform, which facilitates risk assessment and separation
from isolated reproductive phenotypes (90,96). Findings from
animal and in vitro studies add causal support. Nonspecific
scavenging of reactive species was shown to alter several
ovulation-related measures, indirectly confirming that
pro-oxidant levels participate in key steps of reproductive
physiology (97.98).

Antioxidant defenses. On the antioxidant side, both enzymatic
and nonenzymatic defenses tend to decline. Activities of
superoxide dismutase (SOD), catalase, and glutathione (GSH)
peroxidase are commonly reduced, which indicates weaker
clearance and breakdown of peroxidative substrates and sets
the stage for oxidative imbalance (99,100). For example, SOD
activity was shown to be inversely related to MDA and other
end products, suggesting insufficient superoxide clearance,
substrate accumulation, and amplification of downstream
damage, with continuity between upstream and downstream
indices (68,86). Catalase and GSH peroxidase normally
remove hydrogen peroxide and organic peroxides. Declines
in their activity prolong the persistence of these substrates
and are accompanied by higher pro-oxidant readouts, which

strengthens the detectability and discriminative power of
systemic oxidative stress (99,101).

Among nonenzymatic defenses, total GSH or the reduced
fraction often decreases, in line with lower TAC and a stable
direction across subgroups. This pattern reflects weaker
intracellular-reducing buffers and a broad loss of resil-
ience (100,102). As a composite measure, TAC is persistently
low, while total oxidant status is high, creating a bidirectional
shift that allows set-based quantification of imbalance and
supports graded risk ranking (83,88). In the ovarian micro-
environment, activities of antioxidant enzymes and levels
of nonenzymatic components often decline together and
mirror the rise in pro-oxidant species, indicating that reduced
defenses and enhanced damage signals coexist and track with
systemic status (19,93).

Observations related to luteal function add a functional
link. Low SOD activity often coincides with higher oxidative
pressure and shows observable associations with the duration
and efficiency of progesterone production, which underscores
the regulatory role of the antioxidant barrier in reproductive
endocrine output (92,98). At the individual level, women with
obesity or metabolic abnormalities display larger drops in anti-
oxidant enzyme activity that match the rises in pro-oxidant end
products. This combination can help identify those with high
oxidative burden and supports tiered risk classification (89,90).
It is noteworthy that fat-soluble vitamin antioxidants may rise
slightly as compensation, but they rarely reverse the overall
low capacity and should be interpreted alongside enzymatic
readouts to avoid bias from single markers (85,86). When TAC
is low, rises in DNA oxidation markers are more frequently
observed. This provides a complementary dimension for DNA
damage and cross-validates pro-oxidant measures, reinforcing
internal consistency within the oxidative-stress marker
set (103,104). In addition, antioxidant indices are sensitive to
endocrine and environmental cues. Although their amplitudes
vary with physiological states, the overall low pattern persists.
In longitudinal tracking, these measures can be combined
with pro-oxidant indices to depict both the magnitude and the
trajectory of imbalance (86,91).

Prioritized biomarker panel, assay constraints, and inter-
study variability. Because dozens of oxidative markers
have been reported with uneven reproducibility (105), a
translational hierarchy is needed. For systemic evaluation, a
practical core panel should prioritize one lipid peroxidation
marker with relatively broad clinical use, for example MDA
or 8-isoprostane, one composite antioxidant readout, such
as TAC or ferric reducing antioxidant plasma (FRAP), and
at least one enzymatic antioxidant component, for example
SOD or GSH peroxidase, interpreted together with metabolic
context such as homeostatic model assessment of insulin resis-
tance (HOMA-IR), SHBG, and lipid parameters (106). For
ovarian microenvironmental evaluation, follicular-fluid MDA
or 8-OHdG, GSH-related indices, and HDL/PONI1-associated
antioxidant function may be more informative than serum
markers alone, particularly in assisted reproductive technology
(ART) settings (70,107). Direct measurement of short-lived
ROS species is less suitable for routine clinical comparison
because it is highly sensitive to sampling and analytical
conditions (105).
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Table I. Phenotype-stratified redox patterns and clinical implications in PCOS.

Dominant redox-metabolic

Most informative

Clinical implication/

Phenotype/subgroup pattern biomarkers therapeutic emphasis

Phenotype A Highest combined reproductive Serum/plasma MDA or Highest priority for combined

(HA + OA + PCOM) and metabolic burden; strong 8-isoprostane; TAC/FRAP; lifestyle, insulin-sensitizing,
systemic oxidative-inflammatory SOD/GPx; HOMA-IR; and redox-directed strategies;
signal often coexists with insulin SHBG:; lipids. monitor cardiometabolic
resistance. risk early.

Phenotype B Marked androgen excess and Same systemic panel as Likely to benefit from

(HA + OA) anovulation with substantial phenotype A; consider endocrine control plus
systemic oxidative burden, often SHBG and androgen panel metabolic/redox targeting;
close to phenotype A. as key contextual markers. avoid relying on reproductive

markers alone.

Phenotype C Intermediate metabolic burden; Systemic oxidative panel Phenotype-specific risk may

(HA + PCOM) androgen-related oxidative plus SHBG/androgen be underestimated if
features persist despite ovulatory indices; local follicular ovulation is used as a proxy
status. markers if fertility treatment for low metabolic risk.

is planned.

Phenotype D Milder systemic metabolic- Systemic markers may be Do not assume redox

(OA + PCOM) inflammatory profile on average, less deranged; local ovarian quiescence from absence of
but oxidative disturbance is not markers become more hyperandrogenism;
necessarily absent. informative when infertility reproductive-context

is the dominant issue. assessment is still needed.

Lean PCOS Systemic metabolic impairment Follicular-fluid markers, Useful reminder that obesity-
may be modest, while ovarian/ targeted metabolomics, independent oxidative
follicular oxidative abnormalities ovarian-function readouts, mechanisms exist in PCOS.
remain biologically relevant. plus selected serum markers.

Obese PCOS Amplified systemic oxidative Full systemic panel with Systemic biomarker

stress, inflammation, dyslipidemia,
and insulin resistance.

cardiometabolic context;
local follicular markers as
secondary readouts.

monitoring is especially
important for treatment
tracking and long-term risk
reduction.

PCOS, polycystic ovary syndrome; HA, hyperandrogenism; OA, oligo-anovulation; PCOM, polycystic ovarian morphology; MDA, malondi-
aldehyde; TAC, total antioxidant capacity; FRAP, ferric reducing antioxidant power; SOD, superoxide dismutase; GPx, glutathione peroxidase;
HOMA-IR, homeostatic model assessment of insulin resistance; SHBG, sex hormone-binding globulin.

Inter-study variability arises from several nontrivial sources.
Sample type,serum vs. plasma vs. follicular fluid, menstrual phase,
obesity status, androgen exposure, oral contraceptive use, storage
duration, freeze-thaw cycles, and assay platform all influence
oxidative readouts (105). Even when the same nominal marker
is reported, different analytical methods may capture different
chemical entities or time windows of oxidative injury (105). This
is especially relevant for MDA, TAC, and enzyme-activity assays,
which are often affected by preanalytical handling and laboratory
standardization (105). Consequently, biomarker panels should
be interpreted as patterned profiles rather than isolated absolute
values, and future studies should report specimen handling, assay
methodology, phenotype composition, and treatment exposure in
a standardized manner (Table I).

Systemic and local markers should not be conflated.
Serum or plasma biomarkers primarily reflect whole-body
metabolic-inflammatory burden and are most useful
for risk stratification and longitudinal monitoring (105),

whereas follicular-fluid biomarkers capture the ovarian
niche and are most relevant to oocyte competence and ART
outcomes (70,106). Improvement in serum oxidative markers
after oral supplementation does not by itself prove restoration
of the follicular environment, because follicular penetration
and local pharmacodynamic effects are rarely measured
directly. This distinction should therefore be maintained
throughout both observational and interventional studies.

Molecular and cellular mechanisms

Mitochondrial dysfunction. In ovarian and peripheral tissues
relevant to PCOS, mitochondria show a combined pattern
of inadequate energy metabolism and excessive oxidative
pressure. The core features are lower efficiency of oxidative
phosphorylation together with limits in radical-scavenging
systems, creating a cellular milieu that is unfavorable for follicle
growth and oocyte maturation (100,108). This metabolic
phenotype rests on dual vulnerabilities in respiratory-chain
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complexes and mitochondrial genome stability, accompa-
nied by unstable membrane potential, collapsed cristae, and
fragile mitochondrial (mt)DNA. These changes amplify ROS
generation and suppress adenosine triphosphate (ATP) output,
causing bioenergetics and redox homeostasis to deviate in
parallel (109,110). Beyond the ovary, convergent evidence
from blood and ovarian samples has shown that lower mtDNA
copy number is inversely associated with insulin resistance
and lipid abnormalities, indicating a shared direction between
systemic energy imbalance and ovarian mitochondrial status
in PCOS (104,108). In the setting of androgen excess and
inflammatory cues, granulosa cells display reduced mito-
chondrial ATP content and complex proteins, along with
vacuolated ultrastructures, which suggests that endocrine
and immune signals jointly heighten mitochondrial fragility
and oxidative injury (111,112). In granulosa cells, lower
nicotinamide adenine dinucleotide (NAD) has been shown
to weaken sirtuin-centered deacetylation and antioxidant
responses, reduce respiratory efficiency, and promote ROS
accumulation, contributing to a self-reinforcing loop of energy
depletion (109,112). Across cohorts and cell models, complex I
repeatedly emerges as a key target of oxidative injury, with
reduced activity tracked by lower membrane potential, higher
GSH oxidation, and higher tumor necrosis factor (TNF)-a,
which links mitochondrial redox metabolism to low-grade
inflammation in PCOS (65,113). In line with this, systematic
reviews report cross-tissue mitochondrial changes that involve
oxidative phosphorylation, the tricarboxylic acid cycle, and
fatty-acid oxidation. Although skeletal muscle shows some
heterogeneity, ovarian cells appear more sensitive to energy
imbalance and oxidative pressure (114,115). Within the
follicular microenvironment, oxidative markers in follicular
fluid rise together with mitochondrial dysfunction in granu-
losa cells and correlate with lower oocyte maturity and poorer
fertilization outcomes, indicating a direct clinical impact of
local redox instability (116,117). Single-cell transcriptomics
further reveals abnormal activation or timing shifts in mito-
chondrial gene modules as early as the germinal vesicle stage,
suggesting early disruption of coupling between mitochondrial
programs and meiosis (115,118). Notably, some cohorts show
no clear fall in skeletal-muscle respiration, which points to
tissue specificity and metabolic phenotype as determinants of
mitochondrial readouts. Ovarian cells are more vulnerable and
thus serve as early targets of systemic metabolic and endocrine
imbalance (114,119).

At the granulosa-cell level, lower membrane potential,
crista disruption, and reduced mtDNA copy number reinforce
one another, creating a continuous chain from structure to
function. Increased susceptibility of the permeability transi-
tion pore and unstable potential favor programmed cell death
and suppress steroidogenesis (110). Disrupted mitochondrial
dynamics run through this process. Excessive fission centered
on dynamin-related protein 1 and insufficient fusion medi-
ated by mitofusin 2 and optic atrophy 1 have been shown to
convert the network from tubular to fragmented, lowering
coupling efficiency, spare respiratory capacity, and stress
tolerance (114,120). In androgen-driven models, this fission
bias was found to occur together with lower complex protein
expression and ultrastructural damage, implying that androgen
signaling worsens dysfunction by altering both dynamics

and electron transport (121). Mitochondria-endoplasmic
reticulum (ER) coupling is also disturbed. Upregulated ER
stress and disordered calcium handling increase ROS via
mitochondria-associated membranes and trigger further crista
remodeling and membrane permeability changes (108,122).
Within the suirtin (SIRT)3-centered deacetylation network,
PCOS granulosa cells exhibit downregulated SIRT3 signaling
and abnormal expression of metabolic genes. The result is a
weaker antioxidant shield, including SOD2, along with shifts
in lipid metabolism and glycolysis that drag down oxidative
phosphorylation (123). Electron leak from complexes I and 111
increases under this imbalance, with excess NADH and
greater proton leak across the inner membrane. The combined
outcome is inadequate ATP output and higher lipid oxida-
tion, a coupled phenotype (65). Beyond the respiratory chain,
NADPH oxidases also contribute to ovarian ROS. Evidence for
NOX4 indicates important effects on granulosa-cell activity
and apoptotic threshold, suggesting cooperation between
mitochondrial and non-mitochondrial ROS sources (56,124).
Antioxidant defenses in granulosa cells, including GSH systems
and peroxiredoxins, tend to be downregulated, which weakens
protection against lipid and protein oxidation and indirectly
destabilizes membrane potential (104,109). As oxidative injury
accumulates, mtDNA damage and copy-number shifts become
more likely, together with lower mitochondrial transcription
factor A and peroxisome proliferator-activated receptor vy
coactivator lo (PGC-la), pointing to a broad weakening
of mitochondrial quality control (113). Cross-tissue work
suggests that some patients carry mitochondrial genome vari-
ants and show population-level changes in peripheral mtDNA
copy number, which may underlie the vulnerability of ovarian
energy economics (104). Oocytes are even more sensitive than
somatic cells. As early as the germinal vesicle stage, timing
of respiratory-chain subunits and ribosomal genes deviates
from normal, implying premature or misplaced coupling of
mitochondrial transcription and translation, which can disrupt
meiosis and cytoplasmic maturation (115,118).

Mitochondrial energy defects also couple to rewiring of
glucose and lipid metabolism in granulosa cells. In an oxida-
tive milieu, insulin signaling is easily suppressed. Oxidative
modifications at IRS and phosphoinositide 3-kinase (PI3K)
nodes reduce Akt activation, limit glucose uptake and glyco-
lytic flux, and promote accumulation of NADH and acyl-CoA,
thereby increasing the likelihood of electron leak (108,113).
In granulosa cells, uncoupling protein 2-related proton leak is
associated with steroidogenesis, suggesting that when coupling
efficiency falls, the balance between steroid production and
energy allocation shifts and alters the endocrine features
of the follicular niche (125,126). Redox and inflammatory
signals intersect at thioredoxin-interacting protein (TXNIP)
and NOD-like receptor family pyrin domain-containing 3
(NLRP3). These pathways translate redox imbalance into
inflammasome activation and a pro-death tendency, connecting
mitochondrial oxidative stress to chronic ovarian inflammation
and lowering the apoptotic threshold (127,128). System-level
data indicate that, although some skeletal-muscle studies
do not show reduced respiration, numerous reports support
cross-organ disruption of mitochondrial signaling in PCOS.
Under metabolic stress or endocrine disturbance, ovarian
cells show earlier and stronger loss of membrane potential
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and respiratory efficiency (114,119). When these changes act
during follicle development, lipid and DNA oxidation markers
in follicular fluid are negatively associated with fertilization
and early embryo events, emphasizing the decisive effect
of mitochondrial status on oocyte quality and early embryo
competence (116,117). Finer coupling between structure and
dynamics is supported by links between androgen levels and
fusion-promoting factors such as mitoguardin-2. Insufficient
fusion together with excessive fission fragments the network,
reduces sharing of genetic material and intermediates, and
lowers overall respiratory capacity and stress margin. This
trajectory from structure to function runs in step with NAD
deficiency and inhibition of sirtuin pathways, which normally
regulate antioxidant and metabolic enzymes by deacetylation.
When NAD supply is limited, coupling between redox control
and energy metabolism is broadly disruped (109,111,112,120).

Dysregulation of insulin signaling. Oxidative stress promotes
abnormal serine phosphorylation of the insulin receptor and
its substrates and suppresses activation at key tyrosine sites.
Post-receptor signaling shifts from coupled to uncoupled and
weakens the transmission of PI3K and Akt-mediated meta-
bolic commands (41). In PCOS skeletal muscle and ovarian
cells, aberrant phosphorylation at IRS1 Ser312 coincides with
lower IRS1-associated PI3K activity. Glucose uptake and
glycolytic flux fall, consistent with sustained suppression of
the cascade by ROS-related modifications (129). Stress-kinase
activation is a central mechanism. c-Jun N-terminal kinase
(JNK) and inhibitor of nuclear factor-xB kinase phosphory-
late serine residues near the phosphotyrosine-binding domain
of IRS1, disrupt binding to the receptor, and block down-
stream signaling (130). At the protein level, oxidative stress
drives site-specific IRS1 hyperphosphorylation with altered
turnover. Different sites contribute variably to metabolic
suppression, implying that the modification pattern sets the
depth of signaling loss (131). Overactivation of noncanonical
pathways also adds negative feedback. Higher ERK activity
promotes IRSI1 serine phosphorylation, weakens interaction
with p85, and limits effective recruitment of PI3K to the
membrane (42). Even when receptor autophosphorylation on
tyrosine is not markedly impaired, post-receptor pathways
become uncoupled because IRS adaptors are compromised
and stress kinases intervene. The result is lower responsive-
ness of the metabolic branch and a shifted spatiotemporal
profile of signaling (132).

Redox changes reshape signaling thresholds and duration
through oxidative modification of phosphatases and lipid
phosphatases. Hydrogen peroxide can reversibly oxidize
catalytic cysteines and transiently inhibit protein tyrosine
phosphatases, altering patterns of dephosphorylation in insulin
signaling (133). On the lipid side, the PTEN catalytic cysteine
Cysl124 is highly redox sensitive. Oxidation reduces phosphati-
dylinositol (3,4,5)-trisphosphate dephosphorylation and shifts
the balance of PI3K and Akt at the membrane, which distorts
signal gain and feedback (134). Together with IRS serine
modification, this phosphatase network disturbance yields an
apparent paradox of erroneous amplification and sustained
desensitization. The net outcome is functional suppression of
the metabolic pathway and attenuated cellular responses to
insulin (135).
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External and internal stressors converge to suppress
ovarian insulin signaling. Endocrine disruptors such as
bisphenol A, acting through aryl hydrocarbon receptor path-
ways, lower GLUT4 in granulosa cells and induce disordered
glucose metabolism, which indirectly raises redox pressure
and weakens the PI3K-Akt axis (136). In insulin-responsive
tissues such as the endometrium, GLUT4 expression declines
under the influence of the insulin-androgen axis and metabolic
status. This offers histological evidence for local insulin resis-
tance in the reproductive tract and echoes transport limits in
the ovary (137). Research in immune cells and skeletal muscle
show that women with PCOS generate more ROS in response
to high glucose, with corresponding declines in insulin sensi-
tivity, supporting consistency between systemic oxidative load
and local ovarian signaling defects (63). At the adaptor level,
oxidative stress not only changes IRS1 phosphorylation, it
also lowers IRS1 protein abundance and accelerates turnover.
Fewer effective interactions with p85 further restrict signal
flow (138). Nutrient-driven O-linked N-acetylglucosamine
(O-GlcNAc)ylation adds another layer. Higher O-GIlcNAc
on IRSI and Akt2 is associated with insulin resistance and
interacts with stress-kinase pathways (139). In adipocytes,
increased O-GIcNAc is associated with lower phosphorylation
of Akt Thr308 and downstream glycogen synthase kinase 3,
indicating that nutrient sensing can rewrite cascade efficiency
through glycosylation (140). O-GlcNAc cycling is also present
in granulosa cells. Perturbing this cycle alters prolifera-
tion, glycolysis, and mitochondrial metabolism, and reduces
responsiveness to insulin signaling (141).

Granulosa-cell apoptosis and decline in oocyte quality. Excess
ROS triggers cytochrome c release and the caspase cascade via
the mitochondrial pathway. Granulosa-cell survival and differ-
entiation decline, with reduced steroidogenesis and weaker
paracrine support to the oocyte (116,142). In PCOS and model
systems, higher oxidative load in follicular fluid is associated
with lower mitochondrial membrane potential, mitochondrial
dysfunction, and increased early apoptosis in granulosa cells.
These changes are negatively correlated with oocyte maturity
and early embryo quality (109,116). Upstream oxidases amplify
the signal. NOX-dependent ROS promotes Bax upregulation
and cleavage of caspase-3 and caspase-9, which strengthens
the apoptotic pathway (56,142). Stress-kinase networks that
include JNK and p53 mediate death responses to hydrogen
peroxide, highlighting their role as execution interfaces for
apoptosis. Consistent human data show higher oxidative
markers and apoptosis in PCOS granulosa cells together with
lower fertilization and implantation, linking the oxidative
milieu directly to reproductive outcomes (116,142) (Fig. 3).
Noncoding RNAs also regulate oxidative apoptosis. For
example, miR-1224-5p and miR-484 have been shown to influ-
ence stress responses and mitochondrial stability and promote
a pro-apoptotic tendency in the PCOS context (143,144).
Inflammation and oxidation promote each other. Higher
immunologic mediators in follicular fluid activate inflamma-
tory programs inside granulosa cells, reduce proliferation, and
increase apoptotic sensitivity, which weakens nutritional and
metabolic support for the oocyte (116,145). Overall, oxida-
tive stress drives granulosa cells toward programmed death
through mitochondrial damage and inflammatory coupling,
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Figure 3. ROS-mediated mitochondrial apoptosis pathway. NOX generates
ROS, which activates INK-p53 and promotes BAX. JNK-p53 induces mito-
chondrial dysfunction; BAX targets mitochondria to trigger cyto-c release.
Cyto-c activates caspase-9, leading to caspase-3 activation and apoptosis.
Anti-apoptotic BCL-2/BCL-XL act at the mitochondria. Arrows indicate
activating steps. ROS, reactive oxygen species; NOX, nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase; JNK, c-Jun N-terminal kinase; p53,
tumor protein p53; BAX, BCL-2-associated X protein; cyto-c, cytochrome c;
BCL-2, B-cell lymphoma 2; BCL-XL, B-cell lymphoma-extra large.

and this process aligns with lower oocyte quality and restricted
embryo potential (109,116).

Chronic inflammation and NF-«xB activation. Sustained oxida-
tive stress is observed systemically and within the ovarian
microenvironment in PCOS. Oxidative products accumulate
while antioxidant defenses are suppressed, and part of this
signal is independent of obesity, implying that oxidative pres-
sure is a basal driver of the disease phenotype (59). Reviews and
quantitative summaries show broad increases in lipid, protein,
and DNA oxidation, together with dysfunction of SOD and
GSH systems, which indicates a lower antioxidant reservoir
and inadequate radical clearance (146). A chronic, low-grade
inflammatory network centered on NF-«B forms a reciprocal
amplifier with oxidative stress. ROS act as second messengers
to promote inhibitor of kB (IxkB) degradation and nuclear
translocation, while inflammatory pathways feed back to raise
radical production, creating a key immune-metabolic intersec-
tion (147). In peripheral monocytes from women with PCOS,
high-glucose stress was shown to produce higher nuclear
NF-«B activity and lower IkB, showing that nutrient-driven
oxidative load rapidly converts into amplified inflammatory
signaling, even after controlling for obesity (148). Postprandial
saturated-fat exposure was found to enhance NF-«xB and
downstream cytokines through Toll-like receptor 4-related
pathways and is accompanied by lower insulin sensitivity
and a shift toward androgen production, revealing two-way
coupling between nutritional oxidative stress and endocrine
imbalance (149) (Fig. 4).

In granulosa cells, increased oxidative stress coexists with
mitochondrial dysfunction, observed as more ROS, unstable
membrane potential, and restricted respiratory efficiency.
Energy metabolism and oxidative injury are therefore jointly
embedded in follicular ecology (150). Cells from immature
follicles show limited glycolysis and inadequate ATP produc-
tion. ROS accumulation intersects with substrate shortage

and disrupts coordinated follicle growth (151). Antioxidant
responses are compromised. The Kelch-like ECH-associated
protein 1-nuclear factor erythroid 2-related factor 2 (Nrf2) axis
has been shown to be dysregulated in PCOS granulosa cells,
lowering the oxidative threshold. Cells then become more
vulnerable to damage more easily under androgen exposure,
lipotoxicity, or hyperglycemia (152). At the molecular junction,
the redox-sensitive adaptor TXNIP is upregulated and activates
the NLRP3 inflammasome, providing a direct link between
oxidative signals and pro-inflammatory cell-death programs
in granulosa cells (127). TXNIP also reshapes glycolytic flux
through effects on the IRS1-PI3K axis, establishing positive
feedback between energy metabolism and oxidative pressure,
with concurrent weakening of substrate supply and antioxidant
capacity (153).

In the follicular-fluid niche, lipid peroxidation products such
as 8-isoprostanes are elevated in PCOS and associated with
lower embryo quality, implying that local oxidative pressure
affects oocyte competence by altering lipids and apolipoprotein
function (79). DNA oxidation is also higher. Follicular-fluid
8-OHdG is associated with lower fertilization and early embryo
metrics, indicating a role for oxidative DNA damage in reducing
developmental potential (70). Early research showed that accu-
mulation of 8-OHdG within granulosa cells was negatively
associated with oocyte and embryo quality, which supports a
dose-response link between oxidative injury and reproductive
outcome (154). Persistent ROS elevation aligns with activation
of apoptotic pathways in granulosa cells and poorer IVF results,
emphasizing that disruption of somatic-cell homeostasis around
the oocyte directly shapes oocyte competence (116). A previous
systematic review corroborated a consistent pattern of higher
oxidative markers and altered antioxidant indices across PCOS
phenotypes and weight strata, supporting oxidative stress as a
shared pathological background (58).

HDL in follicular fluid has substantial antioxidant capacity
and contributes most of the total. Changes in HDL antioxidant
function is correlated with key steps in fertilization, showing
that local lipoprotein networks are important carriers that
modulate the oxidative microenvironment (107). Broader
compositional and metabolomic assessments show consistent
relationships among redox balance, lipid profiles in follicular
fluid, and reproductive outcomes, suggesting that oxidative
pressure influences oocyte maturation and early embryo
development by shifting microenvironmental components (80).

From a signaling-network perspective, ROS and NF-xB
form a loop in PCOS. Mitochondrial and NADPH oxidase
sources of ROS directly promote NF-kB activation and
enhance pattern-recognition receptor signaling, which further
increases ROS and depletes antioxidant systems (147).
Nutritional stimuli accelerate this loop. Postprandial surges in
fats and glucose drive immediate NF-kB activation and raise
inflammatory mediators in blood and the ovary. Repeated
short-term bursts can consolidate into chronic immune-meta-
bolic abnormalities (149). When antioxidant transcriptional
programs are suppressed, granulosa cells respond to androgen
exposure, lipotoxicity, and hyperglycemia by entering damage
zones more readily. Membrane lipids and mtDNA undergo
oxidation, steroidogenesis becomes less efficient, and cell-cycle
timing is disturbed (152). TXNIP connects redox sensing to
NLRP3 inflammasomes and to IRS1-PI3K signaling, creating
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Figure 4. Chronic oxidative stress and NF-kB-mediated inflammation in PCOS. Patients show increased lipid, protein, and nucleic-acid oxidation with reduced
antioxidant enzymes (SOD and GPX). In monocytes, TLR4 signaling activates NF-kB with IxB loss, heightening inflammatory signaling and lowering insulin
sensitivity. In granulosa cells, NF-kB activation with downregulation of the Nrfl-Keap defense promotes ROS accumulation and mitochondrial injury. The
redox adaptor TXNIP links to NLRP3 and IRS1-PI3K pathways, decreasing glycolytic enzymes, reducing ATP production, and promoting pro-inflammatory
cell-death programs. Oocytes display DNA breaks with consequent declines in oocyte and embryo quality. Arrows indicate activation or direction of change.
NF-«B, nuclear factor-kB; PCOS, polycystic ovary syndrome; SOD, superoxide dismutase; GPX, glutathione peroxidase; TLR4, Toll-like receptor 4; IkB,
inhibitor of nuclear factor kB; Nrf1, nuclear factor erythroid 2-related factor 1; Keap, Kelch-like ECH-associated protein; ROS, reactive oxygen species; TXNIP,
thioredoxin-interacting protein; NLRP3, NOD-like receptor family pyrin domain-containing 3; IRS1, insulin receptor substrate 1; PI3K, phosphoinositide

3-kinase; ATP, adenosine triphosphate; DNA, deoxyribonucleic acid.

a bottleneck in glycolysis and causing simultaneous deteriora-
tion of energy supply and redox balance. The result is a loss of
metabolic resilience in the ovary (153). Follicular-fluid readouts
of lipid and DNA oxidation integrate the metabolic state and
stress history of oocytes and surrounding cells, and, by altering
apolipoprotein function and membrane properties, influence
the success of fertilization and early embryonic events (107).
Taken together, oxidative pressure in PCOS is not a
bystander. By driving the NF-kB axis, altering energy flux,
and degrading microenvironmental quality, it shapes multiple
scales of the phenotype, including uncoupling of insulin
signaling, arrest of follicle development, and declines in oocyte
quality (59). Convergent human and cellular data support
a pathway in which repeated nutritional and endocrine hits
push transient oxidative surges beyond the buffering range of
antioxidant systems. In response, inflammatory and metabolic
channels are jointly rewired, and the ovarian ecosystem settles
into an abnormal steady state (58). In this context, markers such
as 8-isoprostanes and 8-OHdG are more than state readouts.
They reflect the balance of radicals and defenses and show
biologically plausible correlations with oocyte maturation and
early embryo quality (70). When substrate limitation and low
mitochondrial efficiency coincide with high oxidative load,
granulosa cells experience a combined energy and redox stress.
Steroidogenesis, membrane potential, and cell-cycle control
are affected in a linked manner, which appears externally as
lower fertilization rates and fewer high-quality embryos (116).

From association to causality: What is supported and what
remains inferential. A clearer separation between correlation

and causality is essential. Most human studies in PCOS show
cross-sectional associations between oxidative indices and
insulin resistance, androgen excess, ovulatory dysfunction,
or adverse metabolic profiles. These data establish consis-
tency, but they do not by themselves define directionality.
Stronger causal inference emerges when oxidative pathways
are experimentally perturbed. In DHEA- or letrozole-based
models, pharmacologic inhibition of NOX4 or use of SOD
mimetics was shown to reduce ROS accumulation, attenuate
granulosa-cell apoptosis, and improve ovulatory or metabolic
phenotypes, indicating that redox imbalance can function as
an upstream driver rather than a passive by-product (51,52).

Human mechanistic support, although still limited, is also
available. A clinical and cell-based study showed that oxida-
tive stress is linked to lower circulating SHBG in PCOS, while
oxidized lipoproteins directly suppressed SHBG and hepato-
cyte nuclear factor-4a expression in HepG2 cells, providing
a plausible mechanistic route by which oxidative injury can
intensify hyperandrogenemia (155). Human granulosa-cell
data further showed that modulation of PI3K/Akt signaling
can reduce ROS accumulation and apoptosis, supporting
a direct link between redox imbalance and granulosa-cell
dysfunction in PCOS (156). Even so, direct interventional
evidence in phenotype-stratified human cohorts remains
scarce. Accordingly, pathways involving mitochondrial
dysfunction, NF-«kB activation, TXNIP-NLRP3 signaling,
and insulin-pathway disruption should be viewed on a spec-
trum ranging from well-supported mechanistic drivers in
models to incompletely validated causal mediators in clinical
PCOS (127,157).
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Table II. Prioritized translational biomarker panel for redox assessment in PCOS.

Biomarker Preferred sample What it reflects Main strengths Key limitations/suggested use
MDA or 8- Serum/plasma Lipid peroxidation Frequently reported; Sensitive to preanalytical handling
isoprostane (or FF in ART) burden. useful for directional and assay platform; use as part of
comparison across a panel, not as a stand-alone
studies. diagnostic marker.
TAC or FRAP  Serum/plasma Global antioxidant Simple composite Chemically nonspecific; values
capacity. readout; useful for vary with method and supplemen-
follow-up. tation status.
SOD/GPx/ Serum/plasma Enzymatic antioxidant ~ Biologically inter- Enzyme activity depends on
catalase or cellular defense. pretable and specimen processing and
assays complements peroxi- laboratory standardization.
dation markers.
GSH-related Serum/plasma Reducing-buffer Mechanistically linked Less standardized clinically;
indices or FF capacity. to NAC/ALA and redox  affected by storage and oxidation
homeostasis. during handling.
8-OHdG Serum/urine/FF Oxidative DNA Adds mechanistic depth ~ Matrix-specific interpretation
damage. beyond lipid required; best used when DNA
peroxidation. oxidative injury is a major
question.
PON1/HDL Serum or FF Lipoprotein-associated  Links oxidative stress to  Less widely available; interpre-
antioxidant antioxidant protection.  dyslipidemia and tation depends on lipid context
function vascular or follicular and assay type.
function.
Targeted FF Follicular Local ovarian niche, Most informative for Not interchangeable with serum
metabolites fluid oocyte competence, IVF/ART and local markers; not practical for routine
pathway-level microenvironment non-ART monitoring.
disturbance. studies.

PCOS, polycystic ovary syndrome; FF, follicular fluid; ART, assisted reproductive technology; MDA, malondialdehyde; TAC, total antioxi-
dant capacity; FRAP, ferric reducing antioxidant power; SOD, superoxide dismutase; GPx, glutathione peroxidase; GSH, glutathione; NAC,
N-acetylcysteine; ALA, a-lipoic acid; 8-OHdG, 8-hydroxy-2'-deoxyguanosine; DNA, deoxyribonucleic acid; PON1, paraoxonase 1; HDL,

high-density lipoprotein; IVF, in vitro fertilization.

5. Advances in antioxidant therapies

Because therapeutic studies differ markedly in design, patient
selection, and endpoint structure, the interventional literature
should be interpreted cautiously rather than uniformly posi-
tively. Most studies are short-term, enroll relatively small
and clinically heterogeneous populations, and rely mainly on
surrogate outcomes such as HOMA-IR, MDA, TAC, C-reactive
protein (CRP), or androgen levels rather than live birth, durable
ovulation, long-term cardiometabolic outcomes, or sustained
symptom improvement. In addition, serum or plasma oxida-
tive markers and follicular-fluid markers should not be treated
as equivalent endpoints: The former reflect systemic burden,
whereas the latter reflect the local ovarian niche, and the extent
to which oral antioxidants reach or normalize the follicular
compartment is rarely measured directly. Accordingly, Table I1
presents a prioritized translational biomarker panel for redox
assessment in PCOS, whereas the following sections summa-
rize the available agents and Table III provides a comparative
appraisal of evidence strength, effect direction, and major
translational gaps.

Free radical scavengers and the GSH pathway

N-acetylcysteine (NAC). Common oral regimens are ~1.8 g per
day, or 0.6 g two to three times daily. Used alone or with clomi-
phene, NAC has been shown to increase ovulation and clinical
pregnancy rates and lower fasting insulin and HOMA-IR.
These effects are consistent with cysteine replenishment,
enhanced GSH synthesis, and direct ROS scavenging, which
together improve insulin signaling and the ovarian microenvi-
ronment (158,159). In DHEA-induced PCOS mice, oral NAC
at roughly 160 mg/kg/day was found to reduce intra-oocyte
ROS, raise mitochondrial membrane potential, and normalize
spindle structure, with upregulation of Nrf2 signaling and
GSH-pathway enzymes, indicating cytoskeletal protection
and mitochondrial stabilization during folliculogenesis (158).
Meta-analytic data also showed lower MDA and higher TAC,
matching improvements in ovulation and metabolic indices
and supporting a GSH-centered scavenging strategy (159).

a-Lipoic acid (ALA). ALA is typically administered at
600 mg orally per day, alone or combined with inositol. Trials
report lower fasting insulin and HOMA-IR and higher TAC.
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Mechanisms include its role as a cofactor for the pyruvate
dehydrogenase complex, regeneration of GSH and vitamin C,
and direct radical chelation, thereby influencing the coupled
metabolic-oxidative phenotype (160,161). In combination
protocols, ALA plus inositol was further shown to improve
menstrual cyclicity and insulin resistance, likely via optimi-
zation of follicular-fluid redox state and second-messenger
signaling, suggesting utility alongside ovulation induction or
metabolic therapy (160,161).

Mitochondrial and energy-metabolism modulators
Coenzyme QI0. Doses of Coenzyme Q10 at 100 to 200 mg
per day for 8 to 12 weeks have been found to lower total
testosterone and DHEAS, raise sex hormone-binding globulin
and TAC, and reduce MDA and high-sensitivity CRP. These
findings are consistent with stronger electron-transport chain
function, less lipid peroxidation, and stabilization of the
mitochondrial membrane, with protective effects on hyper-
androgenism and low-grade inflammation (162). Network and
conventional meta-analyses support benefits across glycemic
control and oxidative-inflammatory indices, aligning with a
mitochondria-protective route to metabolic and reproductive
gains (162).

L-carnitine and acetyl-L-carnitine. L.-carnitine is used at
250 mg per day up to 3 g per day for ~12 weeks. A trial revealed
reductions in weight and waist circumference together with
lower fasting glucose, insulin, and HOMA-IR, consistent with
enhanced mitochondrial (3-oxidation, lower electron leak,
and reduced ROS generation (163). Overall, carnitines func-
tioned beyond weight loss by improving mitochondrial lipid
handling and antioxidant defenses, which lowered lipotoxicity
and ROS burden and benefited insulin responses and ovarian
inflammation (163).

Inositol second messengers and insulin sensitization

Myo-inositol. Myo-inositol is commonly administered at 2 g
twice daily, either alone or as an adjunct to ovulation induc-
tion. Studies evaluating myo-inositol supplementation have
demonstrated reduced gonadotropin requirements, shorter
stimulation duration, improved oocyte and embryo quality,
lower fasting insulin and HOMA-IR, and more regular
menstrual cycles. Mechanistically, as a second messenger
for insulin and FSH, myo-inositol improves glucose use in
follicular fluid and relieves oxidative stress, thereby improving
both reproductive and metabolic endpoints (164,165).

D-chiro-inositol. D-chiro-inositol is often adminstered
at 300 to 600 mg per day. Early randomized trials in lean
PCOS report lower insulin and androgens and improvements
in blood pressure and triglycerides, consistent with stronger
postreceptor insulin signaling via inositol-phosphate pathways
and antioxidant-linked metabolic routes. Attention to the
intra-ovarian myo- to D-chiro-inositol ratio is advisable to
avoid unfavorable shifts in the follicular niche (164,165).

Fat-soluble vitamins and trace elements

Vitamin D. Vitamin D supplementation is commonly admin-
istered as 50,000 IU intermittently every two weeks or
3,200-4,000 IU daily, often in combination with metabolic

nutrients or omega-3 fatty acids. Trials show reductions in
fasting glucose and total cholesterol with improvements in
inflammatory and oxidative markers. Effects likely involve
vitamin D receptor-mediated induction of antioxidant
enzymes and inhibition of NF-«xB activity, producing both
indirect and direct benefits on metabolic and endocrine
outcomes (164,166). In vitamin D-deficient, overweight women
with PCOS, adding calcium to vitamin D supplementation was
shown to further improve inflammatory and oxidative indices,
supporting combined management of metabolism and ovarian
function (166,167).

Vitamin E. Vitamin E is commonly administered at 400 TU
per day, alone or with minerals. Studies have reported lower
MDA and higher TAC with improvements in glycemic and
lipid markers and inflammation, consistent with lipophilic
radical scavenging, inhibition of lipid peroxidation, and
membrane protection. Benefits may be greater in insulin-resis-
tant patients (162,164). The additive effect of vitamin E varies
across combinations and may depend on baseline oxidative
stress and dietary fat composition, underscoring individualized
selection (162,164).

Selenium. Selenium is often administered at 200 ug per day,
frequently in combination with probiotics for 8 to 12 weeks.
Trials show higher TAC, lower MDA, and improvements
in some metabolic indices, reflecting its role as an essential
cofactor for GSH peroxidases and enhancement of endogenous
antioxidant defenses, with downstream effects on the ovarian
microenvironment and insulin sensitivity (168,169). Previous
reviews have noted modest overall effects on several meta-
bolic and hormonal endpoints, suggesting selective use for
oxidative or follicular-quality indications rather than routine
supplementation (168,169).

Chromium. Chromium is typically administered as
chromium picolinate at 200 pg per day for 8 to 12 weeks.
Randomized studies show reductions in fasting insulin and
HOMA-IR with favorable changes in inflammatory gene
expression, consistent with stronger PI3K-Akt signaling and
improved insulin responses that are coupled with reduced
oxidative stress. Effects on reproductive hormones are less
consistent; therefore, selection based on metabolic phenotype
is prudent (170,171).

Plant polyphenols and natural products

Resveratrol. At 1,500 mg per day for 3 months in double-blind
trials, resveratrol was demonstrated to lower total testosterone
and DHEAS, reduce fasting insulin, and increase insulin
sensitivity. Proposed mechanisms include activation of SIRT1
and AMPK, inhibition of lipid peroxidation, and damping
of inflammatory pathways (172). Systematic reviews show
moderate reductions in androgen-axis indices, supporting a
role as an adjunct to first-line therapies to secure more robust
clinical gains (172). In DHEA- or letrozole-induced PCOS
rats, 20 to 30 mg/kg/day was shown to improve ovarian
histology, weight, and hormone profiles, lower TNF-a and LH,
and influence follicle dynamics, indicating SIRT1-dependent
deacetylation and antioxidant effects that directly improve
ovarian function (173,174).
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Curcumin. Doses of 500 to 1,500 mg of curcumin per day for
8 to 12 weeks were found to reduce weight, fasting glucose,
and HOMA-IR, with higher PGC-1a expression and GSH
peroxidase activity. These findings suggest promotion of
mitochondrial biogenesis and stronger antioxidant defenses,
lowering systemic oxidative stress and improving metabolic
and endocrine outcomes (160,161). Previous reviews have
reported consistent benefits on inflammatory markers and
cardio-metabolic indices with a favorable safety profile,
supporting use in PCOS with prominent metabolic and oxida-
tive burdens (160,175).

Quercetin. Quercetin is often administered at 1,000 mg per day
for 12 weeks. Trials of quercetin supplementation have shown
reductions in testosterone and LH, improved insulin resis-
tance, higher adiponectin, and reduced resistin. Mechanisms
were found to center on AMPK and adiponectin-receptor
pathways that suppress oxidative stress-linked inflammation
and lipotoxicity. Weight loss was not the primary driver; the
value lay in redox and inflammatory control and coordination
of the gonadal-metabolic axis, supporting use with metabolic
interventions or ovulation induction (176,177).

Berberine. Berberine is typically administered at 500 mg three
times daily for 8to 12 weeks. Trials of berberine showed improve-
ments in insulin resistance and lipid profiles comparable to or
better than metformin, and pre-ART use was demonstrated to
improve endocrine indices and pregnancy rates. Mechanisms
included AMPK activation, inhibition of NADPH oxidase, and
reduced lipid peroxidation, yielding direct effects on metabolic
and reproductive endpoints (178,179). Mechanistic reviews
describe downregulation of inflammatory and oxidative
pathways in ovarian and peripheral tissues, improved glucose
and lipid handling, and restraint of excessive steroidogenesis,
consistent with clinical reductions in HOMA-IR and andro-
gens (179,180).

Lipid-based anti-inflammatory and antioxidant supplements
Omega-3 polyunsaturated fatty acids. Omega-3 polyunsatu-
rated fatty acids are commonly administered at 2,000 mg per
day for ~12 weeks, with or without vitamin D supplementation.
Randomized and meta-analytic evidence revealed reductions
in CRP and MDA, higher TAC, higher sex hormone-binding
globulin, and lower total testosterone. These effects are
compatible with membrane-lipid remodeling, resolution
of inflammation, and less lipid peroxidation, which indi-
rectly ease oxidative stress and improve hyperandrogenic
and metabolic phenotypes (164). These findings suggest a
potential role for omega-3 fatty acids in improving oxidative
and inflammatory status, although the reported effects were
observed in the context of combined supplementation with
vitamin D (164).

Melatonin and the circadian-mitochondrial antioxidant
network

Melatonin. Melatonin is typically administered at 3 mg
nightly for 8 to 12 weeks. Double-blind trials reported
decreased total testosterone and high-sensitivity CRP, reduced
HOMA-IR, higher TAC and GSH, and lower expression of
IL-1 and TNF-a. These outcomes are consistent with coupling
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of circadian and mitochondrial antioxidant networks, with
direct effects on oxidative inflammation and mitochondrial
function, and parallel improvements in reproductive and
metabolic endpoints (181,182). Mechanistically, melatonin has
been shown to stabilize mitochondrial membrane potential,
enhance electron-transport efficiency, and induce antioxidant
enzymes, decreasing ovarian ROS and improving oocyte
quality, in step with improved psychological and metabolic
scores clinically (181,182). In a letrozole model, intraperitoneal
melatonin at 10 mg/kg/day improved ovarian morphology and
hormone profiles and attenuated oxidative and inflammatory
markers, consistent with relief of coupled mitochondrial-ER
stress and activation of antioxidant enzymes that restore the
follicular microenvironment (183).

Critical appraisal of current interventional evidence.
Across intervention classes, the overall direction of effect
is often favorable, but the certainty of evidence remains
modest (184,185). Numerous randomized trials include <100
participants, last only 8-12 weeks, and pool women with
different BMI categories, androgen status, infertility status, or
background treatments (186). Combination regimens further
complicate attribution of benefit to a single antioxidant or
metabolic agent (186). Although meta-analyses can increase
statistical power, they also inherit between-study heteroge-
neity in diagnostic criteria, supplement formulation, dose,
comparator choice, and laboratory assays (184,185).

Another limitation is endpoint hierarchy. Improvements
in MDA, TAC, CRP, fasting insulin, or HOMA-IR are useful
proof-of-direction biomarkers, but they are not equivalent to
improved live birth, long-term menstrual regularity, prevention
of diabetes, or reduced cardiovascular risk (185). ART-related
research is informative for the follicular microenvironment
but represents a selected fertility-treatment population rather
than the broader PCOS spectrum (79). Head-to-head trials
between antioxidant strategies are scarce, long-term safety
data are limited for several nutraceutical regimens, and
phenotype-stratified trials remain the exception rather than
the rule (186). Future studies should prespecify phenotype,
specimen compartment, and clinically meaningful primary
endpoints, while integrating mechanistic biomarkers with
reproductive and cardiometabolic outcomes (79,184).

6. Conclusion

Evidence across human, cellular, and animal studies supports
oxidative stress as a biologically relevant component of PCOS
rather than a nonspecific epiphenomenon. However, the
oxidative signature of PCOS is heterogeneous. Women with
obesity, hyperandrogenism, and Rotterdam phenotypes A or
B generally exhibit the greatest systemic metabolic-inflamma-
tory burden, whereas phenotype D is often milder and lean
PCOS may retain clinically relevant local ovarian oxidative
abnormalities despite less marked systemic impairment.

For translation, a tiered biomarker strategy is more
useful than long unranked marker lists. Serum or plasma
panels centered on lipid peroxidation, global antioxidant
capacity, and enzymatic antioxidant defenses are most
suitable for evaluating systemic redox burden, especially
when interpreted alongside insulin resistance, androgen
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excess, adiposity, dyslipidemia, and low-grade inflammation.
Markers such as MDA, 8-isoprostane, TAC, FRAP, SOD,
GSH peroxidase, and related GSH indices may therefore
be useful as part of a patterned systemic profile rather than
as isolated diagnostic readouts. By contrast, follicular-fluid
biomarkers are more appropriate for assessing the ovarian
microenvironment, granulosa-cell function, oocyte compe-
tence, and ART-related outcomes, because they reflect local
oxidative injury more directly than circulating markers.
These compartments should not be merged analytically.
A change in serum oxidative markers cannot be assumed to
indicate parallel restoration of follicular redox homeostasis
unless follicular penetration, local pharmacodynamic effects,
or reproductive endpoints are directly assessed. Future
studies should therefore standardize sample type, menstrual
or stimulation phase, storage conditions, freeze-thaw history,
assay platform, treatment exposure, obesity status, andro-
genic phenotype, and Rotterdam phenotype composition to
improve reproducibility and clinical interpretability across
cohorts.

The mechanistic literature also needs to be interpreted
by level of evidence. Human clinical studies mainly support
association, showing that oxidative indices are correlated with
insulin resistance, hyperandrogenemia, ovulatory dysfunc-
tion, obesity-related metabolic disturbance, and inflammatory
activation. These findings are biologically consistent, but they
cannot establish whether oxidative stress is a primary driver,
a downstream consequence, or part of a self-reinforcing endo-
crine-metabolic loop. Stronger causal support comes from
mechanistic interventions in cell and animal models, where
modulation of NOX4 activity, mitochondrial dysfunction,
antioxidant pathways, granulosa-cell apoptosis, inflamma-
tory signaling, or SHBG-related oxidative regulation can
alter reproductive and metabolic phenotypes. Such evidence
supports the concept that redox imbalance can participate
actively in PCOS pathophysiology rather than merely reflecting
disease severity. However, the translational threshold has not
yet been reached for most oxidative biomarkers. Current
evidence justifies continued redox-focused investigation and
phenotype-stratified biomarker development, but it does not
support treating all oxidative markers as validated clinical
decision tools or using antioxidant response alone as proof
of disease modification. Current antioxidant and metabolic
interventions show encouraging but still incomplete transla-
tional value. Most trials report short-term improvements in
surrogate metabolic, inflammatory, or oxidative endpoints,
yet robust data on live birth, durable ovulatory recovery,
long-term cardiometabolic protection, and head-to-head
comparative efficacy remain limited. The next stage of the
field should therefore move from descriptive supplementation
studies to phenotype-stratified, adequately powered trials that
integrate systemic biomarkers, local ovarian readouts, and
clinically meaningful endpoints.

Finally, recent multi-omics studies suggest that future
precision management of PCOS will depend on integrating
redox biology with transcriptomic, proteomic, metabolomic,
and follicular niche data. Such approaches may refine subtype
definition, uncover novel redox-sensitive therapeutic targets,
and distinguish patients in whom oxidative stress is a dominant
driver from those in whom it is a secondary amplifier.
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