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Male infertility accounts for nearly half of all infertility cases worldwide, yet up to
30-40% of affected men remain categorized as ‘idiopathic’, reflecting limitations
of conventional diagnostics such as semen analysis, hormonal profiling,
karyotyping, and Y-chromosome microdeletion testing. These methods
describe sperm quantity and morphology but fail to uncover underlying
molecular dysfunctions. Increasing evidence suggests that oxidative stress plays
a central role in driving sperm damage, encompassing lipid peroxidation, protein
oxidation, mitochondrial dysfunction, DNA fragmentation, and epigenetic
instability. Such diverse pathways highlight the inadequacy of a single idiopathic
category and necessitate mechanistic stratification. This evidence-based study
proposes redox endophenotypes, including hyper- and hypo-oxidative, DNA
damage-dominant, mitochondrial dysfunction, epigenetic-redox, and
inflammatory-redox phenotypes, as a framework for reclassifying idiopathic
male infertility. Each phenotype integrates specific biomarkers, such as
oxidation-reduction potential (ORP), isoprostanes, 8-hydroxy-2’'-
deoxyguanosine, or advanced oxidation protein products, with distinct
functional impairments and clinical outcomes. Redox endophenotyping offers
diagnostic refinement, guides personalized antioxidant or adjunctive therapy, and
informs clinicians and embryologists for appropriate assisted reproductive
technology (ART) protocols by counselling and treating the patient, and
tailoring sperm selection and preparation strategies. Future directions include
multi-center validation of redox assays, integration with omics and exposome
data, and application of artificial intelligence for biomarker-driven algorithms.
Recognizing redox endophenotypes not only reduces the reliance on
exclusionary ‘idiopathic’ diagnoses but also advances precision andrology,
improving patient diagnostics and care, reproductive outcomes and mitigating
intergenerational health risks.

KEYWORDS

assisted reproductive technology, male fertility, oxidative stress, redox biomarkers,
reductive stress, sperm DNA damage

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2026.1747453/full
https://www.frontiersin.org/articles/10.3389/fendo.2026.1747453/full
https://www.frontiersin.org/articles/10.3389/fendo.2026.1747453/full
https://www.frontiersin.org/articles/10.3389/fendo.2026.1747453/full
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2026.1747453&domain=pdf&date_stamp=2026-03-03
mailto:pallav_cu@yahoo.com
mailto:shubhadeep1@gmail.com
https://doi.org/10.3389/fendo.2026.1747453
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2026.1747453
https://www.frontiersin.org/journals/endocrinology

Sengupta et al.

1 Introduction

Male infertility represents a significant global health burden,
contributing to nearly half of all infertility cases among couples (1).
Despite advances in diagnostics, approximately 30-40% of infertile
men are classified as having idiopathic infertility, reflecting the
absence of identifiable etiological factors following standard clinical
evaluations, with reported prevalence varying across populations,
diagnostic criteria, and study settings (2). This persistent category
underscores the limitations of conventional diagnostic modalities
such as semen analysis, hormonal profiling, karyotyping, and Y
chromosome microdeletion screening, which provide descriptive
but not mechanistic insights into impaired male fertility (3). A
growing body of evidence implicates oxidative stress (OS) as a
central player in male infertility pathophysiology (4, 5). Reactive
oxygen species (ROS), when exceeding physiological thresholds, can
disrupt sperm membrane integrity, mitochondrial bioenergetics,
and nuclear as well as epigenetic stability (6). The dichotomy
between the physiological roles of ROS in capacitation and
fertilization versus their pathological impact through OS
highlights the necessity of assessing redox balance as a functional
biomarker (7). However, current laboratory assessments remain
fragmented, often lacking reproducibility and standardization,
thereby failing to provide clinically actionable insights (8, 9).

Conventional semen analysis focuses on sperm concentration,
motility, and morphology, yet these parameters do not capture the
underlying molecular disturbances that compromise fertilization
potential (10). Consequently, a substantial number of men continue
to be grouped into the ‘idiopathic’ category, limiting personalized
treatment strategies and affecting outcomes in assisted reproductive
technologies (ART) (3, 11). While OS represents a central and unifying
mechanism in male infertility, it does not act in isolation. Redox
imbalance interacts with genetic, epigenetic, endocrine, immunological,
and environmental factors, and limitations related to biomarker
standardization, temporal variability, and causality warrant cautious
interpretation and individualized clinical application. This review
revisits idiopathic male infertility (IMI) through the lens of redox
biology, proposing redox-based endophenotypes as a conceptual
framework for stratification. In this context, a ‘redox endophenotype’
is defined as a quantifiable, intermediate biological state characterized
by distinct patterns of oxidative-reductive imbalance that link
molecular redox dysregulation with functional sperm impairment
and clinical infertility phenotypes. By defining distinct mechanistic
subgroups such as hyper-oxidative, DNA damage-dominant,
mitochondrial dysfunction, epigenetic-oxidative, and inflammatory-
oxidative phenotypes, we seek to move beyond descriptive diagnostics
toward precision andrology. Such an approach holds the promise of
refining diagnosis, guiding personalized antioxidant and adjunctive
therapies, and ultimately reducing the reliance on the ambiguous label
of ‘idiopathic’ infertility.
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2 |diopathic male infertility: a clinical
and conceptual overview

2.1 Definitions and diagnostic challenges of
idiopathic male infertility

IMI is broadly defined as the inability to conceive after at least
12 months of unprotected intercourse, in the absence of identifiable
female factors, where standard diagnostic evaluations in men fail to
reveal a clear etiology (2). Unlike defined conditions such as
varicocele, hypogonadotropic hypogonadism, obstructive
azoospermia, or genetic abnormalities, idiopathic infertility
represents a residual category encompassing 30-40% of infertile
men worldwide (12). The lack of definitional precision reflects not
only biological heterogeneity but also diagnostic insufficiency,
highlighting the limitations of conventional approaches
in andrology.

Diagnostic pathway for male infertility typically includes semen
analysis, hormonal profiling, scrotal ultrasonography, karyotyping,
and Y-chromosome microdeletion testing (13). While these
assessments can identify gross abnormalities, they lack sensitivity
to subtle functional, molecular, or environmental contributors to
sperm dysfunction. For example, semen analysis classifies patients
into oligozoospermia, asthenozoospermia, teratozoospermia, or
normozoospermia (10), yet a significant proportion of men with
‘normal’ semen parameters remain infertile, pointing to cryptic
defects such as oxidative DNA damage, mitochondrial dysfunction,
or epigenetic instability (14). The diagnostic challenge is
compounded by inter-laboratory variability and lack of
standardization in semen assessment. Even within the framework
of WHO reference values, men with borderline parameters may
achieve natural conception, whereas men with apparently normal
profiles may fail to conceive (15). This paradox underscores that
semen analysis is descriptive but not mechanistic, failing to capture
the molecular underpinnings of fertility potential. Similarly,
endocrine evaluation may identify hypogonadism or pituitary
disorders but remains uninformative for men with idiopathic
infertility, where gonadotropins and testosterone are typically
within reference ranges (16). Moreover, the reliance on
exclusionary diagnosis, labelling patients as idiopathic after ruling
out known causes, limits clinical decision-making. Such
categorization provides little guidance for treatment, contributing
to the inconsistent outcomes of antioxidant trials, which often fail
due to patient heterogeneity, lack of redox stratification,
inappropriate dosing, and the inclusion of men without
demonstrable oxidative imbalance (3, 11). In this context, redox
endophenotyping offers a theoretical framework to improve
therapeutic efficacy by identifying patients most likely to benefit
from antioxidant intervention while avoiding overtreatment and
reductive stress in others.
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Importantly, idiopathic infertility is not a true diagnosis but a
reflection of the diagnostic gap in current practice. Thus, the
definitional and diagnostic challenges of IMI demand a paradigm
shift. Moving toward molecular phenotyping, particularly redox-
based profiling, could enable reclassification of this heterogeneous
group into biologically meaningful subtypes. Such an approach may
transform idiopathic infertility from a diagnosis of exclusion into a
mechanistically informed category, enabling targeted interventions
and improved reproductive outcomes.

2.2 Limitations and current diagnostic
markers

The clinical evaluation of male infertility has long relied on a
triad of diagnostic markers: semen parameters, hormonal profiles,
and genetic screening (Figure 1). While these tools remain the
cornerstone of clinical practice, they are inherently limited in their
ability to resolve the mechanistic causes underlying idiopathic
infertility (17). Semen analysis, guided by WHO criteria, remains
the first-line diagnostic test, assessing sperm concentration,
motility, and morphology (15). However, these parameters offer
only a gross estimate of reproductive potential and lack predictive

{ Idiopathic Male Infertility ]
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value for fertilization competence (10). For example, two men with
comparable semen profiles may display dramatically different ART
outcomes, while a proportion of normozoospermic men remain
infertile despite apparently normal semen quality. These
observations reflect the inability of conventional semen
parameters to account for oxidative damage, mitochondrial
dysfunction, and epigenetic alterations that compromise sperm
function. Hormonal profiling, including follicle-stimulating
hormone (FSH), luteinizing hormone (LH), prolactin, and
testosterone, aids in diagnosing endocrine dysfunction such as
hypogonadotropic hypogonadism or primary testicular failure
(18). However, in idiopathic infertility, endocrine parameters are
typically within normal ranges (19), offering little discriminatory
power. Subtle dysregulation of intratesticular steroidogenesis,
paracrine signaling, or receptor sensitivity remains undetected,
further reinforcing the inadequacy of routine hormonal assays
(2). Genetic testing, particularly karyotyping and Y-chromosome
microdeletion analysis, has identified important etiologies, such as
Klinefelter syndrome and AZF deletions (20). Yet, the diagnostic
yield of these tests is relatively low, collectively accounting for only
5-10% of infertile men. Moreover, conventional genetic assessments
fail to capture epigenetic perturbations, mitochondrial genome
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instability, or polymorphisms affecting oxidative metabolism, which
may significantly contribute to infertility risk (21).

A key limitation across these markers is their static, descriptive
nature, which fails to reflect the dynamic processes that influence
sperm maturation and function. Furthermore, the lack of
integration between clinical, biochemical, and molecular domains
results in fragmented assessment, with many men ultimately
classified as idiopathic. Emerging tools, such as sperm DNA
fragmentation assays and OS biomarkers, have begun to bridge
this gap, but challenges of standardization, reproducibility, and
clinical adoption remain (22, 23). Ultimately, reliance on
conventional markers perpetuates the diagnostic ambiguity
surrounding IMI. This limitation underscores the need for
advanced, mechanism-driven diagnostics, such as redox
endophenotyping, to move beyond descriptive classification and
enable personalized therapeutic strategies.

2.3 Burden of ‘idiopathic’ category in
clinical practice and ART outcomes

The persistence of the idiopathic infertility category poses
significant clinical and psychosocial challenges. For patients, the
absence of a clear diagnosis often translates into uncertainty,
anxiety, and dissatisfaction, as couples are left without an
explanation for their reproductive difficulties (24). For clinicians,
idiopathic cases represent a therapeutic dilemma, where treatment
decisions are frequently empirical rather than evidence-based (25).
From a clinical standpoint, idiopathic infertility accounts for up to
40% of male infertility cases, reflecting the inadequacy of existing
diagnostic frameworks. This large residual category complicates
treatment stratification, as patients with fundamentally different
pathophysiologies are grouped together under the same label (2). As
a result, empirical therapies such as antioxidant supplementation or
empiric intrauterine insemination (IUI) are often employed, with
highly variable and often disappointing outcomes (26). The lack of
mechanistic clarity hampers the ability to identify which men may
benefit from targeted interventions or require escalation to ART. In
the context of ART, idiopathic infertility significantly impacts
decision-making and outcomes (11). Men categorized as
idiopathic are often fast-tracked to in vitro fertilization (IVF) or
intracytoplasmic sperm injection (ICSI), bypassing attempts at
natural conception or less invasive interventions (27). While ICSI
has revolutionized treatment, its use in idiopathic infertility raises
concerns, as it addresses the symptom, fertilization failure, without
resolving the underlying male factor (28). Moreover, evidence
suggests that sperm with unresolved oxidative or genetic defects
may compromise embryo development, implantation, and offspring
health, even when ICSI is successful (29, 30). This raises long-term
concerns about the intergenerational impact of unresolved IMI
(31). Economically, the burden of idiopathic infertility is
substantial. Couples often undergo repeated cycles of ART,
incurring high financial and emotional costs without guaranteed
success. Furthermore, the reliance on trial-and-error approaches
contributes to inefficiencies in healthcare delivery, diverting
resources from more targeted and effective strategies (32).
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The persistence of the idiopathic category also limits progress in
reproductive research. By failing to delineate mechanistic
subgroups, valuable opportunities for biomarker discovery,
therapeutic innovation, and precision medicine are missing.
Consequently, idiopathic infertility represents not only a clinical
burden but also a scientific bottleneck. Addressing this burden
requires a shift from exclusionary diagnosis toward mechanistic
stratification. Redox endophenotyping, by identifying OS-driven
subtypes of infertility, offers a promising pathway to reduce the size
of the idiopathic category, refine treatment strategies, and
ultimately improve ART outcomes and reproductive health.

2.4 The need for endophenotyping as a
bridge between phenotype and genotype

The concept of endophenotyping offers a valuable framework
for resolving the diagnostic ambiguity associated with IMI.
Endophenotypes are intermediate, quantifiable biological traits
that link observable clinical phenotypes to underlying genetic and
molecular mechanisms (33, 34). By capturing functional
disruptions that lie between genotype and phenotype,
endophenotyping offers an avenue to move beyond descriptive
diagnostics and toward mechanistic classification (34). In male
infertility, the phenotype is typically defined by semen
parameters, while the genotype is probed through karyotyping, Y-
chromosome microdeletion analysis, or targeted genetic panels
(35). However, the gap between these levels of assessment
remains vast. Men with similar semen profiles may harbour
distinct molecular dysfunctions, while those with comparable
genetic backgrounds may manifest variable clinical outcomes.
This discordance reflects the influence of intermediate processes
such asOS, mitochondrial dysfunction, and epigenetic regulation,
which remain invisible to current diagnostic practices (2, 4).

Redox biology provides a compelling entry point for developing
endophenotypes (4). OS represents a convergent pathway through
which genetic susceptibilities, environmental exposures, and
lifestyle factors influence sperm function (36-38). For example,
variants in antioxidant defence genes, exposure to environmental
toxins, or chronic inflammation may all converge to generate a
hyper-oxidative phenotype (37). Similarly, defects in mitochondrial
bioenergetics, chromatin remodeling, or epigenetic programming
may be unified under redox-sensitive mechanisms (39-41). Such
mechanistic clustering provides a more precise framework for
stratifying patients than broad phenotypic categories like
normozoospermia or oligoasthenoteratozoospermia (42). By
integrating redox-based endophenotypes into diagnostic practice,
clinicians may be able to identify subgroups of men who would
benefit from targeted antioxidant therapy, mitochondrial
modulators, or epigenetic interventions. Moreover,
endophenotyping may enhance prognostication in ART by
predicting which sperm populations are most likely to yield
healthy embryos and viable pregnancies (42). Importantly,
endophenotyping also offers a bridge to translational research. By
linking molecular pathways to clinical outcomes, it facilitates
biomarker discovery, therapeutic innovation, and personalized
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medicine approaches. Advances in omics technologies, coupled
with computational modeling, can further refine endophenotypic
classifications, enabling multidimensional integration of redox,
genetic, and exposomic data (43, 44). Thus, the application of
endophenotyping represents a paradigm shift in the study of IMI.
By operationalizing the intermediate space between genotype and
phenotype, it promises to transform idiopathic infertility from a
diagnosis of exclusion into a set of mechanistically defined
subgroups. This transition is essential for achieving precision
andrology and for reducing the persistent reliance on the
ambiguous ‘idiopathic’ label.

3 Redox biology of the male
reproductive system

3.1 Sources of ROS in testis, epididymis,
and seminal plasma

ROS generation is an inevitable outcome of cellular metabolism,
and in the male reproductive tract, they play a dual role in
sustaining physiological processes and driving pathological
damage (7) (Figure 1). The testes, epididymis, and seminal
plasma represent distinct yet interconnected microenvironments
where ROS are produced by intrinsic and extrinsic sources (4, 6).
Within the testes, the mitochondria of germ cells and Sertoli cells
are primary sites of ROS production via electron leakage from
complexes I and III of the electron transport chain (45). The high
proliferative activity of germ cells, coupled with intensive chromatin
remodeling during spermatogenesis, creates conditions prone to
oxidative imbalance (46). Furthermore, Leydig cells contribute to
ROS generation during steroidogenesis, as enzymatic reactions
involving cytochrome P450 produce superoxide anions and
hydrogen peroxide (47). Disruption of antioxidant defense within
this milieu can result in germ cell apoptosis, meiotic arrest, or
impaired testosterone biosynthesis, ultimately compromising
spermatogenesis (48). In the epididymis, ROS production is
enhanced by the presence of leukocytes, particularly macrophages
and neutrophils, which are recruited during subclinical
inflammation or infection (49). Epididymal epithelial cells also
contribute to redox activity through NADPH oxidase isoforms,
which regulate luminal redox homeostasis essential for sperm
maturation (50). However, pathological activation of these
enzymes leads to excessive ROS release, altering epididymal
secretions that are critical for sperm membrane remodeling,
motility acquisition, and fertilizing potential (51). Seminal plasma
represents the final compartment where spermatozoa encounter
OS. Sperm themselves generate ROS, primarily through
mitochondrial activity and membrane-bound NADPH oxidases.
Interestingly, immature spermatozoa with residual cytoplasm are
major contributors to ROS due to their high glucose-6-phosphate
dehydrogenase activity, which fuels NADPH-dependent oxidase
pathways (52). Additionally, activated leukocytes in semen can
produce ROS levels up to 1000-fold higher than those of
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spermatozoa, rendering leukocytospermia a clinically significant
contributor to oxidative infertility (53).

External factors such as environmental toxins, smoking,
varicocele, and metabolic disorders further exacerbate ROS
generation across these compartments (5). Importantly, ROS
produced in the testes may prime spermatozoa for damage that is
amplified in the epididymal and seminal environments. This
cumulative oxidative burden highlights the necessity of
compartment-specific analysis in understanding male infertility
(5). In idiopathic cases, conventional diagnostics fail to detect
these localized redox disturbances (4). Thus, characterizing ROS
sources across the reproductive tract is critical for identifying
mechanistic subgroups of patients, paving the way for redox
endophenotypes that transcend the idiopathic label.

3.2 Antioxidant defense systems:
enzymatic and non-enzymatic layers

The male reproductive tract is equipped with a sophisticated
antioxidant defense system designed to maintain redox equilibrium.
These defenses encompass enzymatic and non-enzymatic layers
that operate synergistically to neutralize ROS and preserve sperm
function (54, 55). Disruption of this finely tuned network is a
central event in the pathogenesis of OS-related infertility.
Enzymatic antioxidants form the first line of defense. Superoxide
dismutase (SOD) catalyzes the dismutation of superoxide anions
into hydrogen peroxide, which is further detoxified by catalase and
glutathione peroxidase (GPx). The importance of SOD isoforms is
evident from their localization: mitochondrial Mn-SOD safeguards
oxidative phosphorylation, while Cu/Zn-SOD protects cytoplasmic
and extracellular compartments (56). GPx, particularly GPx4, plays
a dual role as both an antioxidant enzyme and a structural
component of sperm chromatin, highlighting its reproductive
relevance (57). Deficiency or inactivation of these enzymes results
in unchecked ROS accumulation, lipid peroxidation, and impaired
motility. Non-enzymatic antioxidants complement enzymatic
defenses by scavenging free radicals and reinforcing redox
homeostasis (58). Reduced glutathione (GSH) serves as a key
thiol donor, participating in detoxification reactions catalyzed by
glutathione S-transferase (59). Vitamins C and E provide additional
layers of protection: ascorbate neutralizes aqueous ROS, while o.-
tocopherol prevents lipid peroxidation of sperm membranes rich in
polyunsaturated fatty acids (60). Micronutrients such as selenium,
zinc, and coenzyme Q10 further contribute by supporting
enzymatic activity or directly scavenging radicals (61-63).

Seminal plasma acts as a reservoir of both enzymatic and non-
enzymatic antioxidants, creating a protective buffer for ejaculated
spermatozoa (58). However, sperm themselves possess limited
intrinsic antioxidant capacity due to the minimal cytoplasmic
volume, making them highly dependent on external redox
defenses (64). This vulnerability is exacerbated in idiopathic
infertility, where subtle deficiencies in seminal antioxidants may
remain undetected by conventional assays. The balance between
enzymatic and non-enzymatic layers is delicate; excess

supplementation of non-enzymatic antioxidants may induce
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‘reductive stress’ (RS), impairing physiological ROS-dependent
processes (65, 66). Thus, antioxidant defenses must be considered
not only in terms of capacity but also in dynamic regulation.
Critically, idiopathic infertility may reflect hidden defects in this
antioxidant system. For instance, polymorphisms in GPx4 or SOD
genes, micronutrient deficiencies, or impaired recycling of
antioxidant pools can predispose individuals to a redox imbalance
without overt clinical markers (67). Integrating antioxidant
profiling into diagnostic practice could reveal such hidden
susceptibilities, thereby refining the classification of idiopathic
cases into biologically meaningful endophenotypes.

3.3 Physiological role of ROS in sperm
capacitation, acrosome reaction, and
fertilization

While often pathologized, ROS are indispensable signaling
molecules in male reproduction, particularly during the processes
of capacitation, acrosome reaction, and fertilization (7). Their role
illustrates the paradox of ROS biology: essential at physiological
concentrations but deleterious when unchecked (68). Capacitation,
the functional maturation of spermatozoa in the female
reproductive tract, requires ROS-mediated activation of
intracellular signaling cascades (69). Superoxide and hydrogen
peroxide modulate tyrosine phosphorylation of sperm proteins,
facilitating changes in membrane fluidity and ion fluxes (70).
These events prime spermatozoa for hyperactivated motility, a
prerequisite for navigating the oviductal environment. Inhibition
of ROS generation during capacitation results in defective tyrosine
phosphorylation and impaired fertilization capacity, underscoring
their physiological necessity (7). The acrosome reaction, an
exocytotic event enabling sperm penetration through the zona
pellucida, is also ROS-dependent (71). Hydrogen peroxide
enhances calcium influx and activates signaling pathways that
trigger membrane fusion and acrosomal enzyme release (72). ROS
additionally regulate actin dynamics, ensuring proper cytoskeletal
remodeling during this process (73). Thus, controlled ROS
generation serves as a molecular switch for acrosomal exocytosis.

Beyond these events, ROS contribute to sperm-oocyte
interaction and fusion (7). Mild oxidative modifications of sperm
surface proteins may increase zona pellucida binding, while redox
signaling influences mitochondrial activity, ensuring adequate ATP
supply for sustained motility (74). Furthermore, ROS participate in
chromatin decondensation during fertilization, facilitating male
pronucleus formation (68). However, the fine line between
physiological and pathological ROS levels is easily disrupted.
Excessive ROS impair capacitation, induces premature acrosome
reactions, and damage DNA integrity, whereas insufficient ROS
blunts the signaling required for fertilization competence (4, 5).
This narrow therapeutic window poses a challenge for clinical
interventions aimed at modulating redox balance. In idiopathic
infertility, subtle disturbances in ROS-mediated signaling may
manifest as functional impairments that evade detection by
conventional semen analysis (4). For instance, sperm may display

Frontiers in Endocrinology

10.3389/fendo.2026.1747453

normal motility yet fail to undergo proper capacitation or acrosome
reaction due to redox dysregulation. Identifying such dysfunctions
through functional assays could help stratify idiopathic cases into
ROS-related endophenotypes, providing mechanistic insight and
guiding therapeutic approaches.

3.4 Oxidative stress versus reductive stress:
defining the redox balance in sperm
function

The concept of redox balance is central to understanding sperm
physiology and pathology. While OS, defined as excess ROS relative
to antioxidant capacity, is widely recognized as a driver of male
infertility, the emerging concept of RS adds complexity to this
paradigm (5, 65). Both extremes of the redox spectrum can
compromise sperm function, highlighting the need to define
optimal redox homeostasis rather than simply minimizing ROS
(66). OS damages spermatozoa through lipid peroxidation, protein
carbonylation, and DNA fragmentation, leading to reduced motility,
impaired acrosome reaction, and compromised fertilization potential
(51). Clinical studies consistently demonstrate elevated markers of
oxidative damage in infertile men, with strong associations to poor
ART outcomes (75). However, interventions aimed solely at reducing
ROS often yield inconsistent results, suggesting that indiscriminate
antioxidant therapy may disrupt physiological redox signaling (6).
RS, characterized by an excessive antioxidant environment, can
suppress the ROS-dependent pathways necessary for capacitation,
hyperactivation, and acrosome reaction (65). For example, over-
supplementation with vitamins C and E or glutathione precursors
may scavenge ROS to sub-physiological levels, blunting essential
signaling cascades. This phenomenon, termed the ‘antioxidant
paradox,” underscores the risk of empirically prescribing
antioxidants in idiopathic infertility without mechanistic
stratification (48, 76).

Defining the redox balance thus requires precise assessment of
both oxidative and reductive states (8). Emerging assays such as
oxidation-reduction potential (ORP) measurements offer
integrative insights into global redox status, bridging the gap
between fragmented biomarkers (37). Yet, challenges of
standardization, threshold determination, and clinical
interpretation remain. For IMI, the critical issue lies in
recognizing that not all patients suffer from OS. Some may
exhibit reductive imbalance due to lifestyle factors, excessive
supplementation, or intrinsic metabolic traits (66). Without
distinguishing these states, therapeutic interventions risk
exacerbating dysfunction rather than restoring fertility. The
conceptual shift from ‘oxidative damage’ to ‘redox imbalance’
provides a foundation for redox endophenotyping. By
categorizing patients into hyper-oxidative, reductive, or mixed
phenotypes, clinicians can tailor interventions, avoid the pitfalls
of empirical antioxidant therapy, and improve ART outcomes.
Ultimately, the recognition of both oxidative and RS reframes
idiopathic infertility as a disorder of redox dysregulation, opening
new avenues for precision diagnostics and targeted therapeutics.
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4 Mechanistic pathways linking
oxidative stress to male infertility

4.1 Lipid peroxidation of sperm membranes
and consequences for motility and fusion

Spermatozoa are uniquely vulnerable to lipid peroxidation owing
to their plasma membranes being enriched with polyunsaturated
fatty acids (PUFAs), particularly docosahexaenoic acid (DHA) (77).
While these lipids confer fluidity, which is essential for capacitation
and fusion with the oocyte, they also contain multiple double bonds
that are highly susceptible to oxidative attack. When ROS exceed the
buffering capacity of antioxidants, lipid peroxidation is initiated
through chain reactions involving hydroxyl radicals and peroxyl
intermediates (78). The biochemical cascade of lipid peroxidation
generates reactive aldehydes, including malondialdehyde (MDA) and
4-hydroxy-2-nonenal (4-HNE). These secondary products are not
merely markers of oxidative injury but active disruptors of sperm
function (78). By forming covalent adducts with membrane proteins,
they impair ion channel activity, signaling pathways, and membrane
fusion processes critical for fertilization (79). Furthermore, aldehyde
adduction can alter mitochondrial membrane potential, reducing
ATP supply necessary for hyperactivated motility (80).

The clinical relevance of lipid peroxidation is underscored by
strong associations between elevated seminal MDA or isoprostane
levels and reduced sperm motility, viability, and fertilization
capacity (78). Studies demonstrate that men with idiopathic
infertility often harbour elevated lipid peroxidation despite
normal semen parameters, suggesting that conventional
diagnostics miss these functional impairments (81). Importantly,
sperm motility is highly sensitive to lipid peroxidation because
flagellar beating requires tightly regulated calcium flux and ATP
hydrolysis, both of which are disrupted by peroxidative damage
(82). Fusion events are similarly compromised. Lipid peroxidation
alters membrane fluidity, preventing the physiological
reorganization of lipid rafts and the exposure of fusogenic
proteins during acrosome reaction (83). This results in
diminished sperm-oocyte binding and fertilization failure even
in normozoospermic men. Such cases are often categorized as
idiopathic infertility, yet the mechanistic driver is oxidative lipid
injury. In ART, lipid peroxidation also has implications. Sperm
selected for ICSI may retain peroxidative damage, transmitting
defective membranes and aldehyde adducts into the oocyte
cytoplasm (84). This can impair pronuclear development,
embryo quality, and implantation outcomes. Cryopreservation
further amplifies lipid peroxidation by inducing oxidative bursts
during freeze-thaw cycles, aggravating damage in idiopathic
cases (85).

As discussed earlier, therapeutic interventions targeting lipid
peroxidation, such as supplementation with vitamin E, coenzyme
Q10, or polyphenols, have shown variable outcomes, reflecting the
need for patient stratification (60, 63). Empirical antioxidant
therapy may rescue some patients while exacerbating RS in others
(65). This variability underscores the rationale for a redox
endophenotype approach, specifically, identifying a ‘hyper-
oxidative lipid peroxidation phenotype’ among idiopathic men to
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guide therapy. Thus, lipid peroxidation represents a pivotal
mechanism linking ROS imbalance to impaired motility and
fertilization, accounting for a subset of idiopathic infertility cases
(78, 83). Its recognition and quantification could transform a vague
idiopathic diagnosis into a defined, mechanistically driven
endophenotype with direct therapeutic implications.

4.2 Protein oxidation, nitration, and
impairment of mitochondrial function

Proteins are major targets of oxidative and nitrosative stress in
spermatozoa due to the abundance of susceptible amino acid
residues such as cysteine, tyrosine, methionine, and tryptophan
(86). Oxidative modifications, including carbonylation, disulfide
crosslinking, and nitrotyrosine formation, can profoundly alter
protein structure and function (87). Given the specialized
proteome of sperm, encompassing enzymes for energy
metabolism, ion transporters, and structural proteins for motility,
oxidative protein damage has disproportionate effects on fertility
potential (88).

One critical pathway involves nitration of tyrosine residues by
peroxynitrite, a reactive species generated through the reaction of
nitric oxide with superoxide (89). Nitrotyrosine modification of
axonemal proteins impairs flagellar motility, while nitration of
mitochondrial enzymes disrupts oxidative phosphorylation (86).
Similarly, oxidation of cysteine residues in ATP synthase or adenine
nucleotide translocase compromises mitochondrial ATP
production (90). Since sperm motility is heavily dependent on
mitochondrial bioenergetics, such alterations manifest as
asthenozoospermia even when sperm counts and morphology are
normal (91). Mitochondria themselves are both sources and victims
of OS. ROS leakage from the electron transport chain damages
mitochondrial DNA and proteins, perpetuating a vicious cycle of
dysfunction (39). The decline in mitochondrial membrane potential
leads to impaired ATP synthesis, increased ROS leakage, and
activation of intrinsic apoptotic pathways. In spermatozoa, this
translates into defective motility, premature capacitation, and
increased susceptibility to apoptosis-like changes (39, 45).

Oxidative modifications of proteins also impair fertilization
processes. For instance, the oxidation of acrosomal enzymes, such
as acrosin, reduces the zona pellucida penetration capacity (92).
Similarly, oxidative damage to surface proteins involved in sperm-
oocyte recognition diminishes binding affinity, resulting in
fertilization failure despite apparently normal semen parameters
(29). Clinical studies consistently demonstrate elevated levels of
oxidized proteins and nitrotyrosine in semen of infertile men (86).
In idiopathic infertility, such damage may be the hidden molecular
defect explaining poor ART outcomes. Notably, oxidative protein
modifications are not readily reversible, unlike reversible thiol
oxidation, which underscores their diagnostic significance (87).
Therapeutically, interventions targeting mitochondrial redox
status, such as mitochondrial-targeted antioxidants (e.g., MitoQ,
SkQl), have shown promise in preclinical studies (93, 94).
However, clinical translation is hindered by the inability to stratify
patients who truly exhibit oxidative protein damage. This again
reinforces the need for a ‘mitochondrial dysfunction endophenotype’
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within idiopathic infertility, which would enable targeted therapies
and avoid empirical approaches. Thus, oxidative and nitrosative
modifications of sperm proteins represent a major pathway linking
redox imbalance to infertility (87, 89). Their role in compromising
mitochondrial function and motility situates them as a central
mechanism underlying idiopathic cases, warranting integration
into diagnostic frameworks for mechanistic classification.

4.3 Oxidative DNA damage, sperm
chromatin remodeling, and protamination
defects

The integrity of sperm DNA is fundamental to reproductive
success, ensuring faithful transmission of genetic information to the
embryo (95). OS is one of the most significant threats to sperm
genomic stability, inducing a spectrum of DNA lesions ranging
from single- and double-strand breaks to base modifications (5).
Among these, 8-hydroxy-2'-deoxyguanosine (8-OHdG) is the most
widely studied biomarker of oxidative DNA damage, strongly
associated with infertility and adverse ART outcomes (83). Sperm
chromatin architecture renders DNA particularly susceptible to
damage. During spermiogenesis, histones are largely replaced by
protamines, resulting in a highly compact chromatin structure
resistant to damage (96). However, incomplete protamination,
common in infertile men, leaves DNA regions susceptible to ROS
attack (97). Protamine deficiency also impairs disulfide
crosslinking, weakening nuclear stability (98). As a result, the
DNA fragmentation index (DFI) is often elevated in idiopathic
infertility despite normal semen parameters, highlighting cryptic
defects undetected by routine diagnostics (99).

Oxidative DNA damage carries both immediate and long-term
consequences. At the fertilization level, DNA strand breaks can
impair paternal pronucleus formation, triggering embryonic arrest
(100). At the intergenerational level, oxidative lesions may evade
repair during early embryogenesis, leading to mutations, imprinting
errors, and increased risk of childhood disorders (101). This
intergenerational impact raises significant ethical and clinical
concerns regarding the use of sperm with oxidative DNA damage
in ART. Chromatin remodeling defects further exacerbate
susceptibility. Retention of histones in promoter regions of
developmentally critical genes, coupled with oxidative
modifications, disrupts epigenetic programming (102). In
addition, OS interferes with topoisomerase activity and chromatin
condensation, further destabilizing the sperm genome (103). These
subtle yet profound alterations are rarely assessed in clinical
practice, contributing to the idiopathic label.

Clinical evidence links high levels of sperm DNA fragmentation
with poor ART outcomes, including reduced fertilization rates,
impaired blastocyst development, and recurrent pregnancy loss
(104, 105). While assays such as TUNEL, Comet, and SCSA
provide valuable insights, they do not discriminate between
oxidative and non-oxidative DNA damage, which limits
therapeutic guidance (106, 107). Targeted approaches, including
antioxidant therapy, lifestyle modification, and sperm selection
techniques (e.g., microfluidic sorting, magnetic-activated cell
sorting), aim to mitigate DNA damage (22). However, their
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inconsistent success underscores the heterogeneity of underlying
mechanisms. Identifying a ‘DNA damage-dominant redox
endophenotype’ could provide clarity, allowing clinicians to apply
precision interventions and refine ART protocols. Thus, oxidative
DNA damage and protamination defects represent a critical
mechanistic bridge between ROS imbalance and idiopathic
infertility. Their recognition as a distinct endophenotype could
transform diagnostic categorization, therapeutic decision-making,
and ultimately patient outcomes.

4.4 ROS-mediated epigenetic
modifications: DNA methylation, histone
retention, and sperm RNAs

Beyond structural DNA damage, OS profoundly influences the
sperm epigenome, affecting not only fertility but also
transgenerational health (108). Epigenetic modifications,
including DNA methylation, histone retention, and non-coding
RNAs, are exquisitely sensitive to ROS levels, making them central
to the mechanistic pathways linking redox imbalance to idiopathic
infertility (109).

DNA methylation is a critical epigenetic mechanism regulating
gene expression and imprinting (110). OS perturbs DNA
methyltransferase activity and induces oxidation of 5-
methylcytosine to 5-hydroxymethylcytosine, leading to abnormal
methylation patterns (111). Aberrant methylation of imprinted loci
such as H19 and IGF2 has been observed in infertile men,
correlating with poor embryo quality (112, 113). These defects
may persist in offspring, predisposing them to metabolic and
neurodevelopmental disorders, underscoring the intergenerational
consequences of sperm redox imbalance. Histone retention
provides another vulnerable axis. While protamination compacts
most of the sperm genome, ~5-10% of histones are retained at
regulatory regions (114). OS disrupts histone-protamine exchange,
leading to excessive histone retention enriched with oxidative
adducts (96). This perturbs chromatin accessibility, impairing
transcriptional reprogramming post-fertilization. Clinical studies
demonstrate increased histone retention in idiopathic infertility,
suggesting a mechanistic contribution to otherwise unexplained
cases (115). Sperm RNAs, including microRNAs (miRNAs),
piRNAs, and long non-coding RNAs, are also sensitive to
oxidative alterations (116). ROS can degrade small RNAs or alter
their expression profiles, thereby disrupting paternal contributions
to early embryogenesis. For example, dysregulated sperm miRNAs
under OS have been linked to defective embryo cleavage and
implantation failure (117). Since sperm RNAs are critical for
epigenetic reprogramming, their disruption provides a plausible
mechanism for idiopathic infertility and adverse ART outcomes
(118). Thus, these epigenetic alterations extend the impact of OS
beyond immediate sperm dysfunction to long-term reproductive
consequences. Importantly, conventional diagnostics do not assess
sperm epigenetics, perpetuating the idiopathic label. Incorporating
redox-sensitive epigenetic biomarkers could identify an ‘epigenetic-
oxidative endophenotype,” enabling stratification of patients at risk
of both infertility and transgenerational disease. Therapeutically,
interventions remain experimental, including epigenetic editing,
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dietary methyl donors, and antioxidant therapies. However,
indiscriminate supplementation risks exacerbating reductive
imbalance. A precision medicine approach, guided by epigenetic
profiling, holds promise for restoring sperm epigenome integrity
and reducing the burden of idiopathic infertility.

4.5 Crosstalk between inflammation,
infection, and oxidative stress in
‘unexplained’ infertility

Inflammation and infection are powerful drivers of OS in the
male reproductive tract, and their interplay represents a critical yet
underrecognized contributor to idiopathic infertility (119, 120).
Even in the absence of overt clinical symptoms, subclinical
inflammation or occult infection can generate sustained ROS
production, leading to sperm dysfunction. Leukocytes are central
to this crosstalk. Activated neutrophils and macrophages release
superoxide, hydrogen peroxide, and myeloperoxidase-derived
radicals at levels up to 1000 times greater than spermatozoa (49,
53). While intended for pathogen clearance, this ROS surge spills
into the seminal environment, damaging sperm membranes,
proteins, and DNA. Chronic prostatitis, epididymitis, and
subclinical genital tract infections are frequent but often
overlooked sources of such OS (120). Inflammatory mediators
further amplify redox imbalance. Cytokines such as TNF-o, IL-6,
and IL-1B upregulate NADPH oxidases in reproductive tissues,
perpetuating ROS production (121). Simultaneously, inflammation
depletes antioxidant defenses, creating a feed-forward loop of
oxidative injury (48). The result is a hostile microenvironment
where spermatozoa, already deficient in intrinsic antioxidant
capacity, suffer irreversible damage. Crucially, this inflammation-
OS axis often manifests without overt alterations in semen
parameters, leading to a diagnosis of idiopathic infertility (48).
For instance, men with normozoospermia but elevated seminal
leukocytes or cytokines may exhibit high DNA fragmentation and
poor ART outcomes yet remain categorized as idiopathic under
conventional frameworks.

Infection-driven OS also carries transgenerational implications.
Pathogens such as Chlamydia trachomatis and Ureaplasma
urealyticum induce oxidative DNA damage and epigenetic
alterations in sperm, which may influence embryo development
(122). Persistent infections may also induce autoimmunity against
sperm antigens, compounding infertility risk (123). Clinically, the
challenge lies in distinguishing between physiological immune
surveillance and pathological inflammation. Conventional semen
analysis does not assess inflammatory markers, while routine
cultures may miss intracellular or biofilm-forming pathogens.
This diagnostic gap perpetuates the use of the idiopathic label.
Incorporating assays for OS, seminal cytokines, and molecular
pathogen detection could uncover a distinct ‘inflammatory-
oxidative endophenotype.” Therapeutic strategies must balance
antimicrobial treatment, anti-inflammatory interventions, and
antioxidant support to achieve optimal outcomes. While
antibiotics resolve acute infections, persistent inflammatory OS
may require adjunctive therapies (54). Emerging evidence
suggests the benefits of targeted antioxidants, such as N-
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acetylcysteine, alongside anti-inflammatory nutraceuticals, though
patient stratification is essential to avoid overtreatment (124).
Therefore, the crosstalk between inflammation, infection, and OS
provides a unifying mechanism for many cases of ‘unexplained’
infertility. Recognizing this interplay as a mechanistic
endophenotype offers opportunities for targeted diagnostics,
improved therapy, and reduction of the idiopathic burden in
clinical practice.

5 Clinical assessment of redox status
in semen

5.1 Conventional oxidative stress assays

Conventional assays for OS in semen have long served as
investigative tools in andrology (Table 1), aiming to quantify
redox imbalance by either measuring oxidative damage or
antioxidant capacity (8). Among these, malondialdehyde (MDA),
total antioxidant capacity (TAC), GSH, catalase, and SOD are the
most widely employed, each capturing a different aspect of the
oxidative landscape (8). While valuable, these markers have
limitations in terms of sensitivity, specificity, and translational
utility, which contribute to the persistence of the idiopathic
infertility label. MDA, a byproduct of lipid peroxidation, is one of
the earliest and most widely used biomarkers of OS in semen (83).
Elevated MDA levels correlate strongly with impaired motility,
abnormal morphology, and increased DNA fragmentation (78,
83). Clinical studies consistently demonstrate higher MDA levels
in infertile men compared with fertile controls (79). However, MDA
quantification is subject to variability across assays (e.g., the
thiobarbituric acid-reactive substances test), which lacks
specificity because it reacts with other aldehydes and
carbohydrates. This methodological limitation reduces its clinical
reliability (125). TAC provides a holistic estimate of the seminal
antioxidant reserve by integrating enzymatic and non-enzymatic
defenses. It is useful in distinguishing between fertile and infertile
men, with reduced TAC commonly reported in idiopathic infertility
(126). Nonetheless, TAC values are influenced by diet,
supplementation, and lifestyle, making it difficult to interpret
them in isolation (127). Furthermore, TAC fails to differentiate
between specific enzymatic deficiencies or excessive antioxidant
supplementation (66), both of which have clinical relevance.

GSH, a tripeptide thiol, represents a central non-enzymatic
antioxidant in seminal plasma (57). Its concentration reflects
cellular redox status and capacity to neutralize hydrogen peroxide
through GPx. Reduced seminal GSH is associated with increased
lipid peroxidation and sperm DNA fragmentation (128). However,
routine measurement is technically challenging, requiring high-
performance liquid chromatography or enzymatic cycling assays,
which are not standardized across laboratories (129). Catalase and
SOD represent enzymatic defenses against ROS (8). SOD catalyzes
the dismutation of superoxide radicals into hydrogen peroxide,
while catalase detoxifies hydrogen peroxide into water and oxygen
(130). Reduced activities of these enzymes have been reported in
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TABLE 1 Clinical assessment of redox status in semen: conventional, Integrative, and emerging biomarkers.

Biomarker/
assay

Type of redox
assessment

Strengths

Limitations

Clinical utility in IMI

References

Widely studied;

MDA (TBARS Lipid peroxidation co;reel;irtessuwilteh Non-specific; assay Marker of hyper-oxidative phenotype Aitken 1995; Pannu

assay) piap . variability P p P 2022 (78, 83)
motility

TAC (Total

. (, ot L Holistic; easy to Influenced by diet/lifestyle; | Screening of seminal antioxidant
Antioxidant Antioxidant reserves . Gupta 2021 (126)
. measure not pathway-specific status
Capacity)

ORP (MiOXSYS

Global redox balance

Rapid, reproducible,

Lacks mechanistic

Identifies hidden hyper-oxidative

Agarwal 2017;
Majzoub 2018 (133,

inflammation-linked

derived ROS

cohorts

phenotype

system) integrative specificity states in normozoospermic IMI 135)
8-OHdG Oxidative DNA Strongly linked to Requires standardization; Defines DNA damage-dominant Mukheef 2022 (142)
damage ART outcomes cost phenotype
Stable, ifi Gold-standard fc idative lipid
Isoprostanes Lipid peroxidation abie: Spectiic Technical complexity . (,) standard for oxidative Ipt Signorini 2020 (145)
markers injury
AOPP Protein oxidation/ Reflects leukocyte- Less validated in large Identifies inflammatory-oxidative Janiszewska 2022

(137)

idiopathic infertile men (58), correlating with poor motility and
increased oxidative markers. Yet, enzyme activity assays are highly
sensitive to sample handling, storage, and assay conditions,
resulting in poor reproducibility. Overall, conventional OS assays
provide useful insights into redox balance but are limited by
methodological variability, lack of standardization, and poor
integration into routine diagnostics. They often serve as research
tools rather than as markers for clinical decision-making.
Importantly, these assays capture fragments of the oxidative
landscape, but do not offer a comprehensive, real-time measure of
global redox status. As such, they contribute to the persistence of
the idiopathic infertility category, underscoring the need for more
integrative and standardized redox biomarkers (8).

5.2 Oxidation-reduction potential as an
integrative marker

ORP has emerged as a novel, integrative biomarker for assessing
redox status in semen, addressing many of the limitations of
conventional assays (37). Unlike single-parameter tests that
measure either oxidants or antioxidants, ORP quantifies the
balance between total oxidants and reductants in a single, real-
time measurement, expressed in millivolts. This approach provides
a comprehensive assessment of OS, bridging the gap between
fragmented biomarkers and their functional relevance (131). The
introduction of the MiOXSYS system has standardized ORP
measurement in clinical andrology. ORP values are normalized to
sperm concentration, yielding a static ORP (sORP) index that
accounts for differences in sperm load (132). Elevated sORP
values have been consistently correlated with abnormal semen
parameters, increased DNA fragmentation, and poor ART
outcomes (133, 134). Importantly, ORP can discriminate between
fertile and infertile men with higher sensitivity and specificity
compared with TAC or MDA (131). One of the key advantages
of ORP lies in its reproducibility and clinical applicability. The assay
requires minimal sample preparation, provides results within
minutes, and demonstrates low inter-operator variability (135).
This contrasts with conventional assays, which often require
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sophisticated equipment and lengthy protocols. Moreover, ORP
integrates contributions from both oxidative insults (e.g., ROS, lipid
peroxidation products) and antioxidant defenses, providing a
holistic view of seminal redox homeostasis. However, ORP is not
without limitations. While it offers an integrative measure, it does
not identify specific sources of OS or pinpoint which antioxidant
systems are deficient. Thus, ORP is more suited as a screening or
monitoring tool rather than a definitive diagnostic assay (135).
Furthermore, thresholds for defining pathological ORP remain
under debate, with variability reported across populations and
laboratories. This raises questions about generalizability and the
need for region- or population-specific reference values.

Clinically, ORP holds significant promise for stratifying
idiopathic infertility (136). Men with elevated ORP values but
normal semen parameters may represent a ‘hyper-oxidative
phenotype’ undetected by conventional diagnostics. Conversely,
men with low ORP despite abnormal semen profiles may not
benefit from antioxidant therapy, thereby avoiding the risk of RS.
In ART settings, ORP could guide sperm selection or treatment
strategies, improving embryo development and pregnancy
outcomes (134). Thus, ORP represents a significant advancement
in OS assessment, offering an integrative, rapid, and clinically
relevant biomarker. While not a panacea, its adoption in
diagnostic algorithms could reduce the reliance on the idiopathic
label and enable mechanistically informed management of
male infertility.

5.3 Emerging biomarkers: advanced
oxidation protein products, 8-OHdG, and
isoprostanes

Beyond conventional assays and ORP, a new generation of OS
biomarkers has been investigated to capture specific molecular
pathways relevant to sperm dysfunction. Among these, AOPP, 8-
hydroxy-2'-deoxyguanosine (8-OHdG), and isoprostanes have
shown particular promise, reflecting protein, DNA, and lipid
oxidative damage, respectively (107, 137). AOPP are dityrosine-
containing crosslinked protein products formed during oxidative
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modification of plasma proteins, particularly albumin, by
chlorinated oxidants (138). Elevated seminal AOPP levels have
been associated with impaired sperm motility, reduced
fertilization rates, and increased apoptosis (137, 139). Unlike
conventional protein carbonyl assays, AOPP measurement
provides specificity for myeloperoxidase-mediated OS (140), often
linked to leukocytospermia and inflammation (137, 141). This
makes AOPP a valuable biomarker for identifying the
inflammatory-oxidative endophenotype of idiopathic infertility. 8-
OHAG is the most extensively studied biomarker of oxidative DNA
damage. Its presence in sperm DNA or seminal plasma reflects
guanine base oxidation, a lesion strongly associated with
mutagenesis and compromised embryonic development (107).
Elevated 8-OHAG levels correlate with poor ART outcomes,
including recurrent implantation failure and miscarriage (142).
Detection typically involves ELISA, immunohistochemistry, or
HPLC with electrochemical detection, though standardization
across platforms remains a challenge (107). Importantly, 8-OHdG
provides mechanistic insight into the DNA-damage-dominant
redox phenotype in idiopathic infertility.

Isoprostanes are prostaglandin-like compounds generated by
non-enzymatic peroxidation of arachidonic acid, considered gold-
standard biomarkers of lipid peroxidation (143). Their detection in
seminal plasma or sperm membranes provides a stable, specific
marker of oxidative lipid injury. Isoprostanes are less susceptible to
artifactual generation during sample handling compared with
MDA, enhancing their reliability (144). Elevated seminal
isoprostane levels are consistently observed in infertile men (145)
with poor motility and reduced fertilization competence (146),
underscoring their role in the lipid peroxidation phenotype.
Therefore, these emerging biomarkers offer molecular specificity,
enabling the stratification of patients based on the predominant
oxidative damage pathway. However, their integration into clinical
practice faces obstacles. Assay cost, technical complexity, and lack
of universally accepted thresholds limit widespread adoption.
Furthermore, most studies remain observational, and prospective
trials are needed to validate predictive value for ART outcomes.
Nevertheless, the potential of AOPP, 8-OHdG, and isoprostanes lies
in their ability to define mechanistic endophenotypes, protein
oxidation, DNA damage, and lipid peroxidation, within the
idiopathic category. Their use could enable precision diagnostics
and guide targeted therapies, moving andrology closer to a
mechanistically informed clinical framework.

5.4 Limitations of current methodologies:
standardization, reproducibility, and
thresholds

Despite advances in OS biomarkers, significant methodological
limitations hinder their clinical translation. Issues of standardization,
reproducibility, and threshold determination remain central obstacles,
perpetuating the reliance on the idiopathic infertility label.
Standardization is a major challenge. Different laboratories use
diverse protocols for sample preparation, storage, and assay
execution, leading to significant variability in reported values. For
example, MDA measurements differ substantially depending on
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whether spectrophotometry, HPLC, or ELISA is used (147-149).
Similarly, DNA fragmentation assays (e.g, TUNEL, Comet, SCSA)
yield non-comparable results due to protocol heterogeneity (22, 107).
This lack of standardization undermines biomarker reproducibility and
limits cross-study comparisons, impeding the development of universal
diagnostic criteria.

Reproducibility further complicates interpretation. Many OS
assays are sensitive to pre-analytical variables such as abstinence
duration, semen viscosity, and leukocyte contamination (150).
Without rigorous quality control, results may reflect technical
artefacts rather than true biological variation. Inter-operator
variability and equipment calibration also contribute to inconsistent
outcomes. These factors explain why conventional oxidative assays
remain predominantly research tools rather than routine clinical tests.
Threshold determination is equally problematic. While elevated levels
of oxidative markers are consistently reported in infertile men, the
precise cutoffs distinguishing fertile from infertile populations remain
unclear. Variability in reference ranges across populations, combined
with the influence of diet, lifestyle, and environmental exposures,
complicates the establishment of thresholds. For instance, ORP
cutoffs proposed in one cohort may not be universally applicable,
thereby reducing clinical utility. Without validated thresholds,
clinicians cannot confidently use oxidative biomarkers to guide
therapy or prognosticate outcomes (151). Another limitation lies in
the static nature of most assays. OS is a dynamic process influenced by
episodic factors such as infection, fever, or lifestyle changes. Single-
point measurements may not reflect long-term redox status (152),
leading to misclassification. Longitudinal monitoring could improve
accuracy but increase logistical and financial burdens. Clinically, these
methodological limitations translate into diagnostic ambiguity. Patients
with elevated biomarkers may not receive targeted interventions due to
uncertainty about clinical significance, while others with subtle
oxidative imbalances remain undetected. This diagnostic gap sustains
the idiopathic category, where men are treated empirically with
antioxidants or advanced ART without mechanistic stratification.

Addressing these limitations requires multi-centre standardization
of protocols, establishment of population-specific thresholds, and
validation of biomarkers in large, prospective cohorts. The
integration of multiplexed assays or global measures, such as ORP,
may mitigate variability; however, they too require rigorous validation.
Ultimately, overcoming these methodological barriers is essential for
embedding OS assessment into clinical andrology and reducing
reliance on the idiopathic label.

6 Toward redox endophenotypes in
idiopathic male infertility

6.1 Conceptualizing ‘endophenotypes’ in
reproductive medicine

The term ‘endophenotype’ originates from psychiatric and
neurobiological sciences (153, 154), where it was introduced to
bridge the explanatory gap between observable clinical phenotypes
and complex genotypic determinants. Endophenotypes are defined
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as measurable, heritable biological markers that lie closer to the
underlying pathophysiology than clinical syndromes, thereby
offering mechanistic insight into disease processes (33). In
reproductive medicine, the application of endophenotyping
remains nascent, but it provides a transformative framework for
dissecting the heterogeneity of infertility, particularly IMI. In male
reproduction, the conventional phenotype is typically expressed
through semen parameters, sperm concentration, motility, and
morphology. While these descriptors provide surface-level
characterization, they fail to capture the molecular and cellular
underpinnings of sperm dysfunction (155). Genetic testing, on the
other hand, identifies specific chromosomal or Y-chromosome
abnormalities but accounts for only a small fraction of infertility
cases (20). Between these endpoints lies a significant gap,
representing the molecular and biochemical processes that shape
sperm function, an ideal terrain for endophenotyping. The rationale
for conceptualizing endophenotypes in male infertility is threefold.
First, it enables stratification of idiopathic cases into mechanistically
defined subgroups, reducing reliance on exclusionary diagnoses.
Second, it facilitates biomarker discovery by linking measurable
intermediate traits, such as oxidative DNA damage or
mitochondrial dysfunction, with reproductive outcomes. Third, it
provides a framework for personalized interventions, allowing
therapies to be tailored according to the dominant biological
defect rather than empirical categorization.

Redox biology is particularly suited to endophenotyping
because OS represents a convergent pathway integrating genetic
predispositions, environmental exposures, lifestyle factors, and
systemic metabolic states (156). Distinct oxidative profiles,
ranging from lipid peroxidation to epigenetic instability, can be
conceptualized as endophenotypes, each linked to specific
mechanistic failures in sperm function. Importantly, these traits
are quantifiable through biochemical, molecular, and functional
assays, making them clinically actionable. Critically,
endophenotypes are not static but dynamic, reflecting the
interplay between intrinsic susceptibility and external exposures.
This dynamism underscores their clinical value, as they can guide
both diagnostic refinement and therapeutic monitoring. By

10.3389/fendo.2026.1747453

embedding endophenotyping into reproductive medicine,
idiopathic infertility can be redefined not as an absence of
explanation but as a spectrum of redox-driven mechanistic
subtypes. This paradigm shift is essential for achieving precision
and improving ART outcomes.

6.2 Proposed redox endophenotypes

Redox endophenotyping proposes stratifying IMI into distinct
mechanistic subgroups based on dominant oxidative pathways. Five
major phenotypes have been conceptualized: hyper-oxidative, DNA
damage-dominant, mitochondrial dysfunction, epigenetic-
oxidative, and inflammatory-oxidative (Table 2). Each represents
a quantifiable intermediate trait that links molecular dysfunction to
clinical presentation. These five endophenotypes provide a
structured framework for dissecting idiopathic infertility into
mechanistically defined categories (Figure 2).

6.2.1 Hyper-oxidative phenotype (excess ROS,
lipid peroxidation)

The hyper-oxidative phenotype is characterized by excessive
ROS production exceeding antioxidant defenses, leading to
widespread lipid peroxidation of sperm membranes. Biomarkers
include elevated MDA, isoprostanes, and high ORP values (146,
151). Clinically, this phenotype manifests reduced sperm motility,
impaired membrane fusion, and diminished fertilization rates. Such
patients often respond to antioxidant therapy, although care must
be taken to avoid RS. Identifying this phenotype is crucial to avoid
indiscriminate antioxidant use and instead target individuals with
demonstrable oxidative excess.

6.2.2 DNA damage-dominant phenotype
(oxidative genotoxic stress)

This phenotype is characterised by high levels of oxidative DNA
damage, as reflected by biomarkers such as 8-OHdG and an
increased DNA fragmentation index (22, 157). Protamine

TABLE 2 Proposed eedox endophenotypes in idiopathic male infertility: biomarkers, clinical features, and ART implications.

Mechanistic
features

Redox
endophenotype

Key biomarkers

o Excess ROS, lipid
Hyper-oxidative

phenotype Elevated ORP, MDA, Isoprostanes

membranes

peroxidation of sperm

Clinical

presentation Implications for ART

Antioxidant-enriched sperm preparation;
Reduced motility, poor P prep

. . avoid indiscriminate antioxidants to
fusion capacity

prevent reductive stress

DNA damage-
dominant phenotype

Elevated 8-OHdG, High DFI,
TUNEL/Comet positive

Oxidative DNA breaks,
protamine deficiency

Normal semen parameters
but recurrent ART failures,

Advanced sperm selection (microfluidics,
MACS); DNA integrity assessment before

miscarriage ART

Mitochondrial
dysfunction phenotype

Reduced MMP, ATP, Oxidized

mitochondrial proteins phosphorylation

ROS-ATP imbalance,
impaired oxidative

Asthenozoospermia despite
normal counts

Use of mitochondrial-targeted antioxidants
(MitoQ, SkQ1); refined sperm selection

Abnormal methylation (H19/IGF2),

Epigenetic-oxidative . . .
Pig Higher histone retention,

ROS-induced epigenetic

Unexplained ART failure, Lifestyle/dietary interventions; epigenetic

phenotype Dysregulated sperm RNAS reprogramming defects poor embryo quality biomarker-guided counseling
Leuk ROS, Ni i . - y
Inflammatory- Elevated AOPP, Cytokines (IL-6, e (?cyte . . orgézoosPermlc Combine antibiotics/anti-inflammatory
oxidative phenotype TNF-o), Leukocytospermia, cytokine-driven redox infertility with high DNA therapy with antioxidants
P TP ’ P ’ imbalance damage Py
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The redox spectrum of idiopathic male infertility illustrating redox endophenotypes across oxidative balance. Redox endophenotypes of IMI arranged
along a continuum of ORP, ranging from very low ORP (hypo-oxidative/reductive stress) to very high ORP (hyper-oxidative stress). Each
intermediate phenotype is associated with distinct molecular and functional abnormalities. An inflammatory-redox phenotype acts as an amplifier,

deficiency and incomplete chromatin condensation exacerbate
vulnerability. Clinically, these men may have normal semen
parameters yet exhibit recurrent implantation failure or
miscarriage following ART. Empirical antioxidant therapy has
shown inconsistent benefits, suggesting that targeted approaches,
such as sperm selection techniques like microfluidic sorting, may be
more effective. This phenotype highlights the importance of
incorporating DNA integrity testing into diagnostic algorithms
for idiopathic infertility.

6.2.3 Mitochondrial dysfunction phenotype (ROS-
ATP imbalance)

Mitochondrial dysfunction represents another endophenotype,
where the overproduction of ROS coincides with impaired ATP
synthesis, leading to motility defects. Biomarkers include reduced
mitochondrial membrane potential, abnormal oxygen consumption
rates, and oxidized mitochondrial proteins (158). Clinically, these
men often present with asthenozoospermia despite otherwise
normal semen parameters. This phenotype highlights the vicious
cycle of ROS-induced mitochondrial damage perpetuating further
ROS release. Mitochondrial-targeted antioxidants (e.g., MitoQ,
SkQl) offer promising interventions (94), though clinical
validation remains limited.

Frontiers in Endocrinology

6.2.4 Epigenetic-oxidative phenotype (ROS-
driven epigenome alterations)

Here, OS disrupts sperm epigenetics, manifesting as abnormal
DNA methylation, histone retention, and altered sperm RNA
profiles. These defects compromise embryo development and may
have transgenerational health implications (109, 115). Biomarkers
include altered methylation patterns at imprinted loci, increased
histone retention, and dysregulated sperm miRNAs (115).
Clinically, men with this phenotype often face unexplained ART
failures despite normal semen and DNA fragmentation results. This
phenotype emphasizes the need for integrating epigenetic
biomarkers into diagnostics and considering lifestyle or dietary
interventions aimed at restoring epigenomic balance.

6.2.5 Inflammatory-oxidative phenotype (ROS-
inflammation synergy)

This phenotype arises from the interplay between subclinical
inflammation or infection and OS (48). Activated leukocytes release
high levels of ROS, while inflammatory cytokines perpetuate redox
imbalance (53). Biomarkers include elevated seminal leukocyte
counts, cytokines (IL-6, TNF-cat), and AOPP (121, 137). Clinically,
this phenotype may be misclassified as idiopathic due to normal
semen parameters, yet patients present with high DNA
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fragmentation and poor ART outcomes. Anti-inflammatory
therapies, alongside antioxidants, may ofter benefits, but precise
stratification is essential to avoid overtreatment (54).

6.3 Linking redox endophenotypes with
clinical subgroups (oligozoospermia,
asthenozoospermia, teratozoospermia,
normozoospermic infertility)

Integrating redox endophenotypes into existing clinical
subgroups of male infertility offers a powerful tool for refining
diagnosis and guiding therapy. Conventional categories,
oligozoospermia, asthenozoospermia, teratozoospermia, and
normozoospermic infertility, are descriptive but lack mechanistic
resolution. By overlaying redox profiles, these phenotypes can be
dissected into biologically meaningful subtypes. In oligozoospermia,
reduced sperm counts may arise from hyper-oxidative damage
impairing spermatogenesis or from inflammatory-oxidative
processes disrupting the testicular microenvironment (159).
Distinguishing these mechanisms through redox biomarkers can
inform whether antioxidant or anti-inflammatory interventions are
most appropriate. Asthenozoospermia is strongly linked to
mitochondrial dysfunction. Identifying the mitochondrial
dysfunction phenotype in this subgroup highlights the role of
ROS-ATP imbalance and supports the use of mitochondrial-
targeted therapies (160). However, some asthenozoospermic men
may instead fall into the hyper-oxidative phenotype, necessitating
distinct therapeutic approaches (161). Teratozoospermia often
reflects oxidative damage to sperm DNA and proteins,
implicating both DNA damage-dominant and epigenetic-
oxidative phenotypes (161). In these patients, strategies such as
sperm DNA integrity testing and epigenetic profiling may guide
clinical decision-making and improve ART outcomes.

Normozoospermic infertility represents the most challenging
subgroup, as semen parameters appear normal (162). Redox
endophenotyping is particularly valuable here, revealing hidden
defects such as oxidative DNA damage or epigenetic alterations
(163). For these men, conventional diagnostics fail, yet ART
outcomes remain poor, highlighting the clinical importance of
uncovering underlying oxidative phenotypes. Ultimately, linking
redox endophenotypes with clinical subgroups transforms
descriptive diagnoses into mechanistic entities. This integration
facilitates personalized interventions, avoids the pitfalls of
empirical therapy, and enhances prognostic accuracy in ART. By
embedding redox profiling into clinical practice, idiopathic
infertility can be reclassified into distinct endophenotypes aligned
with clinical presentation, paving the way for precision andrology.

7 Translational and clinical
implications

The conceptual framework of redox endophenotypes holds
significant translational potential for redefining IMI in clinical
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practice. As discussed, conventional approaches, which rely
heavily on semen parameters and limited genetic testing, often
fail to reveal the mechanistic underpinnings of infertility, thereby
perpetuating the ambiguous ‘idiopathic’ label. By stratifying
patients into biologically defined subgroups, clinicians can refine
diagnostics, improve prognostication, and personalize
interventions. This reclassification provides an opportunity to
tailor antioxidant therapy to specific redox imbalances, thereby
overcoming the ‘antioxidant paradox’ in which indiscriminate
supplementation may yield inconsistent results or exacerbate RS.
Importantly, redox profiling also lends itself to integration with
high-throughput omics, including proteomics, transcriptomics, and
metabolomics, enabling multidimensional characterization of
sperm dysfunction and the development of biomarker-driven
therapeutic strategies.

In ART, endophenotyping has practical implications for sperm
selection, preparation media, and embryo outcomes. Patients with
DNA-damage-dominant phenotypes may benefit from advanced
sperm selection techniques, such as microfluidics, while those with
hyper-oxidative profiles may require antioxidant-enriched
preparation protocols. Recognition of mitochondrial or epigenetic
defects could guide the adoption of targeted interventions,
minimizing the risk of transmitting compromised paternal
genomes to offspring. Prognostic algorithms incorporating redox
biomarkers can further support clinical decision-making, informing
couples about their reproductive prospects and guiding the escalation
of treatment. While challenges remain in standardization, validation,
and threshold determination, the translational promise of redox
endophenotypes lies in transforming idiopathic infertility from a
diagnosis of exclusion into a mechanistically informed condition.
Such a shift not only enhances precision andrology but also aligns
reproductive medicine with the broader vision of personalized
healthcare, ensuring improved fertility outcomes and safeguarding
intergenerational health.

8 Future perspective

Advancing the concept of redox endophenotypes requires
rigorous validation and translation into clinical practice. Large,
multi-center studies are essential to establish reproducible evidence,
define population-specific thresholds, and correlate oxidative
biomarkers with ART outcomes. Equally critical is the
standardization of redox assays across laboratories, ensuring
consistency in sample handling, analytical protocols, and clinical
interpretation, similar to the global harmonization achieved for
semen analysis. Emerging tools, such as ORP, provide integrative
measures but require refinement to achieve universal clinical
adoption. Parallel advances in artificial intelligence and machine
learning can facilitate the integration of multidimensional datasets,
enabling pattern recognition across redox, omics, and exposome
variables, and supporting predictive clinical algorithms. The vision
of precision andrology lies in combining redox biology with genetic

susceptibilities and environmental exposures, constructing
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personalized profiles to guide interventions. Importantly, redox-
driven sperm epigenetic modifications raise critical opportunities
for intergenerational research, as paternal oxidative imbalance may
influence embryonic development and offspring health. Investing in
such studies not only refines male infertility diagnostics but also
extends implications to long-term public health. Collectively, these
perspectives highlight the promise of redox endophenotyping in
transforming idiopathic infertility from a diagnosis of exclusion
into a mechanistically informed, precision-based discipline.

9 Conclusions

Idiopathic male infertility remains a persistent diagnostic
challenge because conventional evaluations fail to identify
underlying molecular dysfunctions in a substantial proportion of
patients. This review synthesizes current evidence supporting redox
imbalance as a unifying but heterogeneous mechanism in idiopathic
infertility and proposes redox endophenotypes as a structured
framework for mechanistic stratification. By delineating hyper-
oxidative, DNA damage-dominant, mitochondrial dysfunction,
epigenetic-oxidative, and inflammatory-oxidative phenotypes, we
highlight how redox profiling can refine diagnosis, rationalize
antioxidant and adjunctive therapies, and inform ART decision-
making. Adoption of redox endophenotyping, alongside validated
biomarkers and integrative approaches, offers a practical pathway to
move beyond exclusion-based diagnoses toward precision andrology.
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