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Abstract: Male infertility, a global health challenge affecting millions of couples, is significantly influenced by oxidative stress—an
imbalance between excessive reactive oxygen species production and insufficient antioxidant defenses. While physiological levels of these
reactive molecules are vital for essential sperm functions like capacitation and fertilization, supraphysiological concentrations are
profoundly detrimental. Spermatozoa are uniquely vulnerable to oxidative attack due to their high content of polyunsaturated fatty acids
and limited cytoplasmic antioxidant capacity, which predisposes them to severe damage. This oxidative imbalance manifests as lipid
peroxidation, compromising sperm membrane integrity and motility; DNA damage and fragmentation, jeopardizing genetic information;
protein oxidation, impairing structural and enzymatic functions; mitochondrial dysfunction, depleting energy reserves and promoting cell
death; and adverse epigenetic modifications, potentially affecting transgenerational health. Understanding these intricate molecular
mechanisms is crucial for advancing diagnostic precision and developing targeted therapeutic interventions. This comprehensive review
synthesizes current knowledge on oxidative stress in male infertility, categorizing key biomarkers of lipid peroxidation, DNA damage,
antioxidant status, and overall redox balance. It critically evaluates their diagnostic utility, from established assays to innovative tools like
the MiOXSYS System, and explores emerging proteomic, genomic, and RNA-based biomarkers. Furthermore, the review analyzes current
therapeutic strategies, particularly antioxidant supplementation, discussing its proposed benefits, existing limitations, and future
directions towards personalized medicine. Ultimately, this work highlights critical knowledge gaps, advocates for standardized diagnostic
approaches, and calls for mechanism-based interventions to improve outcomes for individuals affected by oxidative stress-related male
infertility.
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1. Introduction lipids caused by significant amounts of polyunsaturated fatty
acids (Aitken et al., 2015; Drevet et al., 2021; Wang et al.,
Male infertility constitutes a significant global health concern, ~ 2025). Furthermore, the scarcity of cytoplasm in spermatozoa

impacting millions of couples and contributing to translates to a restricted pool of antioxidant enzymes and
approximately half of all infertility cases worldwide (Agarwal ~ molecules, making them ill-equipped to counteract a surge in
et al., 2020; Huang et al., 2023). Characterized by impaired ~ Oxidative insult (Wang et al., 2025). This vulnerability
sperm production, function, or delivery, this multifaceted culminates in a cascade of deleterious effects, including DNA
condition arises from a complex interplay of genetic factors, =~ damage and fragmentation, protein oxidation, and
anatomical anomalies, endocrine dysfunctions, infections, ~ mitochondrial ~dysfunction, ultimately impairing sperm
environmental exposures, and lifestyle choices (Agarwal et ~ motility, viability, and fertilization capacity (Aitken et al.,
al., 2020). Despite considerable advancements in  2012; Hussain et al., 2023; Wang et al., 2025). When
reproductive medicine, a substantial proportion of male spermatozoa are under stress, they undergo an intrinsic
infertility remains idiopathic, highlighting persistent gaps in ~ apoptotic cascade that includes the production —of
our understanding of its underlying pathophysiological ~ mitochondrial ROS, loss of mitochondrial membrane
mechanisms (Alahmar, 2019). potential, ~ activation  of  caspases, exposure  of
phosphatidylserine, and oxidative DNA damage (Avila et al.,
Male fertility can be affected by oxidative stress, a condition ~ 2022; Castellini et al., 2021).
in which a redox imbalance occurs between the production of
reactive oxygen species and the cells” antioxidant protection Given the critical role of oxidative stress in male infertility,
systems (Agarwal et al., 2014; Pavuluri et al., 2024). While the identification and quantification of reliable biomarkers
physiological levels of ROS are crucial for vital sperm  have become paramount (Kaltsas, 2023; Pavuluri et al.,
functions, including capacitation and the acrosome reaction, 2024). Such biomarkers are indispensable for accurate
excessive ROS generation proves profoundly detrimental diagnosis, elucidating specific pathophysiological pathways,
(Atukeren, 2018; Mancini et al., 2023; Plessis et al., 2015). ~ monitoring disease progression, and guiding the development
However, an excess of ROS leads to OS, which causes and assessment of therapeutic interventions (Du et al., 2024).
structural and functional damage to sperm cells, including These encompass markers of lipid peroxidation (e.g.,
lipid peroxidation, protein oxidation, and DNA damage, malondialdehyde, F2-isoprostanoids), DNA damage (e.g., 8-
resulting in decreased male fertility and the risk of genetic hydroxy-2-deoxyguanosine), protein damage, and various

abnormalities in progeny (Agarwal et al., 2014; Bisht et al.,  indicators of antioxidant capacity. An effective sperm-oocyte
2017; Wang et al., 2025). interaction depends on antioxidant defense. Under normal

circumstances, antioxidant enzyme superoxide dismutase
Spermatozoa are vulnerable to oxidative attack due to both transfoms ROS into hydrogen peroxide, which is then bquen
their limited cytoplasmic volume, which restricts their down. Into water .and. oxygen by catalase and.gluta.thlon.e
defensive enzymes, and the susceptibility of their membrane peroxidase, reducing intracellular stress. Male infertility is
linked to testicular morphological abnormalities caused by an
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imbalance in these antioxidant defense mechanisms, which
also impairs ejaculate quality.

This comprehensive review aims to synthesize the current
understanding of oxidative stress as a critical factor in male
infertility. We examine the diverse array of oxidative stress
biomarkers, classify them based on specific aspects of OS
they reflect, and critically evaluate their diagnostic utility and
predictive power. Furthermore, we delve into the
advancements in diagnostic methodologies, contrasting
traditional assays with novel, more comprehensive tools. The
review will also provide an in-depth analysis of current
therapeutic strategies targeting oxidative stress, specifically
focusing on antioxidant supplementation, its proposed
benefits, current challenges, and future directions for clinical
management. Ultimately, this work seeks to identify existing
knowledge gaps, propose avenues for future research, and
advocate for the development of standardized, personalized
approaches to diagnose and treat male infertility driven by
oxidative stress (Agarwal et al., 2019).

2. Mechanisms of Oxidative Stress in Male
Infertility

The intricate balance between the production of reactive
oxygen species and the capacity of antioxidant defense
systems is fundamental to cellular health, particularly within
the male reproductive system (Signorini et al., 2020). When
this equilibrium is disrupted, leading to an overwhelming
excess of ROS, oxidative stress ensues, profoundly impacting
sperm function and male fertility (Signorini et al., 2020).

2.1 Sources and Dual Role of Reactive Oxygen Species

ROS are highly reactive molecules derived from oxygen
metabolism, including superoxide anion (O), hydrogen
peroxide H»O» and hydroxyl radicals (OH) (Ansari et al.,
2025). At physiological levels, ROS play a critical role in
regulating biochemical changes, releasing enzymes vital for
egg fusion, and modulating signaling pathways for hormone
synthesis. They are indispensable for essential sperm
functions such as spermatogenesis, sperm capacitation,
hyperactivation, acrosome reaction, and sperm-oocyte fusion
(Durairajanayagam, 2018; Kurhaluk et al., 2025; Plessis et al.,

2015). However, supraphysiological ROS levels lead to
oxidative stress, inducing cellular damage to sperm
membranes, proteins, and DNA, thereby impairing sperm
function (Aitken et al., 2012; Alahmar, 2019; Traini et al.,
2022).

ROS in semen originate from various sources. Endogenous
sources include immature and mature spermatozoa,
polymorphonuclear leukocytes and macrophages activated
during inflammation, mitochondrial electron transport chain
activity, and the NADPH oxidase system (Gibb et al., 2020;
Sanocka & Kurpisz, 2004; Traini et al., 2022). Exogenous
sources contributing to ROS production encompass
environmental toxins, radiation, heavy metals, and lifestyle
factors such as smoking and alcohol consumption, as well as
pathological conditions like reproductive tract infections
(Atukeren, 2018; Traini et al., 2022).

2.2 Molecular Targets and Deleterious Effects of
Excessive ROS

Spermatozoa are highly susceptible to oxidative stress due to
their high polyunsaturated fatty acid content, which renders
them extraordinarily vulnerable to lipid peroxidation
(Agarwal et al., 2014). LPO directly impairs sperm motility,
reduces viability, and hinders essential physiological changes
for fertilization. Mature spermatozoa possess minimal
cytoplasm, leading to a restricted pool of antioxidant enzymes
and non-enzymatic scavengers (Atukeren, 2018). Sperm
DNA is a critical target for oxidative attack, significantly
contributing to male infertility (Atukeren, 2018). Potent ROS
inflict various DNA lesions, including base oxidation and
single- or double-strand breaks (Ogawa et al., 2024). Lipid
peroxidation compromises membrane integrity and motility,
while protein oxidation disrupts structural and enzymatic
functions essential for motility and morphology. ROS-
induced DNA damage, including strand breaks and base
modifications, compromises genetic integrity, reduces
fertilization rates, and increases miscarriage risk (Kaltsas,
2023). Mitochondrial dysfunction further impairs ATP
production and motility while promoting apoptosis (Kumar et
al., 2024; Wang et al., 2025). ROS also drive epigenetic
alterations, impacting gene expression and potential
transgenerational effects (Ménézo et al., 2016; Sharma et al.,
2019; Sudhakaran et al., 2024).
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Figure 1: Impact of Oxidative Stress on Male Infertili{y v

3. Key Oxidative Stress Biomarkers

Biomarkers offer diagnostic, prognostic, and therapeutic
guidance by reflecting oxidative damage or antioxidant
capacity (Baszynski et al., 2025; Mottola et al., 2024). They
include lipid peroxidation markers, DNA damage markers,
antioxidant status indicators, comprehensive redox balance
markers, and emerging proteomic, genomic, and RNA-based
biomarkers (Mottola et al., 2024).

3.1 Lipid Peroxidation Markers

Lipid peroxidation is a critical consequence of excessive
ROS, particularly in sperm membranes rich in
polyunsaturated fatty acids (Mottola et al., 2024). Markers of
LPO are direct indicators of this damaging process.
Malondialdehyde is an established end-product of lipid
peroxidation from polyunsaturated fatty acids, directly
reflecting oxidative damage to sperm membranes (Bergsma
et al., 2022; Szymanski et al., 2024). Seminal plasma MDA
levels are elevated in infertile men and negatively correlate
with motility, morphology, and viability (Kumar et al., 2024).
Therefore, MDA is considered a promising biomarker for
predicting male infertility, reflecting the extent of oxidative
damage to sperm membranes (Kumar et al.,, 2024). F2-
isoprostanoids, derived from arachidonic acid oxidation, are
chemically stable indicators of lipid oxidative damage,
significantly elevated in infertile men and associated with
sperm immaturity and varicocele (Collodel et al., 2021;
Longini et al., 2020; Moretti et al., 2022) (Table 1).

3.2 DNA Damage Markers

Oxidative stress directly attacks sperm DNA, leading to
various lesions that compromise genetic integrity (Alahmar,
2019; Ghaleno et al., 2021). As a specific marker of oxidative
DNA damage, 8-OHdG is formed when guanine bases in
DNA are hydroxylated by ROS (Gholinezhad et al., 2020;
Mottola et al., 2024). Elevated levels of 8-OHdG are
consistently detected in infertile men and are negatively
correlated with sperm volume, total sperm counts, and
morphology (Gholinezhad et al., 2020; Mishra, 2014). Given
that spermatozoa possess limited DNA repair mechanisms,
increased 8-OHdG levels indicate compromised genetic
integrity, making it a critical and sensitive biomarker for
evaluating oxidative sperm DNA damage and its impact on
fertility (Amor et al., 2021; Blumenberg et al., 2023) (Table

1.
3.3 Antioxidant Status Markers

These biomarkers reflect the capacity of the seminal fluid to
neutralize ROS and protect spermatozoa from oxidative
damage (Mancini et al., 2023; Palani & Alahmar, 2020). Free
thiols represent a crucial component of the seminal
antioxidant defense system (Bergsma et al., 2022; Krzysciak
et al., 2020). They reflect the overall reductive capacity and
protective mechanisms against oxidative damage by directly
scavenging ROS (Bergsma et al., 2022). Studies have
demonstrated a significant positive correlation between
seminal plasma-free thiol levels and key sperm parameters
such as concentration and progressive motility (Bergsma et
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al., 2022). This suggests that free thiols can serve as
promising local oxidative stress biomarkers, indicating the
adequacy of the seminal antioxidant shield (Bergsma et al.,
2022) (Table 1).

3.4 Comprehensive Redox Balance Markers

Oxidation-Reduction Potential measures the overall balance
between oxidants and reductants in seminal plasma (Garcia-

Segura et al., 2020). Higher ORP is observed in infertile men
and demonstrates high sensitivity and specificity for
diagnosing oxidative stress-mediated infertility (Tan et al.,
2024). ORP measurement using the MiOXSYS System offers
standardization, rapid assessment, and improved
reproducibility (Douglas et al., 2019; Henkel, 2024; Vassiliou
et al., 2020).

Table 1: Key Oxidative Stress Biomarkers and Diagnostic Utility

Biomarker Specific Biomarker De.scr.lp tion & Diagnostic Utility References
Category Significance
End-product of PUFA Elevated in infertile men;
Lipid Malondialdehvde oxidation; reflects correlates negatively with (Bergsma et al., 2022; Bruno et al.,
Peroxidation y oxidative damage to sperm|  motility, viability, and 2022; Kumar et al., 2024)
membranes morphology
Lipid F2-isoprostanoids Stabclzrflmosltfrig: It}rdolrr;hke irl;:é?cvzftteesdlimiilnfeel;t(;lxei(rlr;fir(l);n (Collodel et al., 2021; Longini et al.,
Peroxidation p ompounds from piep 2020; Moretti et al., 2022)
arachidonic acid oxidation events
Oxidative DNA lesion; Elevated m infertile men; (Gholinezhad et al., 2020; Mishra, 2014;
DNA Damage 8-OHdG . . correlates with sperm count,
guanine hydroxylation Mottola et al., 2024)
morphology
Antioxidant . Reflects total reductive Positively coqglates with (Bergsma et al., 2022; KrzyS$ciak et al.,
Free thiols . sperm motility and
Status capacity; scavenges ROS ; 2020)
concentration
Net balance between . ngh ORP indicates (Douglas et al., 2019; Henkel, 2024; Tan
Redox Balance ORP xidants and reductant infertility, as measured by tal., 2024)
oxidants and reductants MiOXSYS etal.,
(Agarwal et al., 2014; Baszynski et al.,
Reflect oxidative protein 2025; Cannarella et al., 2020; Fietz et
Emerein Proteins. Epicenctic modifications, Offer diagnostic/prognostic |al., 2024; Hosseini et al., 2024; Hussain
Bioma%ke%s & RN’A nria%kers DNA/histone changes, and| insights into OS-mediated | et al., 2023; Kaiyal et al., 2024; Larriba
non-coding RNA infertility et al., 2023; Leggio et al., 2024; Mehta
alterations & Rajender, 2024; Rotondo et al., 2021;
Sudhakaran et al., 2024)

3.5 Emerging Biomarkers

Proteomic analysis of seminal plasma and spermatozoa
identifies specific protein modifications and changes in
protein expression that are indicative of oxidative stress
(Agarwal et al., 2014; Cannarella et al., 2020; Hussain et al.,
2023; Sharma et al., 2013). For instance, certain proteins
involved in oxidative stress pathways are found
overexpressed in infertile patients (Cannarella et al., 2020).
Conversely, fertile men with high ROS levels may exhibit
upregulated antioxidant proteins to counteract damage
(Krzastek et al., 2020). Examples include DIJ-1, PIP,
lactotransferrin, peroxiredoxin, and mucin 5B, which are
being explored for their potential as diagnostic and prognostic
markers (Agarwal et al., 2014) (Table 1).

Oxidative stress can induce significant changes in the sperm
epigenome, including alterations in DNA methylation
patterns, histone modifications, and non-coding RNA
expression (Hosseini et al., 2024; Leggio et al., 2024; Mottola
et al., 2024; Rotondo et al., 2021; Sudhakaran et al., 2024).
These epigenetic changes can profoundly impact gene
expression and cellular function, exacerbating the detrimental
effects of OS on male fertility (Sudhakaran et al., 2024).
Studies show that sperm from infertile men often exhibit high
histone retention and oxidative stress-induced epigenetic
alterations, such as DNA hypomethylation (Krzastek et al.,
2020). The study of RNA markers, including microRNAs and

long non-coding RNAs, in seminal plasma and spermatozoa
is gaining traction (Hussain et al., 2023; Larriba et al., 2023;
Mehta & Rajender, 2024). These non-invasive biomarkers
reflect the oxidative stress status and its impact on male
fertility (Baszynski et al., 2025; Mottola et al., 2024). Specific
transcripts, such as PRDX6, NOS3, SOD, BAK, and
BCL2L11, have been linked to fertility and redox processes
(Hussain et al., 2023). Altered expression profiles of
IncRNAs and mRNAs are increasingly observed in male
infertility, suggesting their potential as diagnostic and
prognostic tools (Hussain et al., 2023).

4. Diagnostic Approaches for Oxidative Stress

The accurate and reliable assessment of oxidative stress in
semen is paramount for identifying affected individuals,
understanding the underlying pathophysiology of their
infertility, and guiding personalized treatment decisions
(Longini et al., 2020). However, the field has historically
faced significant challenges in standardizing diagnostic
methodologies, leading to wvariability and hindering
widespread clinical utility (Du et al., 2024). Historically,
various assays have been employed to quantify different
components of oxidative stress in seminal plasma and
spermatozoa (Larriba et al., 2023; Robert et al., 2020). While
these methods have provided foundational insights, they often
suffer from significant limitations, primarily their focus on
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measuring single constituents of the complex oxidative
cascade (Larriba et al., 2023).

Reactive Oxygen Species assays, total antioxidant capacity
assays, and malondialdehyde assays directly measure specific
ROS, such as superoxide anion or hydrogen peroxide, often
using methods like chemiluminescence (Larriba et al., 2023;
Robert et al., 2020). While offering direct quantification, ROS
are highly unstable and short-lived, making their accurate
measurement technically challenging and prone to rapid
degradation during sample processing (Larriba et al., 2023).
TAC assays aim to quantify the cumulative antioxidant
potential of seminal plasma, reflecting the combined activity
of wvarious enzymatic and non-enzymatic antioxidants
(Mancini et al., 2023; Palani & Alahmar, 2020). MDA is a
widely used biomarker to quantify the extent of lipid
peroxidation, often through colorimetric assays (Szymanski
et al., 2024) Figure 2. Elevated levels of seminal plasma
MDA are consistently observed in infertile men and
negatively correlate with vital sperm parameters (Kumar et
al., 2024). While MDA is considered a promising biomarker
reflecting oxidative damage to sperm membranes, it
represents only one end-product of lipid peroxidation and
does not provide comprehensive information on other forms
of oxidative damage or the primary source of ROS (Larriba et
al., 2023).

The MiOXSYS System measuring Oxidation-Reduction
Potential represents an advance by providing a holistic, real-
time assessment of net oxidative stress, improving
standardization, reproducibility, and clinical applicability
(Douglas et al., 2019; Henkel, 2024) Figure 2. ORP provides
a real-time, comprehensive measure of the overall balance
between oxidants and reductants within seminal plasma (Gibb
et al., 2020). Unlike traditional assays that target individual
components, ORP assesses the net effect of all pro-oxidants
and antioxidants present in the sample. This holistic
measurement offers a more accurate reflection of the dynamic
redox environment, effectively capturing the cumulative
burden of oxidative stress that individual biomarker
measurements might overlook.

Diagnostic Approaches for
Oxidative Stress in Male Infertility
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Figure 2: Diagnostic Approaches for Oxidative Stress in
Male Infertility

Higher ORP levels are consistently found in infertile men
compared to fertile counterparts, demonstrating high
sensitivity and specificity for diagnosing male infertility (Tan
et al., 2024). ORP is increasingly recognized as a direct and
promising diagnostic tool that effectively captures the overall
oxidative stress status, significantly complementing
traditional semen analyses (Tan et al., 2024). Its ability to
provide an immediate and integrated assessment of oxidative
balance allows for a more definitive diagnosis of OS-related
infertility. The MiOXSYS System offers significant
advantages in terms of standardization and reproducibility
(Vassiliou et al., 2020). It is described as an automated, easy-
to-use platform that quantifies static and dynamic ORP (Gibb
et al., 2020). This system provides a quick and reliable
diagnostic method (Henkel, 2024), thereby reducing inter-
laboratory variability and improving the consistency of
results (Vassiliou et al., 2020).

5. Therapeutic Strategies Targeting Oxidative
Stress

The rationale for antioxidant supplementation stems directly
from the understanding that an imbalance between excessive
reactive oxygen species production and insufficient
antioxidant defenses leads to sperm damage. By introducing
exogenous antioxidants, the goal is to neutralize harmful
ROS, reduce oxidative damage to spermatozoa's membranes,
DNA, and proteins, and thereby improve sperm parameters,
function, and ultimately, fertility outcomes. This approach
seeks to bolster the natural antioxidant capacity of the seminal
plasma and spermatozoa, creating a more favorable
environment for sperm survival and function.

Numerous dietary and pharmaceutical antioxidants have been
extensively investigated for their potential to ameliorate
oxidative stress and improve male fertility outcomes. These
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include a wide array of vitamins, minerals, amino acids, and
other compounds (Cannarella et al., 2020).

5.1 Vitamins

A potent lipid-soluble antioxidant, Vitamin E protects sperm
membranes from lipid peroxidation, preserving membrane
integrity and fluidity. Studies often report improved sperm
motility and morphology with supplementation (Cannarella et
al., 2020). A water-soluble antioxidant, Vitamin C scavenges
ROS directly within the seminal plasma and regenerates
Vitamin E (Cannarella et al., 2020; Ghaleno et al., 2021). It is
known to reduce sperm DNA damage and improve sperm
concentration and motility (Cannarella et al., 2020). Often
combined with zinc, folic acid plays a crucial role in DNA
synthesis and repair, indirectly mitigating oxidative damage
by ensuring genomic integrity.

5.2 Minerals

An essential trace element, selenium is a cofactor for the
antioxidant enzyme glutathione peroxidase, which neutralizes
hydrogen peroxide. Supplementation has been linked to
improved sperm motility and morphology. Zinc plays a role
in spermatogenesis, steroidogenesis, and maintaining sperm
membrane stability. It also acts as an antioxidant by
stabilizing sulthydryl groups in proteins and reducing
susceptibility to oxidative attack. It is a cofactor for
superoxide dismutase, A powerful lipid-soluble antioxidant,
and a key component of the mitochondrial electron transport
chain. CoQl0 protects against mitochondrial ROS
production. It enhances ATP synthesis. Supplementation has
shown promise in improving sperm motility and
concentration (Cannarella et al., 2020).

Table 2: Key Antioxidants for Male Infertility

Category Antioxidant Primary Benefit Key Citations
Vitamins Vitamin E Protects sperm membranes from oxidative damage; improves motility. | (Cannarella et al., 2020)
Vitamin C Scavenges ROS in seminal plasma; reduces sperm DNA damage. (Cannarella et al., 2020)
Folic Acid Supports DNA integrity and repair; improves sperm count.
Minerals Selenium Essential for antioxidant enzyme function; improves sperm quality. |(Cannarella et al., 2020)
Zinc Maintains sperm membrane stability; acts as an antioxidant. (Cannarella et al., 2020)
Coenzyme Coenzyme Q10 Protects against mitochondrial ROS; enhances sperm energy. (Cannarella et al., 2020)
Ar]glenr(i)vl:tcii/dess& L-Carnitine Provides energy for sperm motility; antioxidant properties. (Mottola et al., 2024)
N-Acetyl Cysteine Enhances endogenous antioxidapt defense; reduces DNA (Cannarella et al., 2020)
fragmentation.
L-Arginine Improves blood flow and sperm quality; prevents lipid peroxidation.
Other Compounds | Alpha-Lipoic Acid Regenerates other antioxidants; comprehensive protection.
Potent antioxidant; improves sperm concentration, motility, and
Lycopene
morphology.

5.3 Amino Acid Derivatives

L-Carnitine and Acetyl-L-Carnitine compounds are crucial
for mitochondrial fatty acid transport and beta-oxidation,
providing energy for sperm motility (Mottola et al., 2024).
They also possess antioxidant properties and have been
associated with improved sperm quality, particularly motility
and morphology (Mottola et al., 2024). N-Acetyl Cysteine is
a precursor to glutathione. NAC directly scavenges ROS and
enhances the body's primary endogenous antioxidant defense
system. It has been shown to improve sperm parameters and
reduce DNA fragmentation (Cannarella et al., 2020). L-
Arginine is a precursor for nitric oxide synthesis, and can
improve blood flow and sperm quality, though NO itself has
a dual role, being both beneficial and harmful depending on
its concentration.

5.4 Other Compounds

Antioxidant supplementation aims to neutralize harmful
reactive oxygen species and reduce oxidative damage to
spermatozoa, thereby improving sperm parameters and
fertility outcomes (Cannarella et al., 2020). This approach
strengthens seminal plasma and sperm's natural antioxidant

capacity.

Vitamins such as Vitamin E, a lipid-soluble antioxidant,
protect sperm membranes from lipid peroxidation, improving
motility and morphology (Cannarella et al., 2020; Sabetian et

al., 2021). Vitamin C, a water-soluble antioxidant, scavenges
ROS, regenerates Vitamin E, reduces sperm DNA damage,
and can enhance sperm concentration and motility
(Cannarella et al., 2020; Ghaleno et al., 2021; Qamar et al.,
2022). Folic Acid, often combined with zinc, is crucial for
DNA synthesis and repair, indirectly mitigating oxidative
damage (Erdogan et al., 2023).

Among Minerals, Selenium acts as a cofactor for glutathione
peroxidase, neutralizing hydrogen peroxide and improving
sperm motility and morphology (Amor et al., 2021I;
Cannarella et al., 2020; Erdogan et al., 2023). Zinc supports
spermatogenesis and sperm membrane stability, acting as an
antioxidant and a cofactor for superoxide dismutase
(Cannarella et al., 2020; Erdogan et al., 2023; Veselinovi¢ et
al., 2025). Coenzyme QI10, a powerful lipid-soluble
antioxidant, protects against mitochondrial ROS production,
enhances ATP synthesis, and improves sperm motility and
concentration, with seminal levels correlating directly with
semen quality (Alahmar, 2022; Alahmar et al., 2021;
Cannarella et al., 2020).

Amino Acid Derivatives like L-Carnitine are vital for
mitochondrial fatty acid transport, providing energy for sperm
motility and possessing antioxidant properties that improve
sperm quality, especially motility and morphology (Ghorbani
etal., 2021; Koohpeyma et al., 2022; Mottola et al., 2024). N-
Acetyl Cysteine, a glutathione precursor, directly scavenges
ROS and bolsters endogenous antioxidant defenses,
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improving sperm parameters and reducing DNA
fragmentation (Cannarella et al., 2020). L-Arginine is a
precursor for nitric oxide synthesis, potentially enhancing
blood flow and sperm quality.

Several other Compounds also demonstrate therapeutic value.
Alpha-Lipoic Acid, an amphipathic antioxidant, directly
scavenges ROS and uniquely regenerates other key
antioxidants, enhancing mitochondrial function and
significantly improving sperm concentration, motility, and
reducing oxidative damage (Dong et al., 2022; Hodeeb et al.,
2022; Zhang et al., 2022). Lycopene, a potent carotenoid, is
an exceptional quencher of singlet oxygen, offering robust
protection against lipid peroxidation and DNA damage,
consistently improving sperm concentration, motility, and
morphology (Agarwal et al., 2014; Nouri et al., 2019; Tvrda
et al.,, 2018). Quercetin, a flavonoid, acts as a strong
antioxidant, improving sperm motility and viability, and
reducing lipid peroxidation (Winn & Whitaker, 2020).
Resveratrol and Curcumin also show promise through their
antioxidant and anti-inflammatory properties, with curcumin
notably improving sperm parameters and protecting against
reproductive toxicity (Silva, 2017; Tarlan et al., 2025; Tsao et
al., 2022).

5.5 Challenges and Future Directions

Oxidative stress remains a critical, yet complex, factor deeply
intertwined with the etiology and pathophysiology of male
infertility. The comprehensive assessment of oxidative stress
biomarkers offers invaluable insights into the mechanisms of
sperm dysfunction and holds significant promise for
developing more precise diagnostic and therapeutic strategies
(Du et al., 2024). A paramount need exists for universally
accepted, standardized, and reproducible diagnostic assays
for oxidative stress (Baszynski et al., 2025; Du et al., 2024).
While advanced tools like the MiOXSYS System are
promising (Agarwal & Bui, 2018), widespread clinical
adoption requires consensus on reference values,
methodologies, and quality control. Future research must
focus on validating these standardized approaches across
diverse populations to ensure consistent and reliable
assessment of oxidative stress in clinical settings. While many
biomarkers correlate with infertility, their predictive power
for concrete clinical outcomes, such as natural pregnancy
rates and live birth rates, remains largely unestablished.
Future studies need to move beyond surrogate endpoints and
conduct large-scale, prospective trials to determine which
specific biomarkers, or combinations thereof, are robust
predictors of fertility outcomes and treatment success (Du et
al., 2024).

The current "one-size-fits-all" approach to antioxidant
supplementation has yielded inconsistent results. The future
of therapeutic management lies in personalized medicine,
wherein treatment strategies are tailored to an individual's
specific oxidative stress profile. This requires developing
algorithms that integrate various biomarker data to identify
the precise nature of the redox imbalance and guide targeted
antioxidant or other mechanism-based therapies (Du et al.,
2024). Continued exploration and validation of emerging
biomarkers, particularly in proteomics, genomics,
epigenetics, and RNA analysis, are crucial (Baszynski et al.,

2025; Mottola et al., 2024). These advanced molecular tools
offer the potential to uncover novel, highly specific, and
sensitive indicators of oxidative damage or antioxidant
deficiencies that may not be captured by current methods,
leading to earlier and more accurate diagnoses (Mottola et al.,
2024). Moving beyond broad-spectrum antioxidant
supplementation, future therapies should aim for mechanism-
based interventions. This could involve developing agents
that specifically target particular ROS-generating pathways,
bolster specific deficient antioxidant enzymes, or protect
vulnerable molecular targets. Such targeted approaches,
potentially incorporating advanced drug delivery systems,
promise greater efficacy and reduced off-target effects
compared to current strategies.

6. Conclusion

Oxidative stress stands unequivocally as a pivotal and
modifiable factor in the complex etiology of male infertility,
profoundly impacting sperm function and integrity (Agarwal
et al., 2014; Pavuluri et al., 2024). While physiological levels
of ROS are indispensable for critical sperm processes, an
overwhelming imbalance between ROS generation and
compromised antioxidant defenses inflicts severe and
widespread damage, manifesting as lipid peroxidation, DNA
fragmentation, protein damage, and mitochondrial
dysfunction (Bisht et al., 2017; Bui et al., 2018; Castellini et
al., 2021; Chianese & Pierantoni, 2021; Ghaleno et al., 2021;
MB, 2023; Mo et al., 2025; Sanocka & Kurpisz, 2004; Wang
et al., 2025). Despite significant advancements in identifying
a diverse array of biomarkers—from traditional lipid
peroxidation and DNA damage markers to comprehensive
redox balance indicators like Oxidation-Reduction Potential
and cutting-edge omics-based approaches, the field has been
hampered by a lack of diagnostic standardization and
inconsistent clinical evidence, particularly concerning the
efficacy of broad-spectrum antioxidant supplementation.
Moving forward, the imperative is clear: rigorous, large-scale
clinical trials focused on live birth rates, coupled with the
adoption of biomarker-guided, personalized therapeutic
strategies, are essential (Du et al., 2024). By investing in the
standardization of advanced diagnostics and fostering
mechanism-based interventions, we can transcend current
limitations, offering more precise diagnoses and effective,
tailored treatments that will ultimately improve reproductive
outcomes for the countless individuals affected by male
infertility globally.
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