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Human sperm biology and mechanisms of
sperm dysfunction in male infertility

Erkek infertilitesinde insan sperminin biyolojisi ve sperm disfonksiyonunun

mekanizmalan

Pelin Costur Filiz'®, Mustafa Melih Culha?

ABSTRACT

OBJECTIVES: Male infertility is a multifactorial condition involving
complex molecular and cellular mechanisms that influence sperm
function and reproductive potential. Conventional semen analysis
remains the cornerstone of clinical evaluation; however, parameters such
as sperm concentration, motility and morphology often fail to reflect
underlying molecular abnormalities. This review aims to summarize
current knowledge regarding the biological architecture of human
spermatozoa and the major molecular mechanisms responsible for
sperm dysfunction in male infertility.

MATERIALS and METHODS: A narrative literature review was conducted
using PubMed, Scopus, Web of Science and Google Scholar databases
to identify relevant publications on sperm biology and mechanisms of
sperm dysfunction in male infertility. Studies published between 2000
and 2025 were evaluated with particular emphasis on recent literature
addressing oxidative stress, sperm DNA fragmentation, epigenetic
regulation and emerging molecular determinants of sperm function.

RESULTS: Current evidence indicates that oxidative stress, mitochondrial
dysfunction, chromatin remodeling defects and sperm DNA
fragmentation represent central mechanisms contributing to impaired
fertilization and adverse reproductive outcomes. In addition to genomic
damage, spermatozoa transmit regulatory RNAs and epigenetic
information that may influence early embryonic development and
offspring health. Emerging data also suggest that molecular profiling
and artificial intelligence-based sperm evaluation may provide novel
tools for identifying functionally competent spermatozoa.

CONCLUSION: Male infertility cannot be fully explained by conventional
semen parameters alone. Integrating molecular assessments such
as sperm DNA fragmentation and oxidative stress evaluation with
traditional semen analysis may improve diagnostic accuracy and clinical
decision-making. Advances in molecular sperm biology and emerging
technologies may contribute to the development of more precise and
individualized approaches in reproductive medicine.
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AMACG: Erkek infertilitesi, sperm fonksiyonunu ve iireme potansiyelini
etkileyen karmagik molekiiler ve hiicresel mekanizmalari iceren multi-
fakdriyel bir durumdur. Konvansiyonel semen analizi klinik degerlen-
dirmenin temelini olusturmaya devam etmektedir; ancak sperm kon-
santrasyonu, motilite ve morfoloji gibi parametreler ¢ogu zaman altta
yatan molekiiler anormallikleri yansitmakta yetersiz kalmaktadir. Bu
derleme, insan spermatozoasinin biyolojik yapisi ve erkek infertilitesin-
de sperm disfonksiyonundan sorumlu baslica molekiiler mekanizmalara
iliskin giincel bilgileri 6zetlemeyi amaglamaktadir.

GEREC ve YONTEMLER: Sperm biyolojisi ve erkek infertilitesinde sperm
disfonksiyon mekanizmalari ile ilgili yayimnlart belirlemek amaciyla
PubMed, Scopus, Web of Science ve Google Scholar veri tabanlart kul-
lanilarak anlatsal bir literatiir derlemesi yapilmisur. 2000-2025 yillart
arasinda yayimlanan calismalar degerlendirilmis; 6zellikle oksidatif stres,
sperm DNA fragmantasyonu, epigenetik diizenleme ve sperm fonksiyo-
nunun yeni ortaya ¢ikan molekiiler belirleyicilerine odaklanan giincel
literatiire agirlik verilmistir.

BULGULAR: Mevcut kanitlar, oksidatif stres, mitokondriyal disfonksiyon,
kromatin yeniden diizenlenme bozukluklart ve sperm DNA fragmantas-
yonunun, fertilizasyonun bozulmasina ve olumsuz tireme sonuglarina kat-
kida bulunan temel mekanizmalar oldugunu géstermektedir. Genomik
hasara ek olarak, spermatozoalar erken embriyonik gelisimi ve yavru sag-
ligint etkileyebilecek diizenleyici RNA'lar ve epigenetik bilgileri de tasi-
maktadir. Ayrica yeni veriler, molekiiler profilleme ve yapay zek temelli
sperm degerlendirme yaklagimlarinin fonksiyonel olarak yetkin sperma-
tozoalarin belirlenmesi icin yeni araglar saglayabilecegini gostermektedir.

SONUG: Erkek infertilitesi yalnizca konvansiyonel semen parametreleri
ile tam olarak agiklanamaz. Sperm DNA fragmantasyonu ve oksidatif
stres degerlendirmesi gibi molekiiler analizlerin gelencksel semen analizi
ile birlikte kullanilmas: tanisal dogrulugu ve klinik karar verme stireg-
lerini iyilestirebilir. Molekiiler sperm biyolojisindeki ilerlemeler ve yeni
teknolojiler, tireme tbbinda daha hassas ve bireysellestirilmis yaklagim-
larin gelistirilmesine katk: saglayabilir.

Anahtar Kelimeler: sperm biyolojisi, erkek infertilitesi, oksidatif stres,
sperm DNA fragmantasyonu, epigenetik

INTRODUCTION

Male factor infertility remains a major challenge in repro-
ductive medicine and accounts for a substantial proportion
of infertility cases worldwide. Increasing evidence indi-
cates that male infertility is a complex condition involving
molecular, genetic and epigenetic abnormalities that are
not adequately reflected by conventional semen parame-

ters such as concentration, motility and morphology.""!
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Although conventional semen analysis provides a baseline
assessment, its descriptive nature may not sufficiently re-
flect the functional competence and reproductive potential
of spermatozoa.*®

Oxidative injury represents a central mechanism underly-
ing sperm dysfunction, as excessive reactive oxygen spe-
cies can directly damage sperm DNA, alter mitochondrial
function and disrupt cellular signaling pathways essential
for normal sperm physiology.”-?' In addition, pathogenic
factors —particularly oxidative stress— may induce DNA
fragmentation, mitochondrial dysfunction and chromatin
instability, thereby compromising reproductive outcomes
even in samples with apparently normal semen parame-
ters.!"%'? Beyond their role as carriers of paternal DNA,
spermatozoa also transmit regulatory RNAs, epigenetic
information and chromatin structures that contribute to
fertilization, embryogenesis and offspring health."*-%! These
observations have shifted the clinical and scientific focus
toward a deeper understanding of the molecular and func-
tional determinants of sperm quality. Elucidating the bi-
ological architecture of spermatozoa and the mechanisms
underlying sperm dysfunction is therefore essential for im-
proving the diagnosis and management of male infertility.

The aim of this narrative review is to provide an integrated
overview of sperm biology and to evaluate the molecular,
oxidative, epigenetic and functional mechanisms underly-
ing sperm dysfunction in male infertility, with particular
emphasis on their clinical relevance beyond conventional

semen analysis.

Sperm Biology: Structure, molecular architecture
and functional dynamics

The human spermatozoon is a highly specialized haploid
cell whose structural organization supports fertilization
and early embryonic development."'"*! Beyond its classical
morphological compartments—the head, midpiece and

flagellum—sperm function depends on coordinated ge-
nomic, epigenetic, metabolic and motility-related mech-
anisms that together determine functional competence.
14-61'The sperm head contains a highly compacted paternal
genome established through protamine-histone replace-
ment, while a limited fraction of retained histones and
associated epigenetic marks remain at developmentally
relevant loci and may influence embryogenesis.® In addi-
tion, spermatozoa carry regulatory RNAs that participate
in spermatogenesis, fertilization and early embryo develop-
ment, and alterations in these molecular components have

been associated with impaired fertility./*®

The midpiece provides ATP required for motility but also
represents an important source of reactive oxygen species
(ROS). Excessive ROS can disrupt mitochondrial function,
induce DNA damage and increase sperm DNA fragmen-
tation, thereby compromising fertilization capacity.”#'"
Emerging molecular evidence further suggests that sperm
dysfunction is associated with alterations in sperm-derived
regulatory molecules, including specific RNA transcripts
and microRNAs, which may influence fertilization poten-

tial and early embryonic developmental pathways.!"*'¥

Motility is generated by the flagellum and is influenced not
only by structural integrity but also by mitochondrial per-
formance and coordinated movement within the female
reproductive tract. Experimental and clinical observations
suggest that the reproductive environment selectively fa-
vors sperm with intact chromatin and optimal metabolic
function.® Defective spermatogenesis, abnormal chroma-
tin packaging, mitochondrial dysfunction and epigenetic
instability have been associated with impaired embryo
quality, implantation failure and increased miscarriage risk.
811161 Collectively, these observations indicate that sperm
health reflects the integrated outcome of genomic integri-
ty, epigenetic regulation, mitochondrial function and coor-
dinated motility rather than morphology alone."-

Table 1. The molecular and functional layers of human spermatozoa

Layer Main components Biological role Key references
Genetic layer DNA integrity, protamination, Ensures stable transmission of paternal genome and [3,5,6]
chromatin compaction protects DNA against mechanical and oxidative damage

Epigenetic layer Histone retention, histone modifications Regulates gene expression after fertilization and [4,5,14,16]

(e.g., H3K4me3, H3K27me3), enables epigenetic inheritance
DNA methylation patterns
Transcriptomic layer MRNA, microRNA, piRNA, Contributes to zygotic genome activation, embryonic [4,13,14]
tRNA fragments development, and implantation competence

Metabolic layer Mitochondrial function, ATP production, Provides energy for motility and [7,8,10]
redox balance, ROS regulation maintains cellular homeostasis

Functional/behavioral Progressive motility, hyperactivation, Enables navigation through the female reproductive [1,15]

layer collective movement

tract and successful fertilization
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Mechanisms of Sperm Dysfunction and Male
Infertility

Sperm dysfunction arises from interconnected molecular,
structural and functional disturbances that impair fertil-
ization capacity, embryonic development and reproductive
outcomes. Among the most important mechanisms are
oxidative stress, DNA damage, epigenetic dysregulation
and structural or motility abnormalities, which frequently

coexist and amplify one another.!>357181

Oxidative Stress and Mitochondrial Dysfunction

Oxidative stress is widely recognized as one of the princi-
pal molecular mechanisms contributing to male infertility.
Reactive oxygen species (ROS) are physiologically involved
in processes such as sperm capacitation, hyperactiva-
tion and the acrosome reaction; however, excessive ROS
production may disrupt cellular homeostasis and impair

n.38131 Elevated oxidative stress can induce

sperm functio
lipid peroxidation of sperm membranes, mitochondrial
dysfunction and DNA damage, ultimately compromising
sperm motility and fertilization capacity. Spermatozoa are
particularly vulnerable to oxidative injury because their
plasma membranes are rich in polyunsaturated fatty acids
and their cytoplasm contains limited antioxidant defens-
es.®8 Consequently, excessive ROS may induce structural
and molecular damage, including DNA fragmentation and
chromatin instability, both of which have been associated

with impaired reproductive outcomes.!>*3!

From a clinical perspective, oxidative stress is closely asso-
ciated with several modifiable risk factors in male infertil-
ity. Lifestyle and environmental factors such as smoking,
obesity, exposure to environmental toxins and advanced
paternal age have all been linked to increased oxidative
stress and impaired sperm quality.®'3 In addition, clini-
cal conditions including varicocele and genital tract infec-
tions may increase seminal oxidative stress and contribute
to sperm dysfunction. These observations suggest that eval-
uation of oxidative balance may provide valuable clinical
insight into potentially reversible causes of male infertility.
Identification and management of oxidative stress—related
factors may therefore represent an important component
of individualized treatment strategies aimed at improving
male reproductive health.

DNA Damage, Chromatin Remodeling Defects and Apoptosis

Sperm DNA fragmentation (SDF) has emerged as one
of the most extensively investigated molecular markers of
male infertility. Sperm DNA integrity is essential for fertil-

ization and embryogenesis, yet mature Spermatozoa possess

ANDROLOUJI BULTENI

(26191 Defective histone—pro-

limited DNA repair capacity.
tamine exchange may lead to poor chromatin compaction
and increased susceptibility to DNA fragmentation.*
In addition, oxidative stress can induce both single- and
double-strand DNA breaks.*""'* Abortive apoptosis may
also allow genetically compromised spermatozoa to persist

despite apparently normal morphology.?'3!

Several studies have demonstrated that elevated SDF lev-
els are associated with reduced fertilization rates, impaired
embryo development and decreased implantation success
following assisted reproductive technologies."""*! Sperm
DNA damage is commonly evaluated using assays such
as TUNEL, Comet, SCSA and SCD, which have been
shown to correlate with impaired reproductive outcomes

and reduced sperm functional competence.!>'"-"3!

Assessment of SDF may be particularly useful in cas-
es of unexplained infertility, recurrent pregnancy loss or
repeated assisted reproductive technology failure despite
apparently normal semen parameters. Identification of
elevated DNA fragmentation may help explain otherwise
unexplained reproductive failure and guide further clini-
cal management. Integrating sperm DNA integrity assess-
ment with conventional semen parameters may therefore
contribute to a more comprehensive evaluation of male
reproductive potential and facilitate more individualized
treatment strategies for infertile couples./3#13!

Epigenetic and RNA-Mediated Mechanisms

Beyond genetic damage, spermatozoa transmit epigenetic
and transcriptomic information, including DNA methyl-
ation patterns, retained histones and diverse non-coding
RNAs.#>'% Aberrant epigenetic marks and dysregulated
RNA profiles may impair post-fertilization gene expression
and early embryonic development and have been associat-
ed with long-term health consequences in offspring.!'*'¢!
Environmental exposures, lifestyle factors and advanced
paternal age may induce persistent epigenetic alterations in
sperm, thereby linking paternal health to reproductive and
developmental outcomes.™">'® These molecular signatures
represent a form of biological memory of paternal envi-
ronmental history and can be investigated using advanced
transcriptomic and epigenomic profiling approaches.™'¥

Recent advances in epigenetic research have further ex-
panded this concept by proposing the existence of a
“sperm epigenetic clock,” suggesting that cumulative en-
vironmental exposures and aging may accelerate molecu-
lar aging of the male germline. Unlike chronological age,
this biological age—reflected by specific DNA methyla-

tion signatures—may provide a more sensitive indicator
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of sperm functional competence and reproductive poten-
tial. Emerging transcriptomic evidence further indicates
that sperm-borne small RNAs, including tRNA-derived
small RNAs (tsRNAs), may influence early embryonic
gene regulation and contribute to the control of zygotic
genome activation (ZGA). Collectively, these observations
reinforce the concept that spermatozoa function not only
as carriers of paternal DNA but also as regulators of early

developmental programming./'#16!

In addition, spermatozoa contain a diverse repertoire of
regulatory RNAs, including messenger RNAs (mRNAs),
microRNAs (miRNAs), piRNAs and tsRNAs, which are
delivered to the oocyte during fertilization. Studies sug-
gest that these sperm-borne RNAs may participate in the
regulation of early embryonic gene expression and contrib-
ute to molecular events associated with the initiation of
ZGA. Rather than functioning as passive molecular car-
go, sperm-derived RNAs may interact with oocyte-derived
proteins and the translational machinery, thereby influenc-
ing early developmental signaling pathways. Alterations in
sperm RNA composition have been associated with im-
paired fertilization, abnormal embryonic cleavage patterns
and reduced developmental competence, suggesting that
sperm transcriptomic integrity represents an additional

layer of paternal contribution to embryogenesis.!"®""

Structural and Motility Abnormalities

Normal sperm structure and coordinated motility are es-
sential for successful fertilization. Structural defects affect-
ing the sperm head, midpiece or flagellum, as well as abnor-
malities involving the axoneme and mitochondrial sheath,
may impair progressive motility and hyperactivation.
(117181 In addition, disturbances in coordinated or collec-
tive sperm movement within the female reproductive tract
may further reduce fertilization efficiency.""®' Structural ab-
normalities frequently coexist with underlying molecular
damage, emphasizing that sperm dysfunction reflects both
morphological and molecular defects affecting the func-

tional competence of the sperm population.'*17:18

Clinical Relevance: Reproductive Outcomes and Pregnancy
Loss

Oxidative stress, sperm DNA fragmentation and mito-
chondrial dysfunction are consistently associated with re-
duced fertilization rates, impaired embryo development
and increased miscarriage risk following assisted reproduc-
tive technologies (ART).#3811131 Elevated levels of sperm
DNA fragmentation have been identified as important
predictors of reduced reproductive success and adverse
pregnancy outcomes.'*'"""* In addition, altered sperm epi-
genetic and transcriptomic profiles have been linked to ab-
normal embryonic development and potential long-term

[4,5,14,16]

health effects in offspring.

These observations support a shift from purely morpholo-
gy-based semen evaluation toward integrated assessment of
genomic integrity, oxidative balance, chromatin organiza-

1368131 Among these molecular

tion and epigenetic stability.
markers, sperm DNA fragmentation assays currently repre-
sent the most clinically applicable adjunct tests in selected
infertility cases, including unexplained infertility, recurrent
pregnancy loss and repeated ART failure. In contrast, most
epigenetic and transcriptomic biomarkers remain primar-
ily research tools because of limited standardization, het-
erogeneous study populations and insufficient multicenter

validation.

Collectively, sperm dysfunction should be considered a
multifactorial process in which oxidative imbalance, chro-
matin instability, mitochondrial dysfunction and epigene-
tic dysregulation converge to compromise fertilization, em-

bryonic development and reproductive outcomes.%16!

Integrating Molecular Sperm Evaluation into Clinical
Practice

Increasing evidence indicates that conventional semen
analysis alone is insufficient to fully characterize male fer-
tility potential. Although sperm concentration, motility
and morphology remain the cornerstone of routine eval-
uation, these parameters may fail to detect important mo-
lecular abnormalities such as sperm DNA fragmentation,

Table 2. Environmental factors influencing the sperm epigenetic landscape

Paternal factor Epigenetic change Molecular mechanism Potential reproductive impact Key references
Smoking Altered D.NA OX|.dat|ve.stress-.|r1du.ced Reduced embryo quality & (10,11]
methylation epigenetic modification Impaired ZGA
Obesit: taboli . . Metabolic signali . .
esity / metabolic miRNA dysregulation etabolic signaling Impaired embryonic development [10,11]
status pathways
Psychological stress Small RNA alterations S'Fress—r.esp.onsn./e Altered developmental [10,11]
epigenetic signaling programming
Advanced paternal age Global methylation shifts Accelerated epigenetic clock Increased risk of reproductive failure [10,11]
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Table 3. Types of sperm damage and their clinical consequences

Clinical consequences in ART Key
Type of sperm damage Underlying mechanisms Cellular effects on sperm and reproduction references
Oxidative damage Excessive ROS production, Lipid peroxidation, DNA base  Reduced motility, increased  [3,8,10,17,18]
reduced antioxidant capacity =~ oxidation, protein damage, DNA fragmentation, poor
mitochondrial dysfunction embryo development,
miscarriage
DNA fragmentation Oxidative stress, abortive Single- and double-strand Lower fertilization rates, [2,3,11,12,13]
apoptosis, faulty chromatin breaks, chromatin instability implantation failure,
remodeling increased miscarriage risk
Chromatin packaging Impaired protamine—histone Loosely packed DNA, Poor embryo quality, [5,6,10]
defects exchange, histone retention increased vulnerability to epigenetic instability,
damage ICSI failure
Epigenetic alterations Abnormal DNA methylation, Dysregulated gene Transgenerational effects, [4,5,14,16]
altered histone marks expression in embryo implantation failure,
developmental disorders
Mitochondrial dysfunction Damage to mitochondrial Decreased ATP, increased Asthenozoospermia, failed [7,8,10]
membranes, ETC disruption ROS, impaired motility fertilization, poor blastocyst
formation
Transcriptomic imbalance  Altered miRNA, piRNA, tsRNA Disruption of embryonic Abnormal cleavage patterns, [4,13,14]
expression gene regulation growth arrest
Structural/morphological Defective spermatogenesis, Abnormal head, midpiece, Reduced fertilization, lower [1,3,5,17]
defects nuclear shaping errors or tail live birth rates
Abnormal collective Flagellar/cytoskeletal Impaired navigation in Reduced natural fertilization [15]

movement

dysfunction, signaling defects

female tract

potential

oxidative stress-induced damage and epigenetic alterations.
(238131 Consequently, men with apparently normal semen
parameters may still experience impaired fertilization, poor

embryo development or recurrent pregnancy loss.

Among the molecular mechanisms discussed in this review,
sperm DNA fragmentation has emerged as one of the most
clinically relevant biomarkers of male infertility. Assessment
of sperm DNA integrity may therefore provide additional
diagnostic value, particularly in patients with unexplained
infertility, recurrent pregnancy loss or repeated ART fail-
ure. Oxidative stress represents another important mecha-
nism with significant clinical implications. Increased ROS
production has been linked to impaired sperm motility,
membrane damage and DNA fragmentation, suggesting
that evaluation of oxidative balance may help identify po-
tentially reversible causes of sperm dysfunction. Lifestyle
and environmental factors—including smoking, obesi-
ty, environmental toxin exposure and advanced paternal
age—have all been associated with increased oxidative
stress and alterations in sperm DNA methylation patterns
and small RNA profiles, thereby representing potential tar-
gets for clinical intervention.

In addition to genomic damage and oxidative abnormali-
ties, sperm epigenetic and transcriptomic alterations may
influence embryonic development and long-term off-

spring health.*>'%1¢ Emerging evidence further suggests

ANDROLOUJI BULTENI

that paternal environmental exposures may influence the
biological aging of spermatozoa through epigenetic mech-
anisms. Although the clinical application of epigenetic
testing is still evolving, these findings highlight the impor-
tance of considering sperm as an active contributor to early
developmental programming rather than merely a carrier
of paternal DNA. Such an approach may improve diagnos-
tic accuracy and contribute to more individualized man-
agement strategies for infertile couples. As discussed above,
the concept of a “sperm epigenetic clock” further suggests
that biological aging of spermatozoa may reflect cumula-
tive environmental exposures rather than chronological
age alone, potentially explaining variability in reproductive

outcomes among younger individuals.

Beyond traditional molecular assays, emerging high-through-
put “spermiomics” approaches are expanding current under-
standing of paternal contributions to early embryonic de-
velopment. In addition, sperm-borne regulatory RNAs may
interact with the oocyte’s translational machinery and in-
fluence molecular events associated with the onset of ZGA.
These observations suggest that certain forms of male infer-
tility may reflect disturbances in early developmental com-
munication between sperm and oocyte rather than isolated

defects in sperm morphology or motility.!"*'"

Among currently available molecular assessments, sperm

DNA fragmentation testing represents the most clinically

Costur Filizand Culha ® Human sperm biology and mechanisms of sperm dysfunction in male infertility

131



applicable adjunct tool in selected infertility cases. In con-
trast, most epigenetic and transcriptomic biomarkers re-
main primarily research-based approaches because of lim-
ited standardization, heterogeneous study populations
and insufficient multicenter validation. Future large-scale
studies will be essential to facilitate the integration of these
molecular biomarkers into routine clinical evaluation and

precision-based management of male infertility.

METHODS

This study was designed as a narrative review of the cur-
rent literature addressing sperm biology and the molec-
ular mechanisms underlying sperm dysfunction in male

infertility.

A comprehensive literature search was conducted using
PubMed, Scopus, Web of Science and Google Scholar
to identify relevant studies published between 2000 and
2025, with particular emphasis on literature from the last
decade. Search terms included combinations of the follow-
ing keywords and related terms: “sperm DNA damage”,
“oxidative stress’, “sperm epigenetics’, “sperm RNA”,
“chromatin remodeling”, “mitochondrial dysfunction” and
“male infertility”.

Peer-reviewed original articles, systematic reviews and me-
ta-analyses published in English were considered. Studies
with insufficient methodological quality, inadequate sam-
ple size or limited relevance to the scope of the review
were excluded. Eligible studies were evaluated according to
methodological quality, clinical relevance and consistency
of reported findings.

Evidence was synthesized narratively and organized the-
matically to provide an integrated overview of sperm bi-
ology and the molecular mechanisms underlying sperm
dysfunction in male infertility.

CONCLUSION

Male infertility cannot be adequately characterized by
conventional semen parameters alone, as morphological-
ly normal spermatozoa may harbor substantial molecular
and genetic abnormalities that impair fertilization and
embryogenesis.!"*"® Accumulating evidence demonstrates
that oxidative stress, DNA fragmentation, mitochondrial
dysfunction and chromatin remodeling defects represent
key mechanisms underlying sperm dysfunction.*# These
molecular alterations compromise sperm motility, genom-
ic stability and reproductive potential. Recognition that
spermatozoa transmit regulatory RNAs and epigenetic

information has shifted the classical paradigm of sperm
biology from passive carriers of paternal DNA toward ac-
tive contributors to early embryonic development and off-
spring health >4

Overall, sperm quality should be considered an integrated
biological system involving genomic integrity, oxidative
balance, mitochondrial performance, chromatin organi-

zation and epigenetic programming.5516!

Integrating
conventional semen analysis with emerging molecular
markers—including sperm DNA fragmentation, oxidative
stress assessment and epigenetic profiling—may enable a
more comprehensive characterization of male reproductive
potential and contribute to more individualized clinical

management strategies.

Although several molecular biomarkers show considerable
promise, most epigenetic and transcriptomic approaches
still require further standardization and multicenter vali-
dation before routine clinical implementation. Future ad-
vances in digital spermiology, transcriptomics and artifi-
cial intelligence—based image analysis may facilitate more
precise and non-invasive evaluation of sperm function.
Such developments may ultimately support the transition
toward precision-based reproductive medicine in male

infertility.

Limitations of the Current Evidence

Despite substantial progress in understanding sperm biol-
ogy and the mechanisms underlying sperm dysfunction,
several limitations remain within the current literature.
Considerable heterogeneity exists among studies regard-
ing patient populations, infertility etiologies and lifestyle
factors, all of which may influence the interpretation and
generalizability of findings.!'#2%

Another important limitation involves the lack of stan-
dardized protocols for assessing molecular sperm param-
eters such as DNA fragmentation, oxidative stress and
epigenetic alterations. Different analytical techniques—in-
cluding TUNEL, SCSA and Comet assays—vary in sensi-
tivity, methodology and threshold definitions, making di-
rect comparisons across studies difficult.?"¥! Furthermore,
many investigations addressing molecular aspects of sperm
dysfunction rely on relatively small cohorts or observational

study designs, limiting the strength of clinical conclusions.

Large multicenter studies and standardized methodologies
are still required to clarify the clinical significance of mo-
lecular sperm abnormalities and their impact on reproduc-
tive outcomes.?'"?* Greater consistency in study design,

patient selection and laboratory techniques would improve
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reproducibility, facilitate more accurate comparisons across

studies and strengthen the evidence base regarding the role

of molecular sperm abnormalities in male infertility.

In addition, advances in high-throughput molecular tech-

nologies, including transcriptomic and epigenomic profil-

ing approaches, may provide new opportunities to better

characterize sperm dysfunction and facilitate the future

integration of molecular biomarkers into the clinical eval-

uation of male infertility.

[25]
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