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Abstract 
Male infertility affects approximately 20% of men, with 30–40% of cases being linked to 

issues in both partners. While sperm production may be normal, DNA damage in spermatozoa 
can occur and become a primary cause of infertility. The exacerbation of oxidative stress leads to 
damage to various biomolecules, such as DNA fragmentation, lipid peroxidation, and protein 
oxidation, all of which can impair egg fertilization and embryo development. Elevated levels of 
reactive oxygen species (ROS) in semen are associated with poor sperm quality, reduced 
fertilization potential, and increased sperm DNA fragmentation. Additionally, shorter telomeres 
in semen correlate with reduced sperm vitality and function. Oxidative stress accelerates telomere 
attrition by inducing DNA damage, which leads to telomere shortening and potentially 
compromises sperm function and fertility. DNA damage can occur at different stages of 
spermatogenesis and fertilization. If the damage surpasses the oocyte’s repair capacity, infertility 
may occur. Various tests are available to assess sperm DNA damage, with the sperm DNA 
fragmentation (SDF) test being one of the most promising. DNA damage is quantified as the DNA 
fragmentation index (DFI), which represents the percentage of spermatozoa with fragmented 
DNA. Although reference intervals for DFI may vary depending on the method used, DFI ≤ 15% 
is generally considered normal, 15–30% is considered average, and DFI ≥ 30% indicates poor 
DNA integrity, which may negatively impact pregnancy outcomes. 
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Introduction/Infertility 
Infertility is defined as the inability to conceive within 12 months when the female 

partner is under 35, and within 6 months when she is over 35 (1). In about 20% of cases, 
male factors are solely responsible for infertility, while in 30–40% of cases both male and 
female factors contribute to the issue (1). Notably, about 15% of men who are unable to 
impregnate their partner have normal sperm analysis results (2). This can be explained by 
the fact that while sperm production may be adequate, DNA damage often occurs during 
sperm maturation and storage in the epididymis, impairing their ability to fertilize the egg 
and support embryo development (3). 

In order to perform an adequate assessment of male fertility, it is necessary to 
perform a comprehensive examination of the patient, which includes male infertility, 
sexual, medical and surgical history, physical examination, genito-urinary and 
reproductive tract infections, and at least two semen analyses, hormonal and genetic 
evaluation (1, 4, 5). Semen analysis is the first step in the assessment of male infertility. 
The basic analysis includes a macroscopic examination of the ejaculate (volume, 
liquefaction, consistency, pH), determination of the number, mobility, vitality and 
morphology of spermatozoa, the number of leukocytes and other round cells, as well as 
the concentration of biochemical markers of the seminal plasma (fructose, zinc). 
Additional tests include microbiological examination of the semen, determination of 
antisperm antibodies, tests of hemizona and zona-pellucida binding, zona-free hamster 
egg penetration test, tests of sperm DNA damage and assessment of ROS (6, 7). 

Treatment of male infertility depends on its cause and may include lifestyle changes 
(weight loss, quitting alcohol and cigarettes, etc.), surgical interventions 
(varicocelectomy, transurethral resection of the ejaculatory ducts (TURED)), hormonal 
therapy (aromatase inhibitors, clomiphene, and tamoxifen), gonadotropic therapy (human 
chorionic gonadotropin, LH, FSH, GnRH, human menopausal gonadotropin), selective 
oestrogen receptor modulators (SERMs), and antioxidant therapy. In patients with non-
obstructive azoospermia and idiopathic infertility, some of the assisted reproductive 
techniques (ART) can be applied (intrauterine insemination, in vitro fertilization (IVF), 
intracytoplasmic sperm injection (ICSI)). In patients with elevated DFI, the use of 
testicular sperm using testicular sperm aspiration (TESA) or testicular sperm extraction 
(TESE) techniques is recommended (1, 5, 8). 

Oxidative stress 

Oxidative stress is a physiological condition where there is an imbalance between 
ROS and the body’s antioxidant defenses. Free radicals are generated in our cells that 
operate in an oxygen-rich environment. This imbalance can lead to cellular damage, 
including DNA fragmentation, lipid peroxidation, and protein oxidation. In the context 
of male fertility, oxidative stress is implicated in various aspects of sperm function, 
including motility, morphology, and DNA integrity (9, 10). Kaltsas et al. demonstrated 
the beneficial effects of several antioxidants in reducing sperm oxidative stress (11). 
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While antioxidant supplementation in male infertility is beneficial, excessive use may 
result in reductive stress, which can impair sperm motility and interfere with ART (12). 

Based on previous studies (2, 13–15), there is a growing need for novel diagnostic 
methods to assess male reproductive disorders. Evaluating oxidative stress in seminal 
fluid offers a promising and non-invasive approach to estimating sperm quality and 
fertilization potential. Such an approach could lead to new therapeutic strategies focused 
on proper antioxidant supplementation, reducing systemic oxidative stress in infertile 
men, and improving the diagnosis and management of male infertility by targeting 
oxidative stress, one of its key underlying mechanisms (16). 

Agarwal and colleagues developed a system to estimate the global prevalence of 
male infertility, confirming that at least 30 million men are affected, particularly in Africa 
and Eastern Europe (9). This highlights the need for further research into its causes and 
treatments, as well as the importance of reducing stigma and cultural barriers, and 
establishing more accurate methods for assessing infertility rates (17). 

DNA damage 

Semen plasma, which surrounds sperm cells, contains various antioxidants that 
neutralize ROS, but excessive oxidative stress can overwhelm these defenses, leading to 
negative effects on sperm function. Elevated ROS levels in semen are linked to poor sperm 
quality, reduced fertilization potential, and increased sperm DNA fragmentation (18). 

Furthermore, oxidative stress contributes to the shortening of telomeres, the 
protective caps at the ends of chromosomes, which are essential for maintaining genomic 
stability during cell division (19–21). There is a well-documented link between chronic 
stress and various health issues, including cardiovascular disease and weakened immune 
function. Stress may influence health by accelerating cellular aging, which could explain 
the impact of sperm telomere shortening on reproductive health (20, 22, 23). Telomeres 
naturally shorten with cell division, but in sperm this process is particularly significant 
because telomere length influences the health and longevity of the resulting embryo. 
Shorter telomeres in semen are associated with reduced sperm vitality and function (19, 
22). Oxidative stress accelerates telomere attrition by inducing DNA damage, leading to 
telomere shortening and potentially compromising sperm function and fertility (24, 25). 
The relationship between oxidative stress, telomeres, sperm, cell damage and infertility 
is shown in Figure 1. Coluzzi et al. found a direct correlation between oxidative stress-
induced telomere attrition and chromosome instability (24). Telomere length is also 
associated with metabolic risk factors, suggesting that other risk factors may influence 
telomere length and male infertility. Disturbances in redox balance during fertilization 
can also affect infertility, given that ROS play a key role in the fertilization process (26). 

Several studies have shown that oxidative stress correlates inversely with telomere 
length in semen (18). Sperm exposed to high ROS levels often exhibits significantly 
shorter telomeres, suggesting that oxidative damage is a key factor in telomere attrition. 
Moreover, telomere shortening in sperm has been linked to lower fertilization rates and 
poorer embryo development (27–31). 
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Figure 1.  Oxidative stress, telomere, spermatozoa, cell damage, infertility 
Slika 1.  Oksidativni stres, telomere, spermatozoidi, oštećenje ćelije, neplodnost 

 
Sperm DNA is bound to protamine and packaged into stable structures that allow 

intact genetic material to be transferred to the fertilized egg (32). DNA damage can occur 
during spermatogenesis, the transport of sperm through the male and female reproductive 
tracts, fertilization, and the transfer of genetic material to the oocyte. Some of these 
damages may be repaired within the oocyte cytoplasm (33), but if damage exceeds the 
repair capacity of the oocyte, this can result in infertility. DNA damage can manifest in 
several ways (34, 35): a. breaks in one or both DNA strands, b. deletions or modifications 
of bases, c. cross-linking of DNA strands, or d. protamine deficiency and/or e. improper 
DNA packaging (32). These damages can be caused by diseases (e.g., infections, 
varicocele), oxidative stress, drug use, elevated temperatures, environmental pollutants, 
occupational toxins, smoking, and aging (2, 3, 34). 

Methods of determining DNA damage 

Sperm DNA damage is still a subject of scientific debate due to a lack of 
standardization. Several tests are available to assess sperm DNA damage, which can be 
categorized into three groups: 1) tests using enzymatic reactions to mark DNA break sites 
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(TUNEL – terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate-
nick end labeling and ISNT – in situ nick translation assay), 2) tests based on controlled 
DNA denaturation and protein removal to detect breakpoints (SCSA – sperm chromatin 
structure assay, Comet assay, SCD – sperm chromatin dispersion test), and 3) tests using 
dyes that detect chromatin packaging abnormalities by binding to the G/C rich regions 
(aniline blue, toluidine blue, chromomycin A3, acridine orange). These tests detect 
different DNA disorders resulting from various mechanisms. For instance, inadequate 
chromatin packing is related to a lack of protamine or its mispackaging, while DNA 
fragmentation is linked to oxidative stress (32). Therefore, in 2021 Estevez et al. proposed 
a new nomenclature of tests: 1) SDF tests (which include TUNEL, ISNT, SCSA, SCD, 
and Comet tests) and 2) sperm chromatin compaction tests (SND – sperm nucleus 
decondensation) including aniline blue, toluidine blue, chromomycin A3, and acridine 
orange staining (32). The most commonly used tests in clinical practice are TUNEL, SCD 
and SCSA (33). 

Due to the distinct characteristics of these tests, results from one method may not 
correlate with those from another, especially when comparing SDF and SND 
methods (36). However, there is a good correlation among commonly used SDF 
tests (37). Results are expressed as DFI, representing the percentage of spermatozoa with 
fragmented DNA. Although reference intervals for DFI may vary depending on the 
method used, DFI ≤ 15% is considered normal, DFI 15–30% is average, and DFI ≥ 30% 
indicates poor DNA integrity that may affect pregnancy outcomes (38). 

Diagnostic challenges 

Agarwal et al. presented several clinical scenarios where DFI testing has clinical 
significance: varicocele, unexplained infertility / repeated miscarriages / ART failure, 
IVF and/or ICSI failure, and borderline abnormal (or normal) semen analysis with risk 
factors (39). After each case presented, they performed an evidence-based analysis of the 
clinical utility of SDF and provided recommendations for the use of SDF. SDF may have 
clinical significance in the following situations: DFI allows better selection of candidates 
for varicocelectomy in men with clinical varicocele and normal to borderline parameters 
of semen analysis, 2) in patients with recurrent ART failure, DFI may provide useful 
prognostic information about subsequent cycles of ART and possible use of testicular 
sperm instead of ejaculated sperm in men with oligozoospermia (it has been shown that 
the DFI value in testicular sperm is lower than in ejaculated sperm) (40), and 3) DFI can 
help to increase the importance of lifestyle changes (e.g., smoking cessation, antioxidant 
therapy), predict fertility and monitor the patient’s response to therapy (39). 

In 2024, the AUA/ASRM (American Urological Association / American Society 
for Reproductive Medicine) published guidelines for diagnosing and treating male 
infertility. These guidelines recommend against using SDF in the initial infertility 
evaluation, but suggest considering it for couples with recurrent pregnancy loss and for 
patients with elevated DFI in ART procedures (1). 
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Despite increasing interest in SDF testing, several challenges remain: there are no 
standardized criteria for selecting the appropriate SDF test, the tests are not 
standardized, and they lack clear cut-off values. Current recommendations for SDF 
application are classified as level C, and further research is needed to identify the types 
of DNA defects affecting fertility and isolate sperm with intact DNA for use in artificial 
insemination (2, 41). 

Pańczyszyn et al. evaluated the role of new biomarkers in predicting reproductive 
success, with SIRT1 emerging as a promising candidate. This protein plays a key role in 
protecting against oxidative stress and telomere shortening, thereby enhancing genomic 
stability and improving the success of assisted reproduction (42). 

Antioxidant therapy 

To mitigate oxidative stress and preserve telomere length and DNA integrity, 
antioxidants such as vitamin E, carnitines, vitamin C, Coenzyme Q10, N-acetyl cysteine, 
zinc, folic acid, selenium and lycopene have been explored (43). These antioxidants help 
neutralize ROS, potentially preserving sperm DNA integrity and telomere length (44, 45). 
However, the relationship between oxidative stress, telomere shortening, overall DNA 
damage and male fertility remains complex, and further research is needed to understand 
how these factors interact and identify effective therapeutic strategies to improve semen 
quality.  

It is well-documented that antioxidant supplementation can improve sperm quality, 
DNA integrity, and fertility outcomes, though results can vary (2, 21, 22, 46–49). Factors 
such as individual differences, the underlying cause of infertility, supplementation dosage 
and duration, and lifestyle habits all play a role. Therefore, lifestyle modifications – such 
as a healthy diet, regular exercise, and quitting smoking and alcohol – are crucial for 
reducing oxidative stress and optimizing male reproductive health (10). 

Although several studies and meta-analyses (46, 47) showed that antioxidant 
therapy had a positive impact on live-birth and pregnancy rates in sub-fertile couples and 
on the improvement of sperm parameters, a study by Steiner et al. (48) showed no 
differences between the groups that used antioxidant therapy and the placebo group. 
Based on the aforementioned studies, the European Association of Urologists (EAU) 
considers the use of antioxidants in the treatment of male infertility to be inconclusive (5). 
AUA/ASRM state that the available studies do not provide adequate data to recommend 
the routine use of antioxidants. However, Leslie et al. believe that the use of antioxidant 
therapy should be considered in every male infertility patient because of its low cost and 
absence of side effects (8). 

Conclusion 
In conclusion, oxidative stress plays a significant role in telomere shortening and 

DNA damage in sperm, which negatively affects sperm quality and male fertility. 
Maintaining a balance between ROS and antioxidants is essential for preserving telomere 
length and ensuring optimal sperm function. In the future we expect to resolve the 
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molecular mechanisms that link male infertility and oxidative stress and telomere 
attrition. Oxidative stress, caused by an imbalance between reactive oxygen species and 
antioxidants, is known to damage sperm DNA and disrupt spermatogenesis, while 
telomere attrition, a natural process associated with aging, may further damage sperm 
function. Advances in genomic and proteomic technologies will probably uncover how 
oxidative stress accelerates telomere shortening in male gametes, providing new 
therapeutic targets. Additionally, the potential of antioxidant therapies to mitigate 
oxidative damage and slow telomere attrition could be explored as a promising path for 
improving fertility outcomes in men. 
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Kratak sadržaj 
Muška neplodnost pogađa oko 20% muškaraca, pri čemu je 30–40% slučajeva povezano 

sa problemima kod oba partnera. Iako spermatogeneza može biti normalna, određeni faktori mogu 
da dovedu do oštećenja DNK u spermatozoidima i uslove pojavu neplodnosti. Oksidativni stres 
dovodi do oštećenja različitih biomolekula, kao što su fragmentacija DNK, peroksidacija lipida i 
oksidacija proteina, što sve može narušiti fertilizaciju jajne ćelije i razvoj embriona. Povišeni 
nivoi reaktivnih kiseonikovih jedinjenja (ROS) u semenoj tečnosti su povezani sa lošim 
kvalitetom spermatozoida, smanjenim potencijalom oplodnje i povećanom fragmentacijom DNK. 
Pored toga, kraće telomere u semenoj tečnosti koreliraju sa smanjenom vitalnošću i funkcijom 
spermatozoida. Oksidativni stres ubrzava skraćivanje telomera spermatozoida izazivanjem 
oštećenja DNK, što ugrožava sposobnost oplodnje. Oštećenje DNK može nastati u različitim 
fazama spermatogeneze i oplodnje. Ako oštećenje premašuje sposobnost popravke oocita, može 
doći do neplodnosti. Dostupni su različiti testovi za procenu oštećenja DNK spermatozoida, pri 
čemu je test fragmentacije DNK spermatozoida (SDF) jedan od najperspektivnijih. Oštećenje 
DNK se kvantifikuje kao indeks fragmentacije DNK (DFI), koji predstavlja procenat 
spermatozoida sa fragmentovanom DNK. Iako referentni intervali za DFI mogu da variraju u 
zavisnosti od korišćene metode, DFI ≤ 15% se generalno smatra normalnim, 15–30% se smatra 
prosečnim, a DFI ≥ 30% ukazuje na loš integritet DNK, što može negativno uticati na ishod 
trudnoće. 

 
Ključne reči:  oksidativni stres, skraćivanje telomera, fragmentacija DNK sperme, 

indeks fragmentacije DNK 
 

  


	Abstract
	Introduction/Infertility
	Oxidative stress
	DNA damage
	Methods of determining DNA damage
	Diagnostic challenges
	Antioxidant therapy
	Conclusion
	Acknowledgements
	Declaration of Competing Interest
	Author contributions
	References
	Kratak sadržaj

