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1  | BACKGROUND

Infertility is defined as the inability to conceive after 12 months of reg-
ular, unprotected intercourse (Sabanegh & Agarwal, 2010). Although 
60%–75% of couples conceive within 6  months, and 90% within 
12 months (Spira, 1986), approximately 48.5 million couples worldwide 
are considered infertile within this definition (Agarwal et  al.,  2019; 
Sharlip et al., 2002). Male factor infertility affects up to 50% of cou-
ple infertility and is solely responsible for 20% of overall infertility 
(Thonneau et al., 1991). In recent decades, the incidence of male factor 
infertility has increased (Turner et al., 2020; Zandieh et al., 2018).

Semen analysis is considered as the cornerstone of the male fer-
tility evaluation. This analysis provides information into the possible 
extent and severity of infertility problems, and aids in diagnosis and 
clinical management. Based on several population studies, the World 
Health Organization (WHO) provided updated sampling and labora-
tory guidelines with clinical thresholds to evaluate male reproduc-
tive potential through semen analysis (Mayorga-Torres, Camargo, 
Cadavid, du Plessis, & Cardona Maya,  2017). However, there 

remain several limitations associated with the conventional semen 
analysis in the assessment of male infertility (Majzoub, Agarwal, & 
Esteves, 2019). These limitations have led to the development of ad-
vanced sperm function and seminal fluid quality assessments, such 
as oxidative stress and sperm DNA fragmentation (SDF), that may 
better guide diagnostics, management and the prediction of male 
fertility outcomes (Esteves, Sharma, Gosálvez, & Agarwal, 2014).

Spermatozoa are highly differentiated cells, which are made up of 
a head, mid piece and tail. The head of the spermatozoa contains the 
haploid genome that is transmitted into the oocyte after successful 
fertilization. The integrity and composition of the sperm DNA is dif-
ferent from that of somatic cells and critical for its fusion with the 
maternal genome (Conwell, Vilfan, & Hud, 2003). Adequate sperm 
DNA integrity is critical for successful fertilization, embryo devel-
opment, implantation and establishment of pregnancy as it contrib-
utes towards 50% of the embryonic genome (Baskaran et al., 2019; 
Braude, Bolton, & Moore, 1988). Sperm DNA integrity is therefore 
considered as an important marker of fertility potential of spermato-
zoa (Cho & Agarwal, 2018).
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Abstract
Male factor is responsible for up to 50% of infertility cases in the world. Semen analy-
sis is considered the cornerstone of laboratory evaluation of male infertility, but it 
has its own drawbacks and fails to predict the male fertility potential with high sen-
sitivity and specificity. Different etiologies have been linked with male infertility, of 
which sperm DNA damage has gained significant attention with extensive research 
on sperm function tests. The associations between sperm DNA damage and a variety 
of disorders such as varicocele, obesity, cancer, radiation and lifestyle factors are 
explored in this review. Furthermore, we discuss the mechanisms of DNA damage as 
well as its impact in different scenarios of male infertility, associated with spontane-
ous and assisted reproduction. Finally, we review the clinical applicability of sperm 
DNA fragmentation testing in the management of male infertility.
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Due to chromatin condensation in the maturation of spermatozoa, 
sperm DNA is protected against damage that could occur during its 
transport through the male and female reproductive tracts (Erenpreiss, 
Spano, Erenpreisa, Bungum, & Giwercman, 2006). Sperm DNA damage 
>30% has been associated with delayed pregnancy and considered as 
better predictor of pregnancy (Santi, Spaggiari, & Simoni, 2018; Spanò 
et al., 2000). Based on the site and nature of damage, sperm DNA dam-
age is categorised as (a) DNA fragmentation, (b) mitochondrial DNA 
damage, (c) telomere attrition, (d) Y-chromosome microdeletions and 
(e) epigenetic abnormalities (Bui, Sharma, Henkel, & Agarwal,  2018; 
Elbardisi et al., 2019). While some degree of damage is inevitable, and 
spermatozoa do not have the capacity to repair their own DNA, SDF 
can be repaired by factors present in the oocyte's cytoplasm. However, 
when the damage exceeds the oocyte's repair capacity, this may result 
in impaired fertilization and pregnancy failure (Evenson et  al.,  1999; 
Henkel et al.,2004). Importantly, increased SDF has been reported in 
men with abnormal semen parameters (Huang et al., 2005) as well as 
in normozoospermic partners of an infertile couple (Saleh et al., 2002). 
Although there are numerous intrinsic and extrinsic risk factors for SDF, 
common underlying causes include abnormal chromatin condensation, 
abortive apoptosis and oxidative stress. Due to the increasing impor-
tance of SDF in male fertility and reproductive outcomes, this review 
discusses the causes and mechanisms associated with SDF.

2  | C AUSES OF SPERM DNA DAMAGE

Both testicular and ejaculated spermatozoa are prone to sperm 
DNA damage. Damage to testicular spermatozoa can occur during 
spermatogenesis and maturation. Post-testicular damage may take 
place during sperm transport through the male reproductive tract. 
Defective spermatogenesis and abnormalities in chromatin remod-
elling and abortive apoptosis are the major factors affecting the in-
tegrity of sperm DNA through spermatogenesis. Increased testicular 
and post-testicular oxidative stress induces DNA damage. In general, 
both nuclear and mitochondrial sperm DNA are damaged due to oxi-
dative stress (Bui et al., 2018).

2.1 | Mechanisms of SDF

2.1.1 | Defective spermatogenesis and chromatin 
remodelling

During spermatogenesis, sperm DNA undergoes protamination, a 
process in which the histones bound to the DNA are replaced with 
protamines resulting in a decreased histone to protamine ratio. 
Protamination of sperm DNA, in turn, is essential for the nuclear 
condensation, and dysregulation of this process in spermatozoa 
may result in the SDF. However, the degree of sperm DNA breaks 
and damage may be increased in the spermatozoa of infertile men 
(Simon et al., 2017). Furthermore, the organization of chromatin 
during fertilization and embryo development is determined by the 

integrity of the paternal DNA (Ajduk, Yamauchi, & Ward,  2006; 
Simon et  al.,  2014; Ward,  2010). During spermatogenesis, stages 
of cell cycle recombination check points remove the spermato-
cytes with defective DNA. This allows for only the spermatocytes 
with intact DNA to proceed in the spermatogenesis process (Page 
& Orr-Weaver,  1997). The majority of the protamination occurs 
during epididymal transit to maintain the integrity of the DNA in 
ejaculated spermatozoa (Erenpreiss, Bars, Lipatnikova, Erenpreiss, & 
Zalkalnas, 2001). The presence of DNA breaks in ejaculated sperma-
tozoa is indicative of either defective chromatin remodelling during 
spermatogenesis or maturation failure.

2.1.2 | Abortive apoptosis

Spermatogenesis involves mitotic and meiotic division of germ cells, 
thereby producing haploid spermatozoa. Sertoli cells provide nutri-
tion to these germ cells (Griswold, 1998), and proper maintenance 
of Sertoli cell to germ cell ratio is essential for normal proliferation 
and apoptosis of spermatogonial cells. Most germ cells become de-
fective due to accidental damage or genetic abnormalities at differ-
ent stages of spermatogenesis (Print & Loveland, 2000). Apoptotic 
markers Fas and FasL are expressed by germ cells and Sertoli cells re-
spectively. Furthermore, the Sertoli cells expressing the FasL initiate 
the apoptosis of germ cells expressing Fas (Lee, Richburg, Younkin, & 
Boekelheide, 1997; Rodriguez, Ody, Araki, Garcia, & Vassalli, 1997), 
which are subsequently phagocytosed by Sertoli cells. However, 
some germ cells escape this programmed elimination process and 
undergo maturation. These are then identified in the ejaculate as 
defective spermatozoa. This phenomenon is known as abortive ap-
optosis, and it is reported in infertile men with abnormal sperm pa-
rameters (Sakkas, Mariethoz, & St John, 1999). Due to incomplete 
apoptosis, these defective germ cells are associated with high levels 
of DNA damage.

2.2 | Intrinsic risk factors for sperm DNA damage

DNA damage can occur due to several intrinsic factors, and it may 
have negative impact on the fertilization process or could lead to 
assisted reproduction technique (ART) failures. Table 1 provides an 
overview of all the intrinsic causes of sperm DNA damage. Defects 
in sperm DNA can arise from the following sources.

2.2.1 | Varicocele

Varicocele, characterized by an abnormal tortuosity and dila-
tion of the veins of the pampiniform plexus, is a common condi-
tion prevalent in 15% of the general population, accounting for 
25%–40% of primary and 45%–81% of secondary infertility cases 
(Alsaikhan, Alrabeeah, Delouya, & Zini, 2016; Shabana et al., 2015). 
Furthermore, varicocele is the most common surgically correctible 
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cause of male infertility (Agarwal et al., 2009). Varicocele is associ-
ated with decreased testicular volume, impaired sperm quality and 
a decline of Leydig cell function (WHO, 1992). Emerging evidence 
has demonstrated a link between increased seminal ROS and sperm 
DNA damage in varicocele patients (Abdelbaki, Sabry, Al-Adl, & 
Sabry, 2017; Naelitz & Parekh, 2019). This associated rise in ROS is 
partly attributed to testicular hypoxia, elevated testicular and scrotal 
temperature, reflux of metabolites and cadmium accumulation. The 
excessive ROS generation has been correlated with increased SDF in 
varicocele patients (Esteves & Agarwal, 2016). Therefore, both ROS 
and SDF are involved in the pathophysiology of varicocele-mediated 
male infertility (Figure 1; Cho, Esteves, & Agarwal, 2016).

Although the mechanisms associated with oxidative stress in var-
icocele are still unclear, the main factors responsible for ROS gener-
ation are related to scrotal hyperthermia, testicular hypoxia, reflux 
of adrenal/renal metabolites and cadmium accumulation (Roque 
& Esteves,  2018; Figure  1). Pro-inflammatory cytokines interfer-
on-gamma (INFϒ), tumour necrosis factor-alpha (TNFα), interleukin 
(IL)-1 and IL-6 increase production of ROS in varicocele, inducing DNA 

damage. Furthermore, the pro-inflammatory adipokine leptin may be 
involved in the pathogenesis of reproductive dysfunction in varicocele 
and the associated increased ROS production (Habibi, Seifi, Mougahi, 
Ojaghi, & Sadeghipour,  2015; Wang et  al.,  2015). Through inactiva-
tion of voltage-dependent calcium channels that lack the ion selec-
tion property due to deletion of an exon in the α1c subunit, cadmium 
can pass through these defective channels and enter seminiferous 
epithelial cells. In turn, increased levels of cadmium can result in ele-
vated ROS and decreased antioxidant capacity (Agarwal et al., 2009). 
In addition, an increased HO-isoenzyme 1 expression may stimulate 
apoptosis, increase the carbon monoxide level and induce apoptosis 
of Leydig cells (Agarwal et al., 2009). Importantly, varicocele repair im-
proves oxidative stress in these patients, suggesting that seminal oxi-
dative stress is primarily caused by the varicocele (Hurtado de Catalfo, 
Ranieri-Casilla, Marra, de Alaniz, & Marra, 2007; Lacerda et al., 2011) 
(Lacerda et al., 2011). Therefore, there is a close interconnection in the 
complex mechanisms associated with SDF in varicocele; however, any 
cause–effect relationship between varicocele and SDF remains to be 
proven (Zini & Dohle, 2011).

TA B L E  1   Intrinsic causes of sperm DNA damage

Etiology Studies Main Findings

Varicocele Zini et al. (2011), Zini and Dohle (2011) Decreased testicular volume, impaired sperm quality and 
decline of Leydig cell secretion

Agarwal et al. (2009), Benoff, Marmar, and 
Hurley (2009)

Increased ROS and SDF

Hurtado de Catalfo et al. (2007), Lacerda 
et al. (2011)

Varicocelectomy decreases ROS and increases TAC

Advanced Male Age Gao et al. (2007), Sobreiro et al. (2005) Negative impact on semen volume, sperm motility, normal 
morphology

Alshahrani et al. (2014) Increased risk of abortion and genetic diseases

Alshahrani, et al., 2014) Colasante et al. (2019) Increased SDF in men aged >40 years

Heat Exposure and Scrotal 
Hyperthermia

Lavranos et al. (2012), Jung et al. (2008); Jung 
and Schuppe (2007); Garolla et al. (2013)

Decreased motility

Lavranos et al. (2012); Rao et al. (2015), 
Shiraishi et al. (2010)

Increased oxidative stress

Genital Tract Infections Pasqualotto et al. (2000) Correlation between chronic prostatitis and ROS

Lobascio et al. (2015) Increased ROS and SDF (TUNEL)

Vicari (2000) Antibiotic treatment might help to decrease ROS production

Obesity Kort et al. (2006), Campbell et al. (2015) Increased SDF

Dupont et al. (2013) Lower sperm motility and increased SDF.

Diabetes mellitus (DM) Amaral et al. (2008) Decreased sperm motility and normal morphology
Increased ROS production

Agbaje et al. (2007) Sperm nuclear and mtDNA damages

Pourmasumi et al. (2017) Higher 8OHdG levels in men with DM

Condorelli et al. (2018) Higher percentage of SDF and apoptosis markers men with 
DM2

Cancer Pourmasumi et al. (2017) Cancer progression may induce increase in sperm DNA 
damage

O'Flaherty et al. (2008), Kumar et al. (2018), 
Marchlewska et al. (2016)

Increased SDF in patients with testicular cancer

O'Flaherty et al. (2008) Increased SDF in patients with Hodgkin's disease
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2.2.2 | Advanced male age

Over the last few decades, many couples in developed countries 
are delaying parenthood (Alshahrani et  al.,  2014). Birth rates for 
men older than 35 years have increased by 40% since 1980 in the 
United States (Kovac et  al.,  2013). Advanced paternal age has a 
negative impact on semen volume, sperm motility and morphology 
(Gao et  al.,  2007; Sobreiro et  al.,  2005). This has also been linked 
to increased risk of abortion and genetic diseases in the offspring 
(Alshahrani et al., 2014). Similarly, increased sperm DNA damage is 
also associated with ageing and poor fertility outcomes. Higher rates 
of SDF were shown in nonazoospermic infertile men >40 years com-
pared to their younger counterparts (p < .05), without any difference 
in semen parameters (Alshahrani et  al.,  2014). Colasante et al. re-
ported that in a mixed population of fertile and infertile men, higher 
levels of SDF were observed in patients aged >41 years in contrast 
to younger men (p <  .009) (Colasante et al., 2019). A recent cross-
sectional study showed that sperm DNA damage and mitochondrial 
defects increased significantly with age (Rao et al., 2015). Shiraishi 
et al. also observed a relationship between temperature and oxi-
dative stress by measuring the expression of 4-HNE-modified 
proteins in varicocele patients. The findings of the study revealed 
that an elevation of scrotal temperature is closely associated with 
increased intratesticular oxidative stress (Shiraishi, Takihara, & 
Matsuyama, 2010).

2.2.3 | Genital Tract Infections

A common cause of male infertility includes numerous reproduc-
tive tract infections. An overproduction of ROS during an infection 
results in oxidative stress-induced DNA damage. A positive corre-
lation between chronic prostatitis and ROS production has been 

reported (Agarwal et al., 2018). Chronic prostatitis patients nega-
tive for leukocytospermia have significantly lower total antioxidant 
capacity (TAC) and patients with leukocytospermia have increased 
ROS production compared to healthy subjects (Pasqualotto 
et al., 2000). Seminal leukocytes are able to generate 1,000 times 
more ROS than spermatozoa (Whittington & Ford, 2011). A posi-
tive correlation between the leucocyte concentration and both 
total ROS concentration and the number of spermatozoa with 
DNA fragmentation as determined with the TUNEL assay has been 
reported (Lobascio et al., 2015). Patients with prostate-vesiculo-
epididymitis exhibit a significant increase in ROS production when 
compared to patients with prostatitis alone, demonstrating that 
the more extensive the infection, the higher the ROS production 
(La Vignera, Calogero, Cannizzaro, & Vicari, 2006). In addition, an-
tibiotic treatment for prostatitis can help decrease ROS produc-
tion, indicating that the presence of bacteria plays an important 
role in increased levels of ROS (Vicari, 2000). This concept is cor-
roborated by the finding that bacteriospermia is related to high 
SDF and has a negative effect on semen parameters (Moskovtsev 
et al., 2010; Pergialiotis, Karampetsou, Perrea, Konstantopoulos, 
& Daskalakis, 2018; Vilvanathan et al., 2016). Furthermore, a study 
regarding urethritis caused by Ureaplasma urealyticum, which is a 
condition where a large number of leukocytes is not expected, 
showed increased ROS production (Potts et al., 2000).

2.2.4 | Obesity

The prevalence of obesity has notably increased during the last sev-
eral decades, with >70% of adult men classified as overweight or 
obese in some Western nations (McPherson & Lane, 2015). Obesity 
is closely associated with male infertility and increased SDF. This is 
mediated through disruptions in the hypothalamic–pituitary–gonadal 

F I G U R E  1   Causes of sperm DNA 
damage in varicocele-mediated male 
infertility
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axis, resulting in decreased testosterone, and an increase in scrotal 
temperature due to the excessive adipose tissue in the legs and 
around the scrotum (Kahn & Brannigan, 2017). These pathways may 
lead to impaired spermatogenesis, excessive ROS production and 
SDF. A meta-analysis on obesity and sperm DNA damage showed 
that the SDF was significantly increased in obese men compared to 
men with normal weight (Campbell, Lane, Owens, & Bakos, 2015). 
Obesity is also considered a pro-inflammatory state that results in 
increased systemic inflammation. Intake of high-energy diet contain-
ing trans-fatty acids and saturated fats can increase ROS generation 
and may induce perturbations to epigenetic status (methylation) of 
sperm affecting the testes and sperm DNA integrity (McPherson & 
Lane, 2015; Tsatsanis et al., 2015). Kort et al. reported an increased 
SDF rate in both overweight and obese men compared to men with 
normal body mass index (BMI) (Kort et al., 2006). Although SDF is 
associated with obesity, the mechanisms by which this occurs is com-
plex and remains poorly understood.

2.2.5 | Diabetes mellitus

Lower pregnancy rates have been associated with diabetes mellitus 
(DM). Sperm parameters such as total sperm motility, concentration 
and abnormal morphology have been reported to be negatively altered 
in diabetic men (Amaral, Oliveira, & Ramalho-Santos, 2008). Although 
the mechanism of reproductive dysfunction remains complex, oxida-
tive stress is implicated in the pathophysiology of DM-associated male 
infertility (Amaral et al., 2008). With disease progression, the vascu-
lar and multi-organ complications in diabetes result in hyperglyce-
mia-induced overproduction of ROS (Amaral et al., 2008). Hormonal 
factors, such as hyperinsulinemia and hyperleptinemia, alongside 
pro-inflammatory cytokines, contribute to the generation of oxida-
tive stress and, consequently, SDF (Amaral et  al.,  2008; Lu, Huang, 
Zhang, & Zhao, 2017). DM is associated with increased sperm nuclear 
and mtDNA damages that may impair the reproductive capability of 
these men (Agbaje et  al.,  2007), alongside increased apoptosis sig-
nalling, assessed by disrupted transmembrane mitochondrial poten-
tial and activated caspase 3 (Roessner, Paasch, Kratzsch, Glander, & 
Grunewald, 2012). In addition, 8-OHdG levels are higher in sperma-
tozoa of diabetic patients in comparison with nondiabetic subjects 
(Pourmasumi et al., 2017). Furthermore, a higher percentage of SDF, 
ROS and apoptosis markers have been noted in infertile men with 
diabetes mellitus type 2 (DM2) compared to diabetes mellitus type 1 
(DM1) patients and nondiabetic patients, demonstrating that different 
DM profiles have different effects, which might be related to the im-
portance of insulin resistance in this scenario (Condorelli, La Vignera, 
Mongioì, Alamo, & Calogero, 2018).

2.2.6 | Cancer

The most common malignancies that affect men of reproduc-
tive age are testicular cancer (TC), Hodgkin's disease and leukemia 

(Pourmasumi et al., 2017). The progression of cancer can be a pre-
disposing cause of DNA damage and infertility in addition to the 
negative effects of different types of cancer treatments on male fer-
tility (Pourmasumi et al., 2017). Men with TC and Hodgkin's disease 
have been found to have increased DNA damage, demonstrated 
by low degrees of DNA compaction, as assessed by chromomycin 
A3 (CMA3), and high SDF, as assessed by the Sperm Chromatin 
Structure Assay (SCSA) and Comet assay (O'Flaherty, Vaisheva, 
Hales, Chan, & Robaire, 2008). The chromatin damage in TC patients 
is reported to be comparable with infertile patients, indicating that 
TC could be a cause of temporary infertility by inducing sperm DNA 
damage and thus affecting the semen quality (Paoli, Pallotti, Lenzi, 
& Lombardo, 2018).

2.3 | Extrinsic factors

The mechanisms involved in sperm DNA damage can be triggered by 
exogenous factors as well. Exposure to radiation, environmental tox-
ins and tobacco may induce poor lifestyle SDF by different pathways 
(Cho & Agarwal, 2018).

2.3.1 | Radiation

Testes and spermatogonia are more sensitive to radiation 
than other types of cells present in the body (Xu et  al.,  2008). 
Intensification of fragmentation and total methylation of 
genomic DNA have been observed in men exposed to radioac-
tive substances (Kumar et al., 2013; Wdowiak, Skrzypek, Stec, & 
Panasiuk,  2019). Similar damage to the DNA structure has been 
observed in spermatozoa of males exposed to nuclear waste 
(Goncharov et al., 1998). Radiation can be classified into two cat-
egories: ionizing and non-ionizing radiation. Ionizing radiation is a 
high-energy radiation, capable of causing thermal and nonthermal 
(genetic) damage. Male infertility and testicular cancer, where ra-
diation therapy is common, are related to DNA damage (Kesari, 
Agarwal, & Henkel, 2018). In cancer patients who have received 
radiotherapy, a significant but transient increase in SDF occurs in 
the first 2 years after treatment, but normalised within 3–5 years 
(Ståhl et  al.,  2004). Furthermore, patients with testicular cancer 
treated with radiation have a higher SDF compared to testicular 
cancer patients who have not received radiotherapy (Smit, van 
Casteren, Wildhagen, Romijn, & Dohle, 2010).

Non-ionizing radiation is a low-energy radiation, and the direct bio-
logical consequences are attributed to low-energy transfer and thermal 
action (Angelopoulou, Lavranos, & Manolakou, 2009; Lavranos, Balla, 
Tzortzopoulou, Syriou, & Angelopoulou,  2012). Studies concerning 
non-ionizing energy are less common due to the difficulty in quantifying 
the exposure. However, radiation generated by cell phones, Wi-Fi, mi-
crowaves and laptops has been associated with male infertility (McGill 
& Agarwal,  2014). Radiofrequency electromagnetic wave (RF-EMW) 
radiation emitted from mobile phones affects cells and organelles, and 
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disturbs the electron flow in the membranes present inside the cells 
(Johnson et al., 2007). Furthermore, the activation of NADH oxidase 
and leukocytes by RF-EMW results in the generation of ROS leading to 
oxidative stress, which in turn results in radiation-induced SDF (Kesari 
et al., 2018; Lavranos et al., 2012). Zalata et al. demonstrated a signif-
icant decrease in motility and linear velocity and a significant increase 
in DNA fragmentation in spermatozoa exposed to RF-EMW (Zalata, El-
Samanoudy, Shaalan, El-Baiomy, & Mostafa, 2015).

2.3.2 | Environmental toxins

Chemical toxins have a negative impact on sperm structure and 
function and have become a significant public health concern 
over the past few decades (Zamkowska, Karwacka, Jurewicz, & 
Radwan, 2018). Exposure can be through oral ingestion (food and 
water), dermal contact, inhalation (dust), intravenously and transfer 
through the placenta and maternal milk (Zamkowska et  al.,  2018). 
Bisphenol A (BPA) is a widespread chemical found in plastics, epoxy 
resins, and is utilised in the production of many consumer household 
products and medical devices. Elevated urinary levels of BPA in men 
are correlated with increased sperm DNA damage and abnormal 
semen parameters (Meeker et al., 2010; Vitku et al., 2015).

Different types of plastic products also release phthalates, which 
may also accumulate along the food chain (Zamkowska et al., 2018). A 
direct correlation has been found between semen phthalate levels and 
ROS production, and increased DNA fragmentation (Pant et al., 2008). 
High levels of lead and cadmium can also increase SDF levels (Pant, 
Kumar, Upadhyay, Gupta, & Chaturvedi,  2015). Another important 
toxin, polychlorinated biphenyls (PCB), used in different types of indus-
trial products, is a persistent organochlorine pollutant that is considered 
a potential endocrine-disrupting compound. Exposure to this toxin has 
a negative impact on sperm chromatin integrity (Spanò et al., 2005).

Synthetic pyrethroids are frequently found in household and agri-
cultural pesticides (Zamkowska et al., 2018). Pyrethroids are potential 
endocrine disruptors that can cause reproductive hormonal imbal-
ances, and also induce oxidative stress-mediated sperm DNA damage 
(Chen et al., 2002; Jurewicz et al., 2015; Meeker, Barr, & Hauser, 2008). 
Another toxin, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), by-prod-
uct formed during the manufacture of chlorinated hydrocarbons can be 
accumulated in the food chain (Lavranos et al., 2012) and cause a sig-
nificant decline in the activities of superoxide dismutase, catalase and 
glutathione reductase. It also causes increases the levels of hydrogen 
peroxide and lipid peroxidation in the epididymal spermatozoa, lead-
ing to TCDD-induced oxidative stress (Latchoumycandane, Chitra, & 
Mathur, 2002). The lipid peroxidation and the oxidative stress induced 
by exposure to TCDD and ethyleneglycol can cause DNA damage.

2.3.3 | Smoking

Approximately 37% of men of reproductive age smoke cigarettes, 
with Europe having the highest rates of tobacco use (WHO, 2015). 

Cigarettes contain more than 4,000 chemical compounds, and 
many of them are found in the semen samples of cigarette smokers 
(Lavranos et al., 2012). Smoking is associated with a 48% increase in 
seminal leucocyte concentrations, a 107% increase in ROS levels and 
a 10-point decrease in ROS-TAC scores (Saleh et al., 2002). High lev-
els of ROS together with the reduction in antioxidant levels promote 
oxidative stress-induced DNA damage (Harlev, Agarwal, Gunes, 
Shetty, & du Plessis, 2015). Furthermore, the quality of sperm DNA 
is worse in smokers compared to nonsmokers (Aboulmaouahib 
et al., 2018; Cui, Jing, Wu, Wang, & Li, 2016).

Table 2 provides an overview of all the extrinsic causes of sperm 
DNA damage.

3  | A SSESSMENT OF SPERM DNA 
FR AGMENTATION

Different techniques are available to assess SDF. The majority of 
tests provides information about the single- and/or double-strand 
breaks in the sperm DNA. The TUNEL assay and SCSA are the most 
widely used assays (30.6%) for assessing SDF (Majzoub, Agarwal, 
Cho, & Esteves, 2017). However, a recent scientometric analysis re-
vealed TUNEL assay as the most popular test used in the clinical set-
up (Baskaran et al., 2019) Other SDF tests include sperm chromatin 
dispersion test (SCD) (20.4%) and the Comet assay (6.1%) (Majzoub 
et al., 2017).

SDF assays are mainly divided into direct and indirect tests. Direct 
tests measure the degree of DNA damage using probes and dyes, 
while indirect tests measure the susceptibility of sperm DNA to de-
naturing conditions (Majzoub, Esteves, Gosalvez, & Agarwal, 2016). 
In Table 3, we have categorised the currently available assays into 
sperm chromatin maturity tests that detect the defects in sperm 
chromatin structure and SDF tests that measure the damage to the 
sperm DNA (Table 3). Each technique has been extensively reviewed 
in previous publications (Cho & Agarwal, 2018; Elbardisi et al., 2019; 
Panner Selvam & Agarwal, 2018).

4  | CLINIC AL IMPLIC ATIONS OF SDF 
TESTING

To date, the incorporation of SDF testing in routine laboratory prac-
tice remains controversial. Evidence demonstrates that SDF is as-
sociated with male infertility and, more importantly, the effect of 
sperm DNA damage on clinical outcomes with natural conception or 
assisted reproduction has been extensively studied in recent years. 
SDF may affect fertility by hindering fertilization, early embryo de-
velopment, implantation, pregnancy or time to pregnancy, and mis-
carriages (Lewis et al., 2013). Despite the recent recognition of the 
value of DNA fragmentation by the American Urological Association 
(AUA) and European Association of Urology (EAU) in their current 
guidelines (Jarow et al., 2011; Jungwirth et al., 2018), the role of SDF 
testing in clinical practice is still not completely defined. This lack 
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of clinical rationale has triggered recent publications recommend-
ing SDF testing in specific conditions related to varicocele, unex-
plained infertility, recurrent pregnancy loss and lifestyle risk factors 
(Agarwal et al., 2016).

4.1 | Varicocele

Varicocele is prevalent in 25.4% of men with abnormal semen 
parameters and in 11.7% of men with normal semen analysis 
(WHO,  1992). Hence, selecting patients who require varicocele 
repair is important. In the past few decades, the role of SDF in 
pathophysiology of varicocele has been well documented. Both 
meta-analyses and systematic reviews have demonstrated high rates 
of SDF in men with varicocele (Zini & Dohle, 2011) (Wang, Zhang, 
Lin, Zhang, & Zhang,  2012). Varicocelectomy has a beneficial ef-
fect with a 78%-90% reduction of DNA fragmentation (Moskovtsev 
et al., 2009; Roque & Esteves, 2018; Werthman, Wixon, Kasperson, 
& Evenson,  2008). A meta-analysis reported that varicocele treat-
ment could improve sperm DNA integrity significantly, with a mean 
difference of −3.37% (95% CI −4.09 to −2.65; p  <  .00001) (Wang 
et al., 2012). Post-varicocelectomy patients that have lower SDF lev-
els have higher pregnancy rates (Smit et al., 2013) independent of 
post-surgical sperm count (Ni et al., 2016).

Clinical indications of SDF testing remain unclear despite of the 
large number of clinical studies on sperm DNA integrity. In case of 
infertile men with clinical varicocele having abnormal semen param-
eters, major professional societies such as the American Urological 
Association (AUA) and American Society for Reproductive Medicine 

(ASRM) recommend varicocelectomy (Roque & Esteves,  2018). As 
discussed earlier, conventional semen analysis cannot distinguish 
between patients with varicocele and without varicocele who are 
unable to establish pregnancy. On this basis, the clinical guidelines 
issued by the ‘Society for Translational Medicine’ recommend SDF 
testing should be performed in men with Grade 2 and Grade 3 var-
icocele and in Grade 1 varicocele having normal and borderline/ab-
normal semen parameters, respectively (Agarwal, Cho, Majzoub, & 
Esteves, 2017), as per WHO 2010. It is noteworthy that this guide-
line was developed based on the available evidence, which has lim-
ited strength. At this point, while adequate evidence is lacking, this 
guideline allows a more comprehensive evaluation and management 
of varicocele patients.

4.2 | Unexplained male infertility

Conventional semen analysis is unable to identify the etiology in ap-
proximately 15% of men, and they are classified as unexplained male 
infertility (UMI; Hamada, Esteves, Nizza, & Agarwal, 2012). About 
20% of men in couples diagnosed as ‘unexplained infertile’ have DNA 
fragmentation index (DFI) level ≥20% (Oleszczuk, Augustinsson, 
Bayat, Giwercman, & Bungum, 2013; Saleh et al., 2002). This thresh-
old has been associated with decreased fertility in vivo (Spanò 
et al., 2000). The SDF index can predict the outcome of natural preg-
nancy, which makes it an additional diagnostic tool in the evaluation 
of male infertility. A meta-analysis involving 616 couples demon-
strated failure of natural pregnancy is directly associated with high 
SDF with an odds ratio (OR) of 7.01 (Zini, 2011). Hence, SDF testing 

TA B L E  2   Extrinsic causes of sperm DNA damage

Aetiology Studies Main findings

Ionizing Radiation Kesari et al. (2018), Kumar et al. (2013), Wdowiak et al. (2019) Sperm DNA fragmentation and methylation

Ståhl et al. (2004), Smit et al. (2010) Increased SDF 2 years after radiotherapy

Nonionizing Radiation Lavranos et al. (2012), Kesari et al. (2018) Activation of NADH oxidase and leukocytes 
results in increased oxidative stress

Zalata et al. (2015) Increased SDF. Decreased sperm motility

Environmental Toxins Bisphenol A
Meeker et al. (2010)
Vitku et al. (2015)

Increased sperm DNA damage and abnormal 
semen parameters

Phthalate
Hauser et al. (2007)

Increased levels of ROS and DNA 
fragmentation

Lead and cadmium
Pant et al. (2015)

Increased SDF

Pyrethroids
Jurewicz et al. (2015)
Meeker et al. (2008)

Oxidative stress mediated sperm DNA damage

Polychlorinated biphenyls
Spanò et al. (2005)

Negative impact on sperm chromatin integrity

Smoking Saleh et al. (2002) Increased leucocyte concentrations

Harlev et al. (2015)
Saleh et al. (2002)

Increased ROS

Aboulmaouahib et al. (2018), Harlev et al. (2015) Increased DNA damage
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can be recommended for couples with unexplained infertility to in-
vestigate a possible underlying aetiology (Cho & Agarwal, 2018).

4.3 | Sperm DNA integrity and ART outcomes

4.3.1 | Intrauterine insemination

Intrauterine insemination (IUI) is the first line of treatment in couples 
who are unable to achieve pregnancy naturally and with no severe 
male factor on initial investigation (Muriel & Parekh, 2006). Despite 
the mild, or even absence of sperm abnormalities in such cases, a 
proportion of couples are still unable to achieve a pregnancy after 
several IUI attempts. Sperm DNA damage could be one of the factors 
associated with pregnancy failure. Duran et al. reported a pregnancy 
rate of 8.4% per IUI cycle in which the degree of DNA fragmenta-
tion in spermatozoa used for successful IUI was significantly less. 
Further, no pregnancy was achieved after insemination with samples 
containing SDF >12% (Duran, Morshedi, Taylor, & Oehninger, 2002). 
Additionally, SDF was also identified as an independent predictor 
of successful pregnancy in couples undergoing IUI and a DFI >30% 
was determined as the cut-off for higher rates of spontaneous abor-
tions (Rilcheva, Ayvazova, Ilieva, Ivanova, & Konova, 2016). Bungum 
et al. confirmed that a SDF cut-off of >30%, assessed by SCSA, was 
related to lower pregnancy and delivery rates in patients who un-
derwent IUI (Bungum et al., 2007). A recent meta-analysis based on 
the outcomes from 1,135 IUI cycles showed a strong association be-
tween SDF and IUI outcome (Simon, Emery, & Carrell, 2019). Based 
on the above evidences, SDF testing in cases of IUI failure seems to 
be a reasonable indication. Furthermore, SDF levels can potentially 
be used as a prognostic factor for IUI outcomes. In such cases, SDF 
test results prior to the IUI initiation may help to decide whether (in 
vitro fertilization) IVF should be recommended in cases of IUI failure 
or even as an alternative for IUI.

4.3.2 | IVF and ICSI

Sperm DNA damage has the potential to differentiate between 
fertile and infertile men. An increased level of SDF negatively af-
fects embryo development and is correlated with an increased time 
for the embryo to reach the blastocyst stage and pregnancy rates 
after intracytoplasmic sperm injection (ICSI) (Wdowiak, Bakalczuk, 
& Bakalczuk,  2015). A recent meta-analysis assessed SDF rates 
using different techniques and demonstrated a negative effect 
of sperm DNA damage on overall pregnancy rate in both IVF and 
ICSI (OR = 1.68; 95% CI: 1.49–1.89, p <  .0001). A strong negative 
association between sperm DNA damage and clinical pregnancy 
was also observed, even when IVF and ICSI were analyzed sepa-
rately. A negative effect of sperm DNA damage on clinical preg-
nancy rate after ART was demonstrated using different techniques, 
with TUNEL showing the strongest association. Overall, the results 
show a significant inverse relationship between SDF and clinical Te
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pregnancy for IVF and ICSI when TUNEL is used. The other methods 
did not achieve statistical significance in all scenarios (Simon, Zini, 
Dyachenko, Ciampi, & Carrell, 2017).

Osman et al. conducted a meta-analysis and reported a signifi-
cantly higher live birth rate in men with low SDF after IVF compared 
to those with high SDF. For men undergoing ICSI, only a slightly 
significant relationship was observed (Osman, Alsomait, Seshadri, 
El-Toukhy, & Khalaf, 2015). The implications of sperm DNA damage 
on ART outcomes are still a topic of ongoing debate. There is increas-
ing evidence that sperm DNA damage testing can provide outcomes 
data for clinicians counselling a couple in choosing the best ART 
method to achieve a pregnancy. Therefore, SDF testing results can 
be useful in recommending ICSI for couples who have already failed 
an IVF cycle. In cases, where the failure is due to high SDF, use of 
testicular spermatozoa with higher levels of DNA integrity can be an 
alternative.

4.3.3 | Recurrent pregnancy loss

Many systematic reviews and meta-analyses have confirmed the 
association between high SDF and an increased risk of miscar-
riage after ART (Cho & Agarwal, 2018; Robinson et al., 2012; Zhao, 
Zhang, Wang, & Li,  2014). Zhao et al. observed that high sperm 
DNA damage was related to higher miscarriage rates in both IVF 
and ICSI cycles (Zhao et al., 2014). Similarly, a significant increase 
in miscarriage rates in patients with high SDF compared to those 
with low SDF with spontaneous and ART pregnancies (Robinson 
et al., 2012).

The exact definition of recurrent pregnancy loss (RPL) is un-
clear. It can be considered as two or more failed clinical pregnancies 
documented by ultrasonographic or histopathologic examination 
(Medicine, 2012), or as three or more consecutive pregnancy losses 
without IUI (Jauniaux, Farquharson, Christiansen, & Exalto, 2006). 
Nearly, 40%–50% of the RPL cases may be attributed to a male 
factor; however, female factors remain the most well-defined 
and thoroughly studied etiologies for RPL (Tan, Taskin, Albert, & 
Bedaiwy, 2019). A recent meta-analysis demonstrated a clear asso-
ciation between RPL and high SDF, measured by TUNEL and SCD. 
Each test was separately analyzed, and the results were validated 
for both (Tan et al., 2019). Sperm DNA damage testing in cases of 

pregnancy loss can shed light on the cause(s) of RPL and miscarriage 
in cases of spontaneous or ART pregnancies.

4.4 | Relevance to clinical practice

Over the past decade, male factor infertility is considered as one 
of the major causes of subfertility among couples seeking treat-
ment with IVF (Wilkes,  2013) and conventional semen analysis 
is not enough to provide complete guidance for clinical practice. 
Sperm DNA damage involves various abnormalities including DNA 
fragmentation, DNA cross-linking, abnormal protamination and 
chromatin compaction (Osman et al., 2015). Recent evidence rec-
ommends sperm DNA damage testing as an extra tool that can help 
understand the pathways of male infertility, as well as managing 
cases of infertile couples. For this purpose, it is crucial to define 
the formal indications of DNA damage testing, notably in cases of 
varicocele, idiopathic male infertility, recurrent pregnancy loss and 
ART (Table 4).

5  | CONCLUSION

Sperm DNA damage testing is considered as one of the specialized 
sperm function assay used to determine the quality of the paternal 
genome. Sperm DNA integrity is essential for successful natural and 
assisted conception. It is important to understand the etiologies as-
sociated with sperm DNA damage and correlate it with various male 
infertility scenarios.

Therefore, mitigating the factors inducing sperm DNA damage 
can be used as one of the main management option for male infer-
tility. Furthermore, sperm DNA testing will help in optimizing the 
treatment options for couples undergoing ART procedures.

6  | KE Y POINTS

•	 Sperm DNA damage is one of the major causes of male infertility
•	 Types of sperm DNA damage include DNA fragmentation, mito-

chondrial DNA damage, telomere attrition, Y-chromosome mi-
crodeletions and epigenetic abnormalities

TA B L E  4   Clinical indications of sperm DNA fragmentation testing (adapted from Agarwal et al., 2017)

Clinical indications of sperm DNA fragmentation testing

Diagnosis and ART Procedures SDF testing applicability

Varicocele Better selection of patients to be treated:
Grades 2 and 3 varicocele with normal semen parameters.
Grade 1 varicocele with borderline/ abnormal semen parameters.

Unexplained Male Infertility/ 
Recurrent pregnancy loss with no female factor

SDF testing may clarify aetiology

IUI SDF is a prognostic factor. May help with clinical decisions

IVF/ICSI Better understanding of failed cycles. Help with clinical decisions
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7  | POTENTIAL ARE A S OF RESE ARCH

•	 Development of universal cut-off value for the SDF assays is 
warranted.

•	 Diagnostic and prognostic value of the available sperm DNA tests 
must be clearly defined.
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