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Abstract  
Sperm DNA can be damaged due to a multitude of different noxae, which include disease, and 
occupational and environmental factors. Depending on the magnitude of the damage, such lesions may 
be repaired by the oocyte or the embryo. If this is not possible, a permanent damage can be manifested 
leading to mutations of the male genome. In cases where the oocyte or the embryo does not counter 
these damages to the male genome in terms of repair or an early abortion, sperm DNA damage and 
fragmentation can be a cause of numerous diseases including childhood cancer. 
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Introduction  
According to the World Health Organization 
(WHO), infertility is defined as a condition where 
a couple is unable to conceive spontaneously 
despite having unprotected, regular sexual 
intercourse for more than one year (Rowe et al., 
2000). Infertility, particularly male infertility, is a 
major matter of concern as it is a clinical 
challenge of increasing significance. Globally, an 
estimate of 50-80x106 couples are infertile, 
which equals about 7 to 15% of all couples at 
reproductive age (15-45 years of age). Among 
these childless couples, the male contribution to 
infertility amounts to approximately 30-50% of 
the cases (Hull et al., 1985). Essentially, this 
means that more than 7% of men are affected 
by infertility during their reproductive lifetime 
resulting in a prevalence of male infertility being 
even higher than for diabetes mellitus type I and 
II, which is considered as common disease 
(Nieschlag and Behre, 2000). Thus, male 
infertility is a problem with an even higher 
prevalence than the common disease diabetes 
mellitus with an overall estimate of 2.8% in the 
year 2000 and 4.4% in 2030 (Wild et al., 2004). 
 
This high incidence of male infertility mandates a 
complete andrological consultation and 
examination in all male partners of couples 
consulting for infertility. Although light 
microscopical determination of sperm count, 
motility and morphological malformations as part 
of the standard semen analysis are still the 
cornerstones of andrological laboratory 

examinations, standard semen analysis is 
limited. Considering that standard semen 
parameters do not detect sperm abnormalities in 
about 20% of infertile men (Romeo et al., 2001), 
this results in high numbers of idiopathic 
infertility (Hendin et al., 1999). Therefore, some 
laboratories incorporated advanced sperm tests 
to determine the functionality of the acrosome, 
chromatin condensation or DNA fragmentation 
into andrological diagnostic. Particularly, the 
latter has been identified as a valuable 
parameter. 
 
Sperm DNA fragmentation can have serious 
consequences for assisted reproduction since 
spermatozoa with damaged DNA are capable of 
fertilizing oocytes (Twigg et al., 1998; Henkel et 
al., 2004). Depending on the degree of the DNA 
damage, embryo development can be affected 
and thus result in embryonic death (Qiu et al., 
1995; Seli et al., 2004). Embryos formed with 
damaged DNA can also develop to full term 
(Gandini et al., 2004). Thus, fertilization of 
oocytes by intracytoplasmic sperm injection 
(ICSI) may have serious and far-reaching 
consequences for the progeny if the damage is 
transferred to the germ line. In this respect, 
increased chromosomal abnormalities, minor or 
major birth defects or childhood cancer have 
been reported. Thus, increased risks of 
morbidity for babies born after ICSI have clearly 
been pointed out (In’t Veld et al., 1995; 
Kurinczuk and Bower, 1997; Ji et al., 1997; 
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Aitken et al., 1998; Aitken and Krausz, 2001; 
Aitken and Sawyer, 2003). 
 
The latter is of particular importance in cases 
where ICSI is performed, as this method of 
assisted reproduction bypasses all physiological 
barriers with the effect that genetically damaged 
spermatozoa may fertilize an oocyte. While in 
IVF the cumulus and the zona pellucida remain 
during the incubation of the oocyte-cumulus 
complex with the spermatozoa, there is no 
barrier in ICSI and spermatozoa that may carry 
a defective genome are artificially introduced 
into the oocyte, which is then left to counteract 
(with limited capacity) any detrimental effects of 
the sperm genome (Ahmadi and Ng, 1999; 
Derijck et al., 2008). Normally, some kind of 
counter regulation by the oocyte is possible to a 
certain extent. However, this remains a 
challenge for the female gamete. 
 
Sperm DNA fragmentation/damage can be 
caused by different factors, which include 
apoptosis (Sakkas et al., 1999a; Sakkas et al., 
2002), improper DNA packaging and ligation 
during spermatogenesis and sperm maturation 
(McPherson and Longo, 1992), oxidative stress 
(Agarwal and Saleh, 2002; Henkel et al., 2003, 
2005a; Xu et al., 2003) and lifestyle and 
environmental factors (Fraga et al., 1996; 
Sepaniak et al., 2006; Kort et al., 2006; Hauser 
et al., 2007; Meeker et al., 2008). Since this 
parameter plays an imperative role for the 
counselling of patients, it has become a powerful 
and important tool in andrological laboratories to 
diagnose male factor infertility, although it is 
investigated only since a few years. 
 
 
Causes of DNA damage in spermatozoa 
As possible causes to induce DNA damage in 
spermatozoa, several mechanisms, testicular 
and post-testicular, are discussed (Table 1). 
Oxidative stress itself has been identified to be a 
major cause of human sperm DNA 
fragmentation/damage (Sharma and Agarwal, 
1996; Garrido et al., 2004). However, due to its 
universal nature, oxidative stress is involved in 
numerous pathomechanisms by either 
prompting an overproduction of oxidants 
(reactive oxygen species; ROS), or a reduction 
of the antioxidant capacity. Thus, oxidative 
stress per se can be triggered by various 
factors. 
 
 

Abortive apoptosis 
This theory of the origin of human sperm DNA 
fragmentation is based on the elimination of 
male germ cells during the process of 
spermatogenesis where up to 75% of the 
200x106 of the germ cells that are produced in 
man daily, are eliminated by means of apoptosis 
(Huckins, 1978; Blanco-Rodriguez, 1998). 
Spermatogenesis can be divided into two 
phases, of which phase one takes place in the 
human between birth and 6 months of age (Print 
and Loveland, 2000). This phase is 
characterized by the differentiation of gonocytes 
into spermatogonia and is accompanied by a 
massive wave of germ cells undergoing 
apoptotic elimination in the testis (Rodriguez et 
al., 1997). This process is controlled by the 
Sertoli cells as they can only support a limited 
number of germ cells (Russell and Peterson, 
1984) and is regarded as an important step for 
normal progression of spermatogenesis in the 
adult (Orth et al., 1988). In the second phase of 
spermatogenesis, which starts with the onset of 
puberty, a stable ratio between Sertoli cells and 
pre- and post-meiotic germ cells as well as germ 
cell renewal with the necessary quality control of 
spermatogenesis has to be ensured (Braun, 
1998), requiring a finely balanced regulatory 
mechanism to eliminate these cells, apoptosis. 
 
Germ cells that are to be eliminated from the 
system are earmarked with Fas, an early marker 
of apoptosis. Sertoli cells, in turn, express Fas 
ligand (FasL) (Lee et al., 1997; Eguchi et al., 
2002), which, if it binds to Fas, triggers 
apoptosis. Subsequently, apoptotic germ cells 
are phagocytosed by Sertoli cells (Blanco-
Rodriguez et al., 1999). However, if this 
mechanism does not function properly, Fas-
positive spermatozoa appear in the ejaculate. 
Sakkas et al. (1999b) suggested a hypothesis 
according to which these earmarked 
spermatozoa escaped apoptosis because of (i) 
non-functional Fas or (ii) a too high number of 
earmarked spermatozoa available for FasL on 
Sertoli cells. This hypothesis has been called 
‘abortive apoptosis’. However, the molecular 
mechanism how Fas-positive sperm escape 
apoptotic elimination is unknown. Apparently, 
during spermatogenesis, apoptosis is not only 
used to eliminate malfunctioning spermatozoa, 
but it seems also to be involved in cytoplasmic 
remodelling during the final stages of sperm 
maturation (El-Domyati et al., 2009). These data 
would then support the idea that ejaculated 
human spermatozoa are incapable of initiating 
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apoptosis (Lachaud et al., 2004) and would 
reflect the fact that Fas positivity of ejaculated 
human spermatozoa is neither related to DNA 
damage as detected by means of the Comet 
assay (McVicar et al., 2004), nor to fertilization 
or pregnancy (Henkel et al., 2004). Therefore, 
Fas expression in ejaculated human sperm 
appears not to contribute to male infertility. 
 
 
Improper DNA packaging and ligation 
During spermiogenesis at stages when 
spermatid elongation takes place, not only the 
morphological appearance and structure of the 
male germ cell nucleus changes but also its 
chemical composition leading to a remarkable 
condensation and compaction of the male germ 
cell nucleus, which protects the male genome 
from major assaults. This stabilized structure is 
achieved by a gradual replacement of the 
somatic histones by transition proteins and in 
the end by protamines (Poccia, 1986). 
Protamines are small, highly basic proteins with 
a high content of cysteine (Krawetz and Dixon, 
1988) of almost crystalline status. Protamines 
organize the sperm DNA into supercoiled 
doughnuts, called toroids (Ward and Coffey, 
1991), which provide for the DNA to be at least 
6-times more condensed than in mitotic 
chromosomes (Fuentes-Mascorro et al., 2000). 
In addition, protamines appear also to provide 
for silencing of the sperm DNA and re-
programming of the imprinting pattern of the 
sperm cell (Aoki and Carrell, 2003). 
 
Ward and Coffey (1991), proposed four 
organizational levels for the chromatin 
packaging in spermatozoa, namely (i) anchoring 
of chromosomes to the annulus, (ii) formation of 
DNA loop domains in the DNA itself, (iii) 
replacement of histones by protamines and (iv) 
chromosomal repositioning and organization 
within the matrix. Because of the size of the 
DNA, restructuring and rearrangement of the 
male genome during the chromatin 
condensation process is not easy and problems 
in terms of the loop domain formation and 
histone replacement arise causing torsional 
stress to the molecule by negative supercoiling 
associated with the transition from histones to 
protamines (Balhorn, 1982; McPherson and 
Longo, 1993). In order to relieve this torsional 
stress, transient DNA double strand breaks 
takes place that allow a double helix passaging 
through the other with subsequent re-sealing of 
the strand break (Marcon and Boissonneault, 

2004). This would then support chromatin re-
arrangement during displacement of histones by 
the protamines (McPherson and Longo, 1992; 
Chen and Longo, 1996; Hirano, 2002; Zhao et 
al., 2004). 
 
In case these nicks are not re-sealed, the DNA 
damage is then regarded indicative of an 
incomplete maturation of spermatozoa during 
spermiogenesis resulting in a disturbed 
chromatin condensation, which in turn is due to 
an under-protamination or an abnormal ratio of 
protamine 1 to protamine 2 and is linked to poor 
sperm morphology (Aoki et al., 2005). Abnormal 
protamine ratios are also reported to be 
associated with poor fertilization in IVF and ICSI 
(Carrell and Liu, 2001; Nasr-Esfahani et al., 
2004; Torregrosa et al., 2006). Moreover, if the 
nicks that are produced in this process are not 
repaired because of excessive topo II activity or 
a lack of topo II inhibitors (Morse-Gaudio and 
Risley, 1994; Bizzaro et al., 2000), this 
contributes to sperm DNA damage. 
 
Considering that chromatin condensation occurs 
in two separate phases, a testicular phase 
where the histones are replaced by protamines 
and an epididymal phase where the formation of 
the disulfide bridges between and within the 
protamines (Saowaros and Panyim, 1979) takes 
place (Haidl et al., 1994), both phases can be 
affected separately by oxidative stress through 
leukocytes. Therefore, it appears that oxidative 
stress may also lead to disturbed chromatin 
condensation and the idea that an under-
protamination of sperm DNA will directly lead to 
DNA fragmentation should be revisited (Henkel 
et al., 2010a). This idea is supported by the 
observation by Ramos et al. (2008) that both 
incomplete thiol oxidation and overoxidation 
might reduce protamine contents in sperm from 
patients with oligo-asthenozoospermia. A lower 
level of free thiol groups would then be 
associated with sperm DNA damage. 
 
 
Chemo- and radiotherapy 
In the light of an increasing cancer prevalence of 
annually 6% among the general population and 
1% among children (Steliarova-Foucher et al., 
2004) on the one hand, and increasing numbers 
of cancer survivors on the other hand, questions 
about the impact of cancer treatment regimes 
using chemo- and radiotherapy on male fertility 
are rising. Due to the cytotoxic effects on the 
germinal epithelium in the seminiferous tubules, 
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chemo- and radiotherapy are well known to have 
adverse impact on male fertility (Meistrich, 1993; 
Howell and Shalet, 2001). While the germinal 
epithelium in the seminiferous tubules is very 
sensitive to radiation, radiation doses of more 
than 4 Gy can cause permanent infertility 
(Centola et al., 1994). On the other hand, Leydig 
cells as somatic cells can withstand radiation 
doses of up to 20 Gy in prepubertal boys and 30 
Gy in men (Shalet et al., 1989). 
 
Depending on the type of cancer that is treated, 
the kind of chemotherapy and the cumulative 
dose that is given (Wallace et al., 2005), 
recovery of spermatogenesis is possible (Jacob 
et al., 1998) and assisted reproduction in such 
patients resulted in deliveries of babies 
(Ginsburg et al., 2001). Yet a high overall rate of 
azoospermia of 70.3% after bone marrow 
transplantation has been reported (Anserini et 
al., 2002) because the treatment often leads to 
ablation of the germinal epithelium and renders 
the patients permanently infertile. In long-term 
survivors, particularly of childhood cancer, 
significantly decreased gonadal functions as per 
decreased inhibin B levels resulting in elevated 
FSH levels in patients treated for Hodgkin and 
non-Hodgkin lymphoma or acute myeloid 
leukaemia have been observed (van Casteren et 
al., 2009). In addition, a modest but statistically 
significant increase in the risk of major 
congenital birth abnormalities has been 
observed in progeny of male cancer patients 
(Stahl et al., 2011). Therefore, cryopreservation 
of semen samples taken prior to the cancer 
treatment is recommended (Agarwal, 2000; 
Trottmann et al., 2007). 
 
However, since any cancer treatment, be it 
chemo- or radiotherapy, is mutagenic, (Witt and 
Bishop, 1996; Harrouk et al., 2000), these 
treatment regimes do not only pose a risk to the 
individual treated, but also to the progeny if the 
mutations manifest in the germ line (Brinkworth, 
2000). Although controversial studies have been 
published (Thomson et al., 2002; Stahl et al., 
2006), other investigations revealed high DNA 
damage loads in spermatozoa from cancer 
patients after relevant treatment (Chatterjee et 
al., 2000). Apparently, the kind of tests system 
used, Comet assay or sperm-chromatin-
structure-assay (SCSA), play a role whether 
specific defects can be detected (Morris, 2002) 
and certainly reflect the fact that different test 
systems detect different aspects of sperm DNA 
damage (Henkel et al., 2010b). 

 
Essentially, due to the cytotoxic and mutagenic 
effects of cancer treatment regimes, patients 
should be counseled about the potential risks for 
both the cancer patient itself and for the 
offspring. Studies have clearly shown a 
transgenerational susceptibility to 
carcinogenesis in the offspring (Lord, 1999; 
Hoyes et al., 2001). 
 
 
Environmental and occupational toxicants 
There is strong evidence that occupational 
exposure of men in numerous industries 
(chemical, painting, printing, electronics or motor 
vehicle industries) to various chemicals such as 
solvents, soldering fumes, epoxy and phenolic 
resins, heavy metals or gasoline cause 
transgenerational cancers of various organs in 
the progeny (Lowengart et al., 1987; Wilkins and 
Koutras, 1988; Johnson and Spitz, 1989; Wilkins 
and Hundley, 1990). Even traffic pollutants such 
as lead, sulphur oxides, or carbon monoxide 
have been shown to adversely affect sperm 
motility and functional tests (De Rosa et al., 
2003). 
 
While most studies merely describe the 
epidemiology and clinical symptoms of these 
observations, clearly pointing out the 
relationship between paternal environmental and 
occupational exposure and childhood cancers, 
newer investigations pinpoint individual 
chemicals and suggest mechanisms of action for 
the induction of sperm DNA damage. Examples 
of chemicals that cause sperm DNA damage are 
styrene (important monomer to produce plastics, 
synthetic rubbers or polyesters) (Migliore et al., 
2002), fenvalerate (synthetic pyrethroid 
insecticide) (Bian et al., 2004), 
organophosphorous pesticides (Sanchez-Pena 
et al., 2004) or high exposure of heavy metals 
such as cadmium or lead (Xu et al., 2003). Most 
of these substances are directly mutagenic or 
may cause an imbalance in the bodily redox 
system. The damage can then even be set at 
subtoxic concentrations because postmeiotic 
germ cells are extraordinary sensitive to the 
induction of DNA damage (Generoso et al., 
1981; Fabricant et al., 1983). A recent study by 
Rubes et al. (2007) revealed that the bodily 
responsiveness to such damage is even 
genetically determined. Men with the 
glutathione-S-transferase M1 null genotype are 
less able to detoxify cancerogenic polycyclic 
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aromatic hydrocarbons and therefore show 
higher sperm DNA damage rates. 
 
 
Lifestyle  
One major factor significantly contributing to 
male infertility, which has been recognized by 
scientists and clinicians, but is underestimated in 
the general public is lifestyle. The negative 
health implications including the detrimental 
impact on male fertility of tobacco smoking and 
drug abuse are generally accepted (Bracken et 
al., 1990; Vine, 1996) but other lifestyle factors 
such as alcohol, caffeine consumption (Curtis et 
al., 1997; Anderson et al., 2010), psychological 
stress (Fenster et al., 1997; Zorn et al., 2008), 
nutrition and physical exercise are still 
suggestive and further studies need to be 
performed (Klonoff-Cohen, 2005). On the other 
hand, strong evidence to adversely impact on 
male fertility has been brought forward for 
obesity (Hammoud et al., 2008; Paasch et al., 
2010) and age (Singh et al., 2003; Vagnini et al., 
2007). 
 
Furthermore, in some way one can also count 
electromagnetic radiation and scrotal heat 
exposure in this category as lifestyle factors as 
more and more people are using cellular phones 
(even children) and have rather sedentary 
positions at work instead of having physical 
exercise. Quite a number of reports from 
different groups indicate detrimental effects of 
cell phone radiation on sperm count, motility, 
viability and normal sperm morphology 
dependent on the intensity of the usage of the 
mobile phone (Fejes et al., 2005; Erogul et al., 
2006; Wdowiak et al., 2007; Agarwal et al., 
2008). More recent studies (Agarwal et al., 
2009; Desai et al., 2009; De Iuliis et al., 2009) 
report on oxidative stress induced by 
electromagnetic waves from cell phones, which 
not only affects the sperm plasma membranes 
and causes a decrease in ROS-TAC levels, but 
also enhances mitochondrial ROS production 
and DNA adduct formation ultimately leading to 
DNA damage. Yet, the mechanism of damage 
set by cell phone electromagnetic radiation is 
still unclear. 
 
Scrotal heat exposure may not only occur due to 
various reasons including occupational exposure 
like in long-distance drivers, office workers, 
welders, foundry workers or bakers (Bonde, 
1992; Mieusset and Bujan, 1995; Figa-
Talamanca et al., 1996; Thonneau et al., 1998; 

Song and Seo, 2006) and sauna baths with its 
wet heat (Shefi et al., 2007), but also by the use 
of laptop computers (Sheynkin et al., 2005). The 
pathomechanism of lifestyle related scrotal 
hyperthermia might be similar to that observed 
in varicocele where scrotal temperature is 
elevated and is leading to spermatogenic 
damage (Goldstein and Eid, 1989), which is 
possibly induced by oxidative stress mediated 
apoptosis (Shiraishi et al., 2010) with an 
increased expression of apoptosis-related 
proteins in spermatozoa (Chang et al., 2010) 
and endocrine and paracrine imbalances 
compromising Sertoli cell function (Skoog et al., 
1997). 
 
 
Oxidative stress 
Considering that any living cell functions in a 
rather reduced state, it is of utmost importance 
that the equilibrium between oxidants and 
antioxidants is finely balanced and kept in a 
steady state. This reduced state is maintained 
by the glutathione system. On the other hand, 
however, limited and localized levels of ROS are 
also essential for normal cell function (Halliwell, 
2000); e.g. ROS are essential for spermatozoa 
to undergo capacitation or acrosome reaction 
(de Lamirande and Gagnon, 1993; Aitken et al., 
1995a). Thus, sperm cells are constantly facing 
the interface between oxidation and reduction. In 
case this steady state derails for whatever 
reason leading to an imbalance in favour of the 
oxidants, which can potentially cause cellular or 
genetic damage, this condition is called 
‘oxidative stress’ (Sies, 1985). 
 
Infections/inflammations 
A major, but potentially correctable cause of 
male infertility due to oxidative stress, are genital 
tract infections and inflammations (Weidner et 
al., 1999), which amount to up to 35% of the 
patients consulting for infertility (Henkel et al., 
2007). Male genital tract infections/ 
inflammations can inflict damages to the male 
germ cell can be triggered by direct action of the 
pathogens (Monga and Roberts, 1994) or 
indirectly by inducing inflammatory processes in 
the seminal tract by activating leukocytes 
(Eggert-Kruse et al., 2007). Seminal oxidative 
stress not only impairs various sperm functions 
such as motility or acrosome reaction (Henkel 
and Schill, 1998; Sanocka-Maciejewska et al., 
2005; Henkel et al., 2006), but has also been 
recognized as major cause of sperm DNA 
damage (Agarwal and Said, 2005). Reportedly, 
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the prevalence of seminal oxidative stress per 
se is between 25-40% in unselected infertile 
men (Iwasaki and Gagnon, 1992; de Lamirande 
and Gagnon, 1995), depending on the study, 
and up to 96% in patients suffering from spinal 
cord injuries (Padron et al., 1997). 
 
Alvarez et al. (2002) demonstrated that sperm 
DNA integrity was significantly impaired in 
leukocytospermic semen samples. This finding 
is in so far of particular importance as sperm 
DNA fragmentation is a cause for fertilization 
and pregnancy failure in IUI, IVF and ICSI, 
which has been confirmed in a recent meta-
analysis (Zini et al., 2008). The damages to the 
male germ cells can be triggered by direct 
actions of the pathogens on spermatozoa and 
sperm functions (Monga and Roberts, 1994) or 
indirectly by inducing inflammatory processes in 
the seminal tract by activating leukocytes 
(Eggert-Kruse et al., 2007). Consequently, ROS 
and cytokine levels increase in the seminal 
plasma and exert their detrimental effects 
(Comhaire et al., 1999; Henkel et al., 2005a). In 
turn, ROS and cytokines, which themselves 
trigger excessive ROS generation in 
spermatozoa (Buch et al., 1994), are associated 
with the impairment of various sperm functions 
including DNA integrity through oxidative stress 
(Köhn et al., 1998; Alvarez et al., 2002; Kocak et 
al., 2002; Henkel et al., 2004; 2005a; 2006). 
 
Pasqualotto and co-workers (2000) showed that 
in infertile patients the finding of elevated ROS 
levels is associated with reduced levels of 
antioxidant capacity, thus supporting the 
concept that the balance between ROS 
generation and antioxidant capacity in the 
semen plays a critical role in the 
pathophysiology of genital tract infection/ 
inflammations and their impact on sperm 
functions and fertilization/pregnancy (Sikka, 
2001). Considering that leukocytes, as part of 
their physiological functions, secrete hydrogen 
peroxide, which is persistent and can even 
penetrate plasma membranes, ROS deriving 
from leukocytes during infectious and 
inflammatory processes can cause sperm DNA 
damage (Henkel et al., 2005a). Therefore, a 
direct causality between leukocytes in the 
ejaculate and DNA damage must not be 
neglected. 
 
A recent unpublished study (Mupfiga and 
Henkel) demonstrated that seminal leukocytes 
are not only significantly associated with the 

seminal ROS production, but also with the male 
germs cell’s production of superoxide (r=0.336; 
P=0.0098; n=60), activation of the caspases-3/7 
in spermatozoa (r=0.527; P<0.0001; n=58) and 
the percentage of sperm with disrupted 
mitochondrial membrane potential (r=0.465; 
P=0.043; n=20). Active caspase-3 in human 
sperm was reported by Weng et al. (2002) but 
this was not correlated to the number of 
leukocytes. As effector caspases, caspase-3 
and -7 play a central role in apoptosis and, 
considering that seminal leukocytes are 
associated with excessive ROS production, it is 
conceivable that ROS derived from leukocytes 
may induce apoptosis in sperm by triggering 
caspase activation. Indeed, a positive correlation 
between ROS production in the ejaculate and 
caspase-3 and -9 has been demonstrated 
(Wang et al., 2003a). Thus, the data by Mupfiga 
and Henkel (unpublished) suggest that oxidative 
stress as a result of male genital tract 
infections/inflammation may eventually trigger 
sperm DNA damage via apoptotic pathways, by 
means of activating the caspase system. 
 
Damaged sperm 
With respect to ROS, one has to differentiate 
where the ROS originate, from external sources 
like leukocytes that are present in almost any 
ejaculate (Wolff, 1995), or the spermatozoa 
themselves as ROS are physiologically 
produced in any living cell during respiration. 
Data obtained by Henkel et al. (2005a) suggest 
that extrinsic ROS generated by leukocytes 
predominately affect the sperm plasma 
membrane and its related functions such as 
motility. On the other hand, intrinsic ROS, which 
are oxidants produced by the male germs cells 
themselves, rather cause sperm DNA damage. 
 
As any other living cell, spermatozoa produce 
large amounts of their energy aerobically by 
means of enzymatically controlled mitochondrial 
oxidative phosphorylation and oxidation of 
hydrogen. Subsequently, the chemical energy is 
conserved as ATP. During this process in the 
electron transfer chain, elementary oxygen (O2) 
reduced to highly reactive free radicals as 
intermediate products with water (H2O) as end 
product. However, this process to convert 
oxygen into energy is not perfectly efficient, but 
about 1-5% of the consumed oxygen is 
converted into free radicals (Chance et al., 
1979). Thus, spermatozoa are potent producers 
of reactive oxygen species. 
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The male germ cell’s ROS production is fuelled 
by cytoplasmic glucose-6-phosphate 
dehydrogenase (Gomez et al., 1996), enzyme 
which is available in higher concentrations in 
morphologically abnormal spermatozoa 
exhibiting excess residual cytoplasm, which has 
been shown to be predictor of failed fertilization 
(Keating et al., 1997). Spermatozoa exhibiting 
poor morphology are deemed to generate 
excessive amounts of ROS (Aitken et al., 1997; 
Aziz et al., 2004). Since excessively ROS-
producing spermatozoa seem to damage their 
own DNA, this has particularly clinical 
importance (Henkel et al., 2003). 
 
De Iuliis and co-workers (2006) gave evidence 
that human spermatozoa are able to produce 
the highly reactive superoxide anion. Elevated 
production of ROS in defective human 
spermatozoa can also be caused by a disruption 
of the mitochondrial electron transport flow in 
human spermatozoa and superoxide production 
(Koppers et al., 2008), which, in turn, is 
stimulated by an abnormally high content of fatty 
acids in morphologically abnormal spermatozoa 
(Koppers et al., 2010). In the light of the special 
cellular architecture of spermatozoa, which 
actually prevents nucleases from having access 
to the nuclear DNA, oxidative stress caused by 
infections or inflammations (Mupfiga and 
Henkel, unpublished) may then not cause 
apoptotic DNA damage, but oxidative DNA 
damage (Koppers et al., 2011) in spermatozoa 
of patients with genital tract 
infections/inflammations. 
 
Activation of caspases and endonucleases 
Spermatozoa from various farm animals as well 
as from mice have the ability to bind and 
internalize exogenous DNA molecules (Castro et 
al., 1990; Lavitrano et al., 1992), a process, 
which is mediated by CD4 molecules (Lavitrano 
et al., 1997). In response to this process, mouse 
sperm endonucleases that cleave both 
exogenous and genomic DNA are activated 
(Maione et al., 1997). Thus, these processes 
eventually lead to apoptosis like cell death 
(Schwartzman and Cidlowski, 1993). 
Consequently, this damaged DNA led to 
decreased embryo quality and total implantation 
rates in mouse ICSI (Perez-Crespo et al., 2008). 
Whether or not such processes also play a role 
in human sperm is not clear yet. However, it is 
conceivable as the human sperm nucleus is 
much less homogenously packed with a 
significant amount (15-20%) of histones that is 

retained than in the mouse (Gatewood et al., 
1990; Bianchi et al., 1993). On the other hand, 
nucleases might not have access to the DNA 
(see above). 
 
 
Nature of DNA damage 
Even though oxidative stress may induce 
apoptosis in somatic cells (Huang et al., 2000) 
and maturing spermatozoa (Gorczyca et al., 
1993) indicating an indirect way of causing 
sperm DNA fragmentation, such damage can 
also be caused directly (Saleh et al., 2002; 
Henkel et al., 2005a). Data supporting this 
theory arise from studies that showed increased 
levels of specific forms of oxidative damage like 
8-hydroxydeoxyguanosine (8-OHdG) in sperm 
DNA (Shen and Ong, 2000). 
 
Oxidative stress can cause different types of 
damage to the DNA, namely base modifications, 
loss of the base to create an abasic site, single 
and double DNA strand breaks, inter- or intra-
strand cross linkage and DNA-protein cross links 
(Croteau and Bohr, 1997; Aitken et al., 2009). If 
hydroxyl radicals attack the DNA, 8-OH-guanin 
and 8-OHdG as DNA damage product following 
enzymatic cleavage after 8-hydroxylation of 
guanine are formed as first detectable changes 
set to the DNA. 8-OHdG is one of the most 
abundant products following oxidative DNA 
damage and can be used as a sensitive marker 
(Shen et al., 1999). Under physiological 
conditions, this first type damage is reversible 
(Figure 1) (Hanawalt, 1994) and a repair can be 
carried out by the oocyte/embryo to some extent 
(Alvarez and Lewis, 2008). High amounts of 8-
OHdG have been linked to male infertility 
(Kodama et al., 1997; Shen et al., 1999). If this 
DNA damage is not repaired, 8-OHdG may be 
mutagenic and may cause embryonic loss, 
malformations or childhood cancers (Fraga et 
al., 1991; Loft et al., 2003). Following this first, 
reversible damage, a second type of damage, 
which is irreversible, can manifest as double-
strand DNA fragmentation (Cui et al., 2000) 
(Figure 1). Ultimately, this will lead to errors in 
transcription and translation and mutation 
(Cooke et al., 2003). 
 
 
Nuclear (nDNA) and mitochondrial DNA 
(mtDNA) damage 
Principally, any eukaryotic cell contains two 
types of DNA, namely the one in the nucleus 
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and the one located in the mitochondria. While 
the nuclear DNA (nDNA) in the sperm head has 
been investigated frequently and damage 
thereof has been reported in numerous papers 

to be a cause for fertilization and pregnancy 
failure in intrauterine insemination (IUI) (Duran 
et al., 2002), in vitro fertilization (IVF) (Sun et al., 
1997; Host et al., 2000; Morris et al., 2002;  

 
                                 

 
 

Fig. 1: Sequence of damage to DNA by hydroxyl radicals and ionizing radiation. In a first step, base modifications take 
place. This 1st type damage is reversible as it can be repaired by the oocyte or the embryo. The characteristic marker is 
8-OH-2’-deoxyguanosine (8-OHdG). Subsequent to this damage, a 2nd type damage can occur, which leads to double-
strand DNA fragmentation and is irreversible. 

 
 
 
Henkel et al., 2004) and ICSI (Lopes et al., 
1998; Henkel et al., 2003; Lewis et al., 2004; 
Tesarik et al., 2004), investigation of the 
importance of mitochondrial DNA (mtDNA) for 
sperm function and its relation to fertilization and 
pregnancy has rather been neglected. mtDNA 
encodes 13 polypeptides essential for the 
electron transfer chain on the inner 
mitochondrial membrane and further 22 tRNAs 
and 2 rRNAs that are necessary for the 
expression of mRNA of the mentioned 
polypeptides (Anderson et al., 1981). 
 
These polypeptides are closely involved in the 
ATP production in mitochondria. During this 

process, mitochondria continuously oxidize 
different substrates while, at the same time, 
reducing oxygen to water (Chance and Williams, 
1956). In addition to this regular cellular energy 
production, mitochondria also generate most of 
the endogenous ROS of the cell as a by-
product. In turn, these ROS can not only 
damage mitochondria, but also the mtDNA and 
the cell itself. Numerous reports have shown 
mitochondrial dysfunction to be the cause of an 
increased release of mitochondrial reactive 
oxygen species indicating early events of 
apoptosis (Schulze-Osthoff et al., 1992; Quillet-
Mary et al., 1997; Heerdt et al., 1998). 
Therefore, the mitochondrial membrane 
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potential has been suggested a highly sensitive 
parameter (Marchetti et al., 2002). 
 
Mitochondria are the powerhouse of the cell and 
produce most of the cell’s energy during normal 
physiological aerobic metabolism. In the course 
of this process about 1-5% of the consumed 
oxygen is converted into free radicals (Chance 
et al., 1979). Contrary to nuclear DNA, mtDNA is 
not protected by histones and protamines, 
replicates very fast without proper proof-reading 
and has only a very basic repair mechanism 
(Croteau et al., 1999), thus makes certain 
regions of the mitochondrial genome up to 100 
times more susceptible to damage and 
mutations (Pesole et al., 1999). In addition, 
mtDNA has only very little repair mechanisms. 
Therefore, mtDNA is particularly prone to 
mutations and numerous diseases (DiMauro and 
Davidzon, 2005) including male infertility like 
asthenozoospermia or oligoasthenozoospermia 
(Folgero et al., 1993; Lestienne et al., 1997). 
Animal experiments using a transmitochondrial 
mouse model also revealed that sperm 
harbouring a pathogenic 4,696-bp deletion in the 
mitochondrial genome show morphological 
abnormalities of the sperm head and midpiece 
(Nakada et al., 2006). 
 
Considering that mtDNA is encoding genes for 
proteins intimately involved in the oxidative 
phosphorylation and ATP production in the 
mitochondria, mtDNA defects will inevitably 
result in a decreased mitochondrial membrane 
potential (Δψm) and defective mitochondrial 
function. In turn, this is essential for sperm 
motility (Kasai et al., 2002; Henkel et al., 2011) 
and is negatively correlated with seminal 
oxidative stress (Wang et al., 2003b). The 
determination of Δψm has also been suggested 
as being a highly sensitive parameter (Marchetti 
et al., 2002). In this regard it is interesting that 
the preincubation of sperm obtained from male 
factor infertility patients with 2.5 mM ATP for 1 
hour significantly improved sperm fertilizing 
capacity in vitro and resulted in higher 
fertilization rates (Rossato et al., 1999). 
 
Patients presenting with urogenital tract 
infections/inflammations show reduced sperm 
motility (Diemer et al. 2003a). This damage can 
either be triggered by direct pathogenic 
influences of bacteria on spermatozoa (Diemer 
et al., 2003b) or infectious mediators like ROS 
(Fraczek et al., 2007). Since spermatozoa have 
very little own antioxidative defence mechanism 

available, they are dependent on the 
antioxidative protection provided by the seminal 
plasma (Lewis et al., 1997) and are therefore 
exposed to additional oxidative stress deriving 
from the leukocytes. In the light of the important 
role of mtDNA for the generation of motility and 
sperm function, it is conceivable that oxidative 
stress caused by infectious or inflammatory 
processes can also lead to mtDNA damage and 
eventually to dysfunctional sperm. Thus, male 
genital tract infections/inflammations could have 
underlying effects of mitochondrial diseases that 
could contribute to the sperms’ compromised 
fertilizing capacity. This idea is supported by the 
observation that in vitro ROS generating 
systems like xanthine/xanthine oxidase cause 
mitochondrial permeabilization in a Ca2+-
dependent manner (Kowaltowski and Vercesi, 
1999). Unfortunately, clinical studies 
investigating this relationship between male 
genital tract infection/inflammation and 
mitochondrial damage are not available yet. 
 
Finally, as mitochondria are also involved in the 
regulation of apoptosis by means of the so-
called mitochondrial or intrinsic pathway 
(Gogvadze and Orrenius, 2006), damage set to 
mtDNA will lead to dysfunctions of the 
respiratory chain as well as to further 
mitochondrial generation of ROS, which, in turn, 
cause even more oxidative mtDNA damage. 
Eventually, these processes can either lead to 
the induction of apoptosis with nuclear DNA 
fragmentation (Ozawa, 1997) or to direct nuclear 
DNA damage by means of the produced ROS. 
The nuclear DNA fragmentation can then be 
detected with the TUNEL- or COMET assay. 
Thus, there is the possibility that mtDNA 
damage caused by an extracellular stimulus like 
an infection or inflammation can trigger elevated 
mitochondrial ROS production that can 
eventually result in sperm nuclear DNA damage. 
This intrinsic ROS production of sperm has been 
shown to have a higher damaging potential on 
the sperm cell’s nuclear DNA than extrinsic ROS 
deriving from leukocytes, which rather appear to 
affect sperm motility (Henkel et al., 2005a). 
 
 
Effect of DNA fragmentation on 
fertilization, pregnancy and offspring, 
and its clinical value? 
As discussed above, DNA damage in the 
nucleus and mitochondria can be triggered by 
various agents and conditions. In most of these 
circumstances, a direct or indirect influence of 
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oxidative stress is involved in the cause of the 
damage. Apart from this direct damage to DNA 
caused by ROS, indirect damages can be set by 
stable carbonyl-containing by-products of the 
lipid peroxidation such as malondialdehyde 
(MDA) and 4-hydroxy-2-alkenals such as 4-
hydroxy-nonenal (HNE). These by-products are 
produced if ROS cause damage to sperm 
plasma membrane, which is extraordinary rich in 
poly-unsaturated fatty acids (Aitken et al., 1989). 
The damage to DNA itself is triggered by the 
high mutagenicity or genotoxicity of these by-
products (Luczaj and Skrzydlewska, 2003). 
 
The fertilization process is multifactorial (Amann, 
1989; Amann and Hammerstedt, 1993; Henkel 
et al., 2005b). Therefore, it is extremely difficult 
to predict male fertility on the basis of a single or 
only a few tests. In addition, oocyte and 
embryonic factors as well as the maternal 
immune system play major roles as genetically 
abnormal embryos may be rejected (Aitken et 
al., 2009). This also explains why the 
conventional semen analysis including various 
sperm function tests has very limited value in 
determining a male’s fertility (Lewis, 2007). 
Nevertheless, in the light of the high variability of 
standard sperm parameters such as motility or 
acrosome reaction (Henkel et al., 2005b), sperm 
DNA fragmentation, together with normal sperm 
morphology, appear to be more stable 
parameters (Zini et al., 2001; Smit et al., 2007). 
 
However, few recent reports (Bellver et al., 
2010; Meseguer et al., 2011; Zini et al., 2011) 
questioning (to some extent) the high 
importance that the general literature (Sun et al., 
1997; Lopes et al., 1998; Host et al., 2000; 
Morris et al., 2002; Henkel et al., 2003; 2004; 
Lewis et al., 2004; Tesarik et al., 2004; Zini et 
al., 2008; Simon et al., 2011) ascribes for the 
influence of sperm DNA damage on fertilization 
and pregnancy. These recent questions 
regarding the clinical value of sperm DNA 
fragmentation assays merely reflect the 
heterogeneity (Zini et al., 2011) of the test 
systems employed by different groups. Also, 
with further advancements of the sperm 
separation for ICSI, particularly with the advent 
of intracytoplasmic morphologically selected 
sperm injection (IMSI) (Bartoov et al., 2003), the 
predictivity of pregnancy outcome based on 
sperm DNA damage testing might even more 
diffuse because these new techniques are 
thought to exclude spermatozoa with major DNA 
damage from injection into the oocyte. Since this 

morphological selection of spermatozoa with 
‘motile sperm organelle morphological 
examination’ (MSOME) (Bartoov et al., 2002) 
identifies objects undetectable by light 
microscopy, such as nuclear vacuoles, which 
are indicative of abnormal chromatin packaging 
and therefore DNA damage (Franco et al., 2011; 
Boitrelle et al., 2011; Henkel et al., unpublished), 
this selection technique is much more stringent 
(Oliveira et al., 2009). 
 
Yet, one cannot deny that sperm DNA damage 
has a significant impact not only on fertilization 
and pregnancy rates as well as pregnancy loss 
after both IVF and ICSI (Zini et al., 2008), but 
also on the health of the progeny. In the latter 
context, among other causes, sperm DNA 
damage has been linked to various morbidities 
of the offspring including autism, epilepsy or 
childhood cancer (Ji et al., 1997; Aitken and 
Krausz, 2001; Sipos et al., 2004; Vestergaard et 
al., 2005; Reichenberg et al., 2006). Therefore, 
from a clinical point of view, despite some 
discrepancies, it is essential that sperm DNA 
fragmentation and damage as parameters are 
taken into account and are assessed prior to 
attempts of assisted reproduction (Agarwal and 
Allamaneni, 2004; Lewis, 2007; Aitken et al., 
2008; Shamsi et al., 2011). 
 
With regard to the heterogeneity of the test 
systems used to determine sperm DNA damage 
one has to take into account that currently 
different assays (TUNEL, SCSA, nick 
translation, COMET) with different laboratory 
protocols are used in different labs. Considering 
that no clear reference values have been 
established for a specific test system yet, and it 
is inappropriate to compare results obtained 
from different tests, there is an urgent need to 
develop and establish a standardized, robust 
clinical test system (Henkel, 2007; Barratt et al., 
2010). Nonetheless, sperm DNA damage should 
at least be tested in the following cases of (i) 
high risk male patients, (ii) failed IVF and (iii) 
failed conventional ICSI. 
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