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ABSTRACT: Assessments of sperm DNA damage are controversial because of perceived uncertainties over the relationship with pregnancy
and the limited range of therapies available should positive results be returned. In this article, we highlight recent data supporting a chain of
associations between oxidative stress in the male germ line, DNA damage in spermatozoa, defective DNA repair in the oocyte, the muta-
tional load carried by the resulting embryo and the long-term health trajectory of the offspring. Any condition capable of generating oxidative
damage in spermatozoa (age, obesity, smoking, prolonged abstinence, varicocele, chemical exposures, radiation etc.) is capable of influencing
offspring health in this manner, creating a range of pathologies in the progeny including neuropsychiatric disorders and cancer. If sperm DNA
damage is detected, there are several therapeutic interventions that can be introduced to improve DNA quality prior to the use of these cells
in ART. We therefore argue that infertility specialists should be engaged in the diagnosis and remediation of sperm DNA damage as a matter
of best practice, in order to minimize the risk of adverse health outcomes in children conceived using ART.
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Introduction
Should we measure DNA damage in spermatozoa? This year, two
landmark papers have been published contemporaneously that address
this difficult and complex question. These papers originated from the
laboratories of Don Evenson (Evenson et al., 2020) and Denny Sakkas
(Vaughan et al., 2020) and both analyzed the relationship that exists
between paternal age and the appearance of DNA damage in human
spermatozoa. They are both major works based upon the analysis of
thousands of patients and both draw the same conclusion—that pater-
nal age is a powerful risk factor for DNA damage in the male germ
line. These findings echo the results of previous studies using a variety
of DNA damage assessment protocols that have also reported a posi-
tive correlation between paternal age and DNA damage in human
spermatozoa (Singh et al., 2003; Das et al., 2013; Belloc et al., 2014).
The appearance of these papers provides an opportunity for us to re-
examine the rationale behind assessing sperm DNA damage that goes
beyond the traditional ‘does-it-correlate-with-fertility’ debate into a
consideration of the health and wellbeing of the offspring.

Fundamental to this discussion is the observation that robust linear
correlations exist between paternal age, DNA damage in the

spermatozoa and the mutational load subsequently carried by the off-
spring (Kong et al., 2012; Aitken et al., 2020a). Ultimately, around 75%
of all de novo mutations in our species originate in the father’s germ
line and are highly correlated with paternal age (Gao et al., 2019). This
increase in mutational load as a consequence of paternal age is, in
turn, associated with poor embryo quality (Kaarouch et al., 2018), an
increased risk of miscarriage (Du Fossé et al., 2020) and a reduced
chance of live birth (Horta et al., 2019). A variety of pathologies have
also been described in the offspring of ageing males including dominant
genetic diseases, such as Apert syndrome and achondroplasia, a com-
plex array of neuropsychiatric disorders including bipolar disease,
spontaneous schizophrenia and autism (Janecka et al., 2019; Aitken
et al., 2020a), an increased risk of mortality before 5 years of age (Wu
et al., 2020), reduced brain volume and white matter organization
(Gale-Grant et al., 2020), selective mutism (Koskela et al., 2020),
increases in cardiovascular risk factors including total cholesterol and
triglycerides (Ahn and Hwang, 2019), an elevated risk of cancer, in-
cluding acute lymphoblastic leukemia (Petridou et al., 2018), birth
defects including heart malformations and cleft pallet (Janeczko et al.,
2020) and, ironically, male infertility (Sharma et al., 2015).
Complications of pregnancy including gestational diabetes, intrauterine
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growth restriction, preterm birth, miscarriage and fetal loss have also
been linked to the age of the father at the moment of conception
(Yatsenko and Turek, 2018; Phillips et al., 2019). Given this cascade of
robust correlations between paternal age, DNA damage in the sper-
matozoa, the mutational load carried by the offspring and pathologies
affecting the latter’s development, health and wellbeing, the analysis of
DNA damage in human spermatozoa is considered by many to be a
front-line diagnostic procedure (Aitken et al., 2013; Lewis, 2014).
However, this is not a universal view.

Thus the Practice Committee of the American Society for
Reproductive Medicine concluded in 2013 that ‘current methods for
assessing sperm DNA integrity do not reliably predict treatment out-
comes and cannot be recommended routinely for clinical use’
(Practice Committee of the American Society for Reproductive
Medicine, 2013). Although this viewpoint is perfectly understandable
we would propose, with the deepest respect, that this august body of
experts has missed the point. Analyzing the chromatin status of human
spermatozoa should not just be about predicting fertility, because the
latter will only be compromised when levels of DNA damage are high
(Evenson et al., 2020). More sinister is the observation that spermato-
zoa showing moderate levels of DNA damage are still capable of fertil-
ization (Aitken et al., 1998) or can be forced to do so, using lCSI
(Twigg et al., 1998). Given the chain of associations described above
between sperm DNA damage, mutational load and offspring health, it
should be evident that the use of DNA-damaged spermatozoa in ART
may have dire consequences for the health and wellbeing of the prog-
eny. Thus, we would argue that the analyses of sperm DNA damage
should be undertaken, as a matter of principle, reflecting our deep de-
sire to minimize the mutational load carried by the offspring and our
commitment to ‘best practice’ within the IVF industry (Aitken et al.,
2013).

When is mutational change in
the male germ line induced?
In any discussion of mutational change in the male germ line, it is im-
portant to emphasize that the spermatogonial stem cell (SSC) popula-
tion is extremely robust, possessing a remarkable capacity for DNA
surveillance and repair even in the face of severe chemotherapeutic at-
tack (Xavier et al., 2018). Such results are in keeping with the ‘dispos-
able soma hypothesis’, which posits that the genetic fidelity of germ
cells will be maintained at the expense of the soma, given the former’s
sentinel position in safeguarding the integrity of the genome. Such
results are also in keeping with clinical data, which have not revealed
any evidence of increased mutational load or birth defects in the off-
spring of fathers previously exposed to a variety of chemotherapeutic
reagents or even the fallout from atomic bombs (Kryukov et al., 2016;
Nørgård et al., 2017; Ozasa et al., 2018). Of course, there are limits
to the ability of the germ line to withstand toxicant exposure (Ton
et al., 2018); nevertheless, we would assert that the SSC population is
relatively resistant to mutational change.

The exceptions to this rule are the mutations responsible for such
dominant genetic diseases as achondroplasia and Apert syndrome.
These conditions are known to be closely associated with paternal age
at conception (Crow, 2000) and to involve germline mutations in

fibroblast growth factor receptors (FGFR)—FGFR2 in the case of
Apert syndrome and FGFR3 in the case of achondroplasia. These
mutations clearly do arise in the SSC population and are traditionally
held to occur as a result of replication error. According to this model,
the number of rounds of replication experienced by the SSC popula-
tion increases linearly with age - 35 rounds of replication in a 15-year-
old boy compared with 610 rounds in a 40-year-old man (Thacker,
2004). Naturally, with each round of replication there is a risk that a
genetic error will occur. However, this replication error hypothesis has
recently been challenged because even at the beginning of reproduc-
tive life, when gender-specific differences in germ cell replication are
not apparent, the male germ line is, nevertheless, associated with a
highly significant increase in the mutational load carried by the offspring
(Gao et al., 2019). Indeed, how could random replication error ac-
count for the incidence of a condition such as achondroplasia, which is
as high as 1 in 6400 births in Denmark and around 1 in 20 000 world-
wide (Foreman et al., 2020)? Most de novo genetic mutations causing
achondroplasia arise in the same nucleotide pair and result in the
same glycine to arginine substitution (G380R) in the FGFR3 protein.
The odds that this specific mutational change might randomly occur in
a genome containing 3 billion base pairs are infinitesimally small and
bear no relation at all to the observed incidence.

This enigma has been resolved by the ‘selfish selection hypothesis’,
which posits that the FGFR mutation responsible for achondroplasia
confers upon affected germ cells a selective advantage permitting their
clonal expansion within the germinal epithelium and a resultant cluster
(jackpot) of mutant germ cells at foci along the seminiferous tubule.
Thus, a section through the testis of a 70-year-old male will reveal
clusters of mutant spermatogonia each one capable of differentiating
into mutant spermatozoa that will generate achondroplasia in the off-
spring. A similar selfish selection hypothesis has also been offered to
explain the age-dependent expansion of SSC carrying the FGFR2 re-
sponsible for Apert syndrome (Goriely et al., 2003; Choi et al., 2008).
This general concept may also apply to other dominant genetic dis-
eases impacted by paternal age including multiple endocrine neoplasia
type 2 B, where the causative mutation occurs in the RET proto-
oncogene (Choi et al., 2012) and the Noonan syndrome mutation in
the PTPN11 gene (encoding protein tyrosine phosphatase non-
receptor type 11) (Liao and Mehta, 2019). However, this selfish selec-
tion hypothesis does not account for a majority of the de novo muta-
tions that originate in the male germ line—some other explanation
must be sought (Aitken et al., 2020a).

A key to this enigma is that the high level of genetic surveillance and
DNA repair that characterizes the SSC population is gradually lost as
male germ cells enter the spermatogenic pathway and differentiate
into spermatozoa. This lack of DNA repair capacity in the maturing
gamete means that spermatozoa are particularly vulnerable to the in-
duction of DNA damage that they cannot control. Such damage
amounts to a pre-mutational change that then becomes fixed as a mu-
tation in the few hours that elapse between fertilization and the initia-
tion of S-phase, prior to the first mitotic division (Aitken, 2018). As
we shall see (Fig. 1), the potential to generate mutations at this point
in development is a reflection of the oocyte’s inability to manage the
very large amounts of DNA damage that the fertilizing spermatozoon
is capable of introducing at the moment of fertilization. An excellent
example of offspring health being impacted in this way is the glutathi-
one peroxidase 5 knockout mouse. In this model, there is a localized
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.loss of antioxidant protection in the epididymis and, as a result, matur-
ing spermatozoa accumulate oxidized base lesions (particularly 8-hy-
droxy-2’-deoxyguanosine [8OHdG]) in their DNA. Such damage is
not incompatible with fertility but does impact embryonic develop-
ment, leading to increased incidences of miscarriage and birth defects
in the offspring (Chabory et al., 2009; Aitken, 2009). This mouse
model not only shows the severe impact that sperm DNA damage
can have on development, it also gives a clue as to the underlying
mechanism.

How is DNA damage induced?
There are only two fundamental mechanisms by which sperm DNA
can be damaged in spermatozoa: nuclease-mediated enzymatic cleav-
age and free radical attack. Nuclease-mediated enzymatic cleavage is
known to be induced in mature spermatozoa by the presence of ex-
tracellular DNA and appears to be a defense response designed to en-
sure that foreign DNA does not become incorporated into germ line
(Maione et al., 1997; Aitken et al., 2020b). This source of DNA

Figure 1 Chain of cause and effect between DNA damage in spermatozoa and offspring health. A variety of adverse conditions, in-
cluding paternal age, smoking, obesity, infection, excess abstinence, heat, varicocele, ionizing radiation, radiofrequency radiation, apoptosis, occupa-
tional or environmental toxicant exposure are capable of inducing a state of oxidative stress in the male germ line. Spermatozoa are vulnerable to
such stress resulting in the generation of oxidative DNA damage. Spermatozoa carrying oxidative DNA damage are capable of natural or assisted fer-
tilization. Unfortunately, the oocyte is poorly equipped to deal with the highly-mutagenenic 8-hydroxy-2’-deoxyguanosine (8OHdG) DNA adducts
imported by the fertilizing spermatozoon. As a result, mutations can be created as the DNA replicates in preparation for the first mitotic division.
These mutations can influence the viability of pregnancy as well as the health and wellbeing of the offspring. Detecting the existence of DNA damage
in spermatozoa is important because it may open up a number of therapeutic options designed to reduce the level of DNA damage present in these
cells before the initiation of ART. OGG-1: 8-oxoguanine DNA glycosylase 1
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damage will be elevated by any mechanism that increases the amount
extracellular cell-free DNA in the immediate environment of sperma-
tozoa such as spinal cord injury (Bartolomé-Nebreda et al., 2020), tes-
ticular torsion (Boettcher et al., 2017) or infection (Schultz et al.,
2019).

In addition to the impact of extracellular DNA on mature spermato-
zoa, precursor germ cells might also be vulnerable to nuclease-
mediated apoptosis. Thus, infertile patients destined for ICSI because
of profound disruptions of spermatogenesis may show DNA strand
breaks in the spermatozoa that were actually initiated by nucleases ac-
tivated during apoptosis at an earlier stage of germ cell development.
When this occurs at, or near, the beginning of spermatogenesis (sper-
matogonia to late pachytene spermatocytes) the cells are generally
able to engage in a classical apoptotic response culminating in their
self-deletion (Hamer et al., 2003; Yoon and Rhee, 2020). However,
when apoptosis is induced late in spermatogenesis, in haploid sperma-
tids, for example, cell ablation cannot occur because these highly dif-
ferentiated cells have shed the cellular machinery necessary for their
effective elimination. As a result, such cells may continue to differenti-
ate into spermatozoa while still carrying the DNA strand breaks gener-
ated by an abortive attempt at apoptosis during spermiogenesis
(Sakkas and Alvarez, 2010). Alternatively, defective spermiogenesis
may be associated with the defective repair of double-stranded DNA
strand breaks generated physiologically during the post-meiotic proc-
essing of male germ cells (Cavé et al., 2019). Disruptions at this late
stage of germ development might also be expected to interfere with
the careful remodeling of sperm chromatin during spermiogenesis. In
such cases, the impaired packaging of chromatin within the human
sperm nucleus may, in turn, create a state of vulnerability to DNA
damage (De Iuliis et al., 2009). However, even when such damage
does occur, it does not seem to be predominantly mediated by
nucleases.

This may seem a strange assertion because, in somatic cells, most
DNA damage is nuclease-mediated and associated with the terminal
stages of apoptosis (Arends et al., 1990). However, spermatozoa are
different. The archetypal somatic cell is characterized by a centrally-
placed nucleus, surrounded by a sea of cytoplasm containing those
harbingers of death, mitochondria. Under these circumstances, it is
easy to envisage nucleases activated in the cytoplasm or released from
the mitochondria moving into the dispersed chromatin of an inter-
phase nucleus and cleaving the DNA to generate the DNA fragmenta-
tion that defines the apoptotic state. Spermatozoa are unable to
replicate this behavior. Uniquely amongst all cell types, these cells par-
tition the nucleus in a different compartment of the cell (the sperm
head) than all of the mitochondria and most of the cytoplasm, which
are confined to the sperm midpiece. As a result, even when an apo-
ptotic response is initiated in these cells, any nucleases activated or re-
leased in the midpiece remain firmly locked in this cellular
compartment, unable to traverse the intracellular barriers to reach the
sperm head (Koppers et al., 2011). Moreover, even if a nuclease, such
as caspase-activated DNase, did manage to find its way into the sperm
head during apoptosis, it would be confronted not with a well dis-
persed interphase nucleus typical of somatic cells, but with a solid
mass of DNA compacted to the point of crystallization. The only
product of an apoptotic sperm cell that can move readily from the
midpiece to the sperm head, penetrate the densely compacted sperm
chromatin and induce significant DNA damage is hydrogen peroxide

(H2O2) generated by the sperm mitochondria (De Iuliis et al., 2009;
Koppers et al. 2011) (Fig. 1).

Oxidative attack is therefore a particularly common cause of sperm
DNA damage (Kodama et al.,1997; De Iuliis et al., 2009). In infertile
men, the remodeling of sperm chromatin during spermatogenesis
appears to be particularly inefficient as a result of poor protamination
(Bennetts and Aitken, 2005; Ribas-Maynou et al., 2020). The resultant
lack of chromatin compaction is a feature of the ‘two-step hypothesis’
proposed by De Iuliis et al. (2009) to explain the etiology of DNA
damage in human spermatozoa. According to this model, deficient
chromatin compaction comprises the first step in the DNA-damage
process, resulting in a heightened state of vulnerability on the part of
the spermatozoa. The second step then involves the actual induction
of DNA damage which, in light of the above discussion, is thought to
be largely oxidative. The H2O2 generated during the apoptotic process
preferentially attacks guanines, which show the lowest redox potential
of the four DNA bases and are therefore the most easily oxidized,
generating the base adduct, 8OHdG. As a consequence, the presence
of spermatozoa expressing 8OHdG is very common in the patient
population and, alarmingly, around a third of such patients are normo-
zoospermic (Vorilhon et al., 2018).

This two-step model appears relevant to the DNA damage that we
see with paternal ageing, given the association observed between age-
dependent sperm DNA damage and oxidative stress (Vaughan et al.,
2020) and the fact that the efficiency of sperm chromatin compaction
decreases dramatically with age (Plastira et al., 2007). The importance
of age as a major contributor to oxidatively-induced DNA damage in
the male germ has also been emphasized in numerous animal studies.
In the brown Norway rat, for example, increased paternal age is asso-
ciated with increased reactive oxygen species (ROS) production on
the part of the spermatozoa, the induction of lipid peroxidation, a loss
of antioxidant protection and the appearance of DNA damage in the
germ line (Nguyen-Powanda and Robaire, 2020). Similarly, in another
animal model of the aging process, the senescence accelerated
mouse—prone 8 (SAMP8), high levels of oxidative DNA damage are
observed in ageing spermatozoa relative to the control strain, SAMR1
(Smith et al., 2013b). Furthermore, in the thioredoxin knockout
mouse, paternal ageing is similarly associated with retrogressive
changes in the spermatozoa including impaired motility, reduced chro-
matin compaction, increased ROS generation, lipid peroxidation and
DNA damage (Smith et al., 2013a). In a similar fashion, genetic dele-
tion of the antioxidant enzyme superoxide dismutase 1, increases the
levels of oxidative DNA damage detected in ageing mice (Selvaratnam
and Robaire, 2016). Altogether, these animal data clearly support a
model wherein ageing increases the levels of oxidative DNA damage
in human spermatozoa as a result of changes in the efficiency of chro-
matin remodeling, increases in ROS generation and decreased levels of
antioxidant protection.

Oxidative DNA damage and
mutational load in the offspring
The threat imposed by the presence of 8OHdG lesions in human
spermatozoa is addressed biologically by the base excision repair path-
way. The first enzyme in this pathway is OGG1 (8-oxoguanine DNA
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glycosylase 1). This enzyme is present in spermatozoa and serves to
cleave the oxidized base out of the DNA duplex to create an abasic
site (Smith et al., 2013c). The next component in this pathway features
an endonuclease (apurinic/apyrimidinic endodeoxyribonuclease 1 or
APE-1), which cleaves the phosphodiester backbone to produce a
single-nucleotide gap in the DNA with 50-deoxyribose phosphate and
30-hydroxyl groups at the margins. Spermatozoa do not have detect-
able levels of this enzyme (Smith et al., 2013c). As a consequence, the
base excision repair pathway stalls at this point leaving spermatozoa
with unresolved abasic sites, which weakens the DNA backbone lead-
ing to fragmentation. DNA repair can, however, be resumed if the
spermatozoon achieves fertilization because the oocyte is well
endowed with both APE-1 and its support protein, X-ray repair com-
plementing defective repair in Chinese hamster cells 1 (XRCC1). The
repair of paternal DNA damage is therefore a perfect example of
male: female collaboration (Lord and Aitken, 2015).

However, even within this happy marriage, problems can arise be-
cause oocytes do not contain significant quantities of OGG-1. As a re-
sult, they find it difficult to remove any residual 8OHdG residues
imported into egg by the fertilizing spermatozoon. The persistence of
these highly mutagenic base lesions into the first round of embryonic
DNA replication may then promote the development of an increased
mutational load in the offspring (Fig. 1). These associations have been
experimentally shown in genetically modified mice housing a triple
knockout of genes involved in protecting DNA against the mutagenic
impact of 8OHdG. The genes deleted in this model include: mutT ho-
mologue 1, which degrades 8-oxodGTP in the nucleotide pool to pre-
vent its incorporation into DNA; OGG1, which excises 8OHdG from
DNA; and mutY homologue, which removes adenine erroneously in-
corporated opposite 8OHdG in DNA. These triple knockout mice ac-
cumulate 8OHdG in the nuclear DNA of their gonadal cells and
generate offspring carrying a high incidence of de novo mutations that
significantly shorten their life span as a result of several pathologies in-
cluding a high incidence of cancer and hydrocephalus (Ohno et al.,
2015). This chain of associations involving oxidative stress in the male
germ line, DNA damage, the mutational load subsequently carried by
the embryo and the appearance of pathology in the offspring is there-
fore a key feature of paternal ageing. However, we should not imagine
that ageing is the only condition capable of eliciting this cascade of
cause and effect.

As highlighted in Fig. 1, paternal age, smoking, obesity, infection, ex-
cess abstinence, heat, varicocele, ionizing radiation, radiofrequency ra-
diation, apoptosis, occupational or environmental toxicant exposure
and critically, male subfertility, are also capable of inducing oxidative
DNA damage in spermatozoa and, thereby, enhancing the mutational
load carried by the offspring and the latter’s long-term health trajec-
tory (Aitken et al., 2020a). Space does not permit a detailed discussion
of all these various contributors to oxidative DNA damage in the male
germ line, however, we shall briefly discuss smoking, obesity and absti-
nence in more detail, given the significant contributions these factors
make to DNA integrity in our species.

Smoking
Smoking is well known to induce oxidative DNA damage in the sperm
(Fraga et al., 1996; Aitken and De Iuliis, 2007). Importantly, paternal

(not maternal) smoking has also been shown to induce transgenera-
tional alterations in genome stability in the cord blood of human F1
offspring (Laubenthal et al., 2012). Furthermore, smoking-induced
sperm DNA damage has been implicated as a possible contributor to
the etiology of childhood cancer (Chang, 2009) including acute lym-
phoblastic leukemia (Cao et al., 2020) and non-familial sporadic herita-
ble retinoblastoma (Kumar et al., 2015). Despite the striking effects of
smoking on male reproductive health, trials on the effects of smoking
cessation on semen quality, as well as the transgenerational impact of
such interventions, are lacking (Harlev et al., 2015).

Obesity
There is clear evidence to link obesity with an increased percentage of
sperm with low mitochondrial membrane potential (Fariello et al.,
2012; La Vignera et al., 2012) and DNA fragmentation (Tunc et al.,
2011; Pearce et al., 2019). Therefore, it has been recommended that
DNA fragmentation analysis to be incorporated into semen testing, es-
pecially for obese men whose results suggest they should have normal
fertility (Campbell et al., 2015). Further, there is emerging evidence in
animal models to suggest that the deleterious impacts of obesity are
reversible with appropriate diet and exercise (Palmer et al., 2012).
This, coupled with evidence that diet-induced paternal obesity impairs
the reproductive health of two subsequent generations (Fullston et al,
2012), supports the use of DNA fragmentation assays in the clinical
management of such patients.

Abstinence period
The World Health Organization (WHO, 2010) recommends an absti-
nence period of up to 7 days prior to producing a semen profile.
However, this recommendation may need to be revised downwards
in light of data indicating that prolonged abstinence periods are associ-
ated with higher levels of sperm DNA damage (Bakos et al., 2008;
Gosálvez et al., 2011; Comar et al. 2017). In terms of fertility, an absti-
nence interval of 3 days or less has been shown to be associated with
higher pregnancy rates following IUI (Jurema et al., 2005), whereas
Scarselli et al. (2019) also showed that the use of a second ejaculate
(produced 1 h after an initial sample) was associated with higher blas-
tocyst euploidy rates (43.6% versus 27.5%) as well as a higher percent-
age of spermatozoa with mature chromatin. This study resonates with
previous reports suggesting a significant improvement in sperm DNA
integrity in a second sample produced 1-3 h following an initial sample
(Hussein et al., 2008). Similarly, it has been shown that shorter absti-
nence periods are associated with significant improvements in the pro-
portion of spermatozoa showing high-velocity, progressiveness and
hyperactivation in concert with a significant increase in total antioxidant
capacity (Marshburn et al., 2014; Alipour et al., 2017).

Where in the genome is the
DNA damage occurring?
If oxidative stress is such an important mediator of sperm DNA dam-
age under a variety of circumstances, it becomes important to know
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whether there are particular areas of the sperm genome that are es-
pecially vulnerable to oxidative attack. We have performed this analy-
sis for human spermatozoa and found that, in general, susceptible
regions lay outside protamine- and histone-packaged domains and are
strongly correlated with interspersed repeat elements, centromeres
and telomeres (Xavier et al., 2019). Oxidative DNA damage was ob-
served uniformly across the genome with two exceptions; the sex
chromosomes appear to be protected from excessive DNA damage,
whereas one chromosome, chromosome 15, seems to be particularly
vulnerable. The area of vulnerability (approximating to 15q13-15q14)
corresponds to a region of the genome to which mutations have been
mapped associated with a range of neuropsychiatric disorders including
spontaneous schizophrenia, bipolar disease, autism and Marfan syn-
drome, the incidence of which is highly correlated with paternal age
(Aitken et al., 2020a).

Of course, as mentioned above, ageing is just one mechanism for
creating oxidative DNA damage in the sperm genome: there are many
others. For example, smoking has already been mentioned as a risk
factor in the creation of oxidative DNA damage in spermatozoa (Fraga
et al., 1996). Given the above reasoning, it would be perfectly under-
standable if the oxidative sperm DNA damage in males who smoke
was associated with morbidity in the offspring that was targeted to
chromosome 15. For example, paternal smoking is associated with a
significant increase in the incidence of acute lymphoblastic leukemia in
the offspring (Oldereid et al., 2018) and one of the mutated genomic
regions potentially associated with this condition is on chromosome
15 (Heerema et al., 2002). Similarly, it would also be reasonable to ex-
pect male infertility, which is also commonly associated with oxidative
DNA damage in the spermatozoa (Kodama et al.,1997; Vorilhon et al.,
2018), would be associated with diseases in the offspring where chro-
mosome 15 is involved, particularly when ICSI is used. Reports of a
significant linkage between ICSI and the incidence of autism, which can
involve mutations on chromosome 15 (De Wolf et al., 2013), clearly
support such an assertion (Kissin et al., 2015), even though the link be-
tween autism and ART is still, admittedly, contentious (Diop et al.,
2019). Similarly, the area of chromosome 15 which is vulnerable to
oxidative attack also houses the imprinted genes responsible for
Prader-Willi and Angelman syndromes. Evidence exists to suggest that
both of these conditions may be elevated in the offspring of subfertile
couples and is exacerbated by ART (Hattori et al., 2019). Although
this association between ART and imprinting disorders is not consis-
tently observed across all datasets, the 3.44-fold increase in Prader
Willi syndrome observed by Hattori et al. (2019) is particularly striking
and could be explained by oxidative destruction of the paternal allele,
allowing the maternal allele to dominate.

Clearly there is still much to discover about the links between oxi-
dative DNA damage in spermatozoa, the application of ART and spe-
cific forms of morbidity in the offspring. As the databases needed to
address this issue are growing in depth and sophistication, we can start
asking questions about the most appropriate clinical response to this
emerging pattern of risk.

Therapeutic options
Recognition of this link between oxidative DNA damage in spermato-
zoa, the mutational load subsequently carried by the embryo and the

health and wellbeing of the offspring is not just an academic obsession.
This knowledge can be productively used to improve the clinical man-
agement of patients by providing a rationale for modifying any life-
style/environmental factors associated with the creation of oxidative
stress in the germ line. For example, the aforementioned links be-
tween oxidative DNA damage in spermatozoa, smoking and obesity
should clearly be amenable to productive interventions involving the
cessation of smoking and the control of dietary intake and/or an in-
crease in exercise, respectively (Fraga et al., 1996; Pearce et al., 2019).
Similarly, the negative impact of prolonged abstinence on DNA integ-
rity should encourage the deployment of short abstinence times prior
to the collection of semen samples for ART. Other strategies that
might be used to reduce levels of sperm DNA damage prior to ART
are discussed below.

Use of testicular sperm
The use of testicular spermatozoa has been proposed as a strategy to
combat elevated levels of DNA fragmentation in human spermatozoa,
based on the understanding that significant DNA damage may occur
as spermatozoa transit the epididymis (Esteves et al., 2017). Although
this strategy has been endorsed by certain bodies such as the Society
of Translational Medicine (Agarwal et al., 2017), recent reviews have
concluded that the evidence to support this theory is weak and needs
to be confirmed (Esteves et al., 2018; Ambar et al., 2020).

Sperm isolation for assisted reproduction
The link between sperm DNA damage and offspring health should
also encourage us to look critically at the methods we are using to iso-
late spermatozoa for assisted conception therapy in order to select
those techniques that most effectively reduce levels of DNA damage
in the isolated cells (Aitken et al., 2011; Aitken, 2020). The fact we still
do not have a definitive answer to this question accounts for the pro-
liferation of different sperm preparation methodologies currently used
by the ART community. Swim-up from semen, swim-up from a
washed pellet, glass wool columns, electrophoretic sperm isolation,
density gradient centrifugation in various forms, swim down and a
plethora of microfluidics systems have all been recommended in an
ART context. Interestingly, it has been shown recently that the addi-
tion of ascorbic acid to the media during a swim-up procedure could
reduce the percentage of ROS-positive spermatozoa and improve
chromatin integrity (Raad et al., 2019). Historically, vitamin E has also
been shown to preserve the functional integrity of spermatozoa during
their isolation (Aitken and Clarkson 1988). Systematic studies are now
needed to determine the optimal combination of antioxidant supple-
mentation and separation technology to use in the preparation of
spermatozoa carrying low levels of DNA damage for assisted concep-
tion purposes.

Sperm cryopreservation
Another potential solution, particularly to DNA damage associated
with age or exposure to chemotherapeutic agents, would be to con-
sider cryostoring the spermatozoa at a young age or prior to exposure
to cytotoxic reagents. The major problem with this strategy is that the
methods we currently use to cryopreserve human spermatozoa induce
as much oxidative DNA damage as old age (Thomson et al., 2009).

6 Aitken and Bakos

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/advance-article/doi/10.1093/hum
rep/deab004/6126856 by Q

ueen's U
niversity of Belfast user on 19 February 2021



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
Once again, the addition of antioxidants may ameliorate such damage
regardless of whether conventional cryopreservation or vitrification
techniques are used (Pariz et al., 2019; Zhang et al., 2019; Uribe et al.,
2020). Although, there has been no attempt to optimize the antioxi-
dants or, indeed, the cryoprotectants that should be used in this con-
text, recent evidence showed that commercially available
cryopreservation media differ significantly in relation to their impact on
sperm DNA integrity (Raad et al., 2018), The entire process of human
sperm cryopreservation appears to be heavily based on 20th century
thinking and needs a major overhaul.

Oral antioxidants
Finally, there has been much discussion about the possible use of anti-
oxidant treatment to reduce levels of DNA damage in human sperma-
tozoa. Such treatments are certainly effective in animal models such as
the GPx5 knockout mouse (Gharagozloo et al., 2016), however ap-
propriately designed clinical trials have not been conducted in a human
context (Aitken 2020a, b). There is now an urgent need to undertake
randomized, controlled, cross-over antioxidant trials, in which patient
selection is based on recognized markers of oxidative stress such as
8OHdG. Moreover, the effectiveness of such treatment should be
measured by the degree to which these oxidative stress markers are
reduced. Furthermore, because pregnancy is influenced by a wide
range of male and female factors, we recommend that it should not
be used as a biomarker for assessing the efficacy of antioxidant ther-
apy, unless female factors have been carefully eliminated and the study
is appropriately powered (Aitken, 2020a, b). In this context it would
also be helpful if we stopped staring at the tip of the iceberg by using
the incidence of birth defects to determine whether ART is placing a
genetic burden on our species. We should be using the power of
next-generation sequencing technologies to conduct whole genome
mutation profiling and definitively determine whether the use of DNA-
damaged spermatozoa in assisted conception procedures, such as
ICSI, is having a detrimental impact on the mutational load carried by
future generations and whether such genetic impacts can be reversed
by antioxidant treatment in vivo.

Conclusion
It is now clear that paternal ageing is associated with a significant in-
crease in the levels of DNA damage, particularly oxidative DNA dam-
age, in the spermatozoa. This deterioration in sperm DNA quality is,
in turn, associated with an increase in the mutational load carried by
the offspring and a variety of pathologies including neuropsychiatric dis-
orders and cancer. Interestingly, a particular genomic hotspot for oxi-
dative sperm DNA damage on chromosome 15 has been linked with
the etiology of these conditions. This chain of associations between
DNA damage in the spermatozoa, the mutational load carried by the
embryo and pathological changes in the offspring suggests that any
condition associated with oxidative DNA damage in human spermato-
zoa (age, smoking, obesity, abstinence, varicocele, chemical exposure
of various kinds and, critically, male subfertility) might have similar con-
sequences for the health and welling of future generations. We argue
that patients should be screened for DNA damage, not because it cor-
relates with the incidence of miscarriage or even live birth rate but

because it provides an opportunity to intercede with a view to reduc-
ing levels of sperm DNA damage to a minimum before assisted con-
ception procedures are used. Lifestyle modifications, reducing the
abstinence period prior to ejaculation, improved sperm selection
methodologies and sperm cryopreservation are all examples of strate-
gies that we might use to reduce the incidence of such damage, should
it be found. Prophylactic antioxidant therapy should also be part of
sperm DNA damage management. We have shown convincingly in an-
imal models that such treatments can bring levels of oxidative DNA
damage in spermatozoa back into the normal range (Palmer et al.,
2012; Gharagozloo et al., 2016). We now desperately need similar tri-
als to be conducted in our own species, with the focus not so much
on an enhancement in pregnancy rates but rather the resolution of ox-
idative DNA damage in the male gamete.
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Pariz JR, Ranéa C, Monteiro RAC, Evenson DP, Drevet JR, Hallak J.
Melatonin and caffeine supplementation used, respectively, as pro-
tective and stimulating agents in the cryopreservation of human
sperm improves survival, viability, and motility after thawing com-
pared to traditional TEST-Yolk buffer. Oxid Med Cell Longev 2019;
2019:1–10.

Pearce KL, Hill A, Tremellen KP. Obesity related metabolic endotoxe-
mia is associated with oxidative stress and impaired sperm DNA in-
tegrity. Basic Clin Androl 2019;29: doi:10.1186/s12610-019-0087-5.

Petridou ET, Georgakis MK, Erdmann F, Ma X, Heck JE, Auvinen A,
Mueller BA, Spector LG, Roman E, Metayer C et al. Advanced pa-
rental age as risk factor for childhood acute lymphoblastic leuke-
mia: results from studies of the Childhood Leukemia International
Consortium. Eur J Epidemiol 2018;33:965–976.

Phillips N, Taylor L, Bachmann G. Maternal, infant and childhood
risks associated with advanced paternal age: the need for compre-
hensive counseling for men. Maturitas 2019;125:81–84.

Plastira K, Msaouel P, Angelopoulou R, Zanioti K, Plastiras A, Pothos
A, Bolaris S, Paparisteidis N, Mantas D. The effects of age on
DNA fragmentation, chromatin packaging and conventional semen
parameters in spermatozoa of oligoasthenoteratozoospermic
patients. J Assist Reprod Genet 2007;24:437–443.

Practice Committee of the American Society for Reproductive
Medicine. The clinical utility of sperm DNA integrity testing: a
guideline. Fertil Steril 2013;99:673–677.

Raad G, Lteif L, Lahoud R, Azoury J, Azoury J, Tanios J, Hazzouri M,
Azoury J. Cryopreservation media differentially affect sperm motil-
ity, morphology and DNA integrity. Andrology 2018;6:836–845.

Raad G, Mansour J, Ibrahim R, Azoury J, Azoury J, Mourad Y, Fakih
C, Azoury J. What are the effects of vitamin C on sperm functional
properties during direct swim-up procedure? Zygote 2019;27:
69–77.

Ribas-Maynou J, Abad C, Garcı́a-Segura S, Oliver-Bonet M, Prada E,
Amengual MJ, Navarro J, Benet J. Sperm chromatin condensation
and single- and double-stranded DNA damage as important
parameters to define male factor related recurrent miscarriage.
Mol Reprod Dev 2020;87:1126–1132.

Sakkas D, Alvarez JG. Sperm DNA fragmentation: mechanisms of or-
igin, impact on reproductive outcome, and analysis. Fertil Steril
2010;93:1027–1036.

Scarselli F, Cursio E, Muzzı̀ S, Casciani V, Ruberti A, Gatti S, Greco
P, Varricchio MT, Minasi MG, Greco E et al. How 1 h of absti-
nence improves sperm quality and increases embryo euploidy rate
after PGT-A: a study on 106 sibling biopsied blastocysts. J Assist
Reprod Genet 2019;36:1591–1597.

Schulz M, Zambrano F, Schuppe H-C, Wagenlehner F, Taubert A,
Ulrich G, Sánchez R, Hermosilla C. Determination of leucocyte ex-
tracellular traps (ETs) in seminal fluid (ex vivo) in infertile patients-
A pilot study. Andrologia 2019;51:e13356.

Selvaratnam JS, Robaire B. Effects of aging and oxidative stress on
spermatozoa of superoxide-dismutase 1- and catalase-null mice.
Biol Reprod 2016;95:60.

Sharma R, Agarwal A, Rohra VK, Assidi M, Abu-Elmagd M, Turki RF.
Effects of increased paternal age on sperm quality, reproductive
outcome and associated epigenetic risks to offspring. Reprod Biol
Endocrinol 2015;13:35.

Singh NP, Muller CH, Berger RE. Effects of age on DNA double-
strand breaks and apoptosis in human sperm. Fertil Steril 2003;80:
1420–1430.

Smith TB, Baker MA, Connaughton HS, Habenicht U, Aitken RJ.
Functional deletion of Txndc2 and Txndc3 increases the suscepti-
bility of spermatozoa to age-related oxidative stress. Free Radic Biol
Med 2013a;65:872–881.

Smith TB, De Iuliis GN, Lord T, Aitken RJ. The senescence-
accelerated mouse prone 8 as a model for oxidative stress and im-
paired DNA repair in the male germ line. Reproduction 2013b;146:
253–262.

Smith TB, Dun MD, Smith ND, Curry BJ, Connaughton HS, Aitken
RJ. The presence of a truncated base excision repair pathway in
human spermatozoa that is mediated by OGG1. J Cell Sci 2013c;
126:1488–1497.

Thacker PD. Biological clock ticks for men, too: genetic defects
linked to sperm of older fathers. JAMA 2004;291:1683–1685.

Ton ND, Nakagawa H, Ha NH, Duong NT, Nhung VP, Hien LTT,
Hue HTT, Hoang NH, Wong JH, Nakano K et al. Whole genome
sequencing and mutation rate analysis of trios with paternal dioxin
exposure. Hum Mutat 2018;39:1384–1392.

Thomson LK, Fleming SD, Aitken RJ, De Iuliis GN, Zieschang JA,
Clark AM. Cryopreservation-induced human sperm DNA damage
is predominantly mediated by oxidative stress rather than apopto-
sis. Hum Reprod 2009;24:2061–2070.

10 Aitken and Bakos

D
ow

nloaded from
 https://academ

ic.oup.com
/hum

rep/advance-article/doi/10.1093/hum
rep/deab004/6126856 by Q

ueen's U
niversity of Belfast user on 19 February 2021



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
Tunc O, Bakos HW, Tremellen K. Impact of body mass index on

seminal oxidative stress. Andrologia 2011;43:121–128.
Twigg JP, Irvine DS, Aitken RJ. Oxidative damage to DNA in human

spermatozoa does not preclude pronucleus formation at intracyto-
plasmic sperm injection. Hum Reprod 1998;13:1864–1871.
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