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Apoptosis and DNA damage in human spermatozoa

R John Aitken' and Adam J Koppers>

DNA damage is frequently encountered in spermatozoa of subfertile males and is correlated with a range of adverse clinical outcomes
including impaired fertilization, disrupted preimplantation embryonic development, increased rates of miscarriage and an enhanced
risk of disease in the progeny. The etiology of DNA fragmentation in human spermatozoa is closely correlated with the appearance of
oxidative base adducts and evidence of impaired spermiogenesis. We hypothesize that oxidative stress impedes spermiogenesis,
resulting in the generation of spermatozoa with poorly remodelled chromatin. These defective cells have a tendency to default to an
apoptotic pathway associated with motility loss, caspase activation, phosphatidylserine exteriorization and the activation of free radical
generation by the mitochondria. The latter induces lipid peroxidation and oxidative DNA damage, which then leads to DNA
fragmentation and cell death. The physical architecture of spermatozoa prevents any nucleases activated as a result of this apoptotic
process from gaining access to the nuclear DNA and inducing its fragmentation. It is for this reason that a majority of the DNA damage
encountered in human spermatozoa seems to be oxidative. Given the important role that oxidative stress seems to have in the etiology of
DNA damage, there should be an important role for antioxidants in the treatment of this condition. If oxidative DNA damage in
spermatozoa is providing a sensitive readout of systemic oxidative stress, the implications of these findings could stretch beyond our

immediate goal of trying to minimize DNA damage in spermatozoa as a prelude to assisted conception therapy.
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INTRODUCTION

The use of assisted reproductive technologies (ARTS) to treat human
subfertility has seen unprecedented growth in recent years. At the
present time, 1 in 80 children born in the United States, 1 in 50 born
in Sweden, 1 in 35 born in Australia and 1 in 24 born in Denmark are
the products of this form of treatment. In 2003, more than 100 000 in
vitro fertilization cycles were reported from 399 clinics in the United
States, resulting in the birth of more than 48 000 babies.' ™ Worldwide,
this figure has now exceeded 200 000 births per annum?’ and is con-
tinuing to increase with every year that passes.

There are two major reasons why patients are referred for this kind
of treatment. One of the most common is advanced maternal age. The
age at which the first child is born in developed countries is typically
around 30 years and yet, from the age of 35 years onward, we know
that female fecundity declines. This provides a very narrow window
within which couples are attempting to achieve their desired family
size. Unfortunately, there is very little that ARTs can do to help such
patients given that the decline in live birth with maternal age follows
exactly the same trajectory in ART cycles as it does in the general
population.” The use of ART to treat age-related female infecundity
is not rational, because for the ageing oocyte, failed fertilization is not
the issue at hand. It is the ability of the oocyte to support normal
embryonic development after fertilization that is defective and, by
definition, assisted conception technologies cannot address this issue.
On the other hand, the second major reason why patients are referred

for ART is male factor infertility, and for this cohort, assisted con-
ception does represent a rational form of treatment. Indeed, it has
been known for some time that the largest, single, defined cause of
human infertility is defective sperm function, resulting in failed fert-
ilization.® In such instances, assisting fertilization by either concen-
trating the spermatozoa and placing them in close proximity to the
oocyte (in vitro fertilization) or, in severe cases, physically injecting a
single spermatozoon into the oocyte (intracytoplasmic sperm injec-
tion (ICSI)), can readily rescue the male infertility phenotype.
However, there is a price to pay for the effectiveness of ART in treating
subfertile males.

When ART is used to address defective sperm function, many, if not
all, of the sperm selection mechanisms that nature has put in place to
ensure fertilization of the oocyte with healthy spermatozoa are cir-
cumvented. As a result, fertilization is being achieved in vitro with
spermatozoa that would have been excluded from this process in vivo.
There are at least two possible consequences of such action. The first is
that, in as much as male infertility has a genetic familial component,7
we may be encouraging the vertical transmission of male subfertility to
the progeny, as is patently the case when Y-chromosome deletions are
involved. There is, therefore, a risk that the more we use ART to
address male infertility in one generation, the more we shall need it
in the next. A second potential issue raised by the extensive use of such
treatment also relates to the health and wellbeing of the offspring. Male
subfertility is commonly associated with high rates of DNA damage in
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the spermatozoa, and such damage has, in turn, been correlated with
a wide range of adverse clinical outcomes including impaired
fertility, disordered embryonic development, high rates of miscarriage
and an increased risk of defects in the offspring.*™' As a result of
these linkages, there is an inevitable risk that the use of DNA-
damaged spermatozoa in ART will compromise the health of the
progeny. We already know that the incidence of birth defects following
assisted conception is double that seen in the naturally conceived
population'! and that imprinting disorders, notably the Beckwith—
Wiedemann and Angelman syndromes, seem to be increased in such
children.'? Infants conceived by ART are also significantly more likely
to be admitted to a neonatal intensive care unit, to be hospitalized and
to stay in hospital longer than their naturally conceived counter-
parts.”® Recent studies have also shown an increase in the hospitaliza-
tion of ART offspring in infancy and early childhood compared with
spontaneously conceived children,'*™'® whereas other investigations
have revealed abnormal retinal vascularization and an eightfold
increase in the incidence of undescended testicles in boys conceived
by ICSL.'7®

We have proposed that the etiology of such defects in the F1 gen-
eration involves aberrant repair of DNA lesions brought into the
oocyte by the fertilizing spermatozoon (Figure 1). Thus, immediately
after fertilization, the oocyte surveys the integrity of the DNA intro-
duced into the zygote by the spermatozoon and, if damaged, puts
DNA replication on hold in both male and female pronuclei, until
DNA repair has been completed.'® If the oocyte makes a mistake at this
point, there is the potential to create a mutation which, because it
precedes S phase of the first mitotic division, will be in every cell in
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Figure 1 A possible mechanism by which DNA damage in human spermatozoa
can impact on the health and wellbeing of the offspring. As soon as fertilization
occurs, the oocyte scans the DNA introduced into the ooplasm by the fertilizing
spermatozoon to determine the level of DNA damage. If excessive, the oocyte
embarks on a round of DNA repair and will put DNA replication on hold until this
process has been completed. If the oocyte should make a mistake at this point, a
mutation may be created that will subsequently impact on the normality of embry-
onic development and the incidence of disease in the progeny. Such an effect will
be compounded if the capacity of the oocyte for DNA repair is diminished by, for
example, age or exposure to environmental toxicants.
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the body. Through such a mechanism, DNA damage induced in sper-
matozoa by such factors as smoking,* exposure to radiofrequency
electromagnetic radiation®! or age** could increase the mutational
load carried by the embryo, resulting in miscarriage or serious disease
in the offspring, including cancer.'® A corollary of this hypothesis is
that the mutational load carried by the embryo will also be influenced
by the DNA repair capacity of the oocyte. At present, very little is
known about the nature and fidelity of these repair mechanisms other
than the fact that they are negatively impacted by age.”” As a con-
sequence of such action, age creates a ‘perfect storm’, increasing levels
of DNA damage in the male gamete on the one hand, while comprom-
ising the competence of the oocyte for DNA repair on the other
(Figure 1). In light of this chain of cause and effect from DNA damage
in spermatozoa, to increased mutational loads in the embryo and birth
defects in the offspring, it is imperative that we understand the origins
of this damage and take steps to prevent its occurrence.

POSSIBLE CAUSES OF DNA DAMAGE IN THE GERM LINE
Physiological strand breaks

DNA fragmentation in spermatozoa may be the result of unresolved
strand breaks created during the normal process of spermiogenesis in
order to relieve the torsional stresses involved in packaging a very large
amount of DNA into a very small sperm head. Normally, these
‘physiological’ strand breaks are corrected by a complex process
involving H2Ax phosphorylation and the subsequent activation of
nuclear  poly(ADP-ribose) polymerase and topoisomerase.”*
However, if spermiogenesis should be disrupted for some reason, then
the restoration of these cleavage sites might be impaired and the sper-
matozoa, lacking any capacity for DNA repair in their own right,
would be released from the germinal epithelium still carrying their
unresolved strand breaks.

Lack of antioxidant protection
While such a mechanism is clearly plausible, it does not account for the
fact that a majority of the DNA damage found in human spermatozoa
seems to be oxidatively induced. This conclusion is based on the
known capacity of human spermatozoa to generate reactive oxygen
species (ROS) such as superoxide anion,*>*® the proven ability of ROS
to induce DNA damage in human spermatozoa®” and the fact that a
strong correlation exists between DNA strand breaks in these cells on
the one hand and the presence of 8-hydroxy-2’-deoxyguanosine
(80HAG) adducts on the other. The latter is a sensitive marker of
oxidative attacks on DNA and is a clear indicator that oxidative stress
is central to the etiology of DNA damage in the male germ line.
Oxidative stress could arise as a consequence of excess exposure to
ROS and/or might be a consequence of deficiencies in the antioxidant
strategies that the male tract puts in place to protect the spermatozoa
from free radical attack. The spermatozoon is particularly susceptible
to oxidative stress because it possesses abundant targets for oxidation
in the form of unsaturated fatty acids (~50% of the fatty acid in
human spermatozoa is docosahexaenoic acid with six double bonds
per molecule) and the DNA present in the sperm nucleus and mito-
chondria. These cells also possess little in the way of intrinsic antiox-
idant defenses, because they have shed a majority of their cytoplasm,
and hence possess only low levels of cytoplasmic antioxidant enzymes
such as glutathione peroxidase (GPx), catalase and superoxide dismu-
tase. Moreover, whatever cytoplasm they do possess is largely confined
to one compartment of this cell, the midpiece. There is very little the
spermatozoon can do to protect the large area of plasma membrane
overlying the sperm head and tail. There is also very little that the cell
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can do to actively protect its DNA other than to compact it with
protamines.”” However, the latter brings with it its own problems
because the tightly compacted, almost crystalline DNA present in
the sperm head is not amenable to DNA repair. Rather, DNA damage
just accumulates in these cells over their life span for eventual repair
within the oocyte after fertilization. The only real protection that these
cells possess is to be found in the extracellular antioxidants provided
by the secretions of the male reproductive tract. The epididymis, for
example, produces highly specialized enzymes in the form of extra-
cellular superoxide dismutase and a specific form of selenocysteine-
independent GPx, GPx5.%® When the latter was knocked out, the
animals developed an age-related phenotype associated with
the induction of oxidative DNA damage in the spermatozoa and the
appearance of birth defects in the offspring.?’

In addition to such antioxidant enzymes, small molecular mass free
radical scavengers are also generated in the male tract, and are major
constituents of the antioxidant protection afforded to the spermato-
zoa by seminal plasma. The most important of these scavengers are
vitamin C, uric acid, tryptophan, spermine and taurine.’*>! Just as we
have seen with GPx5, if antioxidants such as ascorbate are depleted, for
example, by heavy smoking, the result is oxidative stress within the
male reproductive tract and DNA damage to the spermatozoa.”’

The importance of adequate antioxidant protection is also indicated
by the apparent beneficial effects of antioxidant therapy in men
exhibiting high levels of DNA damage in their spermatozoa. Thus
Greco et al.”* found that 2 months’ treatment with vitamins E and C
was sufficient to significantly reduce the percentage of DNA-fragmen-
ted spermatozoa in the ejaculates of male infertility patients compared
with a cohort of placebo controls.

Excess exposure to ROS

In addition to possible deficiencies in the antioxidant protection
afforded to human spermatozoa in the male tract, it is also possible
that DNA damage in these cells is a consequence of excess exposure to
ROS emanating from either the spermatozoa themselves or infiltrating
leukocytes. With respect to the latter, every human sperm sample is
contaminated with leukocytes, particularly neutrophils and macro-
phages. Unfortunately, these phagocytes are much more powerful
generators of ROS than spermatozoa, so that even a low level of leu-
kocyte contamination can overwhelm the signal generated by the
spermatozoa. Although seminal leukocytes are clearly capable of gen-
erating ROS,” the presence of these cells in subclinical concentrations
(<1X10° cells ml™") does not seem to have any impact on sperm
quality.®* A possible reason for this is that a majority of seminal pha-
gocytes originate from the secondary sexual glands and only make
contact with the spermatozoa at the moment of ejaculation. At this
juncture, spermatozoa are protected from leukocyte-derived ROS by
the powerful antioxidants present in seminal plasma. Once the semi-
nal plasma has been removed; however, as occurs when spermatozoa
are being prepared for ART, then the free radicals generated by the
leukocyte population have unfettered access to the spermatozoa and
are capable of inducing significant damage to these cells.>® Thus, the
use of a formyl peptide provocation test to examine the presence of
leukocytes in sperm suspensions used for ART has confirmed that not
only are such cells present in these preparations but also that their
presence significantly disrupts fertilization.>® The existence of a cause
and effect relationship between leukocytic infiltration and impaired
fertilization is suggested by the suppression of sperm function
observed after the addition of activated leukocytes to human sperm
suspensions.”” Furthermore, the physical removal of these cellular

Asian Journal of Andrology @

contaminants using magnetic beads coated with a monoclonal anti-
body against the common leukocyte antigen, CD45, has been found to
significantly enhance fertilization rates in vitro.”® It has also been
shown that the disruptive effect of leukocytes in vitro can be reversed
by the addition of antioxidants to the medium including reduced
glutathione, N-acetylcysteine, hypotaurine and catalase.”” In the con-
text of DNA damage, the protective action of seminal plasma anti-
oxidants ensures that leukocytic infiltration has minimal effect on
DNA damage in vivo.>>*° However, DNA damage can be induced
by leukocytes in vitro during the preparation of the spermatozoa.*'
The addition of antioxidants to the sperm preparation media used in
ARTSs would be a rational approach to circumventing this problem.

If leukocytes are not generating the ROS that account for the high
levels of oxidative DNA damage seen in human sperm suspensions,
then these pernicious oxygen metabolites must be coming from the
spermatozoa themselves. The ability of spermatozoa to produce ROS
has been recognized since the 1940s when Tosic and Walton** pub-
lished their pioneering paper on hydrogen peroxide production by
bovine spermatozoa. In this instance, the ROS seemed to arise from
an amino acid oxidase that used aromatic amino acids as substrate.
This pathway has not been reported for other species and, at present,
the consensus is that the ROS originate from either the sperm mito-
chondria or an, as yet uncharacterized, plasma membrane nicotina-
mide adenine dinucleotide phosphate (NADPH) oxidase.*>** With
respect to the latter evidence for the NADPH oxidase, NOX5, has been
obtained in both human (unpublished observations) and equine sper-
matozoa®® and elements of the NOX2 complex have been reported for
mouse spermatozoa.46 However, there is no evidence that the activity
of such oxidases is involved in the etiology of defective sperm function
or DNA damage. On the contrary, there are very good data to indicate
that mitochondrial ROS generation is enhanced in defective sper-
matozoa and that such activity is capable of inducing DNA damage,
possibly as a component of an apoptotic cascade.*”

MITOCHONDRIAL ROS AND APOPTOSIS

The ability of mitochondria to generate ROS is inversely related to
sperm motility.*” This link is causative because if mitochondrial ROS
generation is artificially triggered using rotenone to stimulate free
radical generation at complex I of the electron transport chain, then
the spermatozoa exhibit both lipid peroxidation and a loss of motility
that can be reversed by the concomitant presence of an antioxidant
such as a-tocopherol.*” The stimulation of mitochondrial ROS gen-
eration can also result in oxidative DNA damage to spermatozoa, for
example, when spermatozoa are irradiated with radiofrequency elec-
tromagnetic radiation®' or when mitochondrial ROS is triggered after
exposure to unsaturated fatty acids.*® Thus, there is a plausible role for
mitochondrial ROS in the etiology of DNA damage in human sper-
matozoa, although the factors responsible for stimulating free radical
leakage from the mitochondria are still unresolved. One important
contributor to such aberrant activity might be the induction of
apoptosis.

Mature spermatozoa have the potential to exhibit many of the
features of apoptosis including activation of caspases 1, 3, 8 and 9,
annexin-V binding and the mitochondrial generation of ROS.**~!
Although many of the reagents that have been shown to induce apop-
tosis in somatic cells (staurosporine, lipopolysaccharide, 3-deoxy-D-
manno-octulosonic acid (Kdo) and genistein) are ineffective with
human spermatozoa, these cells will default to the intrinsic apoptotic
pathway in response to oxidative stress. Thus, exposure of human
spermatozoa to H,O, can readily trigger an apoptotic cascade char-



acterized by the activation of caspase 3 and the appearance of annexin-
V binding positivity.”> Moreover, pre-exposure of human spermato-
zoa to antioxidants, such as melatonin or catalase, will prevent this
apoptotic response.”** Such an apoptotic cascade can also be preci-
pitated by a variety of factors that induce oxidative stress in spermato-
zoa by triggering free radical generation by the mitochondria,
including exposure to radiofrequency electromagnetic radiation,*!
treatment with unsaturated fatty acids*® and dosing with the phos-
phatidylinositol 3-kinase inhibitor, wortmannin (Koppers AJ and
Aitken RJ, unpubl. obs.).

It might be anticipated that the culmination of this apoptotic cas-
cade in spermatozoa would be the activation of endonucleases such as
caspase-activated DNAse that, in combination with other nucleases
released from the mitochondria (endonuclease G and apoptosis-indu-
cing factor), would move to the nucleus to induce DNA cleavage and
complete the pathway to cell death. However, in spermatozoa, this
process is prevented by the physical architecture of the cell (the mito-
chondria and nucleus are in different cellular compartments) and the
condensed nature of the chromatin. As a result of these physical con-
straints, apoptosis in spermatozoa is quite different from somatic cells
in that endonuclease activation cannot be immediately followed by
DNA fragmentation. Nevertheless, apoptosis does induce significant
motility loss which deletes the spermatozoa in an immediate func-
tional sense, but cannot precipitate the immediate DNA cleavage typ-
ical of apoptosis in somatic cells. As a consequence of this impediment
to complete apoptosis, the latter may not completely eliminate the
cells’ competence for fertilization.*® It is therefore still perfectly pos-
sible for apoptotic spermatozoa, possessing high levels of DNA
damage (particularly oxidative damage), to fertilize the oocyte. The
inefficiency of apoptosis as a cell depletion strategy is clearly empha-
sized by the associations that have been repeatedly observed between
DNA damage in the germ line and miscarriage or morbidity in the
offspring. In such cases, conception must have occurred despite the
DNA damage in the sperm nucleus.®® Thus, while spermatozoa have
evolved to be extremely resilient cells that are competent to undertake
the perilous journey from the germinal epithelium of the testes to the
oocyte in the fallopian tubes, the downside of this strategy is that
spermatozoa are extremely difficult to destroy using the intrinsic
apoptotic cascade.

However, apoptosis does result in DNA damage, so how does it
occur? The only element of the apoptotic cascade that can induce such
damage is the ROS released from the mitochondria; it is for this reason
that most of the DNA damage seen in human spermatozoa is oxidative
in nature.>® More extensive DNA fragmentation may occur post-mor-
tem as a result of the activation of endonucleases that are integrated
into the sperm chromatin, thus finalizing the destruction of the cell.>®
However, the DNA damage induced in live cells, which is the clinically
relevant damage, is entirely oxidative in nature.””

TRIGGERS OF APOPTOSIS

There are a large number of different biological situations in which
DNA damage is observed in human spermatozoa that could be due to
the induction of an apoptotic cascade. Thus, cryostorage is well-
known to be associated with the induction of DNA damage and, again,
a majority of this damage seems to be oxidative.®>* Similarly, heat
exposure will induce free radical generation by the spermatozoa as a
consequence of the initiation of apoptotic cascade, and so will expo-
sure to radiofrequency electromagnetic radiation®' or hydrogen per-
oxide.”® All of these conditions are associated with the creation of
oxidative stress. To our knowledge, the only other way to induce
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apoptosis in human spermatozoa is through the withdrawal of pro-
survival factors.

In vivo spermatozoa have to survive for around a week, as they
migrate through the lumen of the epididymis, and for another week
or so in the female reproductive tract, as they wait for an egg to arrive.
The need for such prolonged survival time periods is an unusual
human attribute, because uniquely in our species (and certain species
of bats) insemination and ovulation are not synchronized. In contrast
to this prolonged survival in vivo, in vitro human spermatozoa fre-
quently suffer from a major loss of motility when incubated for 12 h or
more at 37 °C.°° Moreover, this time-dependent motility loss is assoc-
iated with signs of spontaneous apoptosis in the spermatozoa, includ-
ing phosphatidylserine exteriorization, caspase activation and DNA
damage.®®* The reason for this time-dependent deterioration of
semen quality can be found in the simple nature of the incubation
media used to incubate these cells. Thus, most ART culture media are
nothing more than balanced salt solutions supplemented with energy
substrates and, possibly, serum albumin. There is nothing in these
preparations to support the spermatozoa and prevent them from
defaulting to an apoptotic state. In contrast, the relative longevity of
human spermatozoa in vivo may be due to the presence of prosurvival
factors in the epididymal plasma and uterotubal fluids that prevent
apoptosis from taking place.

A clue to the possible nature of these putative prosurvival factors
was provided with publication of the first draft of the human sperm
proteome.® Up to that point, no receptors had been definitively iden-
tified on the sperm surface. Completion of the sperm proteome
resulted in the identification of around 20 different receptors on the
surface of these cells. From a prosurvival perspective, the first candid-
ate prosurvival receptor to be investigated was the prolactin receptor.
Detailed analysis of this receptor showed that the human spermato-
zoon possesses four different isoforms of the prolactin receptor on its
surface including the long form and three variants of the short form,
one of which is unique to the male gamete. Critically, prolactin
stimulates phosphatidylinositol 3-kinase activity, maintains Akt
phosphorylation and has a powerful prosurvival effect on human
spermatozoa.® There is no reason to believe that prolactin is the only
or even the most powerful prosurvival factor for human spermatozoa;
however, it is the first such factor to be identified. Its discovery heralds
a new era in our understanding of sperm cell biology by emphasizing
the dependence of these cells on survival factors that, through activa-
tion of phosphatidylinositol 3-kinase—Akt phosphorylation, prevent
spermatozoa from entering an apoptotic pathway that culminates in
cell death. When spermatozoa are incubated in simple-defined culture
medium in vitro in the absence of such prosurvival factors, they ulti-
mately revert to an apoptotic state characterized by mitochondrial
ROS generation. As a consequence of the latter, the sperm DNA
becomes oxidatively damaged, generating 8OHdG adducts and, ulti-
mately, DNA strand breaks. Further research is clearly needed in this
area to identify the optimal combination of prosurvival factors that
would allow spermatozoa to survive for prolonged periods of time in
vitro, without exhibiting signs of DNA damage. Such reagents might
also be useful in the design and development of optimized cryostorage
media.

WHY DO SPERMATOZOA UNDERGO APOPTOSIS

One of the major reasons why spermatozoa have to undergo a regu-
lated, programmed senescence relates to their ultimate disposal post-
coitum. Thus, after insemination, the female tract responds to the
presence of millions of dead and moribund spermatozoa by triggering
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a massive leukocyte infiltration into the cervix and uterine cavity. The
phagocytic activity exhibited by these cells must be silent; in other
words, the spermatozoa must be efficiently phagocytosed and
removed from the tract in the absence of an oxidative burst or the
production of proinflammatory cytokines. Furthermore, this pha-
gocytosis must be silent even though spermatozoa are patently foreign
cells containing potent antigens. There are many examples of silent
phagocytosis in biology and a common feature of this phenomenon is
the expression of apoptotic markers, such as phosphatidylserine, on
the surface of the target cell. This apoptotic marker is thought to
instruct the phagocyte that the target cell should be engulfed in a
non-phlogistic manner.®* The activation of this apoptotic cascade in
oxidatively stressed spermatozoa could, therefore, be viewed as an
adaptation that permits the efficient removal of these cells from the
female tract by phagocytic leukocytes, without provoking a damaging
inflammatory response.

The second important purpose of apoptosis in the germ line is to
prevent DNA-damaged cells from participating in the process of fert-
ilization. Thus, as soon as these cells sense that they are oxidatively
damaged, they initiate an apoptotic cascade, one of the early features
of which is a rapid loss of motility that prevents these cells from
participating in fertilization. This preventative mechanism is not per-
fect; otherwise we would not see paternally mediated defects in embry-
onic development or morbidity in the offspring.*”'® Furthermore, this
natural mechanism for preventing fertilization by defective human
spermatozoa can be, and is, circumvented by assisted conception ther-
apy, particularly ICSI. In this light, selecting spermatozoa for ICSI on
the basis that they do not express markers of apoptosis such as
annexin-V binding, would seem a rational approach towards reducing
the risk that DNA-damaged spermatozoa are used in assisted
conception.®®

CONCLUSIONS AND FUTURE DIRECTIONS

The purpose of this review has been to emphasize the importance of
DNA damage in human spermatozoa as a determinant of both fertility
and the subsequent normality of embryonic development. Given the
associations that have been highlighted between DNA damage in sper-
matozoa and adverse clinical outcomes for both the patient and his
offspring, it is clearly important that we understand the etiology of
these lesions. A significant insight into this problem was generated
when it was found that a majority of the DNA damage is oxidative
and associated with the formation of §OHdG adducts. A second factor
in the DNA damage equation is the close correlation that has been
observed by several independent groups between DNA damage in the
spermatozoa and evidence of poor chromatin remodelling during
spermiogenesis, as revealed by the CMA3 fluorescence.” To accom-
modate these observations into a single hypothesis, we have proposed
that the spermiogenetic process is extremely vulnerable to oxidative
stress (Figure 2). The vulnerability of spermiogenesis to oxidative
stress has been ascribed to the importance of regulated protein trans-
lation in this process and the unique sensitivity of the protein trans-
lation machinery to such stress.® The result of this ROS-mediated
disruption of spermiogenesis is not to halt the morphogenesis of sper-
matozoa but rather to impair this process so that the spermatozoa that
are produced are imperfect. Specifically, we propose that these defect-
ive spermatozoa with their poorly compacted chromatin are particu-
larly vulnerable to stress and respond to such adversity by defaulting to
apoptosis. The latter then results in mitochondrial ROS generation
that attacks the vulnerable chromatin resulting in the SOHdG forma-
tion®>%” and ultimately DNA fragmentation.®®
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Figure 2 Two-step hypothesis for the origins of DNA damage in the male germ
line. This hypothesis posits that a wide variety of clinical and environmental
factors are capable, alone or in combination, of creating oxidative stress in the
testes. In step 1, this stress impairs spermiogenesis resulting in the production of
defective spermatozoa possessing poorly protaminated chromatin. These defect-
ive spermatozoa have a tendency to default to an apoptotic cascade that involves
the generation of ROS by the sperm mitochondria. In step 2, these ROS attack the
poorly remodelled chromatin generating oxidized DNA base adducts (80HdG)
that ultimately result in DNA strand breakage and cell death.

If oxidative stress is at the heart of this process, then antioxidants
should surely be part of the cure. Surprisingly, despite an awareness of
the importance of antioxidant vitamins to male infertility that
stretches back to the 1930s,%” there have been very few rigorous
attempts to evaluate the benefits, and potential risks,”® of antioxidant
therapy in the treatment of male infertility. Studies that have been
conducted in this regard have returned generally positive
results,”®”"™7> but there is a desperate need for randomized, double-
blind, crossover trials in this area using patients who have been
selected with a robust marker of oxidative stress such as 8OHdG. A
key question that should be addressed in the context of such trials is
whether the oxidative stress associated with disrupted spermiogenesis
and DNA damage to spermatozoa is systemic or localized to the male
reproductive tract. A number of articles have appeared recently, sug-
gesting that there is a chain of cause and effect relationships between
body mass index, systemic oxidative stress, semen quality, DNA
damage in the spermatozoa and subfertility.”*”® If these associations
are confirmed and DNA damage in the male germ line is indeed
providing a readout of the systemic level of oxidative stress, then there
are important implications in these data that stretch beyond the diag-
nosis, treatment and prevention of male infertility.
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