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So, there is an overwhelming volume of evidence indicating a cascade of causal interactions between
oxidative stress, peroxidative damage to sperm lipids and DNA and impaired sperm function. A number
of questions arise in the wake of such findings including: what are the situations in which sperm
oxidative stress occurs? Is the oxidative stress systemic or localized? Where does the oxidative stress
come from in terms of cell type and biochemical pathway? What species of ROS are involved? How can
we best measure them? In the remainder of this review, we shall attempt to address these key issues.

2. What Are the Situations in Which Sperm Oxidative Stress Occurs?

2.1. Capacitation and Hyperactivation

There are multiple lines of evidence demonstrating that spermatozoa are professional generators
of ROS because of the fundamental role these molecules play in the induction of sperm capacitation.
Biochemically, one of the major pathways through which ROS promote capacitation is via the redox
regulation of tyrosine phosphorylation. The significance of ROS in this context appears to apply to
all mammalian species examined including man [36–38], rat [39], mouse [40], buffalo [41], bull [42]
and stallion [43]. The mechanisms underpinning this redox effect on protein tyrosine phosphorylation
are multifaceted and involve the stimulation of cAMP generation, the inhibition of tyrosine phosphatase
activity and, the modulation of additional signal transduction cascades, including SRC (Rous sarcoma
oncogene)—and ERK (Extracellular Receptor Kinase)—mediated pathways (Figure 1) [38,43–45].
It has also been demonstrated that the formation of oxysterols during sperm capacitation facilitates
one of the hallmarks of sperm capacitation, the removal of cholesterol from the sperm plasma
membrane [46]. Such a change is thought to enhance the fluidity of the plasma membrane, promoting
critical intermolecular interactions that promote the development of a capacitated state.

Figure 1. The role of reactive oxygen species in the induction of sperm capacitation. The latter
is a complex process involving hyperpolarization of the sperm plasma membrane, cytoplasmic
alkalinisation as a consequence of proton extrusion via the Hv1 proton channel, calcium entry via
Catsper and a global increase in tyrosine phosphorylation mediated by cAMP. ROS (reactive oxygen
species) are involved in several aspects of capacitation including cholesterol oxidation and extrusion,
stimulation of soluble adenylyl cyclase (sAC) and suppression of tyrosine phosphatase activity.

One specific aspect of sperm biology driven by redox activity during sperm capacitation is
the onset of hyperactivated motility. This work was pioneered by Gagnon and de Lamirande [47]

109



Antioxidants 2020, 9, 111

who demonstrated that hyperactivation is a redox-mediated event, possibly reflecting the ability of
ROS to induce tyrosine phosphorylation in the fibrous sheath of the sperm tail [48].

2.2. Capacitation and Sperm-Egg Interaction

Another redox-regulated aspect of sperm function that has received little attention is sperm-zona
interaction. When human spermatozoa are incubated with ferrous ion promoters to enhance lipid
peroxidation, there is, at levels of peroxidation that are still compatible with full viability and motility,
a dramatic increase in the ability of these cells to bind to the zona pellucida [8]. This phenomenon has
been used to enhance levels of fertilization in a mouse in vitro fertilization system in which the induction
of sublethal levels of lipid peroxidation was shown to significantly increase the number of spermatozoa
binding to the zona pellucida [49]. How the induction of peroxidative damage to the sperm plasma
membrane enhances sperm-zona binding is unknown. It does not appear to involve a generalized
increase in sperm adhesiveness because no amount of lipid peroxidation will enhance zona binding if
the latter has been precoated with an anti-zona antibody (unpublished observations). During fertilization,
the oocyte is also thought to generate ROS and may play an active role in the process of zona hardening,
a proposed component of the block-to-polyspermy. Zona hardening is thought to be induced by
peroxidases released during the cortical granule reaction enhancing the creation of molecular cross-links
within zona pellucida with the aid of a hydrogen peroxide burst associated with fertilization [50].
This mechanism has been elegantly demonstrated in the case of the sea urchin fertilization envelope
where the dual oxidase, Udx1, has been shown to generate the hydrogen peroxide associated with
the hardening of this membrane [51]. The existence of an analogous process in mammalian oocytes
seems likely; however, while these cells are known to contain a variety of oxidases capable of generating
ROS [52], their role during fertilization remains largely unexplored. Whatever mechanisms are involved,
it is clear that many aspects of sperm biology including tyrosine phosphorylation, cholesterol exclusion,
hyperactivation and sperm-egg interaction are redox regulated.

As a result, capacitating spermatozoa in either the female reproductive tract or in vitro can be
thought of as under physiological oxidative stress. In order to protect the spermatozoa during this critical
time in their life history, sophisticated antioxidant defense mechanisms have developed, involving
such key players as glutathione-S-transferase omega 2 and peroxiredoxin 6 [53,54]. As a consequence
of such strategies, spermatozoa can engage in a redox-regulated capacitation cascade without fear
of succumbing to the oxidative stresses involved. However, if a spermatozoon should fail to find
an egg and the capacitation period is prolonged, even these defensive mechanisms are ultimately
overwhelmed and the cell, now in a state of “over-capacitation”, enters a senescence pathway
culminating in the enhanced release of ROS from the mitochondria and cell death [24]. Thus, capacitation
and senescence can be regarded as components of redox-regulated continuum [55].

2.3. Inadequate Antioxidant Protection from Seminal Plasma

As a biological response to oxidative stress, seminal plasma has evolved one of the most powerful
antioxidant fluids known to man, replete with a range of antioxidant enzymes and small molecular
mass free radical scavengers that, combined, generate a level of total antioxidant power that is estimated
to be 10× higher than blood [56]. This antioxidant cocktail includes catalase, superoxide dismutase
(SOD), glutathione peroxidase, glutathione-S-transferase and peroxiredoxins as well as water-soluble
(uric acid, hypotaurine, tyrosine, polyphenols, vitamin C, ergothionine and glutathione) and fat-soluble
(all-trans-retinoic acid, all-trans-retinol,α-tocopherol, carotenoids and coenzyme Q10) scavengers [56–58].
There are now many studies indicating that there is a consistent negative relationship between the levels
of antioxidant protection provided by seminal plasma and the appearance of male infertility as well
as the incidence of miscarriage [33,59]. A recent development in this field has been the suggestion
that the measurement of oxidation-reduction potential (ORP) in human semen samples is predictive of
oxidative stress [60]. It will be of interest to determine whether such ORP measurements are providing
diagnostic information over and above the measurement of total antioxidant potential. It will also be
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fascinating to determine whether the decreased seminal antioxidant protection observed in cases of
male infertility is a result of local [61] or systemic [62] pro-oxidant factors.

2.4. Leucocyte Infiltration

The antioxidant properties of seminal plasma are particularly important in protecting spermatozoa
from the oxidative stress created by infiltrating leukocytes, particularly neutrophils. Up to the point of
ejaculation, spermatozoa in the seminiferous and epididymal tubules would have had little, if any,
direct contact with activated phagocytic leukocytes. However following ejaculation, they become
exposed to phagocytes, originating from the urethra and secondary sexual organs, which will be
significantly elevated in cases of genital tract infection. These seminal leukocytes are in an activated state,
generating free radicals and influencing seminal redox balance as reflected in several oxido-sensitive
indices [63]. However, as long as seminal plasma is present, the spermatozoa are protected by
the antioxidants contained therein [64,65]. However, when seminal plasma is removed, the leukocytes
have free reign to attack the spermatozoa and limit their capacity for movement and fertilization.
The presence of contaminating leukocytes, even in low numbers, in the washed sperm suspensions used
for IVF therapy has been shown to have a profound impact on the success of this form of therapy [66].
Possible solutions to this problem include the incorporation of selected antioxidants into the sperm
culture media used for IVF (e.g., glutathione, N-acetylcysteine, hypotaurine, etc.) or the targeted
removal of the leukocyte population using magnetic beads or ferrrofluids coated with antibodies
against the common leukocyte antigen, CD45 [67,68].

2.5. Cryostorage

Another situation in which oxidative stress is known to play a key role in the disruption of
normal sperm function is cryopreservation. This relationship was first pointed out in the 1940s by
the pioneering work of Tosic and Walton [69] who showed that the addition of an egg-yolk based
extender to bovine spermatozoa resulted in a loss of motility that was dependent on the presence of
a sperm amino acid oxidase generating high levels of hydrogen peroxide in response to the aromatic
amino acids in egg yolk (particularly phenylalanine). In this scenario, the loss of membrane integrity
on the part of non-viable spermatozoa enabled the aromatic amino acids in egg yolk to gain access to
the intracellular oxidase and thereby generate quantities of hydrogen peroxide that could suppress
the motility of viable cells in the immediate vicinity. A similar situation has been observed in ram [70]
and stallion [71] spermatozoa. While human spermatozoa also contain an aromatic amino acid oxidase,
it is not bound and becomes rapidly lost from cells if their plasma membrane integrity has been
compromised [72]. One of the obvious solutions to this amino acid oxidase problem in domestic
animals has been to incorporate catalase into the sperm cryopreservation medium [73].

While the damage induced in mammalian spermatozoa by cryopreservation is clearly multifactorial
(involving, to various degrees, cold shock, osmotic disruption and intracellular ice crystal formation)
oxidative stress is clearly a significant factor in the mediation of cryostorage injury. For this reason,
there is intense interest in the use of antioxidants to promote cryosurvival. Recent studies have,
for example, indicated that the specific activity of SOD in seminal plasma is related to the freezability
of stallion, jackass and dog spermatozoa [74,75]. Loss of SOD from human semen samples is also
thought to be a key factor in determining their ability to survive cryostorage [76]. Consistent with
these observations, supplementation of cryopreservation media with both SOD and catalase has
been found to enhance the post-thaw motility of human spermatozoa [77]. Exactly the same has
been found for porcine and rooster spermatozoa cryopreserved in the presence of supplementary
SOD and catalase [78,79]. SOD mimetics have also been shown to improve the cryopreservation of
alpaca and ram spermatozoa and to improve subsequent blastocyst formation rates in the goat [80–82].
The combination of SOD mimetic and catalase was, predictably, more effective than mimetic alone [83].

In addition to the use of antioxidant enzymes to curtail oxidative stress during cryopreservation
a large number of small molecular mass free radical scavengers have also been deployed for this
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purpose; entry of the terms “cryopreservation” and “antioxidants” into PubMed yields over 3000
references and the area has recently been thoroughly reviewed [84]. The antioxidants assessed included
ascorbic acid, α-tocopherol, reduced glutathione, zinc oxide nanoparticles, zinc sulphate, resveratrol,
quercetin, melatonin, L-carnitine, coenzyme Q, hypotaurine/taurine and butylated hydroxytoluene.
In general, such antioxidants have a beneficial effect on sperm survival and functionality following
cryopreservation although there is still much to be done to create the optimal antioxidant blend for
protecting the spermatozoa of individual species.

2.6. Lifestyle Exposures

Another reason for spermatozoa to become oxidatively stressed relates to environmental and lifestyle
exposures that either directly promote ROS generation or suppress levels of intrinsic antioxidant protection.
A classic example is smoking. If men smoke heavily, their entire physiology is oxidatively stressed,
as reflected by lower levels of antioxidants, such as ascorbate, in seminal plasma as well as enhanced levels
of ROS generation by the spermatozoa. A 48% increase in seminal leukocyte concentration in male smokers
also contributes to the level of redox stress experienced by the spermatozoa [85]. A particular pathological
feature of cigarette smoking is that it generates a significant increase in oxidative DNA damage in
spermatozoa as reflected by elevated levels of 8-hydroxy-2′-deoxyguanosine (8-OHdG) [86]. This increase
in oxidative DNA damage may be attributable to both the above-mentioned depletion of antioxidant
protection as well as the suppressive impact of cadmium (a critical constituent of cigarette smoke) on OGG-1
(8-oxoguanine-DNA glycosylase-1; the first enzyme in the base excision repair pathway responsible
for removing 8-OHdG adducts from the genome) during spermatogenesis [87]. The high levels of
8-OHdG present in the spermatozoa of male smokers has, in turn, been associated with the increased
childhood cancer rates observed in the offspring of male smokers [88,89]. Interestingly, we have identified
a region of chromosome 15 (15q13–15q14) as a particular hot spot for oxidative DNA damage in human
spermatozoa [90] and this is the very region of the genome that has recently been identified as contributing
to the aetiology of acute lymphoblastic leukemia [91], one of the childhood cancers that we know to be
associated with paternal smoking [92].

Obesity is another lifestyle factor responsible for inducing a state of oxidative stress in
spermatozoa. This condition is associated with a generalized pro-inflammatory state associated
with systemic oxidative stress, antioxidant depletion and oxidative sperm DNA damage [93].
Fortunately, this situation can be reversed, at least in mice, by the concomitant administration
of micronutrients (zinc, selenium, lycopene, vitamins E and C, folic acid, and green tea extract)
to counter the oxidative stress [94].

Different frequencies of electromagnetic radiation have also been suggested to induce oxidative
stress in the male germ line. The impact of radiofrequency electromagnetic radiation (RF-EMR) has
recently been reviewed and supports the general consensus that, like obesity, this form of radiation can
induce ROS generation, reduce antioxidant protection and increase sperm DNA damage [95]. Moreover,
a 2-step mechanism has been proposed to explain this phenomenon; in the first step, RF-EMR induces
displacement of electrons from the electron transport chain in the inner mitochondrial membrane.
These leaked electrons are immediately taken up by the universal electron acceptor, oxygen, to generate
superoxide anion. In the second step, the latter dismutates into the powerful oxidant, hydrogen
peroxide, which then initiates a lipid peroxidation cascade culminating in the generation of cytotoxic
electrophilic aldehydes such as 4-hydroxynonenal (4-HNE). This aldehyde then immediately seeks out
the nucleophilic centers of proteins in the immediate vicinity, alkylating the latter at the vulnerable
amino acids, cysteine, lysine and histidine. The alkylation of proteins in the electron transport
chain, such as succinic acid dehydrogenase, further disrupts the flow of electrons within the inner
mitochondrial membrane leading to yet more ROS generation and exacerbating the state of oxidative
stress, ultimately compromising both the functional competence of the spermatozoa and the integrity
of their DNA [96,97]. The clinical significance of these findings can be found in several epidemiological
studies demonstrating significant links between mobile phone usage and semen quality [95].
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Importantly, it has also been clearly demonstrated that these RF-EMR effects are not mediated
by increased heat. This is critical because raised intratesticular temperature is another means by
which EMR can influence sperm quality. Such thermo-sensitivity is reflected in the location of the testes
in a scrotal sac resulting in an intratesticular temperature of 34 ◦C–35 ◦C, 2–3 ◦C below the core
body temperature of 37 ◦C. If intratesticular temperatures are raised by, for example, experimental
cryptorchidism, then there is a rapid cessation of germ cell differentiation triggered by a sudden
wave of Fas-mediated apoptosis and autophagy in pachytene spermatocytes and spermatids via
mechanisms that can be reversed by the administration of antioxidants [98,99]. Similarly, the loss
of fertility induced by warming the scrotal mouse testes to 42 ◦C for 30 min can be completely
reversed by the administration of antioxidants [35]. Another situation in which raised intratesticular
temperature is evident is varicocele. This condition is also known to be associated with a loss of
sperm function and DNA integrity as a consequence of oxidative stress [100,101]. Surgical ligation
of the left internal spermatic vein to correct the varicosity has been shown to reduce oxidative stress
parameters and to improve sperm quality and the concomitant administration of antioxidants has
been shown to facilitate this process [102,103]. As we enter an era of elevated ambient temperatures
associated with global climate change, we might anticipate an increased incidence of male infertility,
as well as an elevated risk of a paternally-induced mutations in the offspring, as a consequence of
oxidative DNA damage to the spermatozoa. It is already known that exposure to elevated summer
temperatures suppresses human seminal quality and that oxidative stress is a major mediator of this
change [104,105]. Such exposure will be of particular significance to livestock species where exposure
to elevated ambient temperatures might not only suppress fertility but also disrupt the true breeding
of selected genetic traits [106].

2.7. Environmental Pollutants

Another situation associated with the creation of oxidative stress in the male germ line involves
exposure to a wide range of environmental chemicals that are capable of directly stressing spermatozoa
and inducing ROS generation. One example that has been recently highlighted is the preservative,
parabens, which is present in many commercial aqueous products including vaginal lubricants.
This mixture of parabenzoic acid esters is capable of stimulating the generation of mitochondrial
and cytosolic ROS, inhibiting sperm motility and viability in a dose-dependent manner. The ability
of individual parabens to activate ROS generation and induce oxidative DNA damage was related
to alkyl chain length. At the concentrations used clinically, methylparaben inhibited sperm motility
and affected cell viability while augmenting ROS production and oxidative DNA damage [107].
Similarly, the commonly encountered environmental toxicants, phthalate esters and bisphenol
A (BPA), are known to possess a capacity to induce oxidative stress in spermatozoa by virtue
of their ability to activate ROS generation [108,109]. In the case of BPA, the induction of oxidative stress
is associated with a premature acrosome reaction, loss of sperm motility, reduced viability, disturbed
ionic balance, and alterations of the sperm proteome [109]. The causative involvement of ROS in
the pathological changes induced by exposure to BPA has been demonstrated by virtue of the ability of
antioxidants (reduced glutathione andα-tocopherol) to reduce its pathological impact [110]. The related
toxicants bisphenol F and bisphenol S have also been shown to disrupt reproductive function via
an oxidative mechanism [111,112]. The sperm mitochondria appear to play a key role in the genesis
of ROS in this model, as part of a self-perpetuating redox cycle that culminates in DNA damage
and the induction of apoptosis [113]. In the case of phthalate esters, we have employed an invertebrate
model (Galeolaria caespitosa) to show that these compounds not only induce high levels of oxidative
stress in the spermatozoa but also have an impact upon the developmental normality of the embryo
via an epigenetic mechanism that has not previously been reported [114]. In these studies, addition of
dibutyl phthalate (DBP) to Galeolaria spermatozoa resulted in a highly significant dose-dependent
inhibitory effect on fertilization and embryogenesis. At low levels of DBP exposure, fertilization could
occur but the resulting embryos exhibited a disrupted pattern of cleavage and chromosome segregation
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resulting in the genesis of abnormal embryos. Such abnormalities were associated with the induction
of oxidative stress in the spermatozoa associated with the suppression of SOD activity and formation
of electrophilic lipid aldehydes (4-HNE). The latter were subsequently found to bind to the acrosome
and sperm centriole. Since the latter is responsible for orchestrating cell division in the embryo,
we propose that 4-HNE adduction has a significant impact on the ability of the sperm centrioles
to serve as microtubule organizing centers in the zygote, impairing both the normal segregation of
chromosomes during mitosis and impeding the cytoskeletal changes that underpin the process of cell
division [110]. Whether similar mechanisms underpin the observed association between oxidative
stress in the male germ line and developmental abnormalities in human embryos that culminate in
repeated early miscarriage [59,115] is currently an open question that has not yet been addressed. It is
known that ROS generation and DNA fragmentation are significantly elevated in the spermatozoa of
female partners experiencing recurrent early pregnancy loss [116] however the importance of 4HNE
adduction of sperm centriolar proteins in the aetiology of this condition is unknown.

2.8. Iatrogenic Stress and Sperm Preparation

A final scenario for the creation of oxidative stress in spermatozoa involves iatrogenic damage
associated with the techniques we are currently using to separate spermatozoa from seminal plasma for
IVF purposes. As indicated above, seminal plasma has evolved to protect spermatozoa from oxidative
stress generated during the ejaculatory process when the spermatozoa are suddenly shifted from a low-
to a high- oxygen tension environment contaminated with activated neutrophils and macrophages
that are actively generating ROS. The most effective sperm isolation strategies are therefore those
where the spermatozoa are isolated directly from semen rather than from a washed pellet, since in
the latter situation, leukocytes are able to attack the spermatozoa without any of the protection
normally afforded by seminal antioxidants. Swim up from semen, discontinuous density gradient
centrifugation and electrophoretic isolation all fulfil this condition and generally generate high quality
spermatozoa for insemination [117,118]. Discontinuous density gradient centrifugation has been
reported to increase DNA damage in certain cases possibly because of the presence of transition
metals such as iron and copper in the commercial colloidal silicon preparations used to create such
gradients [119]. While susceptibility to the presence of such metals appears to vary from sample to
sample [120] such impacts can be readily addressed by the incorporation of a metal chelators such as
EDTA into the gradients [119].

3. What Types of ROS are Involved?

Given the importance of oxidative stress in determining the functionality of mammalian
spermatozoa, it is reasonable to ask which forms of ROS are involved and how the offending species
might be sensitively assessed for diagnostic purposes. The first point to make is that ROS, as their name
implies, are extremely reactive molecules that are generated in all complex cellular systems and react
readily not just with vulnerable substrates including lipids, proteins and DNA, but also with each
other. Classically, superoxide anion has a half-life at physiological pH of a few seconds and is rapidly
removed from biological systems via the action of SOD to create hydrogen peroxide. This process is
biologically important because it converts a relatively inert, non-membrane permeant free radical anion
into a membrane permeant oxidant that will readily interact with appropriate substrates. Superoxide
anion will also interact with another free radical species generated by spermatozoa, nitric oxide
(NO), to generate a powerful oxidant, the peroxynitrite anion (ONOO−). It has been proposed that
the combined action of these oxidants, peroxynitrite and hydrogen peroxide, drive the oxidative
processes responsible for the regulation of sperm capacitation [55]. The fact that scavengers of both
hydrogen peroxide (catalase) and peroxynitrite (uric acid) can suppress capacitation in different species
adds weight to this argument [121–125]. The complexity of reactive oxygen metabolites involved in
regulating sperm functionality increases still further in the presence of transition metals which can
catalyze the breakdown of lipid peroxides. This process generates lipid peroxyl and alkoxyl radicals
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that actively participate in the hydrogen abstraction process that promotes the lipid peroxidation chain
reaction. The latter inevitably leads to the generation of small-molecular mass lipid aldehydes, such as
4 HNE, that bind to the mitochondria and stimulate yet more ROS generation in a self-perpetuating
cycle [96,126].

The fundamental point here is that we must be careful not to oversimplify the chemistry responsible
for the physiological oxidative drive to capacitation or the creation of pathological oxidative stress.
There are likely to be many different radical and non-radical species involved in these processes
originating from a wide variety of different sources. Mitochondrial ROS is clearly an important
contributor [127] and recent data supporting a role for lipoxygenase in this process are exciting [128]
and supported by the finding that unesterified unsaturated fatty acids such as arachidonic acid are potent
triggers for ROS generation by human spermatozoa [129]. Since spontaneous ROS generation by human
spermatozoa is correlated with their free polyunsaturated fatty acid content [130] this pathway may well
be particularly important in the aetiology of excessive ROS generation by defective human spermatozoa.
Other potential pathways of ROS generation by human spermatozoa include reduced nicotinamide
adenine dinucleotide phosphate (NADPH) oxidases, particularly Nox 5 [131,132] and other poorly
characterized plasma membrane redox systems, identified using the redox active probe, WST-1 [133].
There can be no doubt that spermatozoa are vulnerable to oxidative stress and that this susceptibility is
exacerbated by the ability of spermatozoa to generate ROS from multiple sites and to increase this
activity under conditions of stress. Resolving the extent to which the oxidative damage observed in
cases of male infertility is a reflection of active ROS generation by the spermatozoa themselves (as when
there is local abundance of free unesterified polyunsaturated fatty acids, for example) and/or a passive
consequence of oxidative stress generated systemically (in response to obesity or cigarette smoking)
is a key question that will have to be addressed in future studies.

4. How Can We Best Measure Oxidative Stress in the Germ Line?

If oxidative stress is such an important contributor to male infertility, it is critical that we develop
robust methods to diagnose this condition within the infertile population. Where the oxidative stress is
systemic, a direct measurement of lipid peroxides in seminal plasma seems to be the current method of
choice. The measurement of MDA in seminal plasma has been found to reflect a variety of parameters
associated with oxidative stress including DNA damage in spermatozoa, their capacity to generate
ROS and both protein carbonyl and nitrotyrosine expression in semen [134]. As indicated above,
seminal MDA has also been used as a diagnostic criterion in preparation for antioxidant therapy [29].
To date, there are no reports of 4-HNE levels in seminal plasma being used to diagnose oxidative stress
even though this aldehyde is likely to be a more sensitive marker of lipid peroxidation than MDA [135].

Measurement of ROS generation by human spermatozoa is made particularly difficult because
of the various oxygen metabolites involved and the low levels of ROS generation compared with
contaminating cell types, particularly neutrophils (Figure 2). Extensive use has been made of luminol-
and lucigenin-dependent chemiluminescence for diagnostic purposes and we have written extensively
on the underlying chemistry of these reagents and their shortcomings [136,137]. For example, we have
demonstrated that the one electron reduction of lucigenin required to generate chemiluminescence can
be achieved by reductases, such cytochrome b5 reductase and cytochrome P450 reductase using NADH
or NADPH as electron donors respectively. The diagnostic value of this probe therefore probably lies
more in its ability to reflect the volume of residual cytoplasm retained by defective spermatozoa than
their capacity for ROS generation via an NAD(P)H oxidase [138]. Exactly the same argument applies to
the nitroblue tetrazolium assay which cannot be used as a probe for ROS under any circumstances [139].
Such shortcomings do not mean that potential ROS-generating entities such as NADPH oxidase have
no role to play in the pathophysiology of spermatozoa, only that we currently lack the diagnostic
methods needed to demonstrate what that significance might be.
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Figure 2. Analysis of spontaneous ROS generation by spermatozoa isolated from the high and low
density regions of Percoll gradients. (A) Although luminol–horse radish peroxidase (HRP) dependent
chemiluminescence could differentiate between high- (functional) and low- (dysfunctional) density
sperm populations, such discrimination was completely lost when leukocytes were removed using
CD45-coated Dynabeads; n = 6. (B) Following the removal of contaminating leukocytes, several ROS
sensitive probes (MSR, DHE and H2DCFDA) but not the NO probe, DAF-DA, could discriminate
the differences in sperm quality associated with high and low density Percoll populations. The most
effective probe in this context was MSR, in keeping with the key role that mitochondria play in
the aetiology of defective sperm function; n = 12. If leukocyte-free sperm suspensions were triggered
to generate significant ROS using the redox cycling quinone, menadione (vitamin K), then several
of the probes used in diagnostic andrology including MSR (not shown) (C) DHE, (D) H2DCFDA,
and even (E) luminol/peroxidase could clearly detect a dose-dependent redox signal. Indeed, these
dose-dependent analyses reveal that luminol and H2DCFDA were actually more sensitive than
DHE in this regard. Overall, this analysis suggests that while probes such as luminol /peroxidase
can clearly detect extracellular ROS generation, in practice their output is heavily influenced by
the presence of contaminating leukocytes. Detecting differences in the spontaneous redox activity of
the spermatozoa can, as indicated in panel B, only be achieved by flow cytometry using probes such as
MSR, DHE and H2DCFDA (136). In panels (A,E), the chemiluminescence results are presented as counts
per minute generated by the luminometer’s photomultiplier while in panels (B–D), the results are
presented as the percentage of the sperm population exhibiting a positive response by flow cytometry.
Abbreviations: MitoSOX Red (MSR), dihydroethidium (DHE), dichlorodihydrofluorescein diacetate
(H2DCFDA), 4,5-diaminofluorescein diacetate (DAF-DA). OZA = opsonized zymogen to activate any
phagocytic leucocytes in the cell suspension. Significance values: * p < 0.05; **p < 0.01 ***p < 0.001.

Luminol is a different story and one that is often poorly understood. Luminol requires a one
electron oxidation to create the luminol radical which is the sine qua non for chemiluminescence [140].
In granulocytes, the primary oxidation event depends on the action of myeloperoxidase and is probably
mediated by the powerful oxidant, hypochlorous acid. In the case of spermatozoa, an intracellular
peroxidase again appears to be responsible for mediating luminol-dependent chemiluminescence
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(LDCL) although the limited availability of peroxidase activity means that the spontaneous signal is
low [141]. In order to improve the sensitivity of the assay, horse radish peroxidase has been used to
sensitize the assay for the generation of extracellular hydrogen peroxide [141]. As the major source of
extracellular hydrogen peroxide in the human ejaculate is contaminating leukocytes, the LDCL picture
is characteristically dominated by these cells (Figure 2). If the leukocyte population is selectively
removed using magnetic beads coated with antibodies against CD45 (the common leukocyte antigen)
the luminol-peroxidase signal is reduced to background levels and no difference can be detected two
high- and low-density Percoll sperm populations of differing quality [136]. However if, under these
same leukocyte-free conditions, the spermatozoa are exposed to a reagent that will induce extracellular
hydrogen peroxide release, such as the redox-cycling napthoquinone, menadione (Figure 2), then a very
powerful luminol signal is generated [136]. Such results demonstrate that it is not so much the capacity
of the luminol-peroxidase system to detect extracellular ROS that is open to question but rather
the ability of this probe to detect the low levels of ROS released extracellularly by spermatozoa in
the face of leukocyte contamination.

In order to generate the kind of sensitivity needed to detect differences in relative levels of
spontaneous ROS generation associated with variations in sperm function, flow cytometry protocols
have to be used. This methodology allows the operator to focus exclusively on the sperm population
while any contaminating cells, such as precursor germ cells or leukocytes, can be carefully gated out.
Under these conditions, leukocyte-free populations of spermatozoa from the high (functional sperm)
and low (dysfunctional sperm) regions of discontinuous Percoll gradients can be readily distinguished
on the basis of their reactivity with 3 probes (Figure 2), MitoSox red (mitochondrial ROS generation)
dihydroethidium (total intracellular ROS generation) and H2DCFDA (dichlorodihydrofluorescein
diacetate targeting intracellular oxidants such as hydrogen peroxide and, to a lesser extent, peroxynitrite).
Although questions are occasionally asked about the specificity of these reagents for specific forms of ROS,
the dynamic interchangeability of individual oxidants and free radicals means that such considerations
are irrelevant in a diagnostic context. The fact is that these probes can detect differences in redox activity
that are highly correlated with defective sperm function and therefore they have significant clinical
value [136]. By contrast, use of more sophisticated techniques such as mass spectrometry that may be
definitive but lack the sensitivity to detect the low levels intracellular ROS associated with spermatozoa
are not helpful, no matter how impressive their powers of resolution.

5. Conclusions

In conclusion, the importance of oxidative stress as a major modulator of mammalian sperm
function is incontrovertible. ROS have a positive role to play in driving the cascade of biochemical
changes associated with sperm capacitation through their ability to control tyrosine phosphatase
activity, stimulate cAMP generation and mediate the oxidation and ultimate release of cholesterol
from the sperm plasma membrane. However, for obvious structural reasons these cells have very little
defense against oxidative stress and are, thus, highly dependent on the powerful antioxidant properties
of the fluids that surround them following their release from the germinal epithelium (seminiferous
and epididymal tubule fluid and, for a short while at the moment of insemination, seminal plasma).
If this extracellular antioxidant protection should be compromised for genetic, environmental or
lifestyle reasons then the male germ line comes under oxidative attack. Oxidative stress may also be
exacerbated by a variety of conditions that promote ROS generation by cells in the immediate vicinity
(e.g., leukocyte infiltration secondary to infection) or by the spermatozoa themselves (exposure to
RF-EMR, the stresses associated with cryopreservation, heat and exposure to a wide range of xenobiotics
including bisphenol A, phthalate esters, parabens, etc). The complex combination of factors responsible
for creating oxidative stress in the male germ line may well vary from patient to patient and is still
not fully explored. Understanding the nature of these factors is significant because it will help guide
the preconception care of such patients. Ensuring the functionality and genetic integrity of spermatozoa
prior to conception is important, not just because it may promote the chances of conception but because
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it will minimize the genetic and epigenetic mutational load carried by the offspring and in so doing
promote their long-term health trajectory.
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Abstract: Sperm cells have long been known to be good producers of reactive oxygen species, while
they are also known to be particularly sensitive to oxidative damage affecting their structures and
functions. As with all organic cellular components, sperm nuclear components and, in particular,
nucleic acids undergo oxidative alterations that have recently been shown to be commonly encountered
in clinical practice. This review will attempt to provide an overview of this situation. After a brief
coverage of the biological reasons why the sperm nucleus and associated DNA are sensitive to
oxidative damage, a summary of the most recent results concerning the oxidation of sperm DNA
in animal and human models will be presented. The study will then attempt to cover the possible
consequences of sperm nuclear oxidation on male fertility and beyond.

Keywords: spermatozoa; nuclear integrity; oxidative DNA damage; putative
transgenerational impacts

1. Oxidative Stress

Oxidative stress is inherent in the consumption of oxygen by aerobic organisms that metazoans
have made their “fuel” for the production of energy via the cellular mitochondrial respiratory chain.
In doing so, cells produce active oxygen derivatives commonly referred to as reactive oxygen species
(ROS) which include free radicals (such as the superoxide anion O2·− and the hydroxyl radical OH·)
and non-radical molecules such as hydrogen peroxide (H2O2). These molecules are unstable and
propagate instability by trying to capture a stabilizing electron, which leads to the oxidation of other
molecules which, in turn, seek other targets [1].

Even if lipids are the most sensitive organic components to oxidation, none of them escape it,
proteins, sugars, and nucleic acids also being involved. To fight against oxidative attack, cells of aerobic
organisms have developed a set of countermeasures in the form of small molecules that are capable of
trapping free radicals (glutathione, thioredoxin, vitamins, polyamines, polyphenols) and antioxidant
enzymes (superoxide dismutase (SOD), glutathione peroxidases (GPxs), Catalase, peroxiredoxins
(PRxs), glutaredoxins (GRx)) [2,3] that intervene intra- and extracellularly to regulate the presence of
reactive oxygen species (ROS).

Although ROS have long been considered as aggressors leading to cell death and pathophysiology,
their important physiological actions should not be neglected [4]. Indeed, ROS are regulators of cellular
activity, acting essentially as second messengers and participating in the physiological oxidation of
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cellular components [5,6]. H2O2 is an ROS at the crossroads, both an intra- and extracellular signaling
molecule, a powerful bactericidal agent also acting as an important player in our inflammatory/immune
responses [7,8], and an essential factor in the disulfide bridging of proteins carrying thiol groups [9],
whether spontaneously or mediated upon by enzymes (see Figure 1).

Figure 1. The classic reaction cascade for the production of reactive oxygen species of metazoans.
The consumption of oxygen, which supports the production of energy by the mitochondrial respiratory
chain, results in the production of the anion radical superoxide (O2·−). Although weakly reactive and
not permeant the superoxide anion is readily transformed (via the action of superoxide dismutase:
SOD) into an active oxygen derivative, hydrogen peroxide (H2O2). This molecule occupies a crossroad
position having important actions in the maturation of proteins via the oxidation of thiol groups as
well as serving as a stimulus and second messenger in critical signal transduction pathways. However,
if an excess of H2O2 is produced, its strong penetration into the cellular compartments and its rapid
reactivity with iron and oxygen (via the Fenton and Haber-Weiss reactions) lead to the production of
very aggressive free radicals (hydroxyl and alkoxy radicals) for which there is no active recycling system.
These free radicals attack all organic components (lipids, proteins, sugars, and up to nucleic acids).
The multiple alterations generated if they are not sufficiently corrected can lead to cellular dysfunctions
and eventually to cell death. To finely regulate the concentration of H2O2, both in the extracellular and
intracellular compartments, metazoans have developed several enzymatic activities grouped under the
classification of primary enzymatic antioxidants (GPxs: glutathione peroxidases, CAT: catalase, PRxs:
peroxiredoxins, GRx: glutaredoxins, GSTs: glutathione S-transferases) to transform H2O2 into a neutral
element, water (H2O). In the same way, several non-enzymatic molecules (glutathione, thioredoxin,
vitamins) are at work to trap free radicals.

The balance between the production and recycling of ROS is, therefore, a key element of cell
homeostasis. An excess of ROS (whether due to overproduction or lack of recycling) can then lead
to a situation known as “oxidative stress.” This is accompanied by a set of alterations to cellular
components, which affect cellular structures and functions and ultimately lead to cell death (Figure 1).
Although oxidative stress is now recognized as a component of cell dysfunction, pathophysiology,
and aging, it is important to note that its opposite, reductive stress (not enough ROS and/or too much
antioxidants), is just as problematic for cell homeostasis. The notion of redox balance underlines this
dual aspect. What are the situations in which this redox balance is called into question?

The answer is both easy and complicated in that almost all of a mammal’s interactions with
its environment are likely to generate both local and systemic oxidative stress (see Figure 2 for an

127



Antioxidants 2020, 9, 95

illustration of the classic causes that can lead to overproduction of ROS). Most cells interpret this
ROS signaling, whether internal and/or external, use it and/or fight it in a very refined and effective
manner. However, the mature male gamete, for multiple reasons discussed below, has some gaps in its
management of ROS that make it particularly vulnerable [10].

Figure 2. Classic situations promoting the generation of ROS. Situations as varied and cumulative as
individual genetic predisposition, infectious/inflammatory pathophysiology or metabolic disorders,
medication or addiction (drugs, alcohol, tobacco), nutritional imbalances, exposure to environmental
pollutants and physical stresses (such as excessive heat, ionizing radiation) all generate systemic or
local ROS that can affect all cells of the body including gametes. Aging is also a situation that promotes
oxidative stress. Indeed, according to the “free radical theory of ageing”, the lower efficiency of ROS
recycling systems when one ages leads to an inevitable increase in ROS production. Finally, in the
very specific context of assisted reproductive technologies (ART), gamete cryopreservation, culture in
different artificial media, long gamete selection protocols for in vitro fertilization, intracytoplasmic sperm
injection (IVF ICSI) and exposure to light alone are all sources that can lead to a pro-oxidant situation.

2. The Spermatozoon’s Particular Susceptibility to Oxidative Insults

Several characteristics of spermatozoa explain their sensitivity to oxidative stress. If most cells fight
oxidative stress by the presence of small molecules and the activity of antioxidant enzymes contained
in their cytoplasm and/or, if necessary, by transcriptional activation of the genes corresponding to
these proteins, then spermatozoa are the exception. Evolution has chosen, in internally fertilized
metazoans, to produce an extremely cyto-differentiated male gamete characterized by the exclusion of
most cytoplasm and the significant compaction of its genetic material, making this silent cell unable to
transcribe and synthesize new proteins. The “silent” nature of this cell also explains its inability to
repair the alterations that affect it, and in particular, it cannot repair the damage to its genetic material.
Death by necrosis or apoptosis is the only alternative for this cell if submitted to acute stressors.
As a result, spermatozoa are unable to defend themselves effectively against oxidative stress. As a
consequence, in their post-testicular life, these cells largely depend on their immediate environment
and their very particular organization (highly compacted nucleus) for protection. This situation of
fragility in relation to oxidative stress is also aggravated by the peculiar lipid composition of the
plasma membrane of the spermatozoon. Of all the differentiated cells in a mammal, spermatozoa
contain the highest level of polyunsaturated fatty acids (PUFAs) in their membranes [11], which are the
main targets of ROS. The oxidation of these PUFAs generates toxic aldehydes which, in a vicious cycle,
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amplify the production of ROS [12] and their pathological consequences. Figure 3 illustrates this in a
very schematic way (as it is not the focus of the present review) capturing the known and suspected
consequences of oxidative stress on sperm structures and functions. In summary, peroxidation of
membrane lipids will affect sperm motility by altering the fluidity, and therefore flexibility, of the
membrane, which are important factors for flagellar movements. Sperm motility will also be hampered
by the loss of efficiency of mitochondria when subjected to oxidative stress. In addition, the oxidation
of membrane lipids and transmembrane proteins incorporated in the lipid bilayer will affect both
spermatozoa-oocyte interaction and the signaling cascades resulting from this event. This will lead to
poor spermatozoa/oocyte recognition as well as altered capacitation and acrosomal reaction processes,
which are crucial steps for successful fertilization [13–15].

Figure 3. Known impacts of ROS on sperm structures and functions. ROS (red arrowheads above and
within the schematized spermatozoa) have detrimental effects on sperm cells, resulting in changes
in their structure and function. Peroxidation of membrane lipids affects the fluidity of the lipid
bilayer, resulting in changes in sperm motility. Similarly, oxidative damage to enzyme complexes
in the mitochondrial respiratory chain leads to changes in sperm motility. In an entirely different
register, damage to the plasma membrane, whether from lipids, sugars and/or transmembrane proteins
incorporated into the lipid bilayer, can alter the spermatozoa’s ability to interact with their target,
the oocyte. At the same time, ROS (especially H2O2) can disrupt the terminal signaling pathways of
capacitation and acrosomal reaction, thereby disrupting the fertilization stage. Finally, by attacking
nucleic acids, ROS induce a mutagenic risk that can be transmitted to the embryo and future generations
if these alterations in the genetic and epigenetic information contained within the paternal nucleus/DNA
are not effectively corrected by oocyte repair systems. These de novo mutations, created in the female
germline but originating in the male, then increase the risk of abnormal development, the appearance
of pathologies in the offspring and, in the long term, may lead to the genetic impoverishment of the
species. Please refer to articles [13–15] for appropriate literature covering these aspects.

Last, but not least, one of the major consequences of oxidative stress on sperm cells involves
damage to the paternal genetic material. Figure 4 shows some of the multiple ways in which oxidative
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stress can damage the cell nucleus and its contents. Depending on the intensity of the oxidative stress,
it can range from simple oxidation of bases (guanosine and adenosine being the most sensitive bases to
oxidative stress) to DNA fragmentation (by single- or double-strand breaks). In between, other DNA
oxidative events can be found, including the generation of abasic sites and DNA-protein cross-linking.
As mentioned above, as mature sperm cells lack a fully functional DNA repair system, they will need to
rely on oocyte DNA repair systems (mainly the post-fertilization oocyte base excision repair pathway,
BER) to correct these oxidative alterations. Even in situations of moderate to low oxidative stress,
which will not cause DNA breakdown, oxidation of the bases will occur and must be corrected (i.e.,
each oxidized base must be replaced by a non-oxidized base).

Figure 4. The oxidative damage of DNA has many faces. Depending on the intensity of oxidative stress,
different types of nuclear/DNA alterations can be observed. In the case of low/light oxidative stress,
the first type of damage concerns the oxidation of DNA bases (in particular guanosine and adenosine)
leading to oxidized residues (such as 8-oxo-guanosine, the so-called 8-OHdG residue). When the
level of oxidative stress increases, other alterations can occur, including the generation of abasic sites,
cross-link of nuclear proteins and rupture of DNA strands, either single or double. Although DNA
strand breaks may have an oxidative origin, it should be kept in mind that the fragmentation of sperm
DNA may have other origins, including unrepaired meiotic breaks, non-processed apoptotic germ cells
or mechanical shearing during late spermatogenesis (spermiogenesis) when protamines replace sperm
nuclear histones.

3. Oxidation Processes are Required for Optimal Maturation of Sperm

Although, as mentioned above, sperm structures and functions are easily threatened by oxidative
alterations, oxidative processes contribute to the production of fully mature sperm cells. In the late
1980s, it was elegantly reported that during post-testicular maturation of sperm cells (i.e., during
epididymal maturation), sperm proteins undergo high disulfide bridging activity [16]. In short, if
we look at the level of thiol groups carried by sperm proteins in the caput epididymis, we see that it
consists mainly of free thiols, whereas in spermatozoa from the caudal epididymis, most free thiols
have been converted into disulfide bridges. Disulfide isomerases are at work in the epididymis to
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create these bridges by using hydrogen peroxide as an oxidizing agent. Many sperm proteins feature
disulfide bridges, whether they are part of the plasma membrane or more internal; regardless of
their location in the head, midpiece, or tail segment of the spermatozoon. It is assumed that these
intra- and/or inter-protein interactions are created for mechanical purposes, stiffening key structures
within the spermatozoon and making the latter more resistant to attack. It is also suspected that
these finely tuned protein-protein interactions involving disulfide bridges could determine optimal
flagellar movement and motility of sperm cells. In the nucleus, this disulfide bridging activity is
also at play and concerns cysteine-rich protamines. We and others have helped to show that an
enzymatic activity contained in the sperm nucleus (snGPx4, for sperm nucleus glutathione peroxidase
4) was actually a disulfide isomerase using luminal hydrogen peroxide in the caput epididymis to
make inter- and intra-protamine disulfide bridges that further condense the sperm nucleus and lock
it in an optimally compacted state during epididymal transit [17–19]. This was further reinforced
by the observation that when the luminal hydrogen peroxide concentration of the epididymis was
modified [19,20], it immediately resulted in a higher transient condensation of the sperm nucleus in
the caput epididymis [20,21], followed rapidly by excessive oxidative alterations of the DNA due to
both the ability of H2O2 to cross the plasma membrane and the difficulty spermatozoa experience in
defending themselves against such attacks. Finely controlled post-testicular oxidation processes are
therefore at work to define an optimal state of nuclear condensation of the sperm nucleus. This is
of paramount importance as the high compaction of paternal DNA is one of the means chosen by
evolution to protect sperm DNA from mutagenic alterations. The process is finely balanced because not
all free thiols of cysteine-rich protamines are affected by disulfide bridging. Some thiols are associated
with zinc, thus preventing a number of them from being involved in disulfide bridges. It is therefore
assumed that it is important not to over-condense the already highly compacted sperm nucleus so
that the oocyte does not have too much difficulty post-fertilization, in creating the male pronucleus, a
process that has recently been shown to be controlled by thiol-reducing activity [22]. This beneficial
post-testicular oxidation process illustrates very well the Jeckyl and Hyde act played by ROS on sperm
structures and functions and in particular on the nucleus.

The fact that it has long been reported that sperm cells are themselves very good producers of
ROS [23], a logical consequence of their high mitochondrial activity when they are motile, is ambiguous.
Could evolution have had the opportunity to do otherwise? Certainly not! Sexual reproduction
requires the physical union of male and female gametes, so one or both cells must be capable of
movement to achieve fertilization. Movement requires energy, which is supplied to aerobic organisms
by oxygen consumption via the mitochondrial respiratory chain, inevitably leading to the generation
of ROS. Thus, ROS are an inevitable consequence of sperm movement. However, evolution has been
smart enough to dampen the harmful effects of ROS by grouping mitochondria into a well-defined
subcellular compartment, the sperm midpiece, where some of the free radicals can be neutralized
before they have a chance to enter the nucleus.

4. Sperm DNA Oxidation is Conditioned by the Chromatin Organization

We have already mentioned above, that whenever ROS homeostasis is modified around sperm
cells, there is a risk of excessive oxidation that can affect its structures and functions. In this section, we
will focus on the oxidation of sperm DNA and, in particular, where it occurs in the mammalian sperm
nucleus from recent data coming from animal and human studies [21,24–26]. We have shown that the
peripheral regions of the mouse sperm nucleus are more sensitive to oxidative DNA alterations [24].
We also showed that the basal region of the sperm nucleus in the immediate vicinity of the sperm
midpiece, the internal source of ROS, was another area preferably affected by oxidative damage [24].
Given the notion of chromosomal territories (CT) within spermatozoa (referring to the fact that within
the sperm nucleus, chromosomes are not randomly organized but occupy specific positions identical
from one sperm cell to another [27]), it was logical to find that the chromosomes that were most
sensitive to oxidative damage were those located in the nuclear periphery and at the base of the
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sperm nucleus [25]. In the case of the mouse sperm nucleus, this referred to the small autosomes
(Chr19, Chr18 and Chr17), all three of which are located near the neck of the cell, closer to the
midpiece (see Figure 5). This also concerned the Y chromosome, which occupies a particular position
in the murine sperm nucleus near the thin, hook-shaped apical head region [21,25]. In addition,
it was very logical to find that regions of low compaction within chromosomes (corresponding to
regions maintained in a nucleosomal organization, i.e., still associated with persisting histones that
were not replaced by protamines during spermiogenesis) were particularly sensitive to oxidative
attack [25]. This conclusion was strongly supported by confocal microscopic images showing that the
oxidized regions of the murine sperm nucleus fully corresponded to the nuclear domains enriched
with persistent histones [24]. In addition, we further observed that the small DNA regions (about 1 kb
long) connecting one protamine toroid to the next one (the interlinker regions) were systematically
more sensitive to oxidation along each chromosome than the domains associated with protamines [25].
This has been illustrated by the rhythmic presence of oxidized DNA domains on the chromosomes at
about 50 kb intervals, which corresponds exactly to the length of DNA associated with each protamine
toroidal ring [25]. Therefore, paternal DNA regions of easy access, lower condensation and near ROS
sources (external/internal) are those that will preferably undergo oxidative alterations.

Identical investigations conducted on human spermatozoa confirmed these observations [26].
In the nucleus of human spermatozoa, the chromosome regions sensitive to oxidation concern the
peripheral nuclear territories and the chromosome domains associated with histones [26]. The same
rhythmic pattern of oxidized regions occurring approximately every 50 kb on the chromosomes and
corresponding to the inter-toroid DNA linkers has also been observed in the human sperm nucleus [26].
The only difference between the chromosome regions of the mouse and human sperm nucleus sensitive
to oxidation comes from the observation that in the human sperm nucleus, almost all chromosomes
were fairly equally affected by oxidative damage [26]. This led to the observation of a linear relationship
between the number of oxidized regions and the length of each chromosome. This was not the case in
the highly compacted mouse sperm nucleus where small chromosomes because of their localization at
the nuclear periphery were most affected by oxidative damage [25]. This difference between the two
species is easily explained by the fact that the human sperm nucleus retains a very high proportion of
persistent histones, compared to the mouse sperm nucleus, which makes it much less condensed [28].
Naturally, this structural feature is likely to facilitate oxidative damage along the length of each human
sperm chromosome. Following the same logic, the number of regions sensitive to oxidation in the
weakly condensed chromatin of human spermatozoa was much higher than that of a mouse sperm
cell (see Figure 5). However, this comparison is of limited value and may be purely fortuitous as it
is difficult to compare one model with the other. Indeed, it is unlikely that the basal oxidation level
of spermatozoa from a normozoospermic human donor can be considered equivalent to the basal
oxidation level of wild-type (WT) mouse sperm cell. Despite the more homogeneous distribution of
oxidized regions on the chromosomes of the human sperm nucleus, some chromosome domains have
nevertheless proved to be particularly sensitive to DNA oxidation [26]. Such an example is the q11–q14
domain of chromosome 15 of the human sperm nucleus where 3 regions of susceptibility to oxidation
have been found. Interestingly, one of these regions (q13–q14) overlaps a locus in which are located
genes involved in syndromes whose frequency in offspring has been associated with the age of the
father and sperm DNA lesions. These syndromes were also associated with poor DNA repair activities
in the oocyte, probably related to maternal age [26]. Contrary to what might have been expected by
looking at the repetitive and G-rich signature of the telomeres (5’-TTAGGG-3’), we did not observe
any particular sensitivity to telomere oxidation in any of the models studied (human [26] or mouse
spermatozoa [24]). Although this may have been due to the technical limitations associated with
sequencing regions full of repetitive sequences, this observation is not conducive to a strong impact of
oxidation on the length of spermatozoa telomeres. Despite reports showing that short telomeres are
associated with sperm DNA alteration (mainly fragmentation) and male infertility [29,30], it is not
yet clear that DNA oxidation directly influences spermatozoa telomere length [31,32]. A recent report
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suggests, however, that ROS may inhibit telomerase activity [33] thus indirectly explaining why male
infertility cases may be found characterized by spermatozoa with shorter telomeres.

Figure 5. The nuclear regions sensitive to oxidation depend on the chromatin organization of the
sperm cells, which is species-specific. In humans and mice, DNA oxidative alterations of spermatozoa
revealed by the presence of 8-OHdG residues by fluorescent confocal microscopy show distinct patterns.
The low nuclear condensation state of human spermatozoa in which a large part of the chromatin is still
in a nucleosomal organization (i.e., associated with persistent histones) explains why 8-OHdG residues
are found throughout the sperm nucleus and why there are so many oxidized domains. This low state
of nuclear compaction is also illustrated by the observation that the number of oxidized regions follows
a linear relationship with the length of the chromosomes. In the more compacted mouse sperm nucleus
containing few histone-bound nucleosomes, the regions sensitive to oxidation are more peripheral and
less numerous. In this less accessible context, the linear relationship between chromosome length and
the number of oxidized regions is no longer valid and only the most exposed (peripheral) chromosomes
are affected by oxidative alterations (as illustrated by autosome 19 and chromosome Y [21,25]). In both
species, the more chromosomes are located at the periphery of the sperm nucleus the more sensitive
they will be to oxidative DNA damage [21,25,26]. In both species, oxidized nuclear regions are regions
enriched with persistent histones [21,25,26].

5. Consequences of Sperm DNA Oxidation

In the transgenic gpx5−/− mouse model (characterized by a light oxidative epididymal luminal
environment [20]), it is estimated that more than one million oxidized guanosine residues (so-called
8-oxodG residues) distributed in 16,000 regions on the chromosomes have occurred, of which 1000 are
particularly oxidized (hot spots [25]). Considering that two of the four deoxynucleotides (guanosine
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and adenosine) are sensitive to oxidation, this gives an idea of the extent of oxidative DNA damage
that a sperm nucleus can undergo. One of the interesting aspects of this mouse model is that the
oxidation of sperm DNA is not associated with DNA fragmentation [20], two conditions that are
widely confused in both the clinical and scientific communities. Indeed, while it is true that massive
oxidation of sperm DNA can lead to DNA fragmentation, fragmentation of sperm DNA can also result
from unrepaired meiotic arrests, poor elimination of apoptotic germ cells and mechanical shearing of
the sperm nucleus during the protamination process of spermiogenesis. Thus, DNA fragmentation
should not automatically result in the oxidation of sperm DNA. Conversely, the absence of DNA
fragmentation does not necessarily mean the absence of DNA oxidation as moderate oxidation does
not create single and/or double-strand breaks. This finding, which has not yet percolated clinically, is
very well illustrated by the gpx5−/− mouse model, whose phenotype is only a slight oxidation of the
sperm DNA without an increase in DNA fragmentation [20]. Nevertheless, when knockout (KO) males
were mated with WT females of proven fertility, an increase in abortions, abnormal developments and
perinatal mortality were recorded compared to WT/WT crosses [20]. This clearly shows that even a
mild oxidation of the sperm DNA alone is sufficient to trigger reproductive failures. As the fertilizing
capacity of these spermatozoa with an oxidized nucleus is not affected in any way, reproductive failures
could only result from an aberrant repair of paternal DNA by the oocyte. It is the oocyte’s task to
ensure that the oxidized residues of the paternal nucleus are removed during the decondensation and
de-protamination steps following fertilization. This will bring the paternal nucleus into a pronuclear
state facilitating syngamy and the restoration of diploidy.

It has been shown that the sperm nucleus contains only the first step of the base excision repair
pathway (BER) represented by the activity of 8-oxoguanine DNA glycosylase 1 (OGG1 [34]). It appears
that sperm do not have the other components of the BER pathway, which includes apurinic endonuclease
1 (APE1) and X-ray repair complementing defective repair in Chinese hamster cells 1 (XRCC1) activities [34].
Only the oocyte BER system can complete the repair process using its XRCC1/APE1 activities to
engineer the replacement of oxidized bases with non-oxidized residues. This oocyte-driven DNA
repair process underlines the importance of oocyte quality in preventing transmission of paternal DNA
alterations into the embryo. Whenever the oocyte’s ability to repair is reduced (e.g., due to maternal
age or non-physiological pressure linked to forced oocyte production following hormonal stimulation
during the course of ART IVF procedures [35]), there is a risk that unrepaired oxidized residues remain
in the paternal pronucleus. If the oocyte BER pathway is not fully effective, and/or if the level of
oxidized bases in the sperm nucleus is too high to be treated properly, this will result in nonrepair
and/or false repair leading to mainly transversion-type mutations (following Hoogsteen base pairing
between 8-OHdG and adenine [36]) that will ultimately be transmitted to the developing embryo and
future generations [37]. Depending on where this occurs, it may call into question the completion
and/or normality of embryonic development as well as the quality of life of the future individual
and beyond. In addition, unrepaired 8-OHdG in paternal pronucleus could, especially if they occur
on CpG islands, have an impact on the reprogramming of the methyl epigenetic mark of adjacent
cytosines. Indeed, it has been shown that oxidized guanine suppresses the methylation of an adjacent
cytosine [38–40]. This could lead to aberrant DNA methylation in the embryo as remethylation of the
paternal nucleus occurs after fertilization [41]. Aberrant methylation of embryonic DNA may explain
abnormal development, altered gene expression, genomic instability and the susceptibility of offspring
to disease [42].

6. Sperm Nuclear Oxidation May Go Well Beyond Base Alterations

If sperm DNA is sensitive to oxidative attacks, this is also the case for the other components of the
nuclear compartment, i.e., the nuclear proteins and the recently characterized nuclear complement
of non-coding RNA (ncRNAs). Together with methylation of cytosine residues, nuclear protein
modifications and the ncRNA profile represent the three levels of epigenetic information carried by
the spermatozoon.
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Spermatozoa cytosine hypomethylation has been associated with infertile patients with oxidative
DNA damage (mainly DNA fragmentation) and elevated seminal ROS; a situation that has been
corrected by antioxidant supplementation [43]. It has been suggested that glutathione synthesis and
homocysteine recycling via the single carbon cycle are the pathways linking oxidative stress and
cytosine hypomethylation [44]. The oxidation of DNMTs (DNA methyltransferases) decreasing their
activity and, as indicated above, the lower cytosine methylation in oxidized CpG regions, are other
pathways by which oxidative stress can influence sperm DNA methylation [45]. Modification of the
sperm cytosine methylation profile by oxidation is an important issue that deserves the attention of
the clinical and scientific communities, as it may be closely related to environmental exposures and
ART [46,47].

In addition to the impact of an oxidized G residue on the methylation process, there is
a second question to consider theoretically if a post-testicular oxidative stress situation occurs.
It concerns the oxidation of methylcytosine (meC) residues carried by the spermatozoa to create
hydroxymethylcytosine residues (hmeC). It is interesting to note that the generation of hmeC is the first
step in an enzymatically-mediated oxidation process (via the TET enzymes: Ten of Eleven Translocases)
which is used to remove meC marks [48] during the post-fertilization reprogramming of the male
pronucleus. This is particularly important for the male pronucleus because the sperm nucleus has
been highly methylated during spermatogenesis. However, it has been shown that some regions of
the male pronucleus must escape this meC erasure process and are therefore maintained in a silent
transcriptional state [49]. If these regions are not properly hydroxymethylated in an oxidation process
independent of TET, this could lead to the demethylation of paternal genomic regions that should
normally be methylated. Such events could lead to significant changes in the embryonic epigenetic
fingerprint later in development. Experiments are underway to test this hypothesis. Preliminary
data suggest that a post-testicular pro-oxidant environment alters both meC and hmeC distribution
within the sperm nucleus [50] In the genetic contexts of WT and gpx5−/− mice, we are presently
carrying out sperm chromatin immunoprecipitation experiments using antibodies specific for meC
and hmeC to identify chromatin regions subjected to differential methylation/hydroxymethylation of
cytosine residues.

Sperm nuclear proteins can also be affected by oxidative alterations as is the case for any protein.
Protein oxidation essentially results in protein carbonylation [51] and redox thiol modification. Protein
carbonylation is defined as the covalent and irreversible modification of the side chains of the amino
acids cysteine, histidine and lysine by peroxidized lipid intermediates such as 4-hydroxy, 4-oxoneonenal
(4-HNE) [52]. As noted above, there is considerable evidence that oxidation of sperm nuclear proteins
containing thiols (including protamines) affects the structure and function of sperm cells. Besides
thiol-oxidation, the carbonylation of sperm protamines can occur in a pro-oxidant environment because
the protamines are rich in cysteine, histidine and lysine residues. It is not expected to be particularly
damaging to the embryo as the nuclear protamines in the sperm are quickly removed after fertilization
and replaced by histones. It is, however, possible that protamine carbonylation, advanced glycation
end products (AGE) and other sperm nuclear protein-protein cross-linking events that are facilitated
upon protein oxidation might modify the kinetics of this protamine replacement process, which was
recently shown to be redox-mediated in the oocyte [22]. More important is probably the oxidative
alteration of the persistent nuclear histones in spermatozoa. To date, it is understood that these
paternal histones will not be replaced in the oocyte and will, therefore, be transmitted to the developing
embryo. If oxidative alterations occur in these histones, this could create unsuspected problems in the
developing embryo, as these histones will be part of the zygote histone code. To our knowledge, this
particular area has not yet been investigated.

Over the past decade, there has been considerable evidence that sperm cells provide the oocyte
with a complex and highly dynamic load of non-coding RNA (ncRNA), which represents another aspect
of the paternal epigenetic heritage. Two recent studies have shown that environmental constraints
such as a particular diet or exposure to behavioral stress modify the profile of sperm RNA [53,54].
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These studies also showed unequivocally that these different sperm ncRNA contents were responsible
for the transmission of the paternal phenotype to the offspring. In addition, it has been shown that
the apocrine secretory activity of the epididymis (i.e., via epididymosomes) is the source of these
changes. We have very recently contributed to this area by showing that the distribution of ncRNAs of
the epididymal epithelium is significantly altered when WT mice are compared to the pro-oxidant
situation experienced by gpx5−/− KO mice [55]. As the epididymis is a provider of ncRNA during
sperm transit, it is therefore expected that if the ncRNA profile of the epididymis changes, the sperm
ncRNA profile will also change. We are currently comparing the ncRNA content of sperm from WT
mice versus gpx5−/− Not surprisingly, our preliminary results [56] confirm this hypothesis. How and
to what extent these different sperm ncRNAs can affect the embryo development program and the
health of the offspring are investigations that must now be conducted.

7. Conclusions

Whether they are unrepaired or falsely repaired oxidized bases promoting the creation of de
novo mutations in the embryo, multiple epigenetic alterations (whether due to changes in the
methylation/hydroxymethylation status of sperm cytosines, the paternally-associated histone code
and/or the sperm ncRNA profile), it is obvious that oxidative stress will have a profound impact on
the sperm structures and functions as well as on the messages it carries in the oocyte and embryo.
These are important questions that still need to be better assessed, especially with regard to the clinical
consequences of ART. As sperm DNA oxidation is much more common in infertile patients than
sperm DNA fragmentation, a better understanding of its consequences on the embryo and the future
individual is needed. In particular, artificial oxidative situations generated in the context of ART
should be seriously evaluated, as they may partly explain the low success rate associated with this
technology, which has not improved significantly over the past 25 years.
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Abstract: Redox regulation and oxidative stress have become areas of major interest in spermatology.
Alteration of redox homeostasis is recognized as a significant cause of male factor infertility and
is behind the damage that spermatozoa experience after freezing and thawing or conservation in
a liquid state. While for a long time, oxidative stress was just considered an overproduction of
reactive oxygen species, nowadays it is considered as a consequence of redox deregulation. Many
essential aspects of spermatozoa functionality are redox regulated, with reversible oxidation of
thiols in cysteine residues of key proteins acting as an “on–off” switch controlling sperm function.
However, if deregulation occurs, these residues may experience irreversible oxidation and oxidative
stress, leading to malfunction and ultimately death of the spermatozoa. Stallion spermatozoa are
“professional producers” of reactive oxygen species due to their intense mitochondrial activity, and
thus sophisticated systems to control redox homeostasis are also characteristic of the spermatozoa
in the horse. As a result, and combined with the fact that embryos can easily be collected in this
species, horses are a good model for the study of redox biology in the spermatozoa and its impact on
the embryo.

Keywords: horses; spermatozoa; reactive oxygen species (ROS); oxidative stress; redox
regulation; equine

1. Introduction

The male gamete, the spermatozoon, is generated in the germinal epithelium of the testes
in a process called spermatogenesis. This epithelium consists of germ cells in different stages of
development, intermingled with Sertoli cells that provide structural support and nursing, protecting the
germ cells. Spermatogenesis is initiated by the differentiation of spermatogonia from a stem cell pool.
These cells initiate a proliferative phase entering a continuous process of mitotic division, dramatically
increasing spermatogonial numbers. This process is usually termed spermatocytogenesis. In the next
step, cells enter a meiotic phase that includes duplication and exchange of genetic information and
two meiotic divisions which reduce the chromosome complement to form round haploid spermatids.
During the spermiogenesis phase, round spermatids experience a dramatic transformation that includes
compaction and silencing of DNA and elongation of the nucleus, development of specific structures
such as the sperm tail and acrosome, relocation of the mitochondria in the midpiece, in addition to
the loss of other organelles and most of the cytoplasm. Fully developed spermatozoa are released in
the lumen of the seminiferous tubules in a process termed spermiation. Recent reviews on this topic
can be found elsewhere [1–4]. Chemically, oxidation is the loss of an electron, while reduction is the
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gain of an electron. This nomenclature reflects the tendency of oxygen, a highly electronegative atom,
to partially or fully steal an electron from other molecules. Reactive oxygen species (ROS) [5,6] are
atoms or molecules with a single unpaired electron, including, among others, superoxide (O2•−), the
hydroxyl radical (HO•) and the lipid peroxide radical (LOO•). Although hydrogen peroxide (H2O2) is
not a free radical, it is a precursor of HO•. UV radiation and the presence of metal ions (Fe2+, Fe3+ or
Cu2+) generate HO•. All aerobic organisms depend on the generation of ATP from electrochemical
energy generated in the four electron reduction of molecular oxygen into water. During this process
the mitochondrial transport chain may lose electrons, leading to the formation of ROS.

Moreover, mitochondrial dysfunction may exacerbate the loss of electrons and thus increase the
production of ROS to toxic levels disrupting redox homeostasis [6]. This particular effect is especially
critical in horses. The stallion spermatozoon is characterized by an unusually intense mitochondrial
activity in comparison with other mammals [7–11].

Spermatozoa were the first cells known to be capable of generating ROS [12]. This early report
demonstrated that bovine spermatozoa produce H2O2 as a consequence of cellular respiration. It also
showed that the production of H2O2 inhibits respiration and concluded that bovine spermatozoa must
be equipped with a mechanism for the elimination of H2O2 at a low rate, to keep it at physiological
levels. For a long time, the production of ROS was considered solely as a toxic byproduct of sperm
metabolism; however, nowadays, extensive evidence indicates that crucial functions of the spermatozoa
are redox regulated, and redox regulation has become a major area of research in sperm biology [13–20].
Since the discovery of ROS production by the spermatozoa, the concept of oxidative stress has evolved,
and enormous research interest in this topic has developed in the last decade. As an example, a
recent search in PubMed retrieved 215842 entries using the term oxidative stress, when this term
was combined with spermatozoa 2777 entries were obtained (https://www.ncbi.nlm.nih.gov/pubmed/,
accessed September, 1 2019). Under aerobic conditions, production of ROS is unavoidable. However,
organisms have evolved to develop complex mechanisms to maintain the production of ROS at
physiological levels (oxidative eustress) and the redox signaling dependent on ROS regulated [21–23].
Interestingly, the ability to respond to ROS appeared very early in the course of evolution, well before
the increase of atmospheric oxygen, probably in response to low ozone levels, since U.V. radiation
splits water into ROS [24].

2. Sources of ROS in the Spermatozoa

Several pathways lead to the generation of ROS, including the production of O2
−•, H2O2, reactive

nitrogen species (RNS), and OH• [25]. The superoxide anion is generated from the coupling of
O2 with an electron (e−). The electron donor is usually NADH or NADPH, and the reaction is
catalyzed by various oxidases; NADPH oxidases, xanthine oxidase and complex I/II/III/IV from the
mitochondria [25]. The generation of H2O2 occurs after the dismutation of O2

−•, mostly catalyzed by
superoxide dismutases (SODs), although a small percentage occurs spontaneously. Some oxidases
also have dismutase activity and may contribute to direct production of peroxide from superoxide.
The reaction of O2

−•with reduced transition metals may lead to formation of H2O2 [25]. Most of the
OH• is generated from H2O2 and O2

−• in a reaction catalyzed by a metal ion (iron or cupper). This is
known as the Habor–Weiss reaction. This reaction occurs in two steps; in the first step, O2

−• reduces
Fe3+ to Fe2+ (Fe3+ O2

−•→ Fe2+ + O2), and the second step is the Fenton reaction where Fe2+ reacts
with H2O2 to generate OH• and OH- (Fe2+ + H2O2 → Fe3+ + OH• + OH−) [25]. Nitric oxide and
ONOO− (form by the combination of NO and O2

−•) are the most important RNS in spermatozoa [25].
Several potential sources can be responsible for ROS production in the spermatozoa, including

the spermatozoa itself and contaminating cells in the ejaculate. Dead spermatozoa are a major source
of ROS, frequently overlooked in reproductive technologies [26]. l-amino oxidase (LAAO) is present
in stallion spermatozoa being able to generate significant amounts of ROS; aromatic amino acids are
substrates for this enzyme, producing substantial amounts of ROS, especially in the presence of dead
spermatozoa [26]. Interestingly, cryopreservation media contain sufficient amounts of aromatic amino
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acids to activate this enzyme. Ongoing proteomic studies in our laboratory have also confirmed the
presence of this enzyme in stallion spermatozoa. A NADP oxidoreductase system has been detected in
the membrane [27], however nowadays it is considered that the main source of reactive oxygen species
is electron leakage in the mitochondrial electron transport chain (ETC) [7,8,10,28–31]. In particular,
defective mitochondria may represent a hallmark of male infertility. Evidences of mitophagy in human
sperm were described in our laboratory, suggesting that activation of mitophagy is a mechanism
that maintains proper sperm function [32]. The sources of reactive oxygen species in the electron
transport chain of the stallion spermatozoa have also recently been investigated in our laboratory [9,10],
confirming the role of the ETC as a main source of ROS in stallion spermatozoa.

3. Redox Regulation and Signaling

Although initially, oxidative stress was defined as a disturbance in the pro-oxidant-antioxidant
balance in favor of the former, current knowledge has evolved and oxidative stress is better defined in
terms of regulation of redox signaling. Numerous processes are redox regulated in biological systems.
Redox regulation is similar to pH regulation, the pH varies in different cellular compartments, also the
redox state is not an overall redox state and vary in different compartments of the spermatozoa [33].
Redox reactions consist of the transfer of electrons (e−) from one molecule (oxidation) to another
molecule (reduction). Thus, reduction implies a decrease in overall charge (more e−) of the molecule,
while oxidation implies an increase in overall charge (fewer e−). Reactive oxygen species, such as the
superoxide anion O2

−•, are low molecular weight compounds that are chemically unstable, particularly
in biological systems [21]. The hydroxyl radical is the most reactive and oxidizes virtually any closer
molecule. The reactivity of HO• is 7 × 109 L mol−1 s −1, while the rate constant for O2

−• is <0.3 and is
2 × 10−2 L mol−1 s−1 for H2O2 [33]. Another electronically excited state of interest in spermatology
is singlet molecular oxygen, generated by photoexcitation mainly by ultraviolet A and B light rays,
but even infrared and visible light may also generate photobiological responses. This is the rationale
of the customary procedure of avoiding light exposure during semen processing [33]. Other species
include alkoxyl and peroxyl radicals, non-radical species such as hypochlorite, peroxynitrite, singlet
oxygen and lipid peroxydes, among others [34]. To understand the basis of redox signaling it is
important to bear in mind the characteristics of different ROS. As previously mentioned the HO• is
the most reactive, and has the shortest half-life (10−15 s.) [24]. The HO•, is considered to be the most
harmful oxidant, with no signaling functions. Although O2

−•may have difficulty diffusing through
membranes due to its anionic charge, it may use specific channels in some tissues [35–37]. Hydrogen
peroxide is a stable compound and in addition is a nonpolar molecule that can easily diffuse through
membranes, and is also transported through aquaporin channels [24,38–40]; all of which make H2O2

a suitable molecule for redox signaling. The primary target of hydrogen peroxide is the thiol group
of the amino acid cysteine, which is oxidized in a reversible fashion. The presence of glutathione
(GSH) and other thiols in spermatozoa is well known [41], also the role of oxidative regulation in
significant biological processes occurs in very early stages of development. For example, studies in
sea urchin, show an oxidative burst that occurs at the time of fertilization preventing polyspermy
through the activation of a dual oxidase (Udx1), that induces cross linking of surface proteins on the
egg surface [42,43]. Also, oxidation reduction processes of sulfhydryl groups of protamines are critical
for chromatin condensation during spermatogenesis [44].

Nitric oxide is a ubiquitous free radical generated from the oxidation of l-arginine to l-citruline
by three isoforms of reduced nicotinamide adenine dinucleotide phosphate (NADPH)-dependent
NO-synthases (NOS) [45]. Among other functions, NO is relevant for spermatogenesis, penile erection,
folliculogenesis, and ovulation [46]. In spermatozoa, NO appeared to play a major role in the regulation
of sperm motility and capacitation [47–49]. Studies in our laboratory have identified the presence of
NOS in stallion spermatozoa, its role in sperm functionality and, interestingly, we also showed the
effect of egg yolk present in freezing extenders scavenging NO [50]. While the NO produced by NOS
is a messenger molecule, it may react with O2

−• to form peroxynitrite (ONOO−) [33], an oxidant that
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may induce 3-nitrotyrosine residues in proteins, affecting mitochondrial functions and triggering cell
death via oxidation and nitration reactions [51]; however, due to the high content of SOD (1000 times
more than intracellular NO levels), the production of ONOOO− is prevented by the rapid dismutation
of O2

−• [25].
Many cellular processes are redox regulated. In spermatozoa, redox regulation has been extensively

studied in relation to capacitation [13,15,52–57]. Capacitation is the maturational process that sensitizes
spermatozoa to recognize and fertilize the oocyte. Capacitation involves, removal of cholesterol from
the plasma membrane, removal of coating materials from the membrane, a rise in intracellular Ca2+,
an increase in intracellular cAMP, and a dramatic increase in tyrosine phosphorylation.

Removal of cholesterol from the membrane is preceded by its oxidation, stimulated by bicarbonate,
and the formation oxysterols [58–60] that are depleted from the sperm membrane by albumin. Different
aspects are worth mentioning in the context of the present review; one is the fact that bovine studies
have demonstrated that after freezing and thawing this oxidative mechanism is altered, offering an
explanation of the reduced fertility of cryopreserved spermatozoa [61]. The stallion spermatozoa
present difficulties to capacitate in vitro, explaining the poor results of conventional IVF in this species.
This issue has been the subject of an excellent recent review [62], and the reader is referred to it
for detailed information in the topic; however, the possibility that this may relate to the specific
redox regulation in spermatozoa is an intriguing possibility that warrants to be further explored;
interestingly, intracellular glutathione (GSH) is much higher in horses than in other domestic species.
Also, during capacitation the sperm plasma membrane potential (E(m)) hyperpolarizes [56,63,64], and
spermatozoa experience alkalinization. Detailed reviews on the molecular aspects of capacitation can
be found elsewhere [17]. Interestingly, only a subpopulation of spermatozoa is able to experience
capacitation [52,56]. Tyrosine phosphorylation is a redox regulated process [17,20,54,65–70]. Other
functions of the spermatozoa, such as activated motility may also be redox regulated [17,71], in relation
to tyrosine phosphatases (PTPs), which are intracellular targets for ROS [72]. The activity of PTPs
depends on a conserved cysteine (Cys) residue, where oxidation results in the inactivation of the
enzyme [22,73]. On the other hand, ROS can also activate kinases. In addition to hydrogen peroxide,
other species such as reduced glutathione (GSSG), hydrogen sulphide and lipid peroxides (LPO) can
inactivate PTPs [74]. Reversible oxidation of target cysteine residues in specific proteins modulates
its activity [22]. In order to function in a reversible manner oxidized cysteine (Cyss) residues need to
be reduced. This reversibility depends on adequate availability of reducing molecules including the
peroxiredoxin (PRDX) family of antioxidant enzymes [22]. Peroxirredoxins have been described in
spermatozoa [13–15,75] and play a major role in sperm function, stressing the importance of redox
signaling in these highly specialized cells. Reversing the oxidized Cys residue in this family of
pathways involves thiorredoxin or GSH. Reduction of the higher oxidation state (sulphinic acid SO2H)
may require sulfiredoxin or sestrins [22,76]. This reversible sequential oxidation of PRDXs allows a
tight regulation of the function of these proteins in a regulation described as a “floodgate” model [77,78].
Spermatozoa are rich in thiols [41], with the majority of thiol groups associated with proteins, which
may suggest that redox regulation is an important regulatory mechanism in these cells. Spermatozoa
are transcriptionally silent cells whose regulation depends on post transcriptional modification of
proteins. One interesting example, since mitophagy has been recently described in spermatozoa [32],
of proteins regulated by reversible oxidation of Cys residues, is the large family of Cys-dependent
proteases [22]. In particular, the cysteine protease HsAtg4 is a direct target for oxidation by H2O2,
specifically a residue located near the protein’s catalytic site [79]. The presence of a similar mechanism
in spermatozoa is an intriguing possibility and deserves further research [32]. Other functions in the
spermatozoa that are redox regulated, include control of motility [71], and binding to the oviductal
epithelium to form the sperm reservoir [80–82].
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4. Modern Concept of Oxidative Stress Applied to Spermatozoa

Since redox regulation is being unveiled as a major mechanism regulating sperm function, probably
at the same level as tyrosine phosphorylation and other post translational modifications of sperm
proteins, sophisticated mechanisms must be present to maintain redox status under physiological
control. Both seminal plasma and the spermatozoa itself contain enzymatic and non-enzymatic systems
that contribute to maintenance of oxidative eustress. Recent research from our laboratory shows that
in stallion spermatozoa seminal plasma plays a major role in regulating redox status. The steady
state redox potential (Eh) can be estimated using the Nerst Equation: Eh = Eo+ RT/Ln [oxidized
molecule/reduced molecule], where Eo is the standard reduction potential, R = gas constant, T is the
absolute temperature, n = number of electrons transferred and F is the Faraday constant [23]. Recently,
a system to easily measure the steady state in semen has become available and is being introduced into
reproductive medicine and clinics. Using this system, Eh is provided as the static oxidation reduction
potential (sORP) and is expressed as millivolts per million spermatozoa. Eh in raw semen (seminal
plasma present) was measured and was found to be 1.62 ± 0.06 mV/106 spermatozoa, when seminal
plasma was removed, it was 7.9 ± 0.79 mV/106 spermatozoa, thus showing a much higher overall
oxidation status [83]. This finding suggests that regulation of the extracellular medium may also be of
great importance as is the case in other cells [83], from this viewpoint it is well recognized that equine
seminal plasma is rich in antioxidants [84–89]. On the other hand, it is important to consider that once
the semen is deposited in the mare’s uterus or is processed, the antioxidants in seminal plasma are
removed from close contact with the spermatozoa, meaning the importance of intrinsic antioxidant
defenses in the spermatozoa become critical [13,15,90–92].

The spermatozoa itself also has antioxidant defenses, including glutathione, and other enzymatic
antioxidant defenses such as the paraoxonase [93–97], thioredoxin [15,98–104] and peroxiredoxin [13,14,
51,75,90,91,105,106] families of proteins. Ongoing proteomic studies in our laboratory have identified
peroxiredoxins 5 and 6, and thioredoxin reductase in stallion spermatozoa. Interestingly, and as
previously indicated, the concentration of intracellular GSH in the horse spermatozoa is higher than in
most domestic species. A recent study in our laboratory revealed that the mean concentration of GSH
in stallions was 8.2 ± 2.1 μM/109 spermatozoa [107], while values reported in other species are in the
nanomolar ranges per billion spermatozoa [41]. These high levels of GSH in stallion spermatozoa, may
be linked to the intense mitochondrial activity of the spermatozoa in this species. Intense mitochondrial
activity causes increased ROS production, and thus sophisticated mechanisms to maintain redox
homeostasis may have evolved differently between species with spermatozoa less dependent on
oxidative phosphorylation for ATP production. In relation to this, evidence of the presence and activity
of the Cystine antiporter SLC7A11 in stallion spermatozoa has been discovered [83]. This antiporter
exchanges extracellular cystine (oxidized form of cysteine) for intracellular glutamate. Once in the
cell, cystine is reduced and used for GSH synthesis. Indirect evidence of the presence of a system
exporting glutamate in spermatozoa were reported as early as in 1959 [108]. Evidence of GSH synthesis
in stallion spermatozoa [107], include the presence of the enzymes glutathione synthetase (GSS) and
gamma glutamylcysteine synthetase (GCLC). In addition, functional studies indicate their activity; the
use of the specific inhibitor l-Buthioninine sulfoximide (BSO) reduced GSH synthesis from cysteine.
In this particular experiment, mass spectrometry (MS) was used to specifically identify GSH and
avoid interference with other thiols. Overall these results point to a sophisticated redox regulation
in stallion spermatozoa. It is considered that most extracellular cysteine is present in the disulfide
form (cystine), thus the presence of the xCT/SLCTA11 antiporter may be a major mechanism of cystine
incorporation in the spermatozoa. This antiporter is present and active in stallion spermatozoa [83].
In addition to its role in the incorporation of cysteine for GSH synthesis, a potential role in an active
Cys/Cyss redox node in the spermatozoa must be considered. Overall, these recent findings support the
hypothesis of a complex redox regulation in the spermatozoa. Oxidative stress is thus better defined
as the fail in the regulation of redox signaling due either to overproduction of ROS, or exhaustion of
regulatory mechanisms. This latter point has recently been addressed, and functionality of the stallion
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spermatozoa is linked to thiol content. When thiols are exhausted stallion spermatozoa rapidly enters
senescence, which is characterized by increased production of lipid peroxides, activation of caspase 3,
loss of motility and death [109,110]. Remarkably, this senescence is triggered by ROS as is capacitation.
It has been proposed that both processes are linked. Only one capacitated spermatozoa will fertilize
the oocyte, while the redundant spermatozoa finally succumb in a truncated apoptotic cascade,
characterized by enhanced mitochondrial ROS production, lipid peroxidation, caspase activation, loss
of motility and phosphatidylserine externalization, representing a signal to phagocytic cells for the
elimination of redundant spermatozoa without significant inflammatory reaction [111].

The stallion spermatozoa is a paradigm of this sophisticated redox regulation; recent research has
shown apparently paradoxical results, in this regard more fertile spermatozoa show increased ROS
production [8], further underlining the concept that a tightly controlled redox regulation occurs in
stallion spermatozoa.

5. The Mitochondria in Redox Signaling

Electrons can be prematurely leaked to oxygen in the ETC or associated to catabolism of
substrates [112,113]. Depending of the number of electrons being leaked, different outcomes are
possible. If leaked one by one they generate superoxide radicals, if in pairs they generate hydrogen
peroxide. When they are properly transferred four at a time, they generate water and drive OXPHOS at
complex IV of the ETC. A growing body of scientific evidence is stressing the role of proper mitochondrial
function in sperm physiology [7,9–11,28,31,32,114–118]; moreover, definition of oxidative stress as the
result of mitochondrial malfunction, states that it is the result of “a dysfunction of electron transfer
reactions leading to oxidant/antioxidant imbalance and oxidative damage to macromolecules” [119].
This theory states that O2

−• does not accidentally leak from the ECT, but instead is a signaling
molecule [119]. Recent research in our laboratory with an aryl hydrocarbon receptor deficient (AhR−/−)
mouse strain, showing males of unusually high fertility (also in terms of number of pups born)
revealed that this strain was characterized by higher mitochondrial activity [120]. Other reports also
link mitochondrial activity with fertility in humans and equines [7,8,28,31,116,121,122]. Interestingly,
the mitochondria are the more sensitive structure in the spermatozoa to stress induced by different
biotechnologies, and have been proposed as a sensitive marker of sperm quality and fertilization
ability [120]. Mitochondrial roles in the spermatozoa may include Ca2

+ storage and signaling,
production of ATP, control of sperm lifespan and activation of a specific form of apoptosis for silent,
non-inflammatory elimination of redundant spermatozoa after insemination, and potentially control
of redox signaling. Numerous evidences point to mitochondria as the hallmark of fertile spermatozoa.
However, proper evaluation of mitochondrial function in spermatozoa is still elusive, and rarely
performed under clinical settings. Fluorescent probes and flow cytometry represent the method of
choice to study mitochondrial function in spermatozoa, with the potential for analysis of thousands
of spermatozoa and simultaneous functions in every single spermatozoon, together with the recent
development of computational methods [29] to study sperm subpopulations makes this technique
the gold standard. However, technical difficulties preclude its wider use in reproductive medicine.
These difficulties relate to special characteristics of commonly used probes, such as the JC-1. This dye
is difficult to compensate using the 488 nm excitation laser due to the spectral characteristics of the
fluorochrome, and the dual excitation depending on the formation of monomers (low mitochondrial
membrane potential) of aggregates (high mitochondrial membrane potential). This particular issue
can be addressed using dual excitation; monomers with the blue 488 nm laser, and aggregates with the
561 nm yellow laser. The application of computational methods to the analysis of data also improves
the identification of specific spermatic subpopulations. The production of hydrogen peroxide in
stallion mitochondria have been investigated in our laboratory [10], inhibition of complex I of the
ETC increased the production of mitochondrial superoxide and hydrogen peroxide, suggesting that
mitochondrial malfunction is a potential source of redox deregulation in stallion spermatozoa. The
inhibition of complex III also caused increased ROS production. In addition, the above-mentioned
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study underpinned the importance of cautious selection of probes to assess ROS in spermatozoa.
However, mitochondrial dysfunction may lead to either reduced or increased production of ROS [112]
depending on the cause of the dysfunction and caution interpreting the results of the analysis of ROS
production in spermatozoa is always advised. Specific antioxidant defenses in the mitochondria of
the stallion spermatozoa include mitochondrial GSH, peroxiredoxin 5 and manganese-dependent
superoxide dismutase (Mn-SOD). Mitochondrial ROS have been implicated in numerous signaling
pathways in somatic cells [112] and is also likely that these species may participate in signaling in
spermatozoa. Together with its importance in sperm regulation, the special characteristics of the
spermatozoa, a cell devoid of most organelles and a very limited cytoplasm, may also mean this cell is
a suitable model for the study of mitochondrial function.

6. Redox Regulation and Sperm Metabolism

Together with mitochondria, in recent years stallion sperm metabolism have been of increased
interest for scientists focused in equine reproduction [11,117]. Mitochondria play major roles in cellular
metabolism, being the energetic power-house of the cell [123]. Oxidative phosphorylation (OXPHOS)
and the tricarboxylic acid cycle (TCA cycle) are well known mitochondrial functions. Recent specific
research in horses has underlined the importance of mitochondria as a provider of energy in the
form of ATP, and the consequences it has for sperm physiology and the functional evaluation of
the spermatozoa [10]. Early studies suggested that spermatozoa were glycolytic cells, however the
participation of oxidative phosphorylation in production of energy is now acknowledged [9]. Early
studies also suggested that ATPs produced by mitochondrial respiration could not reach distal parts
of the flagellum. To solve this problem, shuttle systems and/or glycolysis ought to be present [124].
Also, species specific strategies occur in the predominance of one energy source. Recent proteomic
studies indicate that the spermatozoa can use different substrates for energy, possessing the ability to
oxidize fatty acids [125,126]. The stallion spermatozoa is considered to predominantly use OXPHOS
for the generation of energy [7,8,11,117]. The adenine nucleotide translocator (ANT) catalyzes the
transmembrane exchange of ATP, generated by oxidative phosphorylation, for cytosolic ADP [127].
Inhibition of this protein leads to reduced sperm motility suggesting that ATP produced by OXPHOS
in the mitochondria plays an important role in spermatic motility in horses. Further studies aimed
to clarify the role of mitochondrial ATP in stallion sperm motility. Inhibition of OXPHOS reduced
spermatic motility and ATP content in stallion but not in human spermatozoa suggesting species
specific differences in energetic metabolism [8]. Moreover, this study showed paradoxical relations
between fertility and oxidative stress, fertile stallions were characterized by spermatozoa showing
increased levels of 8-hydroxiguanidine and O2

−•. These increased levels were attributed to increased
mitochondrial activity in the spermatozoa of fertile stallions [8]. The relation between increased
mitochondrial activity and ROS production has also been confirmed in independent studies [11]. In
addition, and in line with these findings, a dramatic decrease in sperm ATP content after mitochondrial
uncoupling and inhibition of mitochondrial respiration was reported [9]. Reduction of ATP was
accompanied by low motilities and velocities, and interestingly, inhibition of mitochondrial respiration
at the ATP synthase complex collapsed sperm membranes. This may relate to the high ATP consumption
necessary to maintain the activity of the Na+-K+ ATPase pump in the spermatozoa [128]. The relation
between ROS production and mitochondrial activity was also confirmed. Despite the predominance
of OXPHOS, glycolysis and other sources of energy are also present in the spermatozoa. OXPHOS
takes place in the mitochondria located in the sperm midpiece, while glycolysis occurs mainly in the
flagellum in which the fibrous sheath is rich in glycolytic enzymes where they are anchored [129–131].
The substrate for glycolysis is glucose, which is incorporated into the spermatozoa through diverse
glucose transporters (GLUTs) [132]. Oxidative phosphorylation uses diverse sources of substrates
derived from the metabolism of carbohydrates, lipids and amino acids. While for a long time a
debate has existed among spermatologists regarding the main source of energy in spermatozoa, the
existence of different bioenergetic strategies in different species is now becoming clear [133], and
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thanks to the introduction of the “omics” technologies into spermatology, the spermatozoa is being
unveiled as a cell with a much higher bioenergetic plasticity that previously assumed [126,134]. In
this regard, recent proteomic studies in horses and humans reveal that beta oxidation of fatty acids
plays an important role in providing energy for the spermatozoa [126,135]. The pentose phosphate
cycle pathway (PPP) is also present in spermatozoa [133,136–141]. NADPH produced by the PPP is
important for the re-activation of 2-CysPRDXS. [90] In human spermatozoa, the pentose phosphate
pathway can respond dynamically to oxidative stress [142] and the inhibition of glutathione reductase
impairs the ability of sperm to resist oxidative stress and lipid peroxidation [140]. Also, NADPH may
play a role in relation to the activity of an NADPH oxidase which plays a role in capacitation [137].
The glutathione peroxidase-glutathione reductase-pentose phosphate pathway system is functional
and provides an effective antioxidant defense in normal human spermatozoa [140,143]. Overall,
current knowledge on sperm metabolism suggests species specific differences and a great metabolic
plasticity in the spermatozoa, which are able to adapt their metabolism to the changing environments
that they are exposed to, on their travel to fertilize the oocyte. Recent research using the strategy of
intervention on the metabolic flexibility of stallion spermatozoa seems promising [7,11,26,117,144],
both in the development of new extenders for long time liquid storage, and as an intervention for
the development of thawing extenders. In this particular aspect, current extenders in use for stallion
spermatozoa contain high concentrations of glucose, around 270–300 mM, these concentrations are far
from being physiological, and may preclude long term preservation of liquid semen. It is well known
that supraphysiological concentrations of glucose may lead to cell death [145] due to accumulation
of advanced glycation end products (AGEs) [146–149]. The discovery of endocrine features in the
spermatozoa also underlines the complex metabolism of these cells that represent an area of great
interest for research in the coming decade [138,150]. Finally, amino-acid metabolism ought to be
considered, this has been reported in fish spermatozoa, and anecdotal reports in mammals using
amino-acids as semen additives support this possibility [151,152]. Additionally, indirect evidence
of the role of the amino acid glutamine in stallion spermatozoa has been recently reported by our
laboratory. Inhibition of the xCT antiporter, and thus increased intracellular glutamate improved
sperm function in fresh extended stallion spermatozoa, but not in frozen thawed samples [83]. The
amino-acid glutamine may enter the Krebs cycle and improve mitochondrial function under some
circumstances [153]. Glutamine metabolism can provide considerable amounts of NADPH, through
the pentose phosphate pathway, and can occur in parallel with aerobic glycolysis depending on
glucose-6-phosphate availability [154]. The increase in sperm functionality after using the xCT
antiporter inhibitor sulfasalazine can be explained through this mechanism.

7. Consequences of Redox Deregulation

In accordance with the current biochemical literature, redox regulation is tightly regulated in
the spermatozoa, with interactions between spermatic metabolism, mitochondrial production and
scavenging of ROS. A summary of current knowledge on redox regulation in stallion spermatozoa
is presented in Figure 1. Many factors can deregulate this complex network in humans and other
animals, including aging, exposure to toxins, particularly alcohol and tobacco in humans, poor diet,
lack of physical activity and systemic diseases including obesity and diabetes [30,155–158]. Also,
current sperm biotechnologies such as cryopreservation cause redox deregulation of spermatozoa,
mainly through a severe mitochondrial osmotic stress [110,118,128,159,160]. Deregulation of redox
homeostasis has a profound impact on sperm physiology and fertility, all spermatic compartments and
functions may be affected. Moreover, impacts on the embryo and the offspring may also occur.
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Figure 1. Overview of redox regulation in stallion spermatozoa. Electron (e−) leakage at the
mitochondria is one of the main sources of ROS. Mechanisms to maintain redox homeostasis include
thioredoxin (TRX) and peroxiredoxin (PRDX) systems and gluthatione (GSH) (green boxes). The
stallion spermatozoa can incorporate cystine (cyss) (blue boxes), through the SlC7A11 x-CT antiporter
by exchange for intracellular glutamate (Glut). Cystine is reduced in the cytoplasm to Cysteine and
contribute to the intracellular GSH pool by the action of the enzymes involved in the synthesis of GHS,
Glutathion syntethase (GSS) and glutamate cysteine ligase (GCLC); this mechanism has been described
only in horses. Controlled levels of ROS regulate sperm functionality through reversible oxidation of
thiols in cysteine containing proteins (blank boxes). If redox regulation is lost, irreversible oxidation
of thiols and oxidative attack to lipids DNA and proteins occurs leading to sperm malfunction and
finally death (red boxes). The hydroxyl radical (OH•) is the most damaging ROS, produced by the
Habor–Weiss/Fenton reaction.

8. Effects on Lipids

Lipid peroxidation is well recognized as a consequence of redox deregulation and loss of redox
homeostasis in spermatozoa. In the stallion model, lipid peroxidation occurs as a consequence
of aging (Figure 2) and sperm biotechnologies such as cryopreservation and chromosomal sex
sorting [89,109,110,161–164]. Deregulation of redox signalling, aging and cell senescence is well
documented, and aged stallions show increased peroxidation of the lipids in the sperm membranes.
Cryopreservation leads to a paradoxical situation, while osmotic induced damage in the mitochondria
may lead to reduced production of ROS, lipid peroxidation increases after freezing and thawing.
On the other hand, spermatozoa that withstands cryopreservation better is also characterized by
increased production of ROS [31]. Lipid peroxidation (LPO) occurs after the oxidative attack of lipids,
mainly the phospholipids and cholesterol of the membranes. Interestingly, LPO induces changes
in the permeability and fluidity of the membranes that can be easily monitored using probes like
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YoPro-1 [165,166]. LPO results in the production of lipid hydroperoxides, which are unstable and
decompose to more stable and less reactive secondary compounds [167–169]. Lipid peroxidation
occurs in three phases, in the initiation phase abstraction of H• from a lipid chain (LH) gives a lipid
radical (L•). Formation of L• is favored in the membrane of the horse spermatozoa due to their
abundance in PUFAs [170,171], in this type of lipid the resulting radical is resonance stabilized [167].
Following initiation the propagation phase continues and the lipid radical reacts with oxygen to generate
a lipoperoxyl radical (LOO•), that reacts with a lipid to yield a L• and a lipid hydroperoxyde (LOOH),
these are unstable molecules that generate new peroxyl and alkoxyl radicals and decompose to form
secondary products [168]. Finally the reaction ends when it gives a non-radical, or non-propagating
species [169]. Among the secondary products formed upon lipid peroxidation of the polyunsaturated
fatty acids (PUFAs) of the sperm membranes, aldehydes have received special attention due to their
toxicity to spermatozoa [109,110,172–179]. Depending on the oxidation of different PUFAs, distinct
compounds can originate, malondialdehyde originates from the oxidation of PUFAs containing at
least three double bonds, like arachidonic acid. 4 hydroxy-2(E)-nonenal (4-HNE) originates from the
oxidation of ω6 fatty acids. The composition of the sperm membrane, suggests that 4-HNE should be
the prevalent compound upon LPO, since docosopentanoic acid (C22: 5ω6) is the predominant PUFA
in the phospholipids of stallion spermatozoa [170]. Interestingly, recently, seasonal variation in the
lipid composition of the sperm membranes has been reported [180]. It should also be noted that 4-HNE,
while triggered by an initial oxidative step, can later continue independent of oxidative stress and
continues providing a source of ω-6 fatty acids is available [181]. 4-hydroxynonenal reacts with GSH
by Michael addition to form GSH conjugates, and although this reaction can happen spontaneously it
occurs much faster in the presence of glutathione-S-transferases. Also, the aldehyde function of 4-HNE
can be reduced into alcohol or oxidized into acid, with the participation of alcohol dehydrogenase
and aldehyde dehydrogenase, forming 1,4-dihydroxynonene and 4-hydroxynonenoic acid, which
can undergo beta oxidation [167]. The role of GSH and aldehyde dehydrogenase has recently been
investigated in stallion spermatozoa in relation to oxidative stress [107,109,110,175], suggesting that
these mechanisms for 4-HNE detoxification are of pivotal importance for spermatic function. The
relation between GSH and 4-HNE in cryopreserved stallion spermatozoa suggest that GSH is effectively
a major mechanism for detoxifying 4-HNE [110]. Also, aldehyde dehydrogenase has proven to be a
major detoxifying mechanism for 4-HNE in stallion spermatozoa [175]. Lipid peroxidation has been
traditionally detected using BODIPY dyes [89,182]; however, its dual fluorescence and its lipid binding
can make this dye difficult to interpret upon flow cytometry analysis. More recently, lipid peroxidation
is being detected using antibodies against 4-hydroxynonenal (4-HNE) [110,175,183]. The availability
of secondary antibodies marked with different probes makes this technique suitable for multicolor
panels, and to study the relation between increased levels of 4-HNE and sperm functionality using
multiparametric analysis. Mass spectrometry is also a suitable tool for the study of lipid peroxidation
induced changes in the spermatozoa and has recently been used in our laboratory to monitor GSH [107].
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Figure 2. Effect of stallion age in the peroxidation of sperm membranes, semen was collected from
stallions of different ages (to 5 years old, 5–10, 10–15 and more than 15 years old) and lipid peroxidation
was assessed flow cytometrically after BODIPY 581/591 C11, as seen in the figure, lipid peroxidation
increases with age.

9. Effects on Proteins

Oxidative modifications of structural and functional proteins are one of the major factors involved
in protein dysfunction. Protein carbonyl content is a commonly used biomarker of oxidative damage
of proteins. Toxic adducts derived from LPO can diffuse through membranes allowing the reactive
aldehydes to covalently modify proteins [173,174,184,185]. In addition to advanced lipid peroxidation
end products (ALEs), products derived from the glycoxidation of carbohydrates, that will form
advanced glycation end products (AGEs) can also induce protein carbonylation [169]. There is an
excellent recent review of this particular topic focused on the spermatozoa [51] and the reader is
referred to it for complete details.

10. Oxidative DNA Damage

Spermatozoa harbor the haploid paternal genome and also important epigenetic information with
regulatory roles for early embryo development [186]. Recently, it has been reported that biotechnologies
such as cryopreservation damage sperm genes with important roles in fertilization and early embryo
development, even in the absence of detectable DNA fragmentation [187,188]. Cryopreservation can
also damage the sperm epigenome [189]. Many assays have been developed to investigate DNA
integrity in the spermatozoa [190,191]. It is considered that most of the DNA damage is caused by an
oxidative mechanism. Oxidation of nucleotides can cause abasic pairs in DNA, increasing the risk of
replication errors. Loss of a base in DNA, i.e., creation of an abasic site leaving a deoxyribose residue
in the strand, is a frequent lesion that may occur spontaneously, or under the action of radiation or
alkylating agents, or enzymatically as an intermediate in the repair of modified or abnormal bases. The
abasic site lesion is mutagenic or lethal if not repaired. From a chemical view point, the abasic site is an
alkali-labile residue that leads to strand breakage through beta- and delta- elimination [192,193]. More
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recently, multiple consequences of the electrophilic nature of abasic lesions have been revealed [194],
and oxidized abasic sites are nowadays considered irreparable, leading to the most deleterious form
of DNA damage, inter-strand cross links and double strand breaks [195,196]. Detection of oxidized
nucleotides in sperm with flow cytometry has been reported using a specific antibody against the
oxidative derivative of guanosine, 8-hydroxyguanosine [109,197], and threshold values for fertility
have recently been reported in humans [198]. Another newly developed flow-cytometry-based assay,
for evaluation of oxidative stress in sperm DNA, is the γHA2AX assay [199]. Although most histones
are replaced by protamines, a small fraction remain in the nucleosome (5-15% in humans). This
fraction contains the H2AH histone that is phosphorylated in Ser139 when under oxidative stress.
The detection of γHA2AX (the phosphorylated form of the histone) has proven to be more sensitive
than the TUNEL assay to detect DNA fragmentation, and also to be better correlated with pregnancy
outcome in humans [200].

11. Impact of Early Embryo Development (EED)

Fecundation of the egg by spermatozoa with compromised redox regulation or experiencing
non-lethal oxidative stress has important consequences with regard to embryo viability and the
health and well-being of the offspring [201]. Assisted reproductive technologies such as in vitro
fertilization and ICSI are associated with an increased incidence of birth defects in offspring [202].
Animal studies indicate that fecundation with spermatozoa experiencing oxidative stress may cause
embryonic death [203], an effect that has been linked to oxidative damage in the spermatozoa [204].
Recent research from our laboratory has compared the effect of cryopreservation on the transcriptome
of early equine embryos [205]. Using the same ejaculate, half processed as fresh sperm and the
other half frozen and thawed, we obtained embryos from the same mare and stallion after artificial
insemination with the aliquot of fresh sperm and, in the mare’s next cycle using the frozen thawed
semen aliquot. The transcriptional profile of embryos obtained with frozen thawed spermatozoa
differed significantly from that of embryos obtained with the fresh sperm aliquot of the same ejaculate.
Significant downregulation of genes involved in biological pathways related to the gene ontology
(GO) terms oxidative phosphorylation, DNA binding, DNA replication, and immune response. Interestingly,
many genes with reduced expression were orthologs of genes in which knockouts are embryonic
lethal in mice [205]. While the exact mechanism behind these changes remains to be elucidated, redox
deregulation and oxidative stress in the spermatozoa seem to be an important factor. The spermatozoa
is known to carry proteins [201], and numerous ncRNAs [206] to the oocyte, with important functions
in early embryogenesis. However, it has recently been reported that caput epidydimal mouse sperm,
which has not yet incorporated RNAs, can support full development [207]. The impact of redox
deregulation on sperm proteins is well recognized and has recently been reviewed [51,208], so it is
not unlikely that oxidized proteins can be incorporated by the embryo impacting its development.
Recently, preimplantation proteins in the human embryo with potential sperm origin have been
identified [201]. In particular, 93 different proteins have been proposed as related to zygote and early
embryo development before implantation in humans, moreover up to 560 sperm proteins with known
roles in the regulation of gene expression in other cells or tissues have also been identified [201].
Even though further investigation is needed in this field, oxidative damage to sperm proteins with
important functions during early embryo development may occur. Further supporting this hypothesis
is the fact that biological processes such as DNA binding and replication, and Histone Acetylation were
downregulated in embryos obtained with cryopreserved spermatozoa [205], and many of the proteins
mentioned above have roles in these processes [201].

12. Concluding Remarks

Redox regulation plays a major role in controlling sperm functionality, recent research is unveiling
the existence of sophisticated redox regulation systems that may constitute targets for the treatment
of the male factor subfertility. In addition, the interaction between metabolism and redox regulation
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may offer alternatives to traditional methods of sperm conservation. The increasing use of proteomic
techniques in research in spermatology will provide significant advances in the understanding of redox
regulation in the spermatozoa in coming years.
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Abstract: Spermatozoa are physiologically exposed to reactive oxygen species (ROS) that play
a pivotal role on several sperm functions through activation of different intracellular mechanisms
involved in physiological functions such as sperm capacitation associated-events. However, ROS
overproduction depletes sperm antioxidant system, which leads to a condition of oxidative stress (OS).
Subfertile and infertile men are known to present higher amount of ROS in the reproductive tract
which causes sperm DNA damage and results in lower fertility and pregnancy rates. Thus, there is a
growing number of couples seeking fertility treatment and assisted reproductive technologies (ART)
due to OS-related problems in the male partner. Interestingly, although ART can be successfully used,
it is also related with an increase in ROS production. This has led to a debate if antioxidants should
be proposed as part of a fertility treatment in an attempt to decrease non-physiological elevated
levels of ROS. However, the rationale behind oral antioxidants intake and positive effects on male
reproduction outcome is only supported by few studies. In addition, it is unclear whether negative
effects may arise from oral antioxidants intake. Although there are some contrasting reports, oral
consumption of compounds with antioxidant activity appears to improve sperm parameters, such
as motility and concentration, and decrease DNA damage, but there is not sufficient evidence that
fertility rates and live birth really improve after antioxidants intake. Moreover, it depends on the
type of antioxidants, treatment duration, and even the diagnostics of the man’s fertility, among other
factors. Literature also suggests that the main advantage of antioxidant therapy is to extend sperm
preservation to be used during ART. Herein, we discuss ROS production and its relevance in male
fertility and antioxidant therapy with focus on molecular mechanisms and clinical evidence.

Keywords: assisted reproductive technologies; sperm ROS; pregnancy; infertility; antioxidants
therapy; reproductive outcome

1. Introduction

The mammalian spermatozoon is a cell with a high demand for energy to perform its function.
Spermatozoa obtain their energy by two main metabolic pathways: glycolysis that occurs in the
principal piece of the flagellum and oxidative phosphorylation (OXPHOS) that takes place on
mitochondria located at the midpiece of the flagellum [1]. Spermatozoa contain between 50 and 75
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mitochondria [2] and as with any other kind of cell that performs aerobic metabolism, is associated
with the production of free radicals named reactive oxygen species (ROS) that include the hydroxyl
radicals (•OH), superoxide anion (•O2

−), hydrogen peroxide (H2O2), and nitric oxide (NO). These
ROS are highly reactive molecules due to the presence of an unpaired electron in their outer shell.
In addition, they have a very short half-life in the range of nanoseconds to milliseconds. ROS are
produced as a consequence of natural cell machinery and participate in the normal function of a cell.
However, when ROS production overcomes cellular antioxidant defenses surpassing a physiological
range, they cause deleterious effects due to oxidative stress (OS) that results in oxidation of lipids,
proteins, carbohydrates, and nucleotides [3].

Male subfertility and infertility have been associated with OS. Moreover, since infertile men have
lower seminal plasma antioxidant capacity in comparison with fertile men, when higher levels of
ROS occur, they led to an increase of lipid peroxidation (LPO) [4]. It is well described that when ROS
overproduction occurs, it induces sperm DNA damage, although they have the potential to fertilize
embryo development and fertility might be disturbed [5,6]. It is unclear how this is related with the
fact that nowadays infertility is becoming a worldwide health problem, where one out of six couples
are under fertility treatment and thus the use of assisted reproductive technologies (ART) to overcome
this problem is growing exponentially. Nevertheless, ART is not harmless and is also associated with
an increase of ROS production [7]. Although there is literature focused on the effects of consumption
of oral substances with antioxidant properties on sperm parameters, the purpose of this review is to
discuss the efficiency of antioxidant intake as a dietary supplement as well as an additive through
ART procedures to counteract excessive ROS production that leads to infertility. We will also focus
on the molecular mechanisms of action of those compounds with antioxidant activity in the male
reproductive system, mainly reviewing literature that relates antioxidant treatment with ART, clinical
pregnancy, and live birth as final outcomes.

2. Sources of ROS in Spermatozoa

Several situations result in nonphysiological levels of ROS overwhelming the natural scavenger
systems (Figure 1). For example, lifestyle habits, such as alcohol consumption, smoking, exposure
to toxicants, or pathologies such as obesity, varicocele, stress, and ageing have been associated with
increased production of ROS in seminal plasma [8]. Presence of leucocytes in semen, as well as
high percentage of spermatozoa with morphological anomalies [9] or immature spermatozoa with
cytoplasmatic droplets containing high amount of enzymes are some examples associated to high ROS
levels [9–12].

Currently, human infertility is a global health problem that has led to an exponential grown
in the use of ART in the last years to overcome fertility problems. However, ART protocols imply
sample centrifugation, light exposure, change of oxygen concentration, pH, or temperature, and the
use of culture media with metals content that can produce hydroxyl radicals by Haber–Weiss and
Fenton reactions (see explanation below). Hence, optimization of ART protocols has been proposed to
minimize artificial ROS production, for instance, by decreasing g-force during sperm selection [13],
decreasing spermatozoa incubation time during in vitro fertilization (IVF), which in turn decreases
the time where aberrant spermatozoa that produce more ROS are in contact with the oocyte, and by
decreasing sperm concentration or atmospheric oxygen concentration during embryo culture under
in vitro conditions [7]. In order to reduce human leucocyte contamination on raw semen, paramagnetic
bead technology (Dynabead®) can be used. Thus, magnetic beads coated with leukocyte antigen CD45
decrease leukocyte contamination [14,15], doubling the percentage of spermatozoa–oocyte penetration,
as shown in a heterologous assay using hamster oocytes [16].
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Figure 1. Potential stimuli that cause reactive oxygen species (ROS) production in spermatozoa.

3. Bivalent Role of ROS on Sperm Function

Mammalian spermatozoa are extraordinary cells able to survive in a different body from where
they were created. They are very specialized cells having the sole purpose to deliver the paternal
genome into the oocyte. However, after ejaculation, spermatozoa must undergo a complex process
within the female reproductive tract named capacitation, which allows spermatozoa to fertilize the
oocyte [17,18]. Capacitation is a cascade of different cellular events that imply high production and
consumption of energy. Although there is controversy on the preponderant metabolic pathways,
glycolysis or OXPHOS, used by spermatozoa to generate energy in the form of ATP, it seems that
there are sperm species preferences [1]. OXPHOS is the most efficient pathway, obtaining about 30
molecules of ATP by oxidizing one molecule of glucose, while during glycolysis, only two molecules
of ATP are obtained per molecule of glucose. It has been described that OXPHOS is the major
source of ROS in spermatozoa [19]. Furthermore, ROS might play a bivalent role in sperm function:
mild ROS levels boost different intracellular events that culminate on oocyte fertilization, while
higher ROS levels induce sperm DNA damage and embryo miscarriage [20,21]. In a comprehensive
review, Ford summarized ROS physiological functions on sperm capacitation [22]. It is known that
soluble adenylyl cyclase (sAC) is activated by bicarbonate and Ca2+, converting ATP into cAMP,
subsequently activating the PKA pathway that mediates the phosphorylation of protein in tyrosine
residues, which is used as a hallmark of sperm capacitation [23,24]. It has been proposed that ROS
participate in the activation of the cAMP/PKA pathway by increasing cAMP levels, although the
mechanism of cAMP production is still not clear in spermatozoa [22]. In adipocytes, it has been
proposed that the mechanism of action is through inhibition of phosphodiesterase activity [25].
In human spermatozoa, it was proven that ROS action is mediated by PKA [26]. Thus, the induction
of tyrosine phosphorylation was suppressed by a PKA inhibitor (H89) and the responsiveness to
progesterone (sperm-oocyte fusion) when spermatozoa were coincubated with NADPH proved it to
be a ROS generator [26]. In a different study, capacitated human spermatozoa showed increased
levels of cAMP that was mimicked in vitro by exposure of spermatozoa to superoxide anions (O2

−).
Superoxide dismutase (SOD) addition inhibited cAMP levels and the sperm acrosome reaction in a
concentration-dependent manner [27]. These results were confirmed by others where superoxide
anions increased cAMP concentration and capacitated spermatozoa produced H2O2, leading to an
increase in protein tyrosine phosphorylation [28]. Nevertheless, when ROS production overcomes
antioxidant defenses, detrimental effects on spermatozoa can be summarized as increased LPO
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and DNA damage and reduction of sperm motility, which are associated with lower sperm fertility
(Reviewed by [29]). Thus, ROS homeostasis is pivotal for male reproductive potential as they mediate
important functions of sperm, such as capacitation, but when ROS levels surpass these biological
levels, they readily oxidize lipids and proteins at membranes and compromise sperm quality and
fertilization capacity (Figure 2).

 
Figure 2. Proposed model of the bivalent role of reactive oxygen species (ROS) in sperm. (i) High
levels of ROS concentration induced by different factors such as assisted reproductive technologies
(ART), diseases, medical treatment, life style, etc., overwhelming the sperm antioxidant system induce
plasma membrane lipid peroxidation and DNA damage. (ii) Physiological ROS level produced mainly
by mitochondria induce production of high levels of cAMP by an undetermined mechanism, activating
the PKA pathway, and leading to tyrosine phosphorylation, a hallmark of sperm capacitation.

4. Mechanism of ROS Defense in Spermatozoa

Spermatozoa differentiation is achieved during spermiogenesis as they gradually lose their
cytoplasm. By the end of the process, the cytoplasm content is very small compared to other cells,
where most of the space is occupied by DNA (sperm head). This special feature results in spermatozoa
possessing low intracellular antioxidant activity consisting of superoxide dismutase (SOD), nuclear
glutathione peroxidase (GPx), peroxiredoxin (PRDX), thioredoxin (TRX), and thioredoxin reductase
(TRD) [30]. Therefore, sperm ROS scavenger activity basically depends on the antioxidant content of
the seminal plasma, which is formed mainly by a trio of enzymes where SOD converts superoxide anion
(O2

−.) to hydrogen peroxide (H2O2), preventing the formation of hydroxyl radical that is an inductor
of LPO. However, the H2O2 generated is a strong membrane oxidant that is rapidly eliminated either
by catalase (CAT) or GPx activities, giving H2O as a product. Finally, seminal plasma also contains
nonenzymatic antioxidant components such as α-tocopherol (vitamin E), ascorbic acid (vitamin C),
pyruvate, urate, taurine, and hypotaurine [31].
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It should be noted that most ART involves washing steps, meaning that all the natural antioxidant
defenses contained in seminal plasma are removed. Likewise, this also happens after natural
insemination. During ejaculation, spermatozoa are surrounded by antioxidant molecules coming
from seminal plasma but once the ejaculate reaches the vagina, seminal plasma is diluted, leading in
both cases to spermatozoa facing ROS. Although spermatozoa possess antioxidant scavenger systems,
it seems that they are not strong enough when ROS levels exceed physiological levels, subsequently
making spermatozoa highly susceptible to OS.

5. Lipid Peroxidation

The sperm plasma membrane contains a high proportion of polyunsaturated fatty acid (PUFAs)
to generate the fluidity needed in order to accomplish the membrane fusion events associated with
fertilization. This high PUFAs content makes spermatozoa especially susceptible to suffer LPO [32,33].
The highly reactive hydroxyl radical (OH−) is an inductor of LPO produced through two consecutive
reactions (Figure 3): the first is the Haber–Weiss reaction in which a ferric ion (Fe3+) in the presence of
a superoxide radical (O2

−) is reduced to ferrous ion (Fe2+), followed by Fenton reaction, where Fe2+

reacts with hydrogen peroxide (H2O2), forming Fe3+ and a hydroxyl radical (OH−).

Figure 3. Haber–Weiss Reaction and Fenton reaction.

Secondary products are formed during LPO: malondialdehyde (MDA), propanol, hexanol,
and 4-hydroxynonenal (4-HNE) [34], which are highly reactive and may attack other nearby PUFAs,
thus initiating a chain reaction with harmful effects that eventually disrupts membrane fluidity. These
secondary products are used as lipid oxidative stress biomarkers.

Nowadays, cryopreservation is becoming an important issue for the success of ART in humans
and livestock. Although cryopreservation is routinely used, it is a tough procedure associated with
deleterious effects on sperm function due to an increase of ROS production linked to LPO and thus an
increase of membrane permeability [35–37]. In this context, the use of antioxidants as additives during
cryopreservation/thawing procedure is a common strategy to counteract negative effects of ROS on
sperm function.

6. Effects of Oral Antioxidant Intake on Male Reproductive Outcome

Currently, there is a growing trend of oral antioxidant intake to counteract high levels of ROS
found in spermatozoa and seminal plasma of subfertile or infertile men. This hypothesis is supported
by several works that describe an improvement of sperm parameters after oral antioxidant intake.
Among those improvements, sperm concentration, motility, or decrease of DNA damaged are reported
(Reviewed by [38]). However, only a few works have shown the effect of antioxidant therapy on
fertility outcomes. Here, we discuss the major findings of oral antioxidant intake in reproduction
outcome and its endpoints, such as fertility and live birth (summarized in Table 1).
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6.1. Carnitines

Carnitines are synthetized by the organism and found in seminal plasma at higher concentration
than in spermatozoa. The l-carnitine (LC) isomer is the bioactive form [54] with a pivotal role
in mitochondrial β-oxidation, acting as a shuttle of the activated long-chain fatty acids into the
mitochondria [55] where l-acetyl-carnitine (LAC) is an acyl derivative of LC. Long-chain fatty acids
provide energy to mature spermatozoa (with positive effects on sperm motility) and during maturation
and the spermatogenic process [56]. Oral intake of LC (1 g twice/day) and LAC (0.5 g twice/day)
for three months reduced ROS levels in spermatozoa and improved pregnancy (11.7%) in patients
with abacterial prostate-vesiculo-epididymitis (PVE) with normal values of leucocytes, but it did not
improve pregnancy at all (0%) in those PVE patients with high levels of leucocytes [40]. A year later, the
same group tested patients diagnosed with abacterial PVE concomitant with high levels of leucocytes
and showed that pretreatment for two months with a nonsteroidal anti-inflammatory followed by two
months of carnitine oral intake achieved 23.1% pregnancy in comparison with the four-month carnitine
intake group (0%), nonsteroidal anti-inflammatory group (6.2%), and the group receiving four-month
nonsteroidal anti-inflammatory compounds and carnitines (3.8%) [41]. In another study, the effect of
daily intake of LC (3 g), LAC (3 g), or a combination of LC (2 g) and LAC (1 g) was discriminated over
six months and results were followed up 9 months after intervention in idiopathic asthenozoospermic
men (n = 60) [42]. Treated men improved their total oxyradicals scavenging capacity of seminal
fluid [42]. Overall, LAC or the combination of LAC + LC treatment had better improvement of sperm
motility and concentration. Nevertheless, those patients with lower basal values of sperm motility
had higher probability to respond to the treatment but pregnancy rate was not improved by any
treatment in comparison with placebo control group [42]. Recently, coadministration of LC fumarate
(2 g), LAC (1 g), and clomiphene citrate (50 mg) concurrently with vitamins and minerals in patients
with idiopathic oligo- and/or asteno- and/or teratozoospermia (n = 173) enhanced sperm concentration
specially in those patients with multiple impairment semen parameters (oligoasthenoteratozoospermic
patients), but did not improve the morphology, progressive sperm motility neither pregnancy rates in
comparison with control group [44]. A meta-analysis concerning carnitine used as an oral antioxidant
therapy concluded that this molecule might be effective for improving pregnancy rates regarding the
limits of patient inclusion criteria and the lower number of men evaluated in each study [57].

6.2. Vitamins

The interest of vitamin E and its use as antioxidant is due to its protective activity against ROS
which subsequently decreases LPO, and therefore exerts positive effects on sperm functions, such
as sperm concentration and motility [58]. However, its effects in fertility are less clear. For example,
in a small clinical trial (n = 30), oral administration of vitamin E (300 mg twice daily) for three
months raised the levels of vitamin E in blood serum, although human seminal plasma levels were
not modified, questioning its possible effects on reproductive parameters [50]. Nevertheless, in this
clinical trial, vitamin E treatment achieved an improvement of the zona pellucida binding test without
any other improvement described, including ROS level [50]. Similarly, 15 normospermic infertile
men after one month of daily consumption of 200 mg of vitamin E improved their fertilization rate
(19.3 ± 23.3 pretreatment versus 29.1 ± 22.2 post-treatment) after IVF. Those results were associated
with lower sperm LPO levels in comparison with preintervention values [52]. In another work, oral
administration of vitamin E (100 mg thrice daily) to patients with asthenospermia (n = 52) established
three different groups of men according to the results: (i) men without improvement of their sperm
motility (40%); (ii) men with improved sperm motility but did not achieve pregnancy (39%); (iii) men
with improved motility and achieved pregnancy (21%), of which 81.8% of pregnancies finished in
live birth. The placebo control group did not achieve any pregnancies [47]. Later, daily intake of
a combination of vitamin E and C (1 mg of each component) for two months in patients where
intracytoplasmic sperm injection (ICSI) had previously failed was studied (n = 38). The results showed
two different populations: (i) those where the antioxidant treatment decreased the percentage of sperm
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DNA damage (n = 29) and (ii) those where the treatment did not affect this parameter (n = 9) [49].
The most interesting result was observed in the responsive group that after ICSI, the pregnancy rate
(6.9 vs. 49.3%) and implantation rate (2.2 vs. 19.2%) were improved compared with the pretreatment
group, although no differences were found in embryo quality [49]. In a nonplacebo-controlled and
nondouble-blind design trial, daily intake of a combination of selenium (200 μg) and vitamin E (400 UI)
followed for 3.5 months by infertile men (n = 690) achieved 10.8% spontaneous pregnancy [50].

Several studies have been performed looking for beneficial effects from a combination compounds
with antioxidant activity. For example, a formulation using a mix of several compounds with
antioxidant activity (vitamin C, vitamin E, carnitine, folic acid, lycopene, selenium, and zinc) was
evaluated using a mouse Gpx5 knock-out (KO) subjected to a second stress: scrotal heat (KO + SH)
(42 ◦C for 30 min) [58]. Although the exact ingestion quantity of this antioxidant combination could
not be determined, their effects include the reversion of sperm DNA oxidation induced in KO + SH
animals and protection of seminiferous tubules. The results showed that animals supplemented with
KO + SH versus the nonsupplemented animals had double the fertilization rate (73.7 vs. 35.2%) and
fetus reabsorption was halved (8.9 vs. 17.8%) [58]. In another trial, infertile human patients with oligo-
and/ or astheno- and/or teratozoospermia with or without varicocele (n = 104) using a combination of
antioxidants (vitamin C 90 mg, vitamin B12 1.5 μg, LC 1mg, fumarate 725 mg, LAC 500 mg, fructose
1000 mg, CoQ10 20 mg, zinc 10 mg, and folic acid 200 μg) were studied for six months. The results
showed that the individuals from the treated group, regardless of whether they suffered from varicocele
or not, presented improved sperm concentration total sperm motility [43]. Moreover, after treatment,
22.2% (10/45) of supplemented patients achieved pregnancy, while in the control group, only 4.1%
(2/49) of the couples were pregnant [43]. A close analysis of the men from the supplemented group
revealed that only 4.8% (1/21) of patients suffering varicocele improved after treatment, while the
nonvaricocele group achieved 37.5% (9/24) pregnancy [43]. A different group studied the effect of
a commercial multiantioxidant supplement (vitamin E 400 IU, vitamin C 100 mg, lycopene 6 mg, zinc
25 mg, selenium 26 μg, folate 0.5 mg, garlic 1000 mg) for three months on 60 men with high levels of
DNA fragmentation and poor sperm motility and membrane integrity [51]. The treatment achieved
doubled pregnancy rate (63.9 vs. 37.5%), implantation rate (46.2 vs. 24%), and viable pregnancy
rate (38.5 vs. 16%) versus the placebo group without any modification of any sperm parameters,
fertilization, or embryo quality rates [51]. However, this work was later criticized because of the
experimental design, particularly the low number of individuals in the trial, unequal distribution
of individuals between the placebo (n = 16) and treatment groups (n = 36) and the suitability of the
statistical analysis used [59].

Contradictory results were found when men were supplemented with different oral antioxidants
after varicocelectomy. Oral intake of vitamin E (300 mg twice/day) for 12 months (n = 40) improved
the sperm parameters of sperm concentration and the percentage of motile spermatozoa, although
these data were not significant compared with control [60]. Recently, a multiple antioxidant combo
was tested (l-carnitine fumarate 1 g, acetyl-l-carnitine HCl 0.5 g, fructose 1 g, citric acid 50 mg, vitamin
C 90 mg, zinc 10 mg, folic acid 200 μg, selenium 50 μg, coenzyme Q-10 20 mg, and vitamin B12 1.5 μg)
after varicocelectomy (n = 90) for six months [45]. Surgery improved the following sperm parameters:
sperm concentration, percentage of motile spermatozoa or progressive motility, and spermatozoa with
normal morphology. Moreover, treated men achieved 29% pregnancy versus 17.9% in the placebo
group [45].

6.3. Zinc

Zinc is a metalloprotein cofactor for DNA transcription and protein synthesis. Moreover, zinc is
necessary for the maintenance of spermatogenesis and optimal function of the testis, prostate, and
epididymis [61], in addition to their antioxidant properties preventing LPO [62]. A trial using zinc
sulphate as an antioxidant therapy administrated orally (250 mg twice daily) for three months reported
an improvement in the reproductive outcome of asthenozoospermic men (n = 100), particularly in the
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sperm parameters of concentration, motility, and sperm membrane integrity (hypoosmotic swelling
test). It was also noticed a decrease of antisperm antibodies on seminal plasma without modification of
zinc levels on seminal plasma [53]. Pregnancies were also improved in couples where men underwent
treatment when compared with placebo, 22.5% (11/49) versus 4.3% (2/48), respectively [53]. In another
trial with only 14 patients and no control group, sperm parameters were improved after zinc treatment
(220 mg daily for four months) and 21.4% (3/14) of patients achieved pregnancy and increase zinc levels
on seminal plasma [52]. Although beneficial evidence has been found on reproductive outcome after
zinc intake, the lower number of studies and subjects under treatment without a proper control does
not allow further discussion of the possible positive effects of zinc intake on reproduction outcome.

6.4. Natural Compounds—Traditional Medicine

Natural compounds have been used traditionally to treat diseases. For instance, beneficial effects
on reproductive outcome have been reported using products derived from tea (Camelia sinensis (L.)),
which is the second most consumed beverage after water [63]. For example, an in vitro experiment
using green tea extract or epigallocatechin-3-gallate (EGCG) added to human spermatozoa media
improved sperm capacitation hallmarks, such as tyrosine phosphorylation and cholesterol efflux,
through the estrogen receptor pathway [64]. EGCG has been shown to have beneficial effects when
extreme stresses are applied to male mice [65,66]. Interestingly, adverse effects induced by artificial
testicular hyperthermia were ameliorated by oral administration of green tea extract [65]. Positive
effects were visible after 28 days of heat stress induction, improving sperm concentration, percentage
of motile and progressive spermatozoa, and sperm membrane integrity [65]. Another example of the
beneficial effects of EGCG were described when intraperitoneal administration (50 mg/kg) protected
against testicular injury induced by ionizing radiation in rats [66]. Thus, treated animals restored
testicular function with an improvement in the number of pups by littler reducing LPO (TBARs)
and protein carbonyl levels [66]. EGCG’s mechanism of action is via the mitogen-activated protein
kinase/BCL2 family/caspase 3 pathway [66]. In another work, the combination of two different
tea extracts, white and green, where evaluated as additives to improve ART sperm of rats stored
at room temperature. The authors found doubled levels of epigallocatechin (EGC) and EGCG in
white tea in comparison with green tea [67], highlighting the variability associated with the type of
tea extract used. Moreover, although both extracts had positive effects, the white tea extract had
better ferric reducing antioxidant power than the green tea extract and the control. The beneficial
effects were proportional to the concentration used, with 1 mg/mL of white tea extract being the best
concentration tested for improving sperm survival and decreasing LPO over 72 hours of storage at
room temperature [67]. Encouraged by the antioxidant effects on sperm parameters of white tea,
the same group explored the oral administration potential of the extract to improve prediabetic type
II (PreDM) male reproduction features known to be decreased due to oxidative stress [68]. PreDM
is characterized by mild hyperglycemia, glucose intolerance, and insulin resistance and has been
related with infertility or subfertility problems in males [69]. Consequently, using rat as an animal
model, drinking white tea counteracted the negative effects of PreDM on the male reproductive tract.
For example, white tea consumption improved testicular antioxidant power and decreased lipid
peroxidation and protein oxidation [68]. Ingestion of white tea also restored sperm motility and
restored sperm showing morpho-anomalies to normal levels [68].

7. Antioxidants as a Tool to Improve Male ART Outcomes

Human infertility already affects one of six couples worldwide [70] and male factors contribute to
20–50% of infertility [71]. Infertile men tend to have higher ROS levels than fertile men. To counteract
fertility problems, different ART have been developed, mainly IVF and ICSI. In both cases, gametes are
extracted from the body and incubated in in vitro conditions and, after a while, an embryo is transferred
into the uterus. It should be noted that due to legislation and ethical issues, it is easier to perform
experiments in animal models than in humans to test antioxidant effects on different ART. The interest
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in the use of antioxidants to improve sperm parameters is not new. As early as 1943, in a study focused
on sperm metabolism and oxygen consumption, MacLeod showed that sperm produce hydrogen
peroxide, which has a deleterious effect on sperm motility, and it can be counterbalanced by addition
of catalase to the media [72]. Later, some authors followed the same rationale and tried to adapt
MacLeod’s hypothesis to different ART, such as cryopreservation, IVF, and ICSI.

Sperm conservation for long periods of time in liquid nitrogen (cryopreservation) is designed to
keep sperm viable. From a practical point of view, cryopreservation is a tool to enable male fertility
before, for example, chemotherapy, radiotherapy, vasectomy, or exposure to toxicants, or just to have
time to screen donors for infectious agents, such as the human immunodeficiency or hepatitis B
viruses [73]. On the other hand, from the animal industry point of view, the use of cryopreservation
aims to maximize the number of services (inseminations) that can be performed from a simple
ejaculation, ensuring the quality of genetical material preserved, or allowing the transportation of this
genetical material to distant places. Cryopreservation is also of special interest to preserve endangered
species. However, cryopreservation is not a harmless technique, inducing DNA and LPO damage
and other adverse effects [74]. Moreover, cryopreservation, like ART, involves centrifugation, which
is associated with production of ROS [13] and removal of seminal plasma which contains the main
sperm antioxidant scavenger systems.

Antioxidant supplementation to cryopreservation media has been proposed as a way to
overcome ROS production and OS status in spermatozoa (summarized in Table 2). For example,
supplementation with a synthetic phenolic antioxidant, butylated hydroxytoluene (BHT), during
boar sperm cryopreservation improved post-thawing sperm survival, decreased MDA levels at the
concentration of 0.4 mM BHT, and embryo development was improved (28.8% vs. 15.8%) without
modification of embryo cleave percentage in comparison to the control [75]. Later, it was described that
1 mM BHT improved antioxidant sperm activity, pregnancy rate (86.7 vs. 63.6%), the number of gilts
farrowing (86.7 vs. 45.4%), and the number of piglets born (10.8 ± 1.6 vs. 8.2 ± 2.2) after performing
intrauterine artificial insemination (IUI) using cryopreserved sperm versus control [76]. Subsequently,
in a multitest in which four different compounds with antioxidant activity (BHT 2 mM, ascorbic acid
8.5 mg/mL, hypotaurine 10 mM, and cysteine 5 mM) were added during goat sperm cryopreservation,
LPO was decreased but only ascorbic acid and BHT significantly improved fertility in comparison
with control after performing artificial insemination (AI) [77].
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The importance and the use of the amino acid cysteine in the fight against ROS impacts on the cell
is due to the fact it is a limiting substrate for glutathione synthesis [90]. Cysteine (2 mM) and taurine
(2 mM) (a cysteine derived) antioxidant properties were controversial when they were used during the
cryopreservation procedure of bull spermatozoa [80]. Taurine decreased GSH and SOD levels, while
CAT levels were five times higher than control, but MDA levels were also higher. However, cysteine
increased SOD and CAT levels without an effect on MDA levels [80]. The nonreturn rate was not
modified when IUI were performed by neither of the compounds; however, a nonsignificant (p > 0.05)
tendency of improvement was observed in cysteine-treated straws 74.54% (41/55) in comparison to
control 57.14% (28/49) [80]. Similar results were obtained when a higher concentration of cysteine
(5 mM) and trehalose (25 mM) were added again to bull cryopreservation media. Thus, the antioxidant
features of these compounds were not proved; neither MDA nor GPx levels were enhanced [82].
Furthermore, no improvement on the nonreturn rate was found after IUI [82]. Similarly, using
cysteamine (5 μM), a decarboxylated derivative of cysteine and lycopene (500 μg/mL) during bull
sperm cryopreservation, no differences were found in the nonreturn rate [83]. In other study, the
authors used N-acetyl-l-cysteine (NAC), an acetylated cysteine residue which has been shown to
effectively reduce ROS formation when H2O2 stress were used in thawed bull spermatozoa [87].
However, neither sperm DNA, nor the number of blastocysts were not improved after performing
ICSI using spermatozoa cryopreserved in the presence of NAC [87]. Nevertheless, in an IVF study on
mice using fresh spermatozoa, where gametes and embryos were stressed by incubation under 20%
oxygen atmosphere (over physiological levels on oviduct and uterine from 2–8% [91]), a combination
of substances with antioxidant activity were tested (LAC 10 μM, NAC 10 μM, α-Lipoic Acid 5 μM) in
either IVF media, embryo culture media, or both. Treated samples had lower intracellular levels of
H2O2, accelerated embryo development, and significantly increased trophectoderm (TE) cell numbers,
inner cell mass (ICM), and total cell numbers [88]. All these effects were exacerbated when the
antioxidant combo were added during the whole process [88].

Positive effects were also described when thawed bull spermatozoa were supplemented with
an antioxidant combination (zinc chloride 10 μg/mL, D-aspartic acid 500 μg/mL, and coenzyme-Q10
40μg/mL), obtaining a better percentage of total sperm motile and progressive motility and a decrease of
DNA fragmentation through sperm incubation [89]. Moreover, antioxidant supplementation improved
embryo development. Although no differences were found in the cleave percentage, the number
of blastocysts that reached the eight-cell stage was 37.1% in the control versus 51.7% in the treated
group [89].

Following the rationale of MacLeod [72], adding antioxidant enzymes to counteract the adverse
effects of ROS on spermatozoa was used to improve sperm cryopreservation. Enzymes with antioxidant
properties were added to bull cryopreservation media—0.5 and 1.0 mM of reduced glutathione (GSH)
or a combination of 0.5 mM of GSH and 100 U/mL of SOD— but did not modify the nonreturn
rates [84]. In another study, the use of CAT (200 IU/mL) was used to cryopreserve ram (Capra pyrenaica)
epidydimal spermatozoa obtained postmortem [79]. At this concentration, no differences were found
in sperm parameters but negative effects were described on fertility: fewer pronucleus zygotes (25.5%
control vs. 13.2% treated) and cleaved embryos were obtained from treated samples after IVF (16.7%
control vs. 7.6% treated) [79].

Natural compounds with antioxidant activity have also been tested in ART. Metformin, a biguanide
isolated from Galea officialis used worldwide as a treatment for diabetes type II [92], was recently
added to the cryopreservation sperm media of chicken due to its antioxidant properties, among other
properties [93]. Cryopreserved mouse spermatozoa treated with metformin displayed better motility,
sperm viability, doubled fertilization rate and embryo development, and halved DNA fragmentation
rate [86]. These promising results of supplementation of cryopreservation media with metformin
appeared to be related to the activation of 5’AMP-activated protein kinase (AMPK). However, recently,
negative results have been described when metformin (1 and 10 mM) was used to improve boar sperm
preservation at 17 ◦C, decreasing sperm motility and mitochondria potential [94]. In an in vitro study
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performed in human spermatozoa kept at physiological temperature, metformin (10 mM) induced
a reduction of sperm motility, where the mechanism of action was associated with PKA pathway
inhibition [95]. Boar spermatozoa were coincubated during cryopreservation with rosemary extract
(Rosmarinus officinalis) or cysteine (10 mM) or a combination of both [81]. Although both compounds
enhance some sperm properties, the most noticeable effects were found by rosemary compound,
enhancing total sperm motility, progressive motility, and preventing acrosome membrane damage
three hours post-thawing in comparison to control [81]. Rosemary-treated spermatozoa yielded better
cleave percentages without affecting blastocyst formation rate after performing IVF [81].

Melatonin (MLT) is a hormone endogenously synthesized mainly by the pineal gland. It has been
detected in human seminal fluid [96] and melatonin receptors have been described in sperm of several
species [97]. MLT’s antioxidant property was tested in cryopreserved human spermatozoa [98]. MLT
increased the expression of the antioxidant-related gene Nrf2 as well as its downstream genes SOD2,
CAT, HO-1, and GSTM1, leading to lower ROS levels and LPO [98]. On the other hand, MLT (1 μM)
used during boar semen preservation at 17 ◦C only showed a modest membrane protective effect [99].
By contrast, cryopreserved ram sperm supplemented with MLT achieved higher viability rates, higher
percentages of total motile and progressive motile spermatozoa, and higher DNA integrity [85].
However, after IVF, only faster first embryonic division without any other embryo output difference
was observed in those samples supplemented with MLT [85].

Yamaguchi, et al. [100] showed that thawed boar spermatozoa supplemented with caffeine
improved fertility [100]. Later, the same authors tested a combination of caffeine (1.15 mM) with the
antioxidant compound β-mercaptoethanol (50 μM) but pregnancy rate was not modified (20 vs. 21%
control and treatment respectively) after AI. However, litter size (10.0 ±1.0) almost doubled the data
from control samples (5.7 ± 1.5) (p < 0.07) [78].

8. Antioxidants as a Therapy to Improve Reproduction Outcome

Sperm produce ROS as consequence of high aerobic metabolism. ROS production at nonphysiological
levels overwhelm cellular scavenger systems and result in deleterious effects, such as lipid and protein
peroxidation and DNA damage. Infertile men are known to possess pathological ROS levels, leading to
sperm DNA fragmentation and lower ART outcome [29]. Thus, to deal with ROS overproduction and
their deleterious effects at cellular levels in the male reproductive system, different strategies have been
tested: (i) antioxidant oral consumption and (ii) antioxidants used as additives to media during ART.

Literature concerning the use of compounds with antioxidant activity and the improvement of
sperm function is extensive. Nevertheless, others have found negative results [101,102], questioning
the beneficial impact of antioxidant prescription and arguing that there is not clear evidence supporting
prescription of antioxidants [103] or even that the over exposure to antioxidants can lead to other
pathologies [104]. Others have found that administration of high doses of antioxidants have harmful
effects on health [105,106]. Most trials have the handicap of using a lower number of men or are not
double-blind or placebo-controlled. Moreover, the heterogeneity of the treatments and concentrations
used as well as the experimental design make it hard to establish solid conclusions. Studies with greater
numbers of patients should be performed, including large control groups to address the effects of oral
antioxidant consumption on reproductive outcome. Moreover, arbitrary formulations of antioxidants
should be avoided and classical pharmacological concentration-dependent experiments should be
performed in order to find effective concentrations of antioxidants. Rather than by oral consumption,
better reproductive outcome results are described when antioxidants were implemented in ART,
especially during cryopreservation-thawing procedures. Antioxidant supplementation decreased LPO
and improved reproductive outcome. Antioxidant concentration should be adapted to each form of
ART. The future of antioxidant therapy to improve ART involves the development of nonintrusive
technologies that can discern between sperm with or without lipid peroxidation or DNA damage,
allowing physicians to inject healthy sperm into the oocyte by ICSI.
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