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Abstract: A state of oxidative stress (OS) and the presence of reactive oxygen species (ROS) in the
male reproductive tract are strongly correlated with infertility. While physiological levels of ROS are
necessary for normal sperm functioning, elevated ROS production can overwhelm the cell’s limited
antioxidant defenses leading to dysfunction and loss of fertilizing potential. Among the deleterious
pleiotropic impacts arising from OS, sperm motility appears to be particularly vulnerable. Here, we
present a mechanistic account for how OS contributes to altered sperm motility profiles. In our model,
itis suggested that the abundant polyunsaturated fatty acids (PUFAs) residing in the sperm membrane
serve to sensitize the male germ cell to ROS attack by virtue of their ability to act as substrates
for lipid peroxidation (LPO) cascades. Upon initiation, LPO leads to dramatic remodeling of the
composition and biophysical properties of sperm membranes and, in the case of the mitochondria,
this manifests in a dissipation of membrane potential, electron leakage, increased ROS production
and reduced capacity for energy production. This situation is exacerbated by the production of
cytotoxic LPO byproducts such as 4-hydroxynonenal, which dysregulate molecules associated with
sperm bioenergetic pathways as well as the structural and signaling components of the motility
apparatus. The impact of ROS also extends to lesions in the paternal genome, as is commonly seen in
the defective spermatozoa of asthenozoospermic males. Concluding, the presence of OS in the male
reproductive tract is strongly and positively correlated with reduced sperm motility and fertilizing
potential, thus providing a rational target for the development of new therapeutic interventions.

Keywords: 4-hydroxynonenal (4HNE); infertility; lipid peroxidation; male germ cells; oxidative
stress; reactive oxygen species; spermatozoa; sperm capacitation; sperm motility

1. Introduction

Male infertility accounts for approximately 40% of all cases of infertility [1] and affects
approximately 7% of all men worldwide [2]. Recently, considerable attention has focused on the
role of oxidative stress (OS) in the pathophysiology of male infertility. OS is associated with the
excessive generation of free radicals, such as reactive oxygen species (ROS), and/or decreased efficacy
of antioxidant defenses. In humans, the pervasive impact of OS has been linked to the development of a
variety of diseases as diverse as Alzheimer’s disease [3], cancer [4], heart failure [5] and obesity [6]. OS
is also a prevalent biomarker associated with the semen of approximately 35% of infertile men [7] and
the presence of elevated levels of seminal ROS has been reported arising from male reproductive tract
pathologies such as varicocele [8], inflammatory [9] and prostate cancer [10]. Owing to their unique
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architecture, featuring an abundance of oxidizable substrates and limited intracellular antioxidant
defenses, the male germ cell is particularly vulnerable to elevated levels of ROS. The resultant OS
commonly manifests in a spectrum of adverse sequelae, which drive germ cell dysfunction and
culminate in their apoptotic demise [11]. Accordingly, patients with increased ROS levels in their
seminal plasma [12] often present with reduced sperm count (oligozoospermia); a condition attributed,
at least in part, to apoptosis within the developing germ cell population [13,14]. However, in addition
to the loss of sperm viability, OS has also been causally linked to lesions in the motility profile of
mature spermatozoa [15].

Progressive sperm movement is required for delivery of the male gamete to the site of fertilization
within the ampulla of the Fallopian tubes, as well as the resultant syngamy that facilitates transfer of
paternal genetic and epigenetic information to an oocyte during natural conception. Effective sperm
motility also plays a crucial role during the assisted reproduction technology (ART) procedures of
intrauterine insemination and in vitro fertilization. According to World Health Organization (WHO)
criteria [16], the presence of less than 32% of spermatozoa with progressive motility in an ejaculate is
defined as asthenozoospermia. It is estimated that asthenozoospermia accounts for as much as 30% of
all cases of male infertility [17] and, in the absence of genetic defects, bacterial infection or abnormal
semen liquefaction, this condition is often directly linked to the presence of OS in the male reproductive
tract and semen [18]. Indeed, elevated levels of seminal ROS have repeatedly been documented in
studies of astheno- and oligoasthenozoospermic individuals [18-21]. In terms of the mechanistic
basis of sperm dysfunction leading to asthenozoospermia, defective mitochondria and a concomitant
reduction in the production of energy required to support normal movement have been identified as
a common etiology [18]. However, structural changes in the motility apparatus housed within the
sperm flagellum and dysregulation of motility-associated signaling pathways have also been reported
in response to OS [22], thus complicating the diagnosis of sperm motility defects. Here, we survey
the literature pertaining to the generation of ROS in the male reproductive tract and the deleterious
influence of OS on the biochemical pathways and structural features of the sperm cell responsible for
modulating their motility. We also highlight the role of antioxidants in combating the burden of OS
associated infertility.

2. Sources of ROS in Semen

Seminal ROS originate from a variety of different endogenous and exogenous sources. In addition
to generation by spermatozoa themselves, other cellular contaminants such as immature round germ
cells, leukocytes and epithelial cells, can also have a direct bearing on the levels of ROS within an
ejaculate. Additionally, a number of environmental and lifestyle factors can exert direct and indirect
influence over the levels of OS encountered within the male reproductive tract.

2.1. Endogenous Soutrces of ROS

2.1.1. Spermatozoa

At least two distinct pathways have been implicated in ROS generation in mature spermatozoa.
One such pathway is localized within the sperm plasma membrane and is linked to the activity of
the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase system, whilst the second is
associated with electron leakage from the mitochondrial electron transport chain (ETC) [23]. The latter
of these pathways represents the main source of ROS production in spermatozoa and occurs as a result
of the premature exit of electrons from the respiratory chain. This leakage prevents the reduction of
oxygen to water at cytochrome c oxidase, with the escaped electrons instead reacting with molecular
oxygen (O,) to form the superoxide radical (O,®~). Basal levels of electron leakage can potentially occur
from multiple sites within the ETC (reviewed in [24]), and, unlike the O,e~ generated at the level of
the plasma membrane that supports sperm capacitation [25], mitochondrial derived O, e~ is generally
associated with pathological damage. Indeed, when superoxide anion generation exceeds the limited
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antioxidant capacity of the sperm cell, it has the ability to propagate the formation of non-radicals,
including hydrogen peroxide (H,0,), and in the presence of Fe®*, the formation of alternative radicals
such the hydroxyl anion (OH™) via Haber-Weiss and Fenton reactions [26]. Additional ROS containing
nitrogen atoms (such as NO, NO3~, NO~, N,O, and HNO3) are also able to be formed [27,28] and
collectively, these powerful oxidants have the potential to trigger the peroxidation of membrane lipids
and a concomitant loss of sperm function [29]. In studies conducted in rats it has been shown that
the presence of dead spermatozoa can also promote higher than normal levels of H,O, [30]. This
response appears to be related to the apoptosis cascade during which the disruption of mitochondrial
membranes leads to the release of cytochrome c and elevated ROS production [31].

2.1.2. Immature Germ Cells

In addition to mature spermatozoa, ejaculated semen samples also frequently contain variable
amounts of contaminating immature sperm cells, which have failed to complete normal morphological
differentiation during spermatogenesis [32]. Depending on the timing of such errors, they may result
in the presence of either round cells or seemingly mature spermatozoa that retain a considerable
portion of their cytoplasm. The latter cells originate from defects encountered in the final phase
of spermatogenesis (i.e., spermiogenesis), during which the majority of the cell’s cytoplasm would
otherwise be shed to create the highly streamlined profile of the sperm head [33]. The residual
cytoplasm retained in these immature sperm cells tends to accumulate in the vicinity of the mid-piece
and contains high levels of glucose-6-phosphate dehydrogenase; an enzyme that catalyzes NADPH
production via the pentose phosphate pathway [34]. NADPH, in turn, is capable of acting as a substrate
to fuel ROS-generating NADPH oxidases. Thus, the presence of immature germ cells harboring excess
cytoplasm has the potential to elevate endogenous ROS levels within an ejaculate and deleteriously
affect the function of their otherwise normal counterparts [34].

2.1.3. Leukocytes

A state of infection and/or inflammation in the male reproductive tract (i.e., testis, epididymis,
seminal vesicles and/or prostate) can result in increased infiltration of leukocytes bringing with them
an attendant risk of elevated ROS within an ejaculate [35]. Indeed, when appropriately stimulated,
phagocytic leukocytes are capable of metabolizing oxygen to produce copious quantities of ROS in a
process often referred to as a respiratory burst [36]. This microbicidal defense response is mediated
by the NADPH-oxidase complex, and enhanced by the presence of cytokines, which themselves are
released during inflammation [9,37]. It follows that the presence of leukocytes, and predominantly
polymorphonuclear neutrophils, is recognized as a major source of ROS in human semen [37,38].

2.1.4. Varicocele

Varicocele is a pathology associated with an abnormal enlargement of the pampiniform venous
plexus surrounding the spermatic cord in the scrotum [39]. This clinical condition occurs in
approximately 15% of males and accordingly represents the most common cause of primary and
secondary infertility in men; accounting for as much as 40% of all cases of male infertility [40].
Consistent with this clear association between varicocele and male infertility, a considerable body
of evidence supports OS as a key causative agent in the pathophysiology of varicocele [41]. Indeed,
both infertile patients and fertile men with varicocele frequently present with higher levels of ROS,
NO, and lipid peroxidation products in their reproductive tract than men without varicocele [42-46].
The most widely accepted model to account for these findings suggests that varicoceles lead to an
increase in scrotal temperature owing to the reflux and accumulation of warmed abdominal blood
within the pampiniform plexus. The resultant heat stress has, in turn, been postulated to enhance ETC
electron leakage via thermal inhibition of mitochondrial complexes, thus accentuating mitochondrial
ROS production (reviewed in [47]).
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3. Exogenous Sources of ROS

In addition to endogenous influences, modern lifestyle and environment factors have also been
increasingly linked with a range of adverse health sequelae, including poorer quality semen parameters.
Below, we give brief consideration to physical and chemical factors that have been associated with
heightened levels of seminal ROS.

3.1. Physical Factors

One of the contemporary issues of the modern lifestyle is excess heating of testes. In scrotal
animals such as our own, the testicular environment has evolved to operate optimally at temperatures
that generally lie at least 1-2 °C below that of core body temperature (reviewed in [48]). Accordingly,
the spermatogenic process can be adversely impacted by scrotal hyperthermia as occurs in certain
professions such as those that involve extended periods of seated activity (e.g., at a desk or in a vehicle)
or those that involve direct exposure to high ambient temperatures (e.g., steel fabrication and welding).
The occupational practice of using a laptop computer in such a way that it covers the testes can also
cause localized heat stress, as does the wearing of tight clothing and in particular, underwear. Through
mechanisms described in the previous section, the heat-stressed testes have been shown to produce
excessive ROS, which is linked to the impairment of sperm function [49,50]. It should be noted that
alternative lifestyle habits such as frequent sauna or warm bath exposures also represent potential
sources of heat stress that may impact on male infertility [51-53]. In support of this conclusion, a recent
study by Houston et al. [54] demonstrated that the exposure of mice to elevated ambient temperature
led to increased sperm mitochondrial ROS generation and OS-induced molecular changes during germ
cell development.

Similarly, increasing attention has been focused on the potential impact of non-ionizing radiation,
such as the electromagnetic energy (EME) emitted by mobile technologies and other forms of microwave
equipment, on the male germ line [55]. In this context, the human body has the potential to behave in
a manner analogous to that of an antenna that receives EME [56]. The exposure of human tissues to
EME can have various biological effects including localized elevation of the temperature in the affected
tissue, including the testes [56]. EME can also alter cellular membrane potential and impact molecular
bonding, with the polar side chains of amino acids being particularly affected by EME exposure [57].
Such changes not only have the potential to influence protein structure, and hence interfere with
enzymatic activity, but can also perturb the transmembrane transport of ions [56,57]. As an extension
of these findings, multiple studies have now demonstrated that supraphysiological levels of EME can
negatively affect mitochondrial membrane characteristics and/or overall functioning [58-60]. Indeed,
the exposure of isolated cells to EME can lead to increased activation of mitochondrial function and
an attendant elevation of ROS production associated with complexes I and III of ETC, independent
of changes in mitochondrial membrane potential [56,58]. In model cells such as those of the human
amniotic epithelial lineage, magnetic fields can induce mitochondrial permeability transition and
cytochrome-c release together with increased intracellular ROS generation, via a pathway that is
dependent on glycogen synthase kinase-3[3 [58]. As proof of concept, it has also been shown that human
spermatozoa exposed to EME at frequencies designed to simulate that emitted by mobile phones
experience reduced motility and vitality; defects that were associated with increased mitochondrial
ROS production and numerous molecular alterations that are synonymous with OS [59].

3.2. Chemical Factors

Aside from the physical factors discussed above, male fertility is also sensitive to a variety of
toxicants, such as those arising from industrial processes or from common everyday materials, which
accumulate in the human body. Indeed, it is well established that the accumulation of the heavy metals
lead and cadmium can impair multiple semen parameters, including sperm motility [61]. Similarly,
male rats treated with lithium display OS in their testes and experience reduced sperm count and
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motility [62]. The induction of OS in the male reproductive tract has also been cited as a causal agent
responsible for elevated levels of apoptosis among developing germ cells, defects in sperm morphology
and impaired sperm function in mice treated with industrial contaminants used in the production
of plastics, such as bisphenol-A [63], mono-butyl phthalate [64] and other related compounds [65].
This spectrum of deleterious OS-related effects extends to other forms of chemical exposure including
those associated with excessive alcohol consumption or cigarette smoking. In this context, chemicals
contained within cigarette smoke have been shown to cause local inflammation, an attendant 48%
increase in seminal leukocytes, and a 107% increase in seminal ROS levels [66]. It follows that the
semen of cigarette smokers is not only characterized by increased ROS levels, but also extensive
molecular changes in the spermatozoa and reduced overall semen quality [67]. Likewise, excessive
alcohol consumption can lead to ethanol-induced cell membrane destruction, increased production of
ROS and impaired sperm function [68,69].

From the preceding discussion, it is apparent that acute and/or chronic exposure to a variety of
external or internal factors can trigger the overproduction of ROS and reduce antioxidant defenses
within the male reproductive tract, thus propagating an OS cascade and resulting in LPO (summarized
in Figure 1).
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Figure 1. (a) Sources of reactive oxygen species (ROS) in human spermatozoa and the relationship
between the rate of their production and antioxidant defenses during oxidative stress. (b) ROS are
capable of attacking polyunsaturated fatty acids (PUFAs) within cellular membranes, initiating lipid
peroxidation cascades (LPO) and resulting in the production of cytotoxic lipid aldehydes such as
4-hydroxynonenal (4HNE). Abbreviations: EME, electromagnetic energy; ETC, electron transport chain.

4. ROS-Induced Lesions Detected in Low-Motility Spermatozoa

With the diverse range of factors that can amplify the levels of ROS in semen, attention has
naturally focused on the impact of these powerful oxidants on sperm function. Through decades of
research we have come to realize that the highly specialized sperm cell is exceptionally vulnerable to
disturbance in ROS levels owing to the presence of modest antioxidant defenses and conversely, a
myriad of oxidizable substrates [70]. Not the least of these are the polyunsaturated fatty acids (PUFAs;
such as linolenic, arachidonic and decohexaenoic acids) that dominate the lipid architecture of the
sperm plasma membrane. In the case of human spermatozoa, the predominant PUFA is decohexaenoic
acid (DHA), a lipid that accounts for >50% of all membrane PUFAs [70,71]. PUFAs such as DHA not
only play a major role in the regulation of sperm membrane fluidity, but owing to the presence of
multiple carbon-carbon double bonds, they also serve as prime substrates for ROS attack. The resultant
cascade of lipid peroxidation (LPO) reactions catalyze the formation of numerous breakdown products
including a suite of highly reactive lipid aldehydes [e.g., malondialdehyde (MDA), 4-hydroxynonenal
(4HNE) and acrolein] [11] (see Figure 1b).
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Under physiological conditions, aldehyde-metabolizing enzymes function to detoxify and prevent
the accumulation of these advanced end products of LPO [72]. However, excessive OS can promote
the accrual of lipid aldehydes and, owing to their inherent stability (relative to that of free radicals),
these electrophiles can elicit widespread cellular damage and pathological dysfunction in human
spermatozoa [73,74]. In the case of 4HNE, which ranks among the most abundant and cytotoxic of the
lipid aldehydes, the chemical structure contains three reactive functional groups: a C2=C3 double bond,
a C1=0 carbonyl group and a hydroxyl group on C4 [75]. These structural elements render the 4HNE
electrophile highly reactive toward nucleophilic groups, enabling the formation of both the Michael
addition of thiol or amino compounds and Schiff bases with primary amines. Thus, 4HNE has the
ability to react with proteins (principally those containing histidine, cysteine and lysine residues), lipids,
and nucleic acids (mostly with the guanosine moiety of DNA) [76-78]. In spermatozoa, the creation of
4HNE adducts has been linked with compromised membrane integrity, motility defects and reduced
ability to participate in oocyte interactions [22,73,79]; thus reducing overall fertility. Moreover, studies
by Bromfield and colleagues [73,79] have shown that the impact of 4HNE can vary depending on the
timing and of the insult. Thus, 4HNE can drive post-meiotic round spermatids towards a ferroptotic
cell death pathway, whereas an equivalent exposure of mature spermatozoa can elicit functional
lesions, which compromise their fertilization potential (e.g., dysregulation of the molecular chaperone
Heat Shock Protein A2 and an accompanying disruption of oocyte recognition), but does not overtly
impact their viability [73,79]. Such differential pathogenesis may be attributed to the highly specialized
architecture of the male germ cell, which depending on their stage of differentiation, features an
abundance of substrates for 4HNE attack, minimal antioxidant defense enzymes, and limited capacity
for self-repair when 4HNE-mediated damage is sustained [11]. However, excess ROS production can
also directly impact sperm function via increases in redox driven protein modifications [80]. Thus, OS
has been shown to promote an increase in S-glutathionylation and tyrosine nitration of sperm proteins,
both of which adversely impact motility [80,81]. Similar alterations have been documented by Vignini
et al. [82], who demonstrated an increase in ONOO™ concentrations and tyrosine nitration in human
asthenozoospermic sperm samples.

4.1. Compromised Sperm Membrane Integrity

The peroxidation of membrane lipids leads to the catabolism of phospholipids and liberation of
PUFAs, thus directly contributing to increased membrane fluidity and permeability to ions, which
can elicit downstream effects in terms of inactivating membrane enzymes and receptors [20,79].
The loss of sperm membrane integrity is also tightly correlated with reduced sperm motility [83].
Indeed, the compromise of both of these parameters has been well documented in the context of
cryopreservation [84-87] in which post-thaw sperm samples typically experience a burst of ROS and high
levels of OS [85,86,88]. Sperm motility is also highly sensitive to pH and ion concentration (reviewed
in [89]). The disruption of sperm membrane integrity alters the diffusion of ions across the membrane
and dysregulates the function of ion pumps and channels, especially as those ion channels that are
regulated by PUFAs (reviewed in [90]). Although there is currently limited direct evidence linking
sperm membrane integrity and ion channel function, the peroxidation of lipids and the downregulation
of some ion channels in low-motility spermatozoa has been documented [83,91-94]. In this context,
Baker et al. [22] reported two sperm ion channels, voltage-dependent anion-selective channel protein 2
(VDAC?2) and sodium/potassium-transporting ATPase subunit alpha-4 (ATP1A4) that are susceptible to
the formation of potentially deleterious adducts with 4HNE. Similarly, decreased VDAC and ATP1A4
abundance has been reported in the spermatozoa of males with asthenozoospermia [95] and in patients
with unilateral varicocele (a pathology correlated with OS) [96], respectively.

The deleterious impact of ROS extends beyond the plasma membrane to also include those
membranes surrounding subcellular organelles such as the mitochondria. In contrast to somatic
cells, sperm mitochondria are localized in one specific region of the sperm cell—the mid-piece of
the flagellum. Within this domain, the mitochondria are organized end to end to form long spirals
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that wrap tightly around the axoneme [97,98]. The correct functioning of mitochondria is especially
important for sperm cells in terms of supplying the energy needed for efficient movement. The elevated
production of mitochondrial ROS and the resultant propagation of sperm plasma membrane LPO
can, in turn, initiate secondary LPO in mitochondrial membranes. Similar to the plasma membrane,
the peroxidation of lipids residing in the mitochondrial membranes also changes the fluidity of
these structures, thus resulting in the upregulation of proton and electron leakage through the inner
membrane [99,100]. Such a situation leads to the loss of mitochondrial membrane potential (AY),
compromises the efficiency of mitochondrial ATP generation, and triggers a cycle of elevated electron
leakage and the generation of additional mitochondrial ROS, which collectively exacerbates the impact
of OS on sperm function [18,101,102].

4.2. Dysregualtion of Sperm Metabolic Enzymes

In human sperm cells, the majority of the energy needed to support motility appears to originate
from glycolysis, which takes place in the sperm tail. However, it has been argued that mitochondrial
oxidative phosphorylation (OXPHOS) also plays a secondary role in the bioenergetic pathways
associated with motility. In this context, a key substrate for OXPHOS are the endogenous lipids present
in the sperm membrane [103], but other metabolic substrates and their associated pathways have
also been implicated [18,103,104]. Indeed, depending on the prevailing environmental conditions
that sperm encounter on route to the site of fertilization, these cells may be able to utilize different
metabolic pathways.

As previously mentioned, the cytotoxic aldehydes generated during LPO can form adducts with
multiple elements of the sperm proteome. Curiously, however, not all sperm proteins appear to display
equivalent susceptibility to lipid aldehyde carbonylation reactions [105]. By way of example, the
application of affinity-based isolation techniques coupled with mass spectrometry has revealed that
4HNE preferentially adducts to a relatively small number of putative targets in human spermatozoa [22].
Notably, many of these 4HNE targets serve as metabolic enzymes responsible for the production of
energy needed to support sperm motility (depicted in Figure 2), including several glycolytic enzymes
[phosphofructokinase (PFKP); aldolase A, fructose-bisphosphate (ALDOA); phosphoglycerate kinase
(PGK), pyruvate kinase (PKM); lactate dehydrogenase C chain (LDHC)], enzymes involved in the TCA
cycle [malate dehydrogenase 2, NAD (mitochondrial) (MDHZ2)] [22], electron transport chain [succinate
dehydrogenase complex, subunit A, flavoprotein (SDHA) [106]; ubiquinol-cytochrome c reductase,
Rieske iron-sulfur polypeptide 1 (UQCRFS1)] [22] and beta-oxidation [fatty acid amide hydrolase
(FAAH); acyl-CoA synthetase long-chain family member 1 (ACSL1); hydroxyacyl-CoA dehydrogenase
trifunctional multienzyme complex subunit beta (HADHB); acetyl-Coenzyme A acetyltransferase
1 (ACAT1)] [22]. Moreover, 4HNE has also been found to adduct with solute carrier family 25
(mitochondprial carrier; adenine nucleotide translocator), member 31 (SLC25A31), a mitochondrial
carrier protein involved in the exchange of cytoplasmic ADP with mitochondrial ATP [22]. Although
the consequences of damage caused by the insertion of bulky 4HNE (C-9) carbonyl adducts has yet to be
investigated across all targeted sperm proteins, it is reasonable to suspect that these modifications could
elicit protein mis-folding, poor substrate recognition, and/or degradation of the protein itself [107,108].
Indeed, recent work by Aitken et al. [106] has demonstrated that 4HNE adduction to SDHA can
activate mitochondrial electron leakage and disrupt AY in human spermatozoa. These data raise the
prospect that 4HNE may primarily perturb the bioenergetic pathways that sustain sperm motility
and thus provide a mechanistic model to account for the dysregulation of sperm function commonly
reported in cells burdened by excessive ROS production [68]. Notably, the self-perpetuating nature
of this pathway may also account for the ability of 4HNE to drive human spermatozoa towards an
intrinsic apoptotic pathway.
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Figure 2. The influence of 4-hydroxynonenol (4HNE) on sperm function. The lipid aldehyde 4HNE
has repeatedly been shown to form adducts with sperm flagellum proteins associated with the motility

SDHA

apparatus, signaling pathways and metabolism. In the context of the mitochondria, 4HNE adduction
has been linked to adverse effects on enzymes of beta-oxidation, the tricarboxylic acid (TCA) cycle and
the electron transport chain (ETC), thus attenuating the energy production. Abbreviations: CI, ETC
Complex I; CII, ETC Complex II; CIII, ETC Complex III; CIV, ETC Complex IV; DA, dynein arms; FS,
fibrous sheath; MT, microtubules; ODF, outer dense fibers.

Such a model takes on added significance in view of proteomic data emerging from studies of the
spermatozoa of asthenozoospermic patients. Whilst not universal, a common theme to emerge from
this work is that proteins involved in energy production are generally downregulated in the defective
spermatozoa of asthenozoospermic individuals [18,105,109]. Indeed, the majority of proteins so affected
in asthenozoospermia are linked to glycolysis, pyruvate metabolism, tricarboxylic acid cycle (TCA),
OXPHOS, beta-oxidation or alternative metabolic pathways [18,109,110]. By way of example, the
glycolytic enzyme, glucose-6-phosphate isomerase (GPI), has been shown to be under-represented in
asthenozoospermic individuals, as has the sperm-specific glyceraldehyde-3-phosphate dehydrogenase
(GAPDHS) [110-113]; the activity of which is also attenuated after treatment of spermatozoa with
ROS [112]. Moreover, several mitochondrial enzymes involved in the downstream conversion of
pyruvate to acetyl-CoA, TCA cycle, ETC and a plethora of ATP synthase subunits have also been shown
to be dysregulated. Similar reductions in protein abundance also extend to several enzymes involved in
beta-oxidation of fatty acids [18,95,105,109,110]. Alternative proteomic studies of asthenozoospermia
have revealed downregulation of one of the subunits of NADH dehydrogenase (NDUFA13), a key
constituent of complex I of the ETC [114]. The knockdown of this protein in a mouse spermatocyte cell
line led to the loss of AY, increased ROS production and apoptosis [114]. These data draw interesting
parallels with the study of asthenozoospermic individuals by Nowicka-Bauer et al. [18], which clearly
showed the downregulation of sperm mitochondrial metabolic pathways and AY; defects that were
accompanied by increased production of mitochondrial ROS in the spermatozoa of asthenozoospermic
patients. These data reinforce the notion that reduced sperm motility is predominantly associated
with dysfunction of sperm mitochondria leading to elevated levels of ROS and a reciprocal reduction
in energy production. However, it remains to be established what factor(s) are responsible for the
under-representation of metabolic enzymes in the spermatozoa of asthenozoospermic individuals and
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whether this is in any way linked to localized ROS generation within the vicinity of the developing
germ cells.

4.3. Defects in the Sperm Motility Apparatus and Signaling Pathways

The flagellum, which is responsible for the propagation of sperm motility, is constructed around a
cytoskeletal structure known as the axoneme. The axoneme, in turn, consists of tubulin microfilaments
arranged in a highly conserved 9 + 2 scheme (whereby 9 doublets surround one central pair). To each
doublet of microtubules are attached two dynein arms (outer and inner), which act as motor proteins
capable of ‘walking’ along the adjacent microtubules and effecting the sliding of microtubules relative
to each other (reviewed in [115]). This creates an undulatory wave that is propagated along the length of
the flagellum to generate the rhythmic beating patterns responsible for propelling sperm forward [116].
Aside from the core elements described above, the sperm axoneme is also supported by a family of
accessory proteins known as outer dense fibers (ODF1-ODF4), which uniquely among mammalian
spermatozoa, are localized around the microtubules and provide additional elasticity and stability
to flagellum movement [117]. Given the fundamental importance of motility in terms of delivering
spermatozoa to the site of fertilization, it follows that any defects in the axonemal structure, or the ODF
accessory proteins, can compromise fertility [118]. Accordingly, several studies on asthenozoospermia
have linked this condition with an attendant change in the levels of structural proteins residing in the
flagellum. Among the most frequently reported of these are the dynein motor proteins, ODFs and
those belonging to the tektin family of microtubule-stabilizing proteins [18,109,117].

In a similar context, studies on sperm protein adducts arising from direct 4HNE challenge have
demonstrated that this aldehyde can readily bind to tubulin (TUBB), several members of the dynein
family (DNAHS5, DNAH17, DNALI1), and the ODF1 and ODF2 proteins [22] (see Figure 2). Notably,
these findings align well with the proteomic deficits identified in the spermatozoa of asthenozoospermic
individuals [18,109,110]. As an extension of this work, however, it has also been shown that core
elements of the sperm fibrous sheath (a unique cytoskeletal structure that surrounds the axoneme and
outer dense fibers and regulates the flexibility and shape of the flagellar beat [119]) are highly sensitive
to 4HNE adduction. In particular, the major fibrous sheath components of A-Kinase Anchoring
Protein (AKAP4 and AKAP3) and Rhophilin Associated Tail Protein 1B (ROPN1B), which contribute
to the structural organization of the fibrous sheath [119,120], have been identified as dominant 4HNE
targets [22,99,101]. Indeed, AKAP4 has recently been validated as a conserved target for 4HNE
adduction in primary cultures of post-meiotic male germ cells (round spermatids) and in mature
mouse and human spermatozoa [121]. Through the application of an exogenous 4HNE treatment
regimen, we further demonstrated that 4HNE modification resulted in a substantial reduction in the
levels of AKAP4 detected in round spermatids and mature spermatozoa alike. Moreover, reduced
AKAP4 levels were correlated with dysregulation of the capacitation-associated signaling framework
assembled around the AKAP4 scaffold.

These data accord with the demonstration that the spermatozoa of male mice lacking AKAP4
display reduced progressive movement and are infertile [122]. Similarly, reduced levels of AKAP4 have
also been implicated as a biomarker of human asthenozoospermic males [95]. In addition to AKAP4,
alternative cAMP-responsive elements such as protein kinase A (PKA), have also been validated as
primary targets of 4HNE-mediated modification [22], whilst seminal OS has been correlated with
altered levels of several proteins mapping to the MAPK/ERK pathways [123]. Such defects have
been correlated with a commensurate decrease in global levels of tyrosine phosphorylation in human
spermatozoa [22]; a form of post-translational modification that underpins sperm motility, and is
particularly important in the induction of hyperactivation [124]. Aside from the targets mentioned
above, 4HNE also has the potential to modify sperm phosphatase activity, and hence motility, via the
targeting of serine/threonine-protein phosphatase 2B catalytic subunit gamma isoform (PPP3CC) [22].
Indeed, male mice lacking PPP3CC display an infertility phenotype linked to a reduction in sperm
motility [125]. Thus, whilst metabolic-related proteins are clearly over represented among those
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targeted for ROS and lipid aldehyde attack [22], numerous other proteins implicated in sperm motility
also appear sensitive to OS.

Recent evidence suggests that mammalian spermatozoa may possess an unfolded protein response
(UPR); a conserved cellular pathway that is activated upon accumulation of unfolded or misfolded
proteins during stress conditions [126]. The activation of the UPR triggers the expression of chaperones
to assist protein refolding (reviewed in [127]), whilst also blocking the synthesis of other proteins via
the phosphorylation of eukaryotic translation initiation factor-2 (eIF2cc) [128]. Santiago et al. [126] have
reported increased levels of proteins involved in the UPR (heat shock proteins; HSF1, HSP90, HSPD1,
HSP27; and elF2«) and reduced motility in human spermatozoa exposed to H,O,. Despite this, it is
possible that prolonged OS within the testes can compromise the UPR owing to 4HNE adduction of
key elements of this pathway including the 60 kDa Heat Shock Protein, Mitochondrial (HSPD1) [22].
If this were to be the case, then the inactivation of UPR could contribute to the downregulation of
some proteins associated with asthenozoospermia. In any case, such broad-spectrum effects make it
extremely challenging to determine whether individual sperm proteins play a dominant role in the
pathophysiological responses to OS or whether this phenomenon is instead attributed to dysregulation
of multiple targets. This situation is further complicated when considering that 4HNE and other
forms of ROS have the potential to damage not only sperm proteins, but also the DNA comprising the
paternal and mitochondrial genomes.

4.4. Sperm DNA Modifications

At the genomic level, the fidelity of mitochondrial ATP production is controlled by the interplay of
mitochondrial (mtDNA) and nuclear (nDNA) DNA, which encode the various components necessary
for the proper assembly and function of the mitochondrial complexes of OXPHOS. Specifically, the
mtDNA encodes a subset of the protein subunits of Complex I, Complex IV, cytochrome b and ATP
synthase, while the nDNA encodes the remainder of the enzymatic components. It follows that the
integrity of the mitochondrial and nuclear genomes within the developing germ cell are crucial for
the subsequent establishment of normal sperm motility profiles and conversely, that ROS can elicit
a deleterious impact on this aspect of sperm function via the induction of DNA damage (reviewed
in [129]).

Sperm DNA is highly vulnerable to ROS damage owing to the progressive silencing of the
germ cells transcriptional machinery during the latter phases of their development and the attendant
reduction in their capacity to mount an effective DNA repair response. Indeed, the replacement of
sperm histones with protamines during spermiogenesis promotes extreme compaction of the nDNA;
a phenomenon that protects sperm chromatin against ROS-mediated, and other sources, of damage.
However, if the integrity of the protamination process is compromised such that portions of poorly
compacted DNA remain, these genomic regions are placed at heightened risk of oxidative attack.
Accordingly, recent genome wide analyses have demonstrated that oxidative sperm DNA damage
occurs predominantly on specific chromatin regions with lower compaction associated with histones
and inter-linker domains attached to the nuclear matrix [130,131]. Thus, ROS such as H,O,, O,e~ or
oOH are all capable of directly damaging DNA integrity by way of base modifications, induction of
single- and double-strand DNA brakes, chromatin cross-linking and/or deletions [129]. Additionally,
4HNE has also been shown to promote the formation of DNA adducts such as 8-oxoguanine (8-0x0G),
1,N6-ethenoadenosine and 1,N2-ethenoguanosine in human sperm cells [132]. Accordingly, elevated
levels of oxidative DNA damage, and in particular 8-0xoG lesions, are frequently encountered in the
spermatozoa of male infertility patients [129,132]; emphasizing the importance of evaluating sperm
DNA fragmentation in individuals considering assisted reproduction treatments.
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In males with asthenozoospermia, the levels of sperm DNA fragmentation have been found
to be significantly higher than that of fertile controls [133]. Bonanno et al. [20] have also reported
that asthenozoospermic males had elevated ROS levels in their semen, which was correlated with
decreased mtDNA integrity in their spermatozoa. By comparison, nDNA fragmentation was only
detected in less than one-fifth of the patients analyzed in this study [20]. This phenomenon may reflect
less efficient packaging of mtDNA, rendering it more susceptible to ROS and 4HNE attack [134-136].
Alternatively, in spermatozoa the mtDNA is placed in much closer proximity to the main source of ROS
generation than that of the nDNA. Aside from changes in mtDNA integrity, it has also been reported
that spermatozoa with low-motility possess elevated levels of mtDNA copy number; suggesting
that these cells incorporate more mtDNA content during spermatogenesis [20,137-139]. By contrast,
measurement of cell-free mtDNA copy number in the seminal plasma of asthenozoospermic and
oligozoospermic males has identified a reciprocal relationship, whereby lower levels of cell-free mtDNA
are associated with increased levels of ROS [21]. A testicular origin for these lesions is supported by
the presence of mtDNA deletions in the spermatozoa of infertile males [140,141]. Further, increases in
both mtDNA copy number and mtDNA deletions have been recorded in the same patient samples,
wherein they were strongly associated with the presence of OS [142].

One of the best-described large-scale mtDNA deletions is the specific 4977 bp deletion (mtDNA%77),
which occurs between nucleotides 8470 and 13447 and eliminates seven genes encoding four subunits
of Complex I (ND3, ND4, ND4L, partial ND5), one subunit of Complex IV (COIII) and two subunits
of ATP-synthase (ATP6 and partial ATPS); all of which are crucial for OXPHOS (depicted in
Figure 3). Accordingly, mtDNA*”7 has been linked to a spectrum of disorders, including heart
disease, different forms of cancer and mitochondrial diseases [143-146]. Notably, this mutation has also
been reported to accumulate in different human tissues as a consequence of natural aging [147]. If the
mtDNA%*77 deletion occurs during spermatogenesis and/or spermiogenesis, the mature spermatozoa
are endowed with dysfunctional mitochondria, which can act as a source of ROS. Interestingly,
mtDNA*77 has been recorded in the spermatozoa of infertile males with asthenozoospermia and
oligoasthenozoospermia [148,149]. An alternative large-scale mtDNA deletion comprising 7436 bp
(mtDNA”430) has also been reported in low-motility human spermatozoa [150]. In addition to the
genes excised by mtDNA*77, mtDNA”4% also eliminates genes encoding subunit 6 of Complex I (ND6)
and cytochrome b from the mtDNA genome (see Figure 3). Although positive correlations between
mtDNA deletions and motility have not been universally established [151,152], Kumar et al. [19] have
shown that mutations in sperm mtDNA (giving rise to nucleotide changes in subunits of: ATP6, ATPS,
ND2, ND3, ND4 and ND5) do exist in males with oligoasthenozoospermia and that these defects are
associated with elevated ROS levels in their spermatozoa. In any case, the crucial role of mitochondria
in sperm bioenergetics, as well as the potential for defective mitochondria to generate excessive ROS,
motivates a better understanding of the factors responsible for perturbation of mtDNA in developing
germ cells.
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Figure 3. Mitochondrial DNA and location of the mtDNA 4977 bp and 7436 bp deletions. The
mtDNA%77 deletion includes genes encoding two subunits of ATP-synthase (ATP6 and ATPS),
cytochrome oxidase III (COIII), NADH dehydrogenase subunit 3 (ND3), ND4, ND4 subunit L (ND4L),
and ND5, whereas mtDNA74% includes ATP6, COIII, ND3, ND4, ND4L, ND5, ND6 and the entire
cytochrome b (Cyt b). As a consequence, spermatozoa harboring mtDNA4977 and mtDNA7436
deletions lack several essential OXPHOS genes, fail to assemble functional ETC complexes, and
experience compromised energy production. Abbreviations: CI, ETC Complex I; CIII, ETC Complex
III; CIV, ETC Complex IV.

5. Antioxidant Systems in the Male Reproductive Tract

The male reproductive tract produces a wide range of antioxidant scavengers capable of defending
spermatozoa from ROS attack. Given that mature spermatozoa are translationally inactive and carry
with them minimal endogenous antioxidant defenses, they are highly dependent on these exogenous
sources of enzymes during spermatogenesis and their residence in the male reproductive tract. In
semen, the most abundant antioxidant enzymes are those belonging to the glutathione peroxidase
(GPX) and peroxiredoxin (PRDX) families (reviewed in [153]). The GPX4 isoform is predominantly
synthesized in the testis and in mature spermatozoa is abundantly localized in the midpiece. Transgenic
mice lacking GPX4 display impaired sperm quality, including deficits in sperm motility and structural
abnormalities in the midpiece of the flagellum [154]. An alternative GPX isoform, GPXS5, is highly
expressed in the caput epididymis and has been implicated in the protection of sperm DNA based on
the demonstration that the spermatozoa of Gpx5-null mice display lower levels of DNA compaction
and higher levels of 8-0xoG than their wildtype counterparts [155]. In addition to GPXs, PRDXs are also
highly expressed in the caput and cauda epididymis and have been documented within seminal plasma
and in virtually all domains of the human spermatozoon [156]. PRDXs are a highly-conserved family
of thiol-dependent peroxidases that regulate antioxidant defense systems by virtue of their ability to
reduce HyO,, peroxynitrite (ONOQO™) and hydroperoxides (ROOH); themselves becoming inactivated
upon oxidization [156,157]. PRDX1 and PRDX6 have been shown to be abundantly expressed in rat
epididymal spermatozoa and to become highly oxidized after the induction of OS with substrates
such as tert-butyl hydroperoxide (tert-BHP) [158]. Due to its catalase and calcium-independent
phospholipase A2 (Ca?*-iPLA2) activities, PRDX6 has also been implicated in the prevention of LPO
and the repair of oxidized membranes [159]. Accordingly, the inhibition of PRDX6 Ca?*-iPLA2 activity
in human spermatozoa has recently been shown to promote extensive oxidative damage (including
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high levels of LPO, DNA oxidation and reduced AY), which contributes to a phenotype of reduced
sperm motility [160]. Aside from GPXs and PRDXs, alternative enzymatic antioxidants such as
superoxide dismutase (SOD) and catalase (CAT) collaborate to protect spermatozoa held within male
reproductive tract. Such enzymatic defenses can be supplemented by dietary derived non-enzymatic
antioxidants, including vitamins (C, E and B), carotenoids, glutathione, inositol, carnitines, cysteines,
hyaluronan, serum albumin, and zinc (reviewed in [161]).

Highlighting the physiological importance of these collective antioxidant defenses, patients
with poor sperm motility parameters commonly have an attendant deficit in their levels of seminal
plasma antioxidants. By way of example, studies of asthenozoospermic individuals with idiopathic or
varicocele-related background have shown these lesions are commonly accompanied by relatively low
levels of PRDX6 and PRDX1 enzymes within their seminal plasma and spermatozoa, respectively [162].
Similarly, the levels of lactoferrin (LTF; an iron-binding glycoprotein secreted by the mammalian
epididymis [163,164] that possesses antioxidant properties and is capable of binding receptors on the
sperm head and midpiece [165]) are reduced in spermatozoa from asthenozoospermic males [166].
Whilst others have reported the opposing trend; i.e., higher levels of LTF in spermatozoa from males
with asthenozoospermia [18], such discrepancies may reflect the alternative defects that give rise to
this pathology and/or the integrity of sperm membrane domains wherein LTF receptors are localized.
Building on this body of evidence, the levels of vitamin C, vitamin E and the reduced form of glutathione
(GSH; an endogenous antioxidant that can function synergistically with vitamin C [167]), have each
been found to be diminished in the semen of asthenozoospermic males compared to normozoospermic
controls [168,169]. In contrast to this general trend, data from meta-analyses have failed to document
significant changes in the levels of alternative seminal plasma antioxidants such as SOD between
males with different forms of infertility (including oligoasthenozoospermia) and that of healthy
controls [170], suggesting that not all antioxidants are of equivalent importance in terms of maintaining
sperm function. One possible explanation is that the attenuation of antioxidant capacity in infertile
individuals may be due, at least in part, to redox driven modifications of specific antioxidant enzymes.
lustrative of this, PRDXs, which serve as primary antioxidants in ejaculated human spermatozoa, are
especially vulnerable to ROS-induced modifications such as S-nitrosylation, tyrosine nitration, and
S-glutathionylation (reviewed in [171]). Oxidative damage to specific antioxidants may therefore be
among the first steps in the cascade of events that contribute to OS-mediated male infertility.

Taking into account the potential of antioxidants to ameliorate OS related pathologies, it is perhaps
not surprising that different cocktails of enzymatic and non-enzymatic antioxidants have found
therapeutic application during assisted reproductive interventions [172]. Among the most popular of
these are vitamin C, zinc and L-carnitine [173-175], although it must be acknowledged the outcomes
of these trials are far from consistent. In this context, zinc supplementation has been reported to
improve sperm motility by way of reducing OS, apoptosis and DNA fragmentation; but notably, these
results were only achieved in the presence of vitamins C and E [174]. Similarly, in a study by Garolla
et al. [175], L-carnitine was shown to improve sperm motility but only in samples wherein normal
levels of GPX were maintained. This caveat could explain the opposing data obtained by Sigman et
al. [176], who reported that L-carnitine had no effect on sperm motility. In view of these dichotomous
results, there is a clear imperative to continue basic research to advance our understanding of the
interplay of ROS and sperm biology in order to inform the development of effective therapies to combat
OS-mediated lesions.

6. Conclusions

Overall, this review highlights mechanisms contributing to an OS-induced decline in sperm
motility associated with conditions such as asthenozoospermia. A clear consensus to emerge from the
reviewed literature is that the presence of OS in the male reproductive tract is strongly and positively
correlated with reduced sperm motility. This state of OS can be evoked not only by intrinsic factors but
also by a diversity of environmental agents commonly encountered during modern life. Thus, the
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challenges presented to the male reproductive tract in terms of mounting an effective and prolonged
defense against ROS can result in an attenuation of antioxidant capacity and a concomitant acceleration
of OS-induced sperm damage. One particular pathway that appears to contribute to much of the OS
response is that of LPO, which is responsible for the generation of highly reactive aldehyde species.
These electrophiles are able to adversely impact sperm motility via the adduction and dysregulation of
proteins involved in sperm bioenergetic pathways as well as the structural and signaling components
of the motility apparatus. Given that these lesions go hand in hand with oxidative DNA damage, it is
possible that they may serve a physiological role in terms of reducing the likelihood of such sperm from
participating in fertilization and thus transmitting an altered paternal genome to the next generation.
This possibility emphasizes the need for the development of novel therapeutic interventions to address
the burden of OS-mediated dysfunction in the male germline.
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