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Human infertility affects ~15% of couples worldwide, and it is now recognized that in half of
these cases, the causes of infertility can be traced to men [1,2]. The spermatozoon is a terminal cell with
the unique goal of delivering the paternal genome into the oocyte. This essential task for any species
survival can be threatened by environmental pollutants, chemicals, drugs, smoke, toxins, radiation,
diseases, and lifestyles. Oxidative stress is a common feature of the mechanism of action of these
factors and conditions that negatively impact male fertility [3–7]. Indeed, the reactive oxygen species
(ROS)-mediated damage to spermatozoa is a significant contributing factor to infertility in 30-80% of
infertile men [8–12].

Spermatozoa are terminally differentiated cells produced in the testes during the
hormone-regulated process of spermatogenesis. Two somatic cell types are critical to this process: Sertoli
cells protect and support the germ cell development, whereas interstitial Leydig cells produce necessary
intratesticular steroids (e.g., testosterone) [13,14]. After their release from the testis, spermatozoa
complete their maturation during the transit through the epididymis. There, they acquire the potential
for motility and fertility through extensive morphological and biochemical modifications [15]. After
ejaculation, spermatozoa must undergo the complex and timely process of capacitation that involves
ionic, metabolic, and membrane changes, including the production of ROS at low concentrations [16,17].
Capacitation allows spermatozoa to bind to the zona pellucida that surrounds the oocyte and induce
the acrosome reaction [18], an exocytotic event by which proteolytic enzymes (e.g., acrosin and
hyaluronidase) are released. Thus, the spermatozoon penetrates the zona pellucida and reaches and
fuses with the oocyte. Failure to undergo sperm capacitation and/or acrosome reaction is associated
with infertility [19,20].

A key feature of sperm capacitation is the production of ROS at very low and controlled levels
by the spermatozoon. This essential phenomenon for the acquisition of the fertility ability was first
reported in humans [21], bovine [22], and equine [23] spermatozoa, and then confirmed by others
(see [24] for more information). ROS play the role of second messengers and act in most of the known
signal transduction pathways involved in this complex phenomenon [25–27]. Sperm capacitation is
a redox-regulated process. Peroxiredoxins (PRDXs) play a crucial role in maintaining low levels of
intracellular ROS to allow the achievement of fertilizing ability by the spermatozoon [28,29].

Oxidative stress can promote detrimental changes during spermatogenesis, epididymal maturation,
and sperm capacitation that can lead to infertility [30–35]. Lipid peroxidation of the sperm plasma
membrane is one of the first described oxidative damage associated with low sperm quality and
infertility [36,37]. 4-hydroxynonenal, a subproduct of lipid peroxidation, forms adducts with proteins
and DNA, impairing sperm mitochondrial function and promoting mutations in the sperm genome [38].
PRDX6, a unique antioxidant with peroxidase and calcium-independent phospholipase A2, is a key
element in the antioxidant defence to protect sperm membranes and DNA from oxidative damage [39,40].
Oxidative damage to the paternal genome has been reported in humans and animals and associated
with fertility failure [41–44]. Redox-dependent protein modifications are related to low sperm quality
and infertility [45–47]. The reproductive system is equipped with antioxidant enzymes to avoid
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the adverse effects of high levels of ROS during the production and maturation of spermatozoa.
Different studies have addressed the consequences of the absence of antioxidant enzymes on male
reproduction (for details see [48]), and from knockout mouse models, we learn the critical need of
superoxide dismutase, glutathione peroxidases, thioredoxins, and PRDXs to produce a healthy and
fertile spermatozoa in young adult and aging males [32,41,49–52].

The decline of fertility and the increase of abnormalities in the semen of men that is observed
over more than two decades is worrisome. However, we still do not have sufficient information
to understand why this is happening [53–55]. The exposure environmental toxicants could partly
explain this phenomenon, but there is still a significant amount of uncertainty regarding the possible
causes of the decrease in sperm quality over the years [53,55]. It is an established trend that men
are delaying fatherhood due to professional reasons, and scientific data from studies in animals and
humans revealed that sperm quality worsens as men age. There is increasing evidence that children
fathered by 50-year-old-or older men are prone to manifest a variety of disorders that can be linked to
significant mutations of the paternal genome [56].

This Special Issue on ROS and male fertility is composed of four original contributions that provide
new data on the role of SOD [57] and PRDXs [58] as essential antioxidants in the epididymis, and
PRDXs as novel players in the protection of gonocytes against oxidative stress [59] and the participation
of glutathione-S transferase omega 2 in the regulation of sperm function during capacitation [60].
The Special Issue is completed with six review articles that provide an update on the molecular
changes induced by oxidative stress that impairs human sperm motility [61], the importance of ROS
in determining the functionality of spermatozoa and situations in which oxidative stress occurs and
impacts on male fertility [24], the oxidation of the sperm nucleus and the impact of oxidative stress on
the paternal genome [62], the importance of using appropriate tools to study the role of ROS in sperm
and infertility [63], and an exhaustive evaluation of ROS production and its relevance in male fertility
and antioxidant therapy [64]. The characterization of the redox regulation and effects of oxidative
stress in equine spermatozoa is also included in this Special Issue [65].

Many groundbreaking studies have contributed to our understanding of the field of ROS in male
fertility. It is undeniable that these reactive molecules play an essential role in both physiological
and pathological mechanisms of the male reproductive system. Antioxidant therapy is a common
clinical strategy to improve sperm quality and function in infertile men [66,67]. However, there are
controversial results regarding the efficacy of these treatments. Some controlled trials suggested that
such treatments are beneficial to achieve live births [66], whereas others did not show any benefit [68].
This discrepancy is likely based on the lack of tools in clinics to establish whether oxidative stress is
responsible for the infertility of a given patient. Thus, more fundamental and clinical research is needed
to comprehend how ROS modulate male fertility to design better diagnostic tools and therapeutic
strategies to fight against male infertility.

Funding: Original research by the author of this editorial was supported by the Canadian Institutes of Health
Research (CIHR), operating grant # MOP133661 to CO.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Peroxiredoxins (PRDXs) are antioxidant enzymes that protect cells from oxidative stress and
play a role in reactive oxygen species (ROS)-mediated signaling. We reported that PRDXs are critical
for human fertility by maintaining sperm viability and regulating ROS levels during capacitation.
Moreover, studies on Prdx6−/− mice revealed the essential role of PRDX6 in the viability, motility,
and fertility competence of spermatozoa. Although PRDXs are abundant in the testis and spermatozoa,
their potential role at different phases of spermatogenesis and in perinatal germ cells is unknown.
Here, we examined the expression and role of PRDXs in isolated rat neonatal gonocytes, the precursors
of spermatogonia, including spermatogonial stem cells. Gene array, qPCR analyses showed that
PRDX1, 2, 3, 5, and 6 transcripts are among the most abundant antioxidant genes in postnatal day
(PND) 3 gonocytes, while immunofluorescence confirmed the expression of PRDX1, 2, and 6 proteins.
The role of PRDXs in gonocyte viability was examined using PRDX inhibitors, revealing that the 2-Cys
PRDXs and PRDX6 peroxidases activities are critical for gonocytes viability in basal condition, likely
preventing an excessive accumulation of endogenous ROS in the cells. In contrast to its crucial role in
spermatozoa, PRDX6 independent phospholipase A2 (iPLA2) activity was not critical in gonocytes in
basal conditions. However, under conditions of H2O2-induced oxidative stress, all these enzymatic
activities were critical to maintain gonocyte viability. The inhibition of PRDXs promoted a two-fold
increase in lipid peroxidation and prevented gonocyte differentiation. These results suggest that
ROS are produced in neonatal gonocytes, where they are maintained by PRDXs at levels that are
non-toxic and permissive for cell differentiation. These findings show that PRDXs play a major role
in the antioxidant machinery of gonocytes, to maintain cell viability and allow for differentiation.

Keywords: testis; gonocytes; peroxiredoxins; oxidative stress; ROS; differentiation

1. Introduction

Peroxiredoxins are found in all living organisms, from bacteria, plants, yeasts to animals, where they
act as scavengers of hydrogen peroxide (H2O2), lipid peroxides and peroxynitrite. Mammalian
Peroxiredoxins (PRDXs) are important, not only as antioxidant enzymes preventing reactive oxygen
species (ROS)-induced cell damage, but also as physiological regulators and sensors in a variety of cell
and tissue types [1]. Indeed, the activation of several phosphatases, kinases, and tumor suppressor
proteins have been shown to require a certain level of H2O2 acting as a second messenger in the
vicinity of the enzymes, which is achieved by the transient and localized inhibition of PRDXs [2,3].
PRDXs are classified depending on the cysteine residues (Cys) in their active site, that will react with
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peroxides. They comprise the 2-Cys PRDX1 to 4, the atypical 2-Cys PRDX5, and the 1-Cys PRDX6,
which has the particularity of being bifunctional, with both peroxidase and calcium-independent
phospholipase A2 (iPLA2) activities [4]. The 2-Cys PRDX1 to 4 are homodimers in which the thiol of a
cysteine residue of one PRDX subunit gets oxidized, then further reacts with the thiol group of the
catalytic cysteine of the other subunit, forming a disulfide bond between the two subunits. By contrast,
in the atypical PRDX5, 2 Cys of the same chain react upon oxidation to form an intrasubunit disulfide
bond. Inactive PRDXs are then reactivated by a reduction of the disulfide bonds by thioredoxin (TRX),
itself further reactivated by TRX reductase (TRD), using NADPH as a reducing equivalent. In the
case of PRDX6, since the enzyme has only one catalytic Cys, the oxidized thiol will be reduced by the
glutathione-GSH-transferase P1 (GSTP1) system [4–6].

Studies in PRDXs knockout mice have support the understanding of the diverse roles of these
enzymes by highlighting the different defects in mice deficient for a specific PRDX [7]. In particular,
spermatozoa have been shown to express the six PRDX isoforms [4], which act as ROS scavengers
and are required to maintain viability as well as fertilizing competence [3,6,8–10]. While ROS are
needed for sperm capacitation, due to their regulatory role in the phosphorylation of key proteins,
their levels must be tightly controlled to prevent damaging oxidative stress, mainly by PRDX1 and 6 in
rat [8–10]. In mice, PRDX6 deficiency or inhibition of its PLA2 activity were found to impair in vitro
sperm fertilizing competence [11]. Low levels of PRDX6 were observed in infertile men, positioning
PRDX6 as the first line of defense against oxidative stress in human spermatozoa [12]. Although
spermatogenesis occurs in the testes of PRDX6 KO mice, these animals are subfertile, with defective
and underperforming spermatozoa, suggesting potential alterations of some of the processes leading
to sperm formation. While the importance of PRDXs on sperm integrity and function is clear, little is
known on the role of PRDXs in germ cells from primordial germ cells to spermatids.

The goal of this study was to examine the expression and role of PRDXs in neonatal gonocytes
(also called pre-/pro-spermatogonia), the direct precursors of spermatogonial stem cells and first
wave spermatogonia [13,14]. Gonocytes differentiate from primordial germ cells in the fetal gonad
primordium, and undergo distinct phases of development, including successive phases of proliferation
and quiescence in the fetus, resuming mitosis at postnatal day (PND) 3 in the rat, and simultaneously
migrating toward the basement membrane of the seminiferous tubules where they differentiate to
spermatogonia around PND6 [15]. We have previously shown that rat neonatal gonocyte differentiation
is regulated by all trans-retinoic acid (RA) [16,17]. Extensive cell remodeling takes place during
the proliferation, relocation and differentiation of neonatal gonocytes, in part regulated by the
ubiquitin proteasome system [18]. We recently reported that neonatal gonocytes express high levels of
cyclooxygenase 2 (COX2) and produce prostaglandins [19]. While COX2 and prostaglandins were
reported to regulate ROS production in Sertoli cells [20], in other cell types such as the kidney mesanglial
cell, ROS were shown to regulate COX2 expression and prostaglandin synthesis [21]. However, nothing
is known on ROS formation and the antioxidant machinery in neonatal gonocytes. The present study
demonstrates that PRDXs are essential for maintaining ROS homeostasis and cell viability in neonatal
gonocytes, and that the iPLA2 activity of PRDX6 in these cells is not as critical as it is in spermatozoa,
suggesting differential role for these antioxidant enzymes at different phases of germ cell development.

2. Materials and Methods

2.1. Chemicals

Conoidin A, an inhibitor of 2-cystein PRDX1-5 peroxidase activities was purchased from Cayman
Chemical (Ann Arbor, MI, USA). MJ33 (1-Hexadecyl-3-(trifluoroethyl)-sn-glycero-2-phosphomethanol
lithium), competitive inhibitor of the phospholipase A2 activity of PRDX6 was from Sigma-Aldrich
(Milwaukee, WI, USA). Ezatiostat, a glutathione analog inhibitor of the Glutathione S-transferase P1
(GSTP1), required for the re-activation of the peroxidase activity of PRDX6, but not other PRDXs, was
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purchased from Sigma-Aldrich (Milwaukee, WI, USA). All-trans-retinoic acid, H2O2 and common
reagents were from Sigma-Aldrich (Milwaukee, WI, USA).

2.2. Animals

PND2 newborn male Sprague Dawley rats were purchased from Charles Rivers Laboratories
(Saint-Constant, Quebec, Canada). The pups were handled and euthanized according to the protocols
approved by the McGill University Health Centre Animal Care Committee and the Canadian Council
on Animal Care. USC Institutional Animal Care and Use Committee; Martine Culty protocol
#20792-AM001 (Physiology and toxicology of male reproductive system).

2.3. Gonocyte Isolation and in Vitro Culture and Treatments

Neonatal gonocytes were isolated by performing sequential enzymatic tissue dissociation together
with mechanical dissociation of the pooled testes from 40 PND3 pups per experiment. This was
followed by a step of differential overnight adhesion at 37 ◦C in medium containing 5% fetal bovine
serum (FBS), and cell separation of the non-adherent cells on a 2–4% bovine serum albumin (BSA)
gradient in serum-free medium on the next morning [22,23]. Enriched gonocyte preparations at 70–80%
purity were obtained by pooling fractions containing high proportions of gonocytes, according to
size and appearance, while a gonocyte purity above 95% was used for gene array analysis [18].
Freshly isolated gonocytes were cultured at 20 to 30,000 cells per well in 500 μL of RPMI 1640 containing
2.5% FBS, antibiotics, alone or with the PRDX inhibitors conoidin A, MJ33 and ezatiostat, and/or H2O2,
at different concentrations, for 2 to 18 h, in 3.5% CO2, at 37 ◦C. Cell differentiation was examined by
treating the gonocytes with 10−6 M retinoic acid (RA), in the absence or presence of the PRDX inhibitors.

2.4. Cell Viability

Cell viability was assessed using a Trypan blue exclusion assay, by counting live and trypan
blue-positive gonocytes as previously described [19], and viability was expressed as the mean ± SEM
of the percentage of live cells against the total number of gonocytes in 3 independent experiments,
each performed with triplicates.

2.5. RNA Extraction and Real-Time Quantitative PCR (Q-PCR) Analysis

Total RNA was extracted from cell pellets using the PicoPure RNA isolaton kit (Arcturus, Mountain
View, CA, USA) and digested with DNase I (Qiagen, Santa Clarita, CA, USA), followed by cDNA
synthesis with a single-strand cDNA transcriptor synthesis kit (Roche Diagnostics, Indianapolis,
IN, USA), as previously described [18,19]. Quantitative real-time PCR (qPCR) was performed
using SYBRgreen PCR Master Mix kit (Bio-Rad, Hercules, CA, USA) on a LightCycler 480 (LC480,
Roche Diagnostics) [18]. The forward and reverse primers used are provided in Table 1. The comparative
Ct method was used to calculate the relative expression of the differentiation marker Stra8, and PRDX
1 to 6, using 18S rRNA as housekeeping gene for data normalization. Changes in Stra8 gene expression
are expressed as percent of the control values; and given as means ± SEM from 3 or 4 experiments, each
using triplicates. PRDX data are expressed in relative gene expression and shown as the means ± SEM
from 3 experiments.

2.6. Gene Array Analysis

Briefly, the RNA samples isolated from three independent PND3 gonocytes and PND8
spermatogonia cell preparations, each made from multiple rat testes (each sample corresponding to the
RNA of 60–90 pups for gonocytes, and 10 pup rats for spermatogonia) were analyzed using Illumina
RatRef-12 Expression BeadChips, as previously described [18]. The relative levels of antioxidant genes
were expressed in arbitrary units and presented as the means ± SEM of all data.
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As a comparison, the RNA from an enriched germ cell population prepared from the pooled testes
of 4 PND60 adult rats was also analyzed in the gene arrays, as described before [24].

Table 1. Primer sets for qPCR analysis of genes in rat gonocytes. The underlined bases correspond to
bases added to the gene sequence by the primer design program to generate better-balanced primers.

Gene Accession Number Forward and Reverse Primers

18S rRNA X01117.1 Cgggtgctcttagctgagtgtcccg
ctcgggcctgctttgaacac

Stra8 XM_575429.2 tgcttttgatgtggcgagct
gcgctgatgttagacagacgct

Peroxiredoxin 1 (PRDX1) NM_057114.1 acctgtagctcgactctgctg
aacagccgtggctttgaa

PRDX2 NM_017169.1 gactctcagttcacccacctg
tattcagtgggcccaagc

PRDX3 NM_022540.1 agaagaacctgcttgacagaca
caggggtgtggaatgaaga

PRDX4 NM_053512.2 tgagacactgcgtttggttc
tgtttcactaccaggtttccag

PRDX5 NM_053610.1 agtgccgcggtgactatg
caaaacacctttcttgtccttga

PRDX6 NM_053576.2 ttgattgctctttcaatagactctg
ctgcaccattgtaagcattga

2.7. Lipid Peroxidation Measurement by Bodipy Labelling

Lipid peroxidation was measured using the fluorescent lipid peroxidation sensor BODIPY
581/591 C11, a reporter fatty acid labelled with bodipy (4,4-difluoro-3a,4adiaza-s-indacene) fluorophore,
which can enter the cells and is used as a surrogate for endogenous lipids (Bodipy; Life Technologies
(Burlington, Ontario, ON, Canada)). The peroxidation of the reporter fatty acid leads to a shift in
the fluorescence of BODIPY from red to green in the cells. Thus, cells presenting green fluorescence
corresponds to cells in which lipid peroxidation occurred, which can be quantified by assessing
their proportion in each sample. Following 1.5 h of gonocyte treatments with either medium,
PRDXs inhibitors and/or H2O2, the Bodipy reagent was added to the wells at 20 μM final concentration
for an additional 30 min at 37 ◦C. The reactions were stopped by collecting and centrifuging the cells at
425× g for 10 min at 4 ◦C. The pellets were washed with PBS, the cells fixed with paraformaldehyde (3.5%
final) for 7 min, washed and further collected by cytospin centrifugation on microscopic slides. For
each slide, 5 pictures were taken using FITC (oxidized Bodipy reporter) and Texas Red (non-oxidized
reporter) fluorescence, on a Leica fluorescent microscope. Lipid peroxidation was measured as the
percent of Bodipy-positive green fluorescent cells over the total gonocyte numbers. Data are shown as
the means ± SEM of samples from 3 different experiments.

2.8. Immunohistochemistry (IHC)/Immunocytochemistry (ICC)

For IHC, PND3 testis samples were fixed with 4% paraformaldehyde solution (PFA), paraffin
embedded, and 4 to 6 μm thick sections were made. IHC and ICC analyses were performed as
previously described [18,19,23,25]. Briefly, the slides were dewaxed, rehydrated, treated for antigen
retrieval, and then with a blocking reagent in PBS. The slides were then incubated overnight at 4 ◦C in
Anti PRDX6 primary antibody diluted (1:100) in PBS containing 0.1% Triton X-100 and serum. This was
followed by washes and 1-h incubation with a biotinylated secondary antibody (dilution 1:100) in 0.1%
Triton X-100 and 10% BSA, at room temperature, then 15 min of treatment with Streptavidin-horse
radish peroxidase and 15 min with an AEC Chromogen solution. Mayer’s hematoxylin was used
for counterstaining, and Clear-Mount for coating. The slides were examined using bright-field

9



Antioxidants 2020, 9, 32

microscopy. As negative controls, some slides were treated with non-specific immunoglobulin G
instead of specific antibody.

For ICC, the protein expression of PRDX1, 2, and 6 were examined in low purity gonocyte fractions
pooled, washed with PBS, and fixed with 3.5% paraformaldehyde right after the BSA gradient. The fixed
cells were collected by cytospin centrifugation, the slides dried and treated with acetone:methanol
(60:40), followed by the antigen retrieval solution. The ICC reactions were similar to those described
above for IHC, except for the use of fluorescent secondary antibodies. DAPI was used as a nuclear
signal. Rabbit and mouse IgG were used as negative controls and gave no fluorescent signal (data not
shown). Pictures of fluorescent signals and bright field were taken, using the same time of exposure
for the specific antibodies and non-specific IgGs. Representative samples are shown.

2.9. Statistical Analysis

Statistical analysis was performed using the unpaired Student’s t test or one-way ANOVA with
post-hoc Tukey multiple comparison analysis, using Prism version 5.04 (GraphPad Software, San
Diego, CA, USA). Changes with p values ≤ 0.05 were considered significant.

3. Results

3.1. PRDXs Are among the Highest Expressed Antioxidant Genes in Neonatal Gonocytes and in Spermatogonia

Gene array analysis of antioxidant genes in highly purified rat PND3 gonocytes and PND8
spermatogonia showed that, at both ages, Prdxs were among the most abundant antioxidant genes
(Figure 1A, Table S1). Comparing the signal intensities of all genes in the arrays showed that thioredoxin
1 (Txn1), Prdx1 and superoxide dismutase (Sod) 1 were among the 1% most abundant genes in these
cells, comprising relative signal intensities around and above 2000. Next, Prdx2, Prdx5, Prdx6, Sod2,
Gstp1, and Gpx4 were among the most abundant genes, with relative signal intensities from 600 to
1200 (Table S1). Other highly expressed genes (signal intensities between 300 and 600) included Gsto1,
Prdx3, Txnl1, Mgst1, Txnrd1, Gstp2, Gpx1, and Nrf2. As a comparison, these genes had much higher
signal intensities than 65 percent of the genes in the cells, which presented intensities below or around
20, levels found for Sod3 and Catalase. The ranking of expression for PRDXs were Prdx1 > Prdx2 >
Prdx5 > Prdx6 > Prdx3, in both germ cell types. Measurement of the relative expression of the PRDXs
by qPCR in PND3 gonocytes indicated a similar ranking of expression levels, where Prdx1 and Prdx2
were the most abundant, followed by Prdx6, Prdx5 and Prdx3, and finally Prdx4 present at very low
levels (Figure 1B). The similarities in expression profiles of antioxidant genes between gonocytes
and spermatogonia suggested a conserved antioxidant machinery between the two phases of germ
cell development.

Figure 1. Relative expression of antioxidant genes in postnatal day 3 (PND3) gonocytes and PND8
spermatogonia. (A) gene array analysis of PND3 gonocytes and PND8 spermatogonia antioxidant
genes. (B) qPCR analysis of PRDXs expression in PND3 gonocytes. Results represent the means ± SEM
from 3 or 4 experiments, each using multiples animals.
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This was different from the levels found in enriched PND60 adult rat germ cells, in which the
relative gene expression of Gstm5 (6235) was the highest, followed by Gpx4 (5507), Hagh (1141),
Sod1 (1136), mGst1 (446), Prdx1 (407), Prdx6 (345), Gstm1 (341), Txn1 (335), Prdx2 (223), Prdx5 (204),
Gsto1 (188), Prdx3 (144), Gstt2 (140), Txnl1 (132), Txn2 (81), Sod3 (73), Gsta2 (64), Gstp1 (65), and Sod2
(44), the remaining genes being at very low expression levels.

The immunological analysis of the protein expression of PRDX1, 2, and 6 in mixed suspensions of
PND3 gonocytes, Sertoli and myoid cells confirmed that the three PRDX proteins were expressed in
gonocytes, Sertoli, and myoid cells, but at lower levels in gonocytes than in most of the somatic cells
(Figure 2A). PRDX1 showed a slightly stronger signal than PRDX2, both being higher than PRDX6 in
gonocytes, in agreement with the transcript levels. PRDX6 protein was also visible by IHC analysis in
the cytoplasm of gonocytes in PND3 testis sections, but it was lower than the levels observed in Sertoli
cells and some interstitial cells (Figure 2B).

 
Figure 2. Protein expression of PRDX1, 2, and 6 in PND3 gonocytes. (A) Immunocytochemistry (ICC)
analysis of PRDXs expression in cells collected right after the cell isolation procedure on cytospin slides.
Low purity pooled fractions were used. White arrow: gonocytes. White arrowhead: somatic cells
(Sertoli and peritubular myoid cells). (B) Immunohistochemistry (IHC) analysis of PND3 testis section.
Representative pictures are shown. Black arrow: gonocytes. Black arrowhead: somatic cells. Scales
are in μm.
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3.2. PRDXs Are Required for PND3 Gonocyte Survival in Basal Conditions

In view of the abundance of PRDXs in gonocytes, and knowing the importance of these peroxidases
for spermatozoa viability and function, we examined whether inhibiting PRDXs would have an impact
on the survival of PND3 gonocytes. For that, we performed dose-response and time-course studies
in basal conditions where only endogenous ROS may be formed, using either the inhibitor of 2-Cys
PRDXs, Conoidin A; the inhibitor of GSTP1 (that promotes PRDX6 glutathione-dependent re-activation),
Ezatiostat; or the inhibitor of the phospholipase A2 activity of PRDX6, MJ33. Conoidin A induced a
rapid dose-dependent decrease in gonocyte viability with concentrations of 5–10 μM, inducing 50%
cell death after one hour of treatment (Figure 3A). There were no surviving cells with conoidin A
concentrations of 1–10 μM after 18 h of treatments. By contrast, after 18 h of treatment with MJ33,
there was no or minimally detrimental effects on cell viability with concentration from 1 to 20 μM
(Figure 3B). However, at 50 μM, MJ33 did induce cell death after 18 h. Eztiostat dose responses were
performed for two hours of treatment, because preliminary studies showed that longer time-periods
induced the loss of a large amount of cells. Eztiostat inhibited cell survival in a dose-dependent manner
(Figure 3C), with a concentration of 50 μM inducing nearly 50% of cell death. These data suggest that
the peroxidase activity of 2-cys PRDXs and PRDX6 play a critical role in gonocyte protection against
excessive endogenous ROS, and that inhibiting these enzymes even for a short time is sufficient to
induce significant gonocyte cell death. Thus, PRDXs are required to maintain ROS homeostasis in
neonatal gonocytes. By contrast, inhibiting the PLA2 activity of PRDX6 with MJ33 did not exert rapid
deleterious effects on cell viability.

Figure 3. Effects of PRDX inhibitors on PND3 gonocyte viability. Cell viability was determined by
trypan blue exclusion method. (A) Dose response and time course of conoidin A effects. Control: green;
Conoidin A at 0.1 μM (blue); 1 μM (orange); 5 μM (pink); 10 μM (red). (B) MJ33 dose response at 18 h
treatments. (C) Ezatiostat dose response at two hours of treatment. Results represent the means ± SEM
from at least three experiments. Statistical significance: * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.

PRDXs are required to prevent oxidative stress-induced cell death in PND3 gonocytes. Oxidative
stress can be generated by external factors, as a result of exposure of the animals and their reproductive
system to oxidative agents, or through the production of ROS by other testicular cell types in the
vicinity of the gonocytes. Thus, we tested the ability of PRDXs to protect PND3 gonocytes from
exogenous ROS, using H2O2 as an oxidative agent. The treatment of gonocytes with H2O2 at 100
and 200 μM for two hours induced a dose-dependent decrease in cell viability, with a 40% and 50%
reduction in viability, respectively (Figure 4).

These damaging effects were significantly worsened by treating the cells with PRDXs inhibitors,
with MJ33 having the mildest and ezatiostat the worst effects (Figure 4). These results indicate that the
oxidative stress generated by H2O2 exerts an adverse effect on gonocyte viability, and that 2 Cys PRDX
and PRDX6 peroxidase activities are required to protect gonocytes from oxidative stress. This further
implies that other antioxidant proteins expressed in gonocytes, even those present at high levels such as
Txn1, Sod1, and Sod2, are not able to rescue gonocytes from exposure to exogenous oxidants. Moreover,
the fact that ezatiostat and MJ33 exacerbated the adverse effect of H2O2 on gonocyte viability suggests
that both the peroxidase and phospholipase A2 activity of PRDX6 are important for gonocyte survival.
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Figure 4. Effects of H2O2 and PRDX inhibitors on PND3 gonocyte viability. H2O2 and PRDX inhibitors
were added to the cells at the indicated concentrations, alone or together for 2 h. Cell viability was
determined by trypan blue exclusion method. Results represent the means ± SEM from at least three
experiments. Statistical significance: *** p ≤ 0.001 treatment vs control; & p ≤ 0.05, &&& p ≤ 0.001
treatment vs 100 μM H2O2; # p ≤ 0.05, ### p ≤ 0.001 treatment vs 200 μM H2O2.

3.3. H2O2 Induces Lipid Peroxidation, and PRDXs Prevent Endogenous ROS-Induced Lipid Peroxidation in
PND3 Gonocytes

Lipid peroxidation has been known for decades to be one of the sources of spermatozoa damage
in infertile men [26]. Thus, we examined whether lipid peroxidation could also play a role in the
deleterious effects of H2O2 and PRDX inhibitors on gonocyte viability, using a fluorescent fatty acid
reporter system that allowed quantifying the proportion of cells where lipid peroxidation had occurred.
While lipid peroxidation was detectable in 40% of the control gonocytes, a condition corresponding
to 80% cell viability, treatment with H2O2 (a condition decreasing cell viability by 50%) doubled
the numbers of gonocytes presenting lipid peroxidation to nearly 80% of positive cells in gonocytes
(Figure 5). To examine the effects of PRDX inhibitors, we used concentrations of conoidin A and
ezatiostat decreasing viability by ~50% (10 and 50 μM respectively), and a concentration of MJ33 that
did not significantly alter cell viability compared to controls (20 μM). Treatments with conoidin A alone
had the same effect as H2O2 on lipid peroxidation, doubling the percent of gonocytes presenting lipid
peroxidation, while MJ33 and ezatiostat induced significant but lower increases in lipid peroxidation,
reaching 70% of positive cells, a 1.55 increase over the levels in control cells (Figure 5).

Figure 5. Effects of H2O2 and PRDX inhibitors on lipid peroxide formation in PND3 gonocytes. H2O2

and PRDX inhibitors were added for two hours on gonocytes. Lipid peroxidation was measured using
the Bodipy assay. Results are the means ± SEM from at least three experiments. Statistical significance:
** p ≤ 0.01; *** p ≤ 0.001.

Combining PRDX inhibitors with H2O2 did not further increase lipid peroxidation, which already
affected most of the cells with individual treatments (data not shown). These results show that an
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oxidative stressor such as H2O2 induces similar levels of lipid peroxidation as endogenous ROS
accumulating in the absence of PRDX activities in PND3 gonocytes. This suggests that lipid peroxides
are produced physiologically in gonocytes, and that PRDXs are critical for preventing excessive levels
that could affect gonocyte survival. The data also imply that PRDXs protect gonocytes from excessive
endogenous ROS-induced lipid peroxidation. Moreover, the fact that 40% of control gonocytes showed
lipid peroxidation without affecting their viability, and that lipid peroxidation was not proportional to
viability in cells treated with PRDX inhibitors, suggest that gonocytes can tolerate a certain level of
lipid peroxidation. The finding that MJ33 treatment increased lipid peroxidation suggests that the
PRDX6 iPLA2 activity also plays a role in repairing oxidized membranes [27].

3.4. PRDX Inhibition Blocks RA-Induced Differentiation in PND3 Gonocytes

Considering the physiological roles played by ROS in many tissues and cell types, including in
spermatozoa, and our finding that inhibiting PRDXs increases endogenous ROS formation in PND3
gonocytes, we examined whether blocking PRDXs could affect RA-induced gonocytes differentiation.
First, we determined cell viability in cells treated for two hours with RA alone or together with
two different concentrations of PRDX inhibitors, in order to select concentrations of inhibitors that
would not overly decrease cell survival. RA at 1 μM did not have an effect on cell survival. Similarly,
concentrations of 20 μM MJ33 or 10 μM ezatiostat did not affect cell viability (Figure 6). While 0.5 μM
conoidin A decreased cell viability by 9% when used alone, and 17% when added with RA in
comparison to control and RA treatments, these was still relatively minor effects.

Figure 6. Effects of trans-retinoic acid (RA) and PRDX inhibitors on PND3 gonocyte viability. RA (1 μM)
and PRDX inhibitors at the indicated concentrations were added alone or together for two hours on
gonocytes. Cell viability was determined by the trypan blue exclusion method. Results represent the
means ± SEM from at least 3 experiments. Statistical significance: * p ≤ 0.05, *** p ≤ 0.001, treatment
against control; &&& p ≤ 0.001, treatment against RA alone.

Next, we measured the mRNA expression of Stra8, previously found to be a good marker for
assessing neonatal gonocyte differentiation [15–17]. While two hours of treatment with RA significantly
increased Stra8 expression by over three-fold, there was no effect of conoidin A, MJ33 or ezatiostat
added alone to the cells (Figure 7). However, both conoidin A and ezatiostat significantly repressed
RA-induced Stra8 increases, indicating inhibitory effects of PRDX inhibitors on gonocytes differentiation.
However, MJ33 did not alter RA effect on Stra8 levels. These data suggest that the oxidative stress
resulting from PRDXs inhibition is detrimental to gonocytes differentiation, whereas PRDX6 iPLA
activity does not appear to be required for gonocyte differentiation.
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Figure 7. Effects of trans-retinoic acid (RA) and PRDX inhibitors on PND3 gonocyte differentiation.
RA (1 μM) and PRDX inhibitors at the indicated concentrations were added alone or together for two
hours on gonocytes. Stra8 mRNA expression was measured by qPCR analysis. Results represent the
means ± SEM from three experiments. Statistical significance: *** p ≤ 0.001, treatment against control;
& p ≤ 0.05, && p ≤ 0.01, treatment against RA alone.

4. Discussion

The goal of the present study was to determine whether peroxiredoxins play a role in the survival
of neonatal male germ cells, as it is the case in spermatozoa. We hypothesized that neonatal germ cells
and spermatozoa would likely require different antioxidant machineries, in view of their considerable
molecular, morphological and functional differences, as well as their distinct cellular environments.
Indeed, the most abundant antioxidants genes in PND3 gonocytes were Txn1, Prdx1, Sod1, Prdx2, Prdx6,
and Prdx5, whereas a mixed population of adult germ cells expressed Sod1 at a similar level as these
genes, followed by mGst1, Prdx1, Prdx6, Txn1, Prdx2 and Prdx5 at lower levels. These data indicate that
neonatal gonocytes express very high levels of antioxidant genes relative to adult germ cells, although
one cannot exclude that some of these genes might be highly expressed in discreet subsets of adult
spermatogonia, spermatocytes, or spermatids. The requirement for high levels of antioxidant genes in
neonatal gonocytes might reflect the production of ROS during their multiple functions, including
DNA methylation, cell proliferation, migration, and differentiation, all processes requiring energy and
the generation of ROS [13,14].

Indeed, our finding that the direct inhibition of 2-Cys PRDX with conoidin A and the
specific inhibition of GSTP1, enzyme necessary for the re-activation of PRDX6 peroxidase activity,
with ezatiostat [28–31] induce rapid and extensive cell death in PND3 gonocytes implies that high
levels of ROS are formed in these cells in physiological conditions. This further suggests that PRDXs
play an essential role in maintaining ROS at levels required for physiological functions, but not high
enough to induce cell damage. Our results showing that lipid peroxidation is greatly increased by
these inhibitors and is associated with increased cell death suggest that lipid peroxides are in part
responsible for the adverse effects on gonocytes. In this context, high levels of antioxidant genes,
in particular PRDXs, protect neonatal gonocytes from damaging levels of ROS. Moreover, the data
clearly show that other antioxidant genes are not capable of rescuing gonocytes from the deleterious
effects of ROS accumulation in the absence of PRDXs. In this regard, PRDXs are clearly essential to the
maintenance on ROS homeostasis and gonocytes survival, as they are in spermatozoa [4,6].

Recently, it was reported that as human PRXD6, targeted to the yeast mitochondrial matrix,
elicited glutathione disulfide (GSSG) formation upon treatment of cells with H2O2 [32]. Because yeast
lack GSTP1, it was suggested that other enzymes may re-activate the peroxidase activity of PRDX6.
Although we observed that glutaredoxin 1 (GRX1) and other GSTs were present in gonocytes, the level
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of their expression was lower than that of GSTP1 (Figure 1; Table S1). This finding and the decrease in
gonocyte survival due to the inhibition of GSTP1 by ezatiostat, indicate that the re-activation of PRDX6
peroxidase activity is probably accomplished by GSTP1 and GSH in gonocytes, as described in other
mammalian cells [33].

The finding, that conoidin A and ezatiostat both greatly aggravated H2O2 adverse effects, suggests
that 2-Cys PRDXs, likely PRDX1 and 2 which were the most abundant at the protein level, as well as
PRDX6 are the peroxidases that actively remove ROS such as H2O2 from neonatal gonocytes exposed
to oxidative stress. Taken together with the fact that Sertoli cells produce H2O2 [20], these data
suggest that the exposure of neonatal gonocytes to ROS produced by Sertoli cells might be part of a
physiological process, as it happens in various tissues and cell types [8,34–36]. However, as shown by
the effects of PRDX inhibitors, ROS levels need to be tightly regulated in order to maintain ROS at
non-toxic levels in gonocytes.

The fact that the PRDX inhibitors conoidin A and ezatiostat both decrease RA-induced gonocyte
differentiation suggests that PRDXs are essential to control ROS levels, preventing cell death and
allowing some of the cells to undergo gonocyte differentiation. Moreover, the finding that PRDX
inhibition promoted high levels of ROS, which prevented gonocyte differentiation without impairing
viability, suggests that one way by which the Sertoli cells could control the timing of gonocyte
differentiation would be by producing ROS at levels that would prevent or allow gonocyte differentiation.
Further studies are necessary to confirm this possibility. Considering recent studies showing that
gonocytes are heterogeneous, similarly to spermatogonia [14,37,38], it would be interesting to study
whether neonatal testes contain sub-sets of gonocytes with different PRDX activities, corresponding to
different functional states.

One of the main differences we found with our studies on PRDXs in spermatozoa is related to
the role of the PRDX6 iPLA2 activity. While this activity is critical for the survival and fertilizing
ability of spermatozoa by repairing oxidized membranes [10–12], our results with MJ33 suggest that
the PLA2 activity of PRDX6 plays a role in gonocyte survival mainly in the presence of exogenous
oxidative stress. Yet, the increased cell death observed after treating gonocytes for 18 h with 50 μM
MJ33 suppressing PRDX6 iPLA2 activity implies that impairing the repair of oxidized membranes in
gonocytes can jeopardize PND3 gonocyte survival over time. We recently reported that exogenous
addition of arachidonic acid or lysophosphatidic acid (LPA) prevented cell death in spermatozoa
treated with MJ33 [39]. The addition of H2O2 to cells where PRDX6 iPLA2 is inactive and possibly
arachidonic acid levels were depleted is sufficient to induce a large increase in cell death in only two
hours. Thus, excessive levels of ROS combined with an increased lipid peroxidation and depletion of
arachidonic acid and/or LPA appear to aggravate the fate of the cells.

Interestingly, we recently reported that neonatal gonocytes express COX2 and other enzymes
of the prostaglandin pathway, and produce prostaglandins (PG) E2 and PGF2a [19]. Moreover,
blocking PGE2 and PGF2a synthesis with ibuprofen for 24 h correlated with a partial decrease in
RA-induced differentiation in PND3 gonocytes [19]. However, inhibiting the PRDX6 iPLA2 activity
for 2 h does not seem to affect gonocyte differentiation. Since arachidonic acid is the precursor of
prostaglandins, the present data suggest that a short two-hour treatment with MJ33 may not deplete
arachidonic acid sufficiently to compromise cell differentiation, or that this process involves other
PLA2 enzymes expressed in gonocytes [19].

5. Conclusions

In conclusion, the present study identified PRDX1, 2, 6, and 5 as major antioxidant genes and
proteins in neonatal gonocytes, essential for the survival of the cells, especially under conditions of
oxidative stress. Moreover, gonocytes were more sensitive to Conoidin A effects than spermatozoa,
whereas they were less sensitive to the inhibition of the PLA2 activity of PRDX6 than spermatozoa,
suggesting a difference in the antioxidant machinery of gonocyte and spermatozoa. Further studies will
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be needed to examine the possibility that ROS, endogenous or produced by Sertoli cells, at non-toxic
levels, might play a role in the regulation of neonatal gonocyte differentiation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/9/1/32/s1,
Table S1: Relative gene expression of antioxidant genes expressed in rat PND3 gonocytes and PND8 spermatogonia.
The results represent the mean ± SEM of 3 independent RNA samples for each age, each made from cells isolated
in multiple animals. There was no significant difference between the two types of germ cells for any of the genes.
A few genes presenting a signal intensity below 20 were not included.
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Abstract: There is growing evidence that the quality of spermatozoa decreases with age and that
children of older fathers have a higher incidence of birth defects and genetic mutations. The free
radical theory of aging proposes that changes with aging are due to the accumulation of damage
induced by exposure to excess reactive oxygen species. We showed previously that absence of the
superoxide dismutase 1 (Sod1) antioxidant gene results in impaired mechanisms of repairing DNA
damage in the testis in young Sod1−/− mice. In this study, we examined the effects of aging and the
Sod−/− mutation on mice epididymal histology and the expression of markers of oxidative damage.
We found that both oxidative nucleic acid damage (via 8-hydroxyguanosine) and lipid peroxidation
(via 4-hydroxynonenal) increased with age and in Sod1−/− mice. These findings indicate that lack of
SOD1 results in an exacerbation of the oxidative damage accumulation-related aging phenotype.

Keywords: aging; epididymis; spermatozoa; oxidative stress; reactive oxygen species; superoxide
dismutase; 4-hydroxynonenal; 8-hydroxyguanosine

1. Introduction

Reactive oxygen species (ROS) generate chain reactions that can affect numerous biomolecules,
including lipids, RNA, DNA, proteins [1–4]. The consequences of these biochemical reactions are part of
the normal cellular function but, in excess, they can be deleterious and severely damage major cellular
processes. We will focus on the impact of oxidative stress during aging in the male reproductive system
and, specifically, in the epididymis. Most studies on the effects of aging on the epididymis were done
using the Brown Norway rat model, a reliable model of aging [5–8]. The major characteristics of aging in
the epididymis are a thickening of the basement membrane along the epididymis, a decreased integrity
and functionality of the blood-epididymis barrier [9], a segment-dependent variation of each cell type
distribution; in particular a decrease in the proportion of principal, clear, and basal cells and an increase in
the number of halo cells in the entire epididymis was found [10]. Halo cells are immune cells and their
increased number in the epididymal epithelium may reflect a lack of balance of the immune steady-state
of the epididymis, in accordance with the proposed general hallmarks of aging [11].

Aging is a dynamic and continuous process with time-dependent physiological and molecular
changes. Some of the major hallmarks of aging include changes in telomere length, genetic instability
and an accumulation of epigenetic modifications, mitochondrial dysfunction, a decrease in the stem cell
reserve, and chronic inflammation [11–13]. In 1956, a “Free Radical Theory of Aging” was proposed that
states that aging is the consequence of an accumulation of oxidative damage on biomolecules [14,15].

In most species, aging is associated with an accumulation of oxidized biomolecules (proteins,
nucleic acids, and lipids), resulting in the dysregulation of metabolism, with an increase in the leak of
superoxide anions by the mitochondria and a decrease in the ability of cells to scavenge ROS and to
repair oxidative damage. ROS play a major role in the aging process via their action on various signaling
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pathways, including insulin/insulin like growth factor 1 (IGF1), mammalian target of rapamycin kinase
(mTOR) and AMP kinase (AMPK) [16–21]. The null mutation of Igf1 in mice induces a shrinking of the
epididymis from the corpus epididymidis to the vas deferens due to a major decrease in the sperm cell
content of the tubule [22]. Igf1 gene expression is induced in the epididymis of orchidectomized adult
rats and is under an androgenic control [23].

ROS play essential roles in male reproduction. One of these is the production of disulfide bridges
between cysteine thiol groups; this biochemical reaction is mandatory for the post-translational maturation
of numerous proteins and various enzymatic reactions. During spermiogenesis, sperm DNA is compacted
first through replacement of histones by transition proteins and then by cysteine-rich protamines [24,25].
Therefore, numerous disulfide bonds are generated when condensing sperm nucleus undergo 3D
re-organization during spermatid elongation and spermatozoal maturation in the epididymis. Mice
knocked out for the mitochondrial isoform of Gpv4 (mGPX4) are infertile, due to non-motile spermatozoa
with abnormal mid-piece and broken flagella [26,27]. Another form of this enzyme that is considered to
play a major role in this process is the sperm nuclear isoform of GPX4 (snGPX4) [28–31]. The snGpx4−/−
mice are viable and fertile, but their sperm chromatin shows a delay in chromatin condensation during
maturation in the epididymis that is linked to a decrease in disulfide bridging in the caput epididymal
sperm. Finally, the acrosome matrix is structured and held by numerous disulfide bridges and the
inhibition of the disulfide isomerase enzymatic activity by sperm pre-treatment decreases the fertilization
level during sperm-egg fusion in vitro [32].

ROS are also an essential component of the redox signaling pathways during sperm capacitation
in the female tract. This process involves a complex group of sperm modifications to prepare the
spermatozoa to undergo flagellar hyperactivity and the acrosome reaction, both necessary to the
journey through the female tract and for sperm-egg recognition and fusion. Numerous reviews have
provided excellent description of this process [33,34] and the role of ROS in this phenomenon [35–37].

However, despite the obvious need of ROS for sperm production, maturation, and function,
spermatozoa are highly sensitive to oxidative damage. ROS can modify purine and pyrimidine bases,
break nucleic acid backbone, and create covalent bonds intra-/inter-strands, and between nucleic acids
and proteins [38]. The main target of ROS is guanine due to its lower redox potential, with the major
by-product of the DNA oxidation being 7,8-dihydro-8-oxo-2’-deoxyguanosine (8-OHdG); this oxidative
DNA damage can be lethal for cells. While spermatogonia and spermatocytes have extensive DNA
repair machinery, condensing spermatids and spermatozoa lose their DNA repair capacity [39–41].

Lipids are also targets of ROS, especially sterols and polyunsaturated fatty acids; these lipids affect
the fluidity of the sperm cytoplasmic membrane. Lipid peroxidation can result in the generation of
numerous toxic side products (alkanes, aldehydes, and acids), including 4-hydroxy-2-nonenal (4-HNE)
which is highly cytotoxic, a molecule that is commonly used as a marker of lipid peroxidation. Lipid
peroxidation decreases the fluidity of cell membranes, a major concern for sperm motility and ability
to undergo capacitation and sperm-egg fusion [42,43].

Redox balance must be tightly maintained to limit the negative effects of ROS on reproductive
tissues and spermatozoa, particularly during epididymal maturation when sperm are devoid of the
ability to react to their environment. Consequently, the epididymal epithelium must play a protective
role. A wide array of antioxidant enzymes is present in the epididymis, both in the epithelium and
the luminal fluid; these include superoxide dismutases (SODs), catalase, glutathione transferases,
glutathione peroxidases, and peroxiredoxins [44].

SODs are a family of metalloproteins composed of three different members, located in different
cellular compartments and associated with different metal ions. SOD1, or Cu/ZnSOD is located in the
intermembrane space of mitochondria, in the nucleus and in the cytoplasm [45]. Mutations of the Sod1
gene have been associated with human pathologies such as amyotrophic lateral sclerosis [46]. Male
mice lacking the ability to synthesize SOD1 are fertile but in vitro studies demonstrate that several
characteristics of spermatozoa from Sod1−/− mice are affected, including higher lipid peroxidation,
decreased motility, impaired capacitation ability, and a low fertilizing ability in in vitro fertilization [47].
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Sod1−/− mice with a C57Bl/6 genetic background provide an interesting rodent model to test
the free radical theory of aging and the mechanisms involved in the aging process. The phenotype
of C57Bl/6 mice during aging is well characterized, as this animal model is often used for aging
studies [48,49]. Despite a relatively normal phenotype and health during development and young
adulthood, Sod1−/− mice have a reduced lifespan of 20.8 ± 0.7 (mean ± S.D.) months compared to the
lifespan of wild-type mice of 29.8 ± 2.1 months [50]. The absence of SOD1 leads to extensive oxidative
damage in various tissues including the intestine, liver, ovary, and testis [46–53] as early as 3 months of
age and even in fetal fibroblasts [54]. In previous studies of the effects of the lack of SOD1 on the male
reproductive system, we reported an impact on the male germline with a decreased ability to scavenge
ROS, an increased number of oxidized spermatozoa, and a reduced DNA repair machinery [53]. In the
present study, we examine the effects of aging on the epididymis of wild-type and Sod1−/− mice.

2. Materials and Methods

2.1. Animal Model

B6.129S7-Sod1tm1Leb/DnJ mice were purchased from the Jackson Laboratory (#003881, Bar Harbor,
ME, USA). They were backcrossed with C57Bl/6NJ mice (#005304, Bar Harbor, ME, USA) and bred
in-house at McGill University in the McIntyre Comparative Medicine and Animal Resources Centre.
Mice were kept on a 12L:12D cycle; food and water were provided ad libitum, and the temperature was
maintained at 22 ◦C. Young (3 to 4-month-old) and aged (18-month-old) wild-type (WT) and Sod1 null
(Sod1−/−) mutants mice were selected for this study. The number of mice in each group was from 3 to
6. Mice were euthanized by CO2 asphyxiation followed by cervical dislocation. Both epididymides
were harvested. All animal studies were conducted in accordance with the principles and procedures
outlined in the Guide to the Care and Use of Experimental Animals prepared by the Canadian Council
on Animal Care (McGill Animal Care Committee protocol #4687).

2.2. Tissue Fixation

Epididymides were fixed using Modified Davidson’s fluid (12% formaldehyde, 15% ethanol,
5% glacial acetic acid) for 8 h at 4 ◦C [55]. Tissues were then washed in 70% ethanol, dehydrated,
embedded in paraffin and sectioned at 4 μm at the Goodman Cancer Research Center Histology Facility
(McGill University, Montreal, QC, Canada).

2.3. Histology

Sections were stained with toluidine blue. Tissues were deparaffinized (Histoclear; Diamed Inc.,
Mississauga, ON Canada), rehydrated and stained with 0.1% (w/v) Toluidine Blue O (#198161, Sigma)
in 0.25% acid alcohol (HCl) solution. The slides were mounted with Permount™mounting medium
(Fisher Scientific, Montreal, QC, Canada). Sections were observed under bright field microscopy using
a Leica LB2 microscope at 400×magnification.

2.4. Immunofluorescence

Tissue sections were deparaffinized and rehydrated. Heat-induced antigen retrieval in 10mM sodium
citrate, pH 6.0, 0.05% Tween 20 was done prior to immunostaining for 4-hydroxynonenal (4-HNE) protein
adducts and non-receptor tyrosine kinase SRC (SRC), but not for 8-hydroxyguanosine (8-OHG). The slides
were washed in Tris Buffered Saline 1×, 0.02% Tween 20 (TBS-T) and were incubated in TBS-T, 5% normal
goat serum (NGS) at room temperature for 30 min. Tissue sections were incubated overnight at 4 ◦C
with the primary antibodies diluted in TBS-T, 1% NGS (Table 1). They were washed twice in TBS-T and
incubated at room temperature for 1 hour with the secondary antibodies diluted in TBS-T, 1% NGS, 1
μg/mL4’,6-diamidine-2’-phenylindole dihydrochloride (DAPI). After one wash in TBS-T and two washes
in TBS 1X, slides were mounted with PermaFluor™mounting medium (ThermoFisher Scientific, Montreal,
QC, Canada). For the negative controls, the primary antibodies were omitted.
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Table 1. List of antibodies used for immunofluorescence experiments.

Target Conjugation Clonality Dilution Company Catalog

Primary Antibodies

8-OHG (DNA/RNA) None Mouse Monoclonal (15A3) 1/1000 Novus Biologicals NB110-96878
4-HNE None Rabbit polyclonal 1/500 Abcam ab46545

SRC, C-term None Mouse monoclonal 1/250 Santa Cruz sc8056

Secondary Antibodies

Mouse whole IgG Alexa Fluor 488 Goat polyclonal 1/500 Invitrogen a11029
Rabbit whole IgG Alexa Fluor 546 Goat polyclonal 1/1000 Invitrogen a11010
Mouse whole IgG Alexa Fluor 633 Goat polyclonal 1/2000 Invitrogen a21046

8-hydroxyguanosine (8-OHG), 4-hydroxynonenal (4-HNE), proto-oncogene tyrosine-protein kinase (SRC).

2.5. Immunofluorescence Imaging and Quantification

Imaging of each full section was done with the Opera Phenix™ high-content screening system
and Harmony software (Perkin Elmer, Montreal, QC, Canada) with a field overlap of 5%, at a 40×
magnification. The images were further analyzed using Columbus™ system (Perkin Elmer, Montreal,
QC, Canada) to quantify the signal of the immunofluorescent staining. Analyses were applied which
recognized DAPI as a nucleus marker and SRC as a cytoplasmic marker to segment the cells for
quantification of fluorescence intensity in each cellular compartment. The 4-HNE and 8-OHG intensities
were used to determine oxidative damage in membranes and DNA, respectively. Analyses were
done separately in the caput, corpus and cauda epididymides, as well as in the epithelium and in the
interstitial cells (endothelial, smooth muscle, and conjunctive cells).

2.6. Statistical Analyses

All graphical data are represented as the means ± SEM. Prior to analysis, data were determined to
be normally distributed. All data were then analyzed using a 3-way analysis of variance ANOVA with
genotype, epididymal segment and age as variables, followed by Tukey’s multiple comparisons test.
All statistical analyses were done with the software Prism8 v8.0.1 (GraphPad Software, La Jolla, CA,
USA). Differences among samples were considered to be significant when the p < 0.05.

3. Results

3.1. Histology

Representative sections of the initial segment, caput, corpus and cauda regions of the epididymis
of young and old wild-type and Sod−/−mice are shown in Figure 1. No major differences were observed
between young Sod1−/−and WT mice (3 months) with respect to either the epididymal tubule histology
(Figure 1) or the interstitial tissue histology (smooth muscle cells, conjunctive tissue, vascular system) (data
not shown). In old (18 months) Sod1−/−and WT mice distinctive features included an increase in the tubule
diameter all along the epididymis, a decrease in the height of epididymal cells, as well as an accumulation
of spermatozoa in the initial segments, where they are usually absent. There was also an increase in luminal
round cells (circles). Further, we observed the presence of large vacuoles in some epithelial cells in the
corpus and cauda epididymides (arrows). The thickness of the myoid layer surrounding the epididymal
tubule was increased only in the cauda epididymidis. Among these features, only two were enhanced
by the absence of the SOD1 protein in this tissue. The accumulation of cellular vacuoles in the cauda
epididymidis was increased in old Sod1−/−mice compared to old WT mice. Moreover, the thickening of
the myoid layer was greater in old Sod1−/−mice than in old WT mice, but this is also visible in cauda
epididymidis of young Sod1−/−mice. In one old Sod1−/−mouse, the accumulation of an amorphous matter
in the epididymal lumen of the caput, corpus, and cauda epididymides was associated with round cells
only in the cauda epididymides [53]. Thus, overall our observations indicate that aging affects the histology
of the epididymis and this phenotype is enhanced by the absence of the SOD1 protein.
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Figure 1. The histology of the epididymis is affected by aging in wild-type mice and even more so in
Sod1−/−mice. Representative pictures of epididymal sections (initial segment, caput, corpus, and cauda
epididymides) stained with toluidine blue from 3-month-old and 18-month-old wild-type and Sod1−/−
mice. An increase in luminal round cells (circles) and in the number and size of clear vesicles (arrows) were
observed in the epididymal epithelium of the corpus and cauda epididymides (n = 3). Scale bar: 40 μm.

3.2. DNA Oxidation

DNA oxidation was assessed by quantitative immunostaining of the oxidized guanine in the
nucleus (8-OHdG). Immunofluorescent staining was detected in both epithelial and interstitial cells
of the different regions of the epididymis (initial segment, caput, corpus, and cauda) (Figure 2).
In 18-month-old mice, staining was more intense in the cauda epididymidis than in the rest of the tissue;
further, this increase was more pronounced in the distal cauda epididymidis than in the proximal
cauda epididymidis. Quantification of nuclear 8-OHdG immunofluorescent staining (Figure 2 bar
graph) indicated that the major increase in DNA oxidation was observed in the cauda epididymidis
of 18-month-old Sod1−/− mice. Statistical analysis by 3-way ANOVA (age, genotype, region, Table 2)
revealed that the main source of variation in the DNA oxidation levels was the Sod1−/− genotype; in
addition, there were interactions between epididymal regions and age and between age and genotype.

Table 2. Statistical analysis of the staining quantification. The 3-way ANOVA was followed by Tukey’s
multiple comparisons test performed using GraphPad Prism version 8.0.1 for Windows, GraphPad
Software, San Diego, CA, USA.

Staining 8-Hydroxyguanine 4-Hydroxynonenal

Source of Variation % of Total Variation p Value Significance % of Total Variation p Value Significance

Region 10.23 0.0122 * 5.78 0.3546 ns
Age 1.07 0.1604 ns 2.18 0.0880 ns

Genotype 14.00 <0.0001 **** 4.47 0.0153 *
Region × Age 12.50 0.0030 ** 0.31 0.9997 ns

Region × Genotype 5.38 0.1988 ns 1.84 0.9251 ns
Age × Genotype 5.37 0.0020 ** 8.69 0.0008 ***
Region × Age ×

Genotype 4.63 0.2897 ns 1.06 0.9833 ns

* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Figure 2. Aging induces an accumulation the nucleic acid damage in the epididymis (initial segment, caput,
corpus, and cauda epididymides) which is enhanced in Sod1−/−mice. Representative pictures of sections of
the epididymis from 3-month-old and 18-month-old wild-type and Sod1−/−mice after immunostaining of
oxidized nucleic acids (8-OHG, red); the nuclei are counterstained with DAPI (blue). Immunostaining
negative controls (no primary antibody) are displayed for the caput and cauda epididymides. Scale bar:
40 μm. 8-OHG staining was quantified separately in the epididymal epithelium (clear histograms) and in
the interstitial tissue (dashed histograms). ** p < 0.01, *** p < 0.001 (3-way ANOVA, n = 4–5).

3.3. Lipid Peroxidation

Lipid peroxidation was evaluated by immunostaining of 4-hydroxynonenal (4-HNE) protein
adducts, a by-product of lipid peroxidation. Longitudinal sections of the epididymides of 18-month-old
WT and Sod1−/−mice revealed major differences in 4-HNE staining intensity and its regional distribution
(Figure 3). Staining was absent in the initial segment and the caput epididymidis and was found
almost exclusively in the corpus and the cauda epididymides. Further, in 18-month-old Sod1−/− mice, it
appeared to be higher in the distal than in the proximal cauda epididymidis. The 4-HNE staining was
detected mainly on cytoplasmic membranes, particularly on the apical membranes; in highly stained
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cells, it was also visible on intracellular and nuclear membranes. Quantitative analyses were done for
staining on all cell surfaces. In the caput epididymidis, staining was indistinguishable to that seen
in the control sections without primary antibody. The 3-way ANOVA analysis on quantitative data
clearly indicated that there was a significant difference between the WT and Sod1−/− genotypes and
that this effect was amplified by the age of the mice (Table 2).

Figure 3. Lipid peroxidation as assessed by 4-HNE immunostaining is increased in the corpus and
cauda epididymides with aging and this phenotype is enhanced in the absence of SOD1 expression.
Representative pictures of whole epididymis sections of 18-month-old wild-type and Sod1−/−mice after
the immunostaining of the 4-HNE (yellow) and the counterstaining of the nucleus (DAPI, blue). Scale
bar: 2 mm. Observations have been carried out in epididymis sections of 3-month-old and 18-month-old
wildtype and Sod1−/−mice. Staining was strongest in the corpus and cauda epididymides on the apical
membrane of epithelial cells (arrow) and on intracellular membranes (arrow head). The negative controls
(no primary antibody) for immunostaining are displayed for the corpus and cauda epididymides. Scale
bar: 40 μm. The 4-HNE staining has been quantified in the epididymal epithelium (clear histograms) and
in the interstitial tissue (dashed histograms) separately. * p < 0.05; ** p < 0.01 (3-way ANOVA, n = 4–5).
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4. Discussion

Various theories have been proposed to explain the complex physiological and molecular
modifications that occur during aging [13]. Among the potential causes and/or consequences of
aging are an increase in oxidative stress and the accumulation of oxidative damage on many cellular
components. Thus, to study the effects and mechanisms of aging in the male reproductive system, we
have investigated various animal models, particularly rats and mice, with or without a genetically
induced oxidative stress [53,56]. In this study, we analyzed the consequences of aging and oxidative
stress in the epididymis, the site where spermatozoa become mature, using Sod−/− mice. Sod1−/− mice
have a decreased ability to protect against ROS attack, leading to an accumulation of oxidative damage
even in young animals, and have a reduced lifespan [46–49].

We analyzed the histology of the epididymis of 3- and 18-month-old wild-type and Sod1−/−mice.
We identified some features that are indicative of a decline in epididymis structure and function with
aging. The most obvious phenotypic change observed in old WT and Sod1−/−mice is the appearance of
vacuoles in the epididymal epithelial cells, selectively in the corpus and the cauda epididymides. This
feature was described previously in the corpus and proximal cauda epididymides of old Brown Norway
rats [10]. The vacuoles found in principal cells were identified as giant lysosomes and lipid droplets,
suggesting that the digestion/recycling system and/or the intracellular trafficking are dysregulated during
aging. Further analyses in these old Brown Norway rats demonstrated a variation of the expression of
glutathione S-transferases, enzymes that play an important role in detoxification of electrophiles. Thus, it
would be interesting to study the effects of aging on the expression of genes/proteins in the epididymis of
the aging Sod1−/−mice to determine if the same process occurs in mice.

Interestingly, we observed an increase in the number of round cells in the epididymal lumen of
old mice compared to young mice; the nature of these cells is not clear. These cells were identified as
round spermatids in some animal models of spermatogenic arrest but previous analyses of the testis
in Sod1−/− mice did not reveal this phenotype [49]. Chronic and systemic inflammation is a hallmark
of aging [11,12]. The increase in the number of halo cells (resident immune cells of the epididymis)
along the epithelium during aging [57], in conjunction with the demonstration of dendritic cells [58],
indicates a close interaction between the immune system and the epididymis. Therefore, it is interesting
to speculate that these intraluminal round cells could be infiltrating immune cells, passed through the
less impermeable blood-epididymis barrier of old animals [9]. An analysis of the blood-epididymis
barrier and of the potential immune markers on the intraluminal round cells would be necessary to
test this hypothesis,

The increase in the tubule diameter along the epididymis in old (18 month) Sod1−/−, accompanied
by a decrease in epithelial cell height, is consistent with previous observations in C57Bl/6NJ mice [53].
Surprisingly, opposite histological features of aging have been observed in old Brown Norway rats [6].
In the hamster, the diameter of the lumen also decreases whereas epithelial height does not change
between young and old animals [59].

Spermatozoa were present consistently in the lumen of the initial segment of the epididymis
of young and old Sod1−/− mice compared to wild-type animals. This may be due to a decrease in
the ability of the epididymis to transport spermatozoa. This transport is dependent on peristaltic
contractions of the smooth muscle layer surrounding the tubule, pressure from the testicular fluid and
new spermatozoa, and the movement of stereocilia at the apical pole of epithelial cells [60]. Another
indication that the ability of the epididymis to transport spermatozoa is affected by aging is the increase
in the smooth muscle layer in the distal cauda epididymidis where spermatozoa are stored between
two ejaculations.

A progressive increase in the nucleic acid oxidation in the lumen of the tubule, from the caput
epididymidis to the distal cauda epididymidis, was observed in 18-month-old mice, but not in
3-month-old wild-type mice. This phenomenon could be due to the increased quantity of spermatozoa
contained in the lumen as long as they travel down the epididymis and to the increased generation of
ROS by spermatozoa during aging [61].
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Finally, we assessed 4-HNE immunofluorescent staining as a marker of lipid peroxidation. Lipid
peroxidation appeared to be absent in the initial segment and the caput epididymidis and was only
visible in the corpus and the cauda epididymidis. The staining was low in 3-month-old mice and
increased with aging. As for the DNA oxidation, it increased along the tubule. The apical membranes
of epithelial cells appeared to be more sensitive to lipid peroxidation. The reasons for the apical
susceptibility to oxidative damage is unknown. It could be due to the direct contact with the luminal
fluid and spermatozoa, a potential source of ROS, or to the high activity of this membrane (exocytosis,
endocytosis, sensing of the luminal contents) which generates numerous reactions, another possible
source of ROS.

The absence of SOD1 in the mouse epididymis did not affect overall oxidation as assessed by
markers of DNA and lipid oxidation in 3-month-old mice. Other members of the SOD family may
compensate for this loss and the repair machinery of the various cell components seems able to deal
with the low level of oxidized biomolecules. However, oxidized nucleic acids and peroxidized lipids
increased strikingly in the epididymal tissue of 18-month-old Sod1−/− mice, even compared to the
old wild-type mice. Histological analyses revealed an increase in the quantity and size of vacuoles
in the epididymal epithelial cells of the corpus and the cauda epididymides and an increase in the
thickening of the myoid cell layer in the distal cauda epididymidis in old Sod1−/− mice compared to old
wild-type mice. Thus, there is clearly a worsening of the aging phenotype in the mouse epididymis in
the absence of SOD1. These findings suggest that Sod1−/− mice constitute a valuable model for better
understanding aging in the epididymis.

5. Conclusions

Aging is a progressive biological process that is characterized by an accumulation of various
physiological and molecular changes, including an increase in oxidative damage to different
biomolecules, leading to cell and tissue dysfunctions. In this study, we evaluated the impact on the
epididymis of removing SOD1 using Sod1−/− mice. We demonstrated that, using this rodent model,
the aging phenotype is exacerbated by increased oxidative damage.
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Abstract: Oxidative stress is a common culprit of several conditions associated with male fertility.
High levels of reactive oxygen species (ROS) promote impairment of sperm quality mainly by
decreasing motility and increasing the levels of DNA oxidation. Oxidative stress is a common
feature of environmental pollutants, chemotherapy and other chemicals, smoke, toxins, radiation,
and diseases that can have negative effects on fertility. Peroxiredoxins (PRDXs) are antioxidant
enzymes associated with the protection of mammalian spermatozoa against oxidative stress and
the regulation of sperm viability and capacitation. In the present study, we aimed to determine
the long-term effects of oxidative stress in the testis, epididymis and spermatozoa using the rat
model. Adult male rats were treated with tert-butyl hydroperoxide (t-BHP) or saline (control group),
and reproductive organs and spermatozoa were collected at 3, 6, and 9 weeks after the end of treatment.
We determined sperm DNA oxidation and motility, and levels of lipid peroxidation and protein
expression of antioxidant enzymes in epididymis and testis. We observed that cauda epididymal
spermatozoa displayed low motility and high DNA oxidation levels at all times. Lipid peroxidation
was higher in caput and cauda epididymis of treated rats at 3 and 6 weeks but was similar to control
levels at 9 weeks. PRDX6 was upregulated in the epididymis due to t-BHP; PRDX1 and catalase,
although not significant, followed similar trend of increase. Testis of treated rats did not show signs
of oxidative stress nor upregulation of antioxidant enzymes. We concluded that t-BHP-dependent
oxidative stress promoted long-term changes in the epididymis and maturing spermatozoa that result
in the impairment of sperm quality.

Keywords: reactive oxygen species; testis; antioxidant enzymes; peroxiredoxins; sperm maturation

1. Introduction

Infertility is a concerning pathophysiological condition that affects about 16% of couples worldwide,
and approximately half of the cases are attributable to male factors [1]. Even though the cause for
the majority of the male infertile cases is unknown, oxidative stress caused by a high amount of
reactive oxygen species (ROS) has been observed in 30–80% of infertile patients [2,3]. Oxidative stress
is a common feature associated to environmental pollutants, chemotherapeutic agents and other drugs,
smoke, toxins, radiation, and diseases such as many types of cancer that have negative effects on
fertility [4–8]. Even though low ROS levels are required for the acquisition of fertilization ability by the
spermatozoon [9], oxidative stress damages spermatozoa by reducing motility, and increasing levels of
DNA, protein oxidation and lipid peroxidation [10–12]. As occurring in somatic cells, this oxidative
stress observed in spermatozoa is the result of an imbalance between the antioxidant defense system
and the endogenous generation of ROS.
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Peroxiredoxins (PRDXs) are a family of antioxidant enzymes that are highly expressed from yeast
to humans. They are peroxidases that do not require co-factors such as heme group or selenium and
contains one or two cysteine (Cys) residues in their active site which are essential for their antioxidant
function [13,14]. PRDXs isoforms are divided into 2-Cys PRDXs (PRDX1-4), atypical PRDX (PRDX5)
and 1-Cys PRDX (PRDX6). These enzymes are important antioxidants in spermatozoa that regulate the
level of ROS such as peroxides (H2O2 and organic hydroperoxides) and peroxinitrite (ONOO−), to avoid
cellular toxicity [14,15]. Studies using the PRDX6 knockout mouse model have shown sub-fertility
associated with severe impairment of sperm motility and high levels of lipid peroxidation and sperm
DNA damage. Interestingly, this abnormal reproductive phenotype worsens with aging [16,17].
Other antioxidant enzymes that fight against oxidative stress in testis and epididymis are catalase,
glutathione peroxidases, and thioredoxins [18–20].

Epididymal maturation is a crucial step in the formation of viable and healthy spermatozoa in
humans and other mammals [21]. After spermatogenesis, fully formed yet immature and immotile
spermatozoa enter into the epididymis, and by the time of exit, they acquire the ability to move
and morphological features that optimize their fertilization capacity [21,22]. In addition to sperm
maturation, the epididymis also provides essential proteins to spermatozoa via epididymosomes
to maintain their cellular functions and to protect them from potential damages such as oxidative
stress-dependent injuries [23].

We previously reported that spermatozoa from rats challenged with an in vivo oxidative stress
using tert-butyl hydroperoxide (t-BHP), and collected 24 h after the treatment, have higher levels of
DNA oxidation and lipid peroxidation and displayed poor motility compared to untreated controls [18].
There was a differential expression of PRDX1 and PRDX6 in a different segment of the epididymis of
the treated rats. Interestingly, these spermatozoa contain high levels of PRDXs, as an attempt of the
epididymis to fight against the oxidative stress established by the treatment [18].

In this study, we aimed to elucidate the long-term effect of t-BHP induced oxidative stress on rat
reproductive system by assessing the oxidative damage and the expression of significant antioxidants
enzymes that fight against hydroperoxides in spermatozoa, epididymis and testis.

2. Materials and Methods

2.1. Materials

Tert-butyl hydroperoxide (t-BHP), sodium dodecyl sulfate (SDS), phosphotungstic acid, buthylated
hydroxytoluene, 2-thiobarbituric acid and malonaldehyde bis(dimethyl acetal), the Bicinchoninic
protein determination assay and the anti-α-tubulin were purchased from Sigma-Aldrich Chemical
Co. (St. Louis, MO, USA). The following were purchased from Abcam Inc., (Cambridge,
MA, USA): rabbit polyclonal anti-PRDX1, mouse monoclonal anti-PRDX6, mouse monoclonal
anti-4-Hydroxynonenal (4-HNE), rabbit polyclonal anti-catalase, and 8-hydroxy-deoxyguanosine
(8-OHdG). Anti-thioredoxin 1 antibody was purchased from Cell Singaling Thecnology (Danvers, MA,
USA), Polyvinylidene fluoride (PVDF) membranes (0.22 μm pore size; Osmonics Inc., Minnetonka, MN,
USA), donkey anti-rabbit IgG and goat anti-mouse IgG, both conjugated to horseradish peroxidase
(Cedarlane Laboratories Ltd., Hornby, ON, Canada), an enhanced chemiluminescence kit (Lumi-Light;
Roche Molecular Biochemicals, Laval, QC, Canada) and radiographic films (Denville Scientific, Inc.,
Saint-Laurent, QC, Canada) were also used for immunodetection of blotted proteins. Other chemicals
were used at the reagent level.

2.2. Animals and Treatment

Adult male Sprague Dawley rats (n = 24) were randomly distributed in t-BHP and control groups
and were treated with 300 μmoles tert-BHP/kg b.w. or saline (control) once a day intraperitoneally for
15 days, respectively as done previously [18]. Treatment with tert-BHP showed to have no effects on
the health of rats [18,24]. Animals were euthanized at 3, 6, and 9 weeks post-treatment. These end
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points correspond to late, middle and early spermatogenesis, respectively [25]. At each given end
time, reproductive organs were collected, weighted and kept at −80 ◦C until use. For sperm motility
determination, cauda epididymes were cut one time at the base with a surgical blade and placed in
phosphate-buffered saline (PBS; 1 mM KH2PO4, 10 mM Na2HPO4, 137 mM NaCl, 2.7 mM KCl, pH 7.4)
at 37 ◦C. Spermatozoa were allowed to swim-out for 10 min and were collected in clean tubes. All
procedures with rats (handling, euthanasia, collections of tissues, etc.) were carried out following the
regulations of the Canadian Council for Animal Care (CACC) and according the protocol #2009-5656
approved by the Facility Animal Care Committee (FACC) of the Research Institute, McGill University
Health Centre.

2.3. Testes and Epididymes Homogenates Preparation

Control and t-BHP treated adult male Sprague-Dawley rats’ frozen testis, caput and cauda
epididymis were thawed, weighed and homogenized in a glass potter in RIPA buffer containing
protease inhibitors. The samples were then sonicated for 20 s at 30% amplitude twice with 20 s intervals
with a Sonic Vibracell (Sonics and Materials, Inc., Newtown, CT, USA). The samples were centrifuged
at 21,000× g for 20 min at 4 ◦C. The supernatant was extracted, aliquoted and stored at −80 ◦C.

2.4. Sperm Motility and DNA Oxidation Determinations

Sperm motility was assessed by the same observer (CO) using the Olympus BH-2 microscope
at 100 magnification with a thermal plate at 37 ◦C. At least 200 spermatozoa per duplicate were
analyzed to determine percentage of total motility in each sample [18]. Sperm DNA oxidation was
determined by immunohistochemistry using the anti-8-OHdG antibody as done previously [18]. Briefly,
sperm samples were centrifuged at 2000× g for 5 min to remove the PBS medium and resuspended
in 20 mM phosphate buffer (pH 6.0) with 1 mM EDTA for 5 min. Samples were then centrifuged
and resuspended in 50 mM Tris-HCl (pH 7.4), 1% SDS and 40 mM dithiothreitol for 30 min. Final
centrifugation of 5 min to replace the mixture with PBS was performed. The sperm PBS solution was
smeared on Superfrost Plus slides (Fischer Scientific, Ottawa, ON, Canada) and they were fixed with
100% methanol at 20 ◦C for 30 min. Slides were incubated with 5% horse serum for 30 min at room
temperature, then washed with PBS-T for 5 min and incubated with anti-8-OHdG antibody (1:100)
(SMC-155D, StressMarq Biosciences Inc., Victoria, BC, Canada) diluted in 1% horse serum overnight at
4 ◦C. After a wash with PBS, the samples were incubated with biotinylated horse anti-mouse antibody
in 1% BSA and PBS-T for 1 h, washed and finally incubated with Alexa Fluor 555-streptavidin (1:500
in PBS) for 45 min at 20 ◦C. ProLong Gold antifade with DAPI was added and smears sealed. Slides
were analyzed with Zeiss Axiophot fluorescence microscopy (Carl Zeiss, Oberkochen, Germany).
Two hundred spermatozoa per slide were counted in duplicate. A positive control was done by
incubating spermatozoa with 2 mM H2O2 for 1 h at 37 ◦C. The specificity of the antibody was confirmed
previously [18].

2.5. Testes Histological Analysis, and Sperm Count

Testes were dissected, weighed, and fixed immediately with Bouin fixative for 24 h before
processing and embedding in paraffin blocks, and tissues were sectioned (5 μm) and stained with
hematoxylin-eosin as previously described [26]. Spermatozoa heads from testis homogenates were
counted in a hematocytometer as previously described [27].

2.6. SDS-PAGE and Immunoblotting

The bicinchoninic acid assay was performed to determine protein concentration in each tissue
homogenate sample. Testis and epididymis tissue samples were mixed in electrophoresis sample
buffer supplemented with 100 mM DTT, incubated at 95 ◦C for 5 min, and then centrifuged at
21,000× g for 5 min. Proteins in the supernatant were electrophoresed on 12% polyacrylamide gels and
electrotransfered to polyvinylidene difluoride membranes. Then, the membranes were incubated in
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a solution of skim milk (5%, w/v) in Tween-containing Tris-buffered saline (TTBS; 20 mM Tris, 0.1% v/v
Tween, pH 7.8) for 30 min followed by the incubation in anti-PRDX-1 (1:10,000), anti-PRDX-6 (1:10,000),
anti-catalase (1:1000), anti-4-hydroxynonenal (4HNE) (1:100), anti-Thioredoxin1 (TRX1) (1:500) primary
antibodies overnight. To test the specificity, 0.4 μg/mL of anti-PRDX1 was incubated with 2 μg/mL
of its antigenic peptide in TBS-T supplemented with 3% BSA for 2 h at room temperature [18].
The absence of non-specific binding was confirmed by the incubation of tissue samples with the
secondary antibody (goat anti-mouse or donkey anti-rabbit IgG) only. After being washed with
TTBS, the membranes were incubated with goat anti-mouse or donkey anti-rabbit IgG conjugated
with horseradish peroxidase (diluted 1:2000 in TTBS) for 45 min at room temperature and washed
again with TTBS. The immunoreactive bands were detected using Lumi-Light chemiluminescence
kit. Then, the membranes were stripped and re-blotted with an anti-tubulin antibody to determine
equal loading. Silver staining was used to determine equal loading in samples under non-reducing
conditions. The membrane detection was done by using both Amersham Imager 600 (Thermo Fisher
Scientific, Inc., Toronto, ON, Canada) and autoradiography films. The digital images were analyzed
using Image J win-64 software (University of Wisconsin-Madison, Madison, WI, USA). The band
intensities of the protein were normalized to that of the tubulin to compare the level of expression of
the protein of interest.

2.7. Statistical Analysis

All data were presented as mean ± SEM. Normality of the data and homogeneity of variances
were determined by the Shapiro–Wilk and Bartlett tests, respectively. Because we euthanized different
rats at each time point, statistical differences between groups were determined using Two-Way ANOVA
and Bonferroni test (to assess treatment and time-specific changes) using GraphPad Prism 5 (GraphPad
Software, Inc., San Diego, CA, USA). The Mann–Whitney test was used to determine statistical
differences in sperm motility and DNA oxidation among groups. Differences with a p-value of ≤0.05
were considered significant.

3. Results

3.1. Low Sperm Motility and High DNA Oxidation Suggest Compromised Sperm Quality Due to Oxidative Stress

Spermatozoa from cauda epididymis were collected and analyzed 3 weeks, 6 weeks and 9 weeks
after the end of the t-BHP treatment to determine whether there were damages due to the treatment
during the late, middle and early spermatogenesis, respectively. Spermatozoa from t-BHP-treated
animals showed a significant reduction of their motility at all times compared to those sperm from the
control group. Moreover, we observed significantly higher DNA oxidation levels in spermatozoa from
treated rats compared to controls (Figure 1).
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Control
t-BHP

Figure 1. Impairment of sperm quality due to t-BHP treatment in male rats. (A) Sperm motility and (B)
sperm DNA oxidation determined by 8-deoxyguanosine (8-OHdG) levels. The results are expressed as
mean ± SEM. * Means higher than the other group at the same time point (p ≤ 0.05; Mann–Whitney
test, n = 4).

3.2. Lipid Peroxidation Increased in Caput and Cauda Epididymis of t-BHP Treated Male Rats

We determined oxidative damage on lipids by detecting 4-hydroxynonenal (4-HNE), a known
marker of lipid peroxidation. We observed multiple bands detected by the anti-4HNE antibody,
suggesting that different proteins contain the 4-HNE adduct in the tissues analyzed (Figure 2).
A significant increase of 4-HNE levels was observed in both the caput and cauda epididymis of treated
rats at 3 weeks and 6 weeks after the end of the t-BHP treatment compared to controls. Interestingly,
the levels of 4-HNE at 9 weeks after the end of treatment were similar in the caput epididymis when
comparing treated and control rats but were significantly higher than those seen in the control group at
6 weeks. In cauda epididymis, the 4-HNE levels returned to control values at 9 weeks after treatment.
Noteworthily, the levels of lipid peroxidation at 9 weeks was higher in caput compared to cauda
epididymis, suggesting an early dysregulation of the antioxidant response in the caput epididymis.

Figure 2. Lipid peroxidation (determined by 4-HNE levels) increased in caput and cauda epididymis
in t-BHP compared to control male rats. The results of relative intensities (upper panels) are expressed
as mean ± SEM. The blots presented are representative of experiments with 4 different rats. Some lanes
showing protein bands have been pasted but belong to the same blot and have the same film exposure.
* Means higher than the other group at the same time point (p ≤ 0.05; Two-way ANOVA and Bonferroni
post-hoc test, n = 4).
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3.3. PRDX1 and PRDX6 Are Differentially Upregulated in Caput and Cauda Epididymis at Different Time Points

We assessed the expression levels of PRDX1 and PRDX6 in rat epididymis, and we observed
a significant increase of PRDX6 in caput epididymis at 3 weeks and in cauda epididymis at 3 and
6 weeks post-treatment (Figure 3). We also found a trend of increase in PRDX1 expression levels in
caput epididymis at week 3 and 9, and in cauda epididymis at week 9, but these increases were not
significant (Figure 4).

Figure 3. Peroxiredoxin 6 (PRDX6) expression in caput and cauda epididymis of control and
t-BPH-treated male rats. The results of relative intensities (upper panels) are expressed as mean
± SEM. The blots presented are representative of experiments with 4 different rats. Some lanes showing
protein bands have been pasted but belong to the same blot and have the same film exposure. * Means
higher than the other group at the same time point (p ≤ 0.05; Two-way ANOVA, n = 4).

Figure 4. Peroxiredoxin 1 (PRDX1) expression in caput and cauda epididymis of control and
t-BPH-treated male rats. The results of relative intensities (upper panels) are expressed as mean
± SEM, (p > 0.05; Two-way ANOVA and Bonferroni post-test, n = 4). The blots presented are
representative of experiments with 4 different rats. Some lanes showing protein bands have been
pasted but belong to the same blot and have the same film exposure.

3.4. Catalase Expression Shows Trends of Increase, with Significant Individual Variation in the Epididymis

Catalase expression levels were determined in rat epididymis from control and treated rats.
Although not significant, we observed a trend of increase in treated rats compared to control at 3 and
6 weeks in cauda epididymis (Figure 5). Caput epididymis did not show upregulation of catalase at
any time point.
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Figure 5. Catalase expression in caput and cauda epididymis of control and t-BPH-treated male rats.
The results of relative intensities (upper panels) are expressed as mean ± SEM, (p > 0.05; Two-way
ANOVA and Bonferroni post-test, n = 4). The blots presented are representative of experiments with 4
different rats. Some lanes showing protein bands have been pasted but belong to the same blot and
have the same film exposure.

3.5. PRDXs, Catalase and Thioredoxin Expression Levels and Lipid Peroxidation Are Similar in Testis Despite
the t-BHP Treatment

No significant difference was observed between the control and treated groups at any time points
for PRDX1, PRDX6, catalase or TRX-1 (Figures 6 and 7).

Figure 6. Peroxiredoxin 1 (PRDX1) and 6 (PRDX6) expression in testis of control and t-BPH-treated male
rats. The results of relative intensities (upper panels) are expressed as mean ± SEM, (p > 0.05; Two-way
ANOVA and Bonferroni post-test, n = 4). The blots presented are representative of experiments with
4 different rats. Some lanes showing protein bands have been pasted but belong to the same blot and
have the same film exposure.
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Figure 7. Catalase (A) and thioredoxin (B) expression in testis of control and t-BPH-treated male rats.
The results of relative intensities (upper panels) are expressed as mean ± SEM, (p > 0.05; Two-way
ANOVA and Bonferroni post-test, n = 4). The blots presented are representative of experiments with 4
different rats. Some lanes showing protein bands have been pasted but belong to the same blot and
have the same film exposure.

The levels of 4-HNE in testis were similar in control and treated rats, suggesting that the oxidative
stress generated by the treatment was well tolerated by the testis (Figure 8). Noteworthy, the levels of
4-HNE increased in testis from both control and treated rats at 6 and 9 weeks, suggesting that there is
time dependency in the levels of lipid peroxidation in this organ.

Figure 8. Lipid peroxidation in the testis of control and t-BPH-treated male rats. The results of relative
intensities (upper panels) are expressed as mean ± SEM. The blots presented are representative of
experiments with 4 different rats. Lanes showing protein bands have been pasted but belong to the
same blot and have the same film exposure. # Means lower than all other groups, (p ≤ 0.05; Two-way
ANOVA and Bonferroni post-test, n = 4).

3.6. Reproductive Organs Weight, Spermatogenesis, and Sperm Production Were Not Affected by the t-BHP
Treatment

To determine whether the damages observed in epididymal spermatozoa may have originated
due to impairment of spermatogenesis by t-BHP treatment, we analyzed testis sections from control
and treated groups to identify the different stages of spermatogenesis, compared the reproductive
organs weight and sperm production in the experimental groups. We did not observe differences
in body and organ weights between the treated and control rats at any time point (Figure 9 and
Supplementary Materials Table S1).
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Figure 9. Testis and epididymis weight (A and B) and sperm production (C). (n = 4, Two-way ANOVA,
p > 0.05).

The analysis of testis sections revealed that spermatogenesis proceeded normally in both control
and treated rats during the 9 weeks after the end of treatment (Figure 10) that spermatogonia are
transformed into spermatozoa [25]. We identified all the stages of the spermatogenesis in the rat,
including the stages VII and VIII that contained elongating spermatids and fully formed spermatozoa,
respectively in the luminal edge of the seminiferous epithelium, indicating active sperm production by
the testes. As shown in Figure 10, some seminiferous tubules contain spermatozoa in the lumen (stage
VIII), be ready to be spermiated to enter the epididymis. In addition, Sertoli and Leydig cells were
morphologically normal.
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Figure 10. Histological analysis of testes from control and t-BHP-treated male rats. Testis sections were
stained with hematoxylin and eosin to evaluate spermatogenesis. All testis sections displayed normal
spermatogenesis (Stages VII and VIII showing elongating spermatids and spermatozoa in the lumen of
the seminiferous tubules, respectively), n = 4. Bar = 300 μm.

4. Discussion

The present study shows for the first time the long-term adverse effect of t-BHP induced in vivo
oxidative stress on rat spermatozoa and epididymis and the differential expression of antioxidant
enzymes that fight against hydroperoxides in epididymis and testis. The reduced motility and high
DNA damage observed in rat cauda epididymal spermatozoa collected at 3 weeks, 6 weeks and
9 weeks after the end of t-BHP treatment indicates the long-lasting adverse effects of oxidative stress
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on sperm quality. This result was unexpected since after one cycle of spermatogenesis (9 weeks in the
rat) [25], new spermatozoa were produced from spermatogonia and these spermatozoa were those
present in the epididymis at the time of collection [28]. Indeed, these collected spermatozoa showed
significant DNA oxidative and impaired motility (Figure 1). These findings suggest that the balance
between ROS and the antioxidant system has been compromised in the testis and or epididymis after
the t-BHP-induced oxidative stress.

Based on the time of the collections and the length and stages of rat spermatogenesis, the collected
rat spermatozoa were spermatids, spermatocytes or spermatogonia at the time that the rat was exposed
to the t-BHP treatment [28]. When spermatozoa leave the testis, they enter into the epididymis
to undergo their maturation before ejaculation [21]. Since the treatment has struck both testis and
epididymis, the detrimental effects observed in the spermatozoa retrieved form the cauda epididymis
could be a consequence of a direct impact of oxidative stress on the germ cells during spermatogenesis
or due to the detrimental and persistent effects of high levels of ROS in the epididymal epithelium that
impairs the proper epididymal maturation of spermatozoa.

In the epididymis, we expected that the increased expression of antioxidant enzymes would
reduce the oxidative damage in spermatozoa because of the transfer of antioxidant enzymes from the
epididymis to spermatozoa through the secretion of epididymosomes [23]. However, high 4-HNE
levels in caput and cauda epididymis are an indication of developing lipid peroxidation (Figure 2) and
suggest that the epididymal epithelium itself was damaged by the oxidative stress and therefore unable
to protect spermatozoa during their maturation. The upregulation of PRDX6 and the trend of increase
of PRDX1 and catalase expression in epididymis were not sufficient to scavenge the excessive ROS and
restore the healthy cellular environment for a normal sperm epididymal maturation. We observed
a similar response by the epididymis of rats treated for two weeks with t-BHP, with an upregulation of
PRDX1 and PRDX6 but not of catalase [18].

Contrarily to what was observed in the epididymis, there were no significant differences in the
levels of antioxidant enzyme expression and lipid peroxidation in the testes of treated rats compared
to controls. Furthermore, the histological analysis and the testis weight and spermatid count indicated
that there was no disruption of spermatogenesis. These findings suggest that there was no evidence of
oxidative stress during spermatogenesis that could damage the collected spermatozoa at the different
end points. Testicular spermatozoa have lower levels of DNA damage compared to the ejaculated
counterparts [29,30]. Moreover, the fact that testicular spermatozoa from infertile men with obstructive
azoospermia have low levels of DNA oxidation that do not interfere with the formation of an embryo
by intracytoplasmic sperm injection suggests that the level of DNA oxidation in testicular sperm is not
detrimental for male fertility [31]. It is plausible that the testicular spermatozoa are more resistant
to oxidative stress compared to epididymal spermatozoa that flow freely in the lumen because the
developing spermatozoa are guarded by the Sertoli cells that provide nutrients [32,33] and antioxidant
protection through SOD, GSTs, GPXs, and PRDXs [34–36].

During epididymal maturation, the sperm chromatin is further compacted and could be exposed
to oxidative stress generated by different conditions. Thus, it is of paramount importance that the
epididymal epithelium protect the maturing spermatozoon against oxidative stress. The finding that
PRDX6 expression levels are high when lipid peroxidation (measured by 4-HNE levels) are increased
in cauda epididymis of treated rats, collected at week 3 and week 6, while these levels return to those
of controls at week 9, indicate that PRDX6 is an essential component of the antioxidant response in
the epididymis.

In a previous study, we challenged rats with the same t-BHP treatment and found that caudal
epididymal spermatozoa collected 24 h after the end of the treatment had increased DNA oxidation,
and reduced motility [18]. These findings indicated the negative effect of in vivo oxidative stress
exclusively on epididymal maturation. We observed similar damages in mouse lacking PRDX6,
a condition that generates an in vivo oxidative stress and is associated with male infertility [16].
The Prdx6−/− spermatozoa have low motility and high levels of DNA oxidation and lipid peroxidation.
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The Prdx6−/− spermatozoa also had higher percentages of cytoplasmic droplet retention compared to
wild-type cells [16], an indication of abnormal epididymal maturation. During the epididymal transit,
spermatozoa shed the residual cytoplasm; thus, an increase in spermatozoa carrying cytoplasmic
droplets is an indication of abnormal epididymal maturation [37].

PRDX6 is a unique antioxidant enzyme as it is the only antioxidant enzyme known to date,
with calcium-independent phospholipase A2 (iPLA2) [38] and lysophosphatidylcholine acyl transferase
activities (LCAT) [39]. Both PRDX6 iPLA2 and LCTAT activities are essential to remove and replace
the oxidized phospholipids with newly synthesized phospholipids [39,40]. The epididymis increases
PRDX6 in response to the oxidative damage caused by ROS to try to repair oxidized membrane lipids.
A recovery of lipid peroxidation to the control level was observed in epididymis and spermatozoa at
week 9, suggesting that PRDX6 repaired the damaged lipid membranes in this organ. This tendency
was found in cauda epididymis but not in caput epididymis. We previously indicated that PRDX6
plays a crucial role in protecting both the epithelium and the spermatozoa in the cauda epididymis
segment specifically [18]. Noteworthily, the higher levels of 4-HNE found in caput compared to cauda
epididymis at week 9 suggest a differential capacity of antioxidant response in the different parts of
the epididymis.

Although some repair of oxidative damage such as lipid peroxidation was observed in the caput
and cauda epididymis at 6 and 9 weeks (Figure 2) and in spermatozoa at 9 weeks (Figure 1), epididymal
spermatozoa had significant DNA oxidation at all time points. There is a possibility that the oxidative
damage sperm DNA is a consequence of the impact of the treatment on the testis. Treated rats had
similar sperm production than controls; their testes did not show long-lasting oxidative damage as
the epididymis and were morphologically similar to control testis. Thus, it is less likely that the
sperm DNA oxidation is due to problems during spermatogenesis. However, we cannot exclude the
possibility that some of the damage observed in the sperm DNA may occur during the formation of
spermatozoa in the testis. The oxidative stress generated by t-BHP altered the expression of miRNAs
involved in the antioxidant response and spermatogenesis in mouse testis [41]. Although we did
not see significant changes in spermatogenesis and the antioxidant response appears to be intact in
rat testis, there is a possibility for the disruption of molecular mechanisms driven by miRNAs or
epigenetic changes that can be associated with the permanent sperm DNA damage observed in this
study. Further studies are required to rule out these possibilities.

While we presented evidence that the antioxidant response of the rat epididymis against oxidative
stress is altered and may explain the poor quality of spermatozoa observed in this study, multiple
factors could contribute to the persistent DNA oxidation observed in spermatozoa from t-BHP-treated
rats. Sperm chromatin is a highly organized structure that differs from that of the somatic cells.
Protamines replace histones during spermatogenesis, allowing the chromatin to tightly compact [42,43].
During epididymal transit, protamines become thiol oxidized and make disulfide bridges among them,
thus, making the sperm chromatin more compacted [43]. Low mature protamine to protamine precursor
ratio has been found in infertile patients and is correlated with high DNA damage, suggesting that
chromatin compaction is critical for the protection of sperm DNA [43,44]. In our study, the persistent
DNA damage observed in rat spermatozoa could be due to alterations of the sperm chromatin structure
that interfered with normal sperm chromatin compaction, thus making sperm DNA more susceptible
to the oxidative stress seen after 9 weeks of the end of treatment. Permanent oxidative stress in the
male reproductive system as the one observed in Prdx6−/− male mice leads to changes in the sperm
chromatin with increased DNA oxidation and lower protamination (amounts of protamines) and DNA
compaction compared to the wild-types controls [16]. Exposure of male rats to the chemotherapeutic
agent cyclophosphamide, known to produce ROS as part of the mechanism of action, decreased the
level of protamination and subsequently increased DNA damage of rat spermatozoa [45].

Similar long-lasting damages as those found in this study were observed in testicular cancer
survivors who underwent chemotherapy with cisplatin and bleomycin, two drugs that generate
high levels of ROS in cells exposed to them [46,47]. Cancer patients treated with polychemotherapy,
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including ROS-generating compounds, have high levels of lipid peroxides in blood, indicating the
establishment of oxidative stress due to the treatment [48]. Spermatozoa from testicular cancer survivors
displayed high DNA damage and low DNA compaction up to two and one years, respectively, after the
end of chemotherapy [49,50]. With this significant clinical relevance, the present study provides
insight into the understanding of the long-term effect of oxidative stress, a condition often seen in
male infertility [2,3].

The molecular mechanism behind the long-term, lasting oxidative stress observed in this study
is yet to be determined. A potential candidate is the dysregulation of mitochondria due to high
levels of 4-HNE. We hypothesize that the high oxidative stress due to t-BHP promoted significant
4-HNE levels that impaired mitochondrial proteins leading to dysregulation of this organelle. We
observed that the inhibition of PRDX6 iPLA2 activity by MJ33 increased the levels of 4-HNE and
impaired the sperm mitochondrial membrane potential, leading to the generation of oxidative stress
and the oxidation of the DNA in human spermatozoa [15]. 4-HNE is capable of inducing mutations
of the mitochondrial DNA and form adducts with mitochondrial proteins that lead to mitochondrial
dysfunction [51]. Further studies are needed to elucidate the molecular mechanisms behind the
alterations in spermatozoa and epididymis observed in the present study.

5. Conclusions

In conclusion, we reported the unexpected long-term effects of t-BHP treatment in the male
rat reproductive system that impairs sperm quality after one complete cycle of spermatogenesis.
The epididymis, in contrast to the testis, was primarily affected by the treatment displaying markers of
oxidative stress such as high levels of 4-HNE up to 9 weeks after the end of the treatment. An antioxidant
response by the upregulation of PRDX6 and possibly PRDX1 and catalase attempt to correct the
oxidative stress in the epididymis results in the decrease of lipid peroxidation at 9 weeks in cauda
epididymis, but it appears not to be sufficient to repair the oxidative damage observed in spermatozoa.
Further studies will be needed to elucidate the molecular mechanism that generates long-term oxidative
stress that impairs sperm quality and fertility. These studies are relevant since many conditions such
as diseases (i.e., cancer, diabetes), drugs and even lifestyles (i.e., smoking) generate chronic oxidative
stress that impacts male fertility.
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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,
it is 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
architecture, featuring an abundance of oxidizable substrates and limited intracellular antioxidant
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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 Sources 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 (O2) to form the superoxide radical (O2•−). Basal levels of electron leakage can potentially occur
from multiple sites within the ETC (reviewed in [24]), and, unlike the O2•− generated at the level of
the plasma membrane that supports sperm capacitation [25], mitochondrial derived O2•− is generally
associated with pathological damage. Indeed, when superoxide anion generation exceeds the limited
antioxidant capacity of the sperm cell, it has the ability to propagate the formation of non-radicals,
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including hydrogen peroxide (H2O2), and in the presence of Fe3+, 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−, N2O, 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 H2O2 [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-3β [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).

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=O 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
(VDAC2) 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 (ΔΨ),
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) (MDH2)] [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
(mitochondrial 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 ΔΨ 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
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 ΔΨ, 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 ΔΨ; 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 (DNAH5, 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 (eIF2α) [128]. Santiago et al. [126] have
reported increased levels of proteins involved in the UPR (heat shock proteins; HSF1, HSP90, HSPD1,
HSP27; and eIF2α) and reduced motility in human spermatozoa exposed to H2O2. 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 H2O2, O2•− or
•OH 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-oxoG),
1,N6-ethenoadenosine and 1,N2-ethenoguanosine in human sperm cells [132]. Accordingly, elevated
levels of oxidative DNA damage, and in particular 8-oxoG 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 (mtDNA4977),
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 ATP8); all of which are crucial for OXPHOS (depicted in
Figure 3). Accordingly, mtDNA4977 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
mtDNA4977 deletion occurs during spermatogenesis and/or spermiogenesis, the mature spermatozoa
are endowed with dysfunctional mitochondria, which can act as a source of ROS. Interestingly,
mtDNA4977 has been recorded in the spermatozoa of infertile males with asthenozoospermia and
oligoasthenozoospermia [148,149]. An alternative large-scale mtDNA deletion comprising 7436 bp
(mtDNA7436) has also been reported in low-motility human spermatozoa [150]. In addition to the
genes excised by mtDNA4977, mtDNA7436 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, ATP8,
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
mtDNA4977 deletion includes genes encoding two subunits of ATP-synthase (ATP6 and ATP8),
cytochrome oxidase III (COIII), NADH dehydrogenase subunit 3 (ND3), ND4, ND4 subunit L (ND4L),
and ND5, whereas mtDNA7436 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, GPX5, 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-oxoG 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 H2O2, peroxynitrite (ONOO−) 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 (Ca2+-iPLA2) activities, PRDX6 has also been implicated in the prevention of LPO
and the repair of oxidized membranes [159]. Accordingly, the inhibition of PRDX6 Ca2+-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 ΔΨ), 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.
Illustrative 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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Abstract: In addition to perinuclear theca anchored glutathione-s-transferase omega 2 (GSTO2),
whose function is to participate in sperm nuclear decondensation during fertilization (Biol Reprod.
2019, 101:368–376), we herein provide evidence that GSTO2 is acquired on the sperm plasmalemma
during epididymal maturation. This novel membrane localization was reinforced by the isolation
and identification of biotin-conjugated surface proteins from ejaculated and capacitated boar and
mouse spermatozoa, prompting us to hypothesize that GSTO2 has an oxidative/reductive role in
regulating sperm function during capacitation. Utilizing an inhibitor specific to the active site of
GSTO2 in spermatozoa, inhibition of this enzyme led to a decrease in tyrosine phosphorylation late in
the capacitation process, followed by an expected decrease in acrosome exocytosis and motility. These
changes were accompanied by an increase in reactive oxygen species (ROS) levels and membrane
lipid peroxidation and culminated in a significant decrease in the percentage of oocytes successfully
penetrated by sperm during in vitro fertilization. We conclude that GSTO2 participates in the
regulation of sperm function during capacitation, most likely through protection against oxidative
stress on the sperm surface.

Keywords: glutathione-s-transferase omega 2; capacitation; fertilization; male fertility; oxidative
regulation; spermatozoa; reactive oxygen species (ROS)

1. Introduction

The spermatozoa expelled from the seminiferous tubules at the end of spermatogenesis lack
progressive motility and the ability to fertilize the oocyte. It is only through epididymal maturation
and functional capacitation that spermatozoa undergo the necessary transformational changes needed
to fertilize.

Capacitation is a highly orchestrated set of reactions that ultimately culminates in the acrosome
exocytosis reaction and spermatozoa obtaining their fertilizing competency as they approach the
oocyte in the oviduct [1]. Due to the lack of transcriptional and translational activity within mature
spermatozoa, any changes that the cell undergoes must occur through post-translational modifications
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of pre-existing proteins. A key modulator of cell signaling and enzymatic function are the levels of
reactive oxygen species (ROS) [2–8].

High sensitivity to membrane lipid peroxidation requires eutherian spermatozoa to maintain a fine
balance between the production and regulation of ROS [9–12]. High concentrations of oxygen radicals
and peroxidation by-products have been well documented as contributors to male infertility [9,13–17].
Ideally, when ROS is maintained at low concentrations, the ROS molecules are utilized by spermatozoa to
modulate cellular functions such as the initiation of capacitation and hyperactivated motility [1,7,18–22].
Spermatozoa are, therefore, critically dependent on their network of regulatory and detoxifying enzymes
to ensure that optimal concentrations of ROS are maintained.

Eutherian spermatozoa are largely devoid of the cytoplasmic reservoir of antioxidant enzymes
seen in most somatic cells, and therefore have a large reliance on the detoxifying capacity of the
fluids in their surroundings. Epididymal secretions and semen are amongst the most antioxidant rich
fluids within the body, equipped with specialized ROS scavenging molecules and enzymes that aid
in buffering the oxidative stress levels of sperm cells [23–27]. It is also through these secretions that
surface-anchored detoxifying enzymes can be imparted to the plasmalemma of spermatozoa as they
progress through the male reproductive system.

The proteomic analysis of epididymal secretions, semen and surface bound spermatozoon proteins
helps to decode the detoxifying landscape of spermatozoa and identify the regulatory systems at
play [28,29]. At the center of many detoxifying systems is the tripeptide thiol glutathione. Glutathione
provides a recyclable source of reducing power and facilitates many groups of antioxidant enzymes
residing within and on the sperm surface, such as glutathione reductases, glutaredoxins, thioredoxins,
perioxiredoxins and glutathione-s-transferases.

Glutathione-s-transferases (GSTs) are a large super-family of phase II detoxification enzymes
that are ubiquitously found throughout the body, and well represented within the male reproductive
environment [30]. GSTs of the Mu, Pi, Theta, Alpha, Zeta and Omega classes have all been identified
as components of the seminal plasma or as sperm resident proteins, with their own functionally
distinct roles [31–34]. Furthermore, several classes of GST have recently been shown to have functional
multimodality, acting in both sperm–egg interactions and redox regulation of the plasmalemma [31].
Harboring enzymes that can facilitate more than one cellular process may be a valuable asset for cells
such as spermatozoa that have evolved to be streamlined and devoid of most cytosolic resources.

The Omega class of GSTs have also been shown to have multifunctionality [30,35,36]. Equipped
with a cysteine residue at their activity site, GSTOs are not only able to facilitate glutathione reductase
reactions but have also been shown to have dehydroascorbate reductase capabilities [30,35,36].
Moreover, GSTO2, one of only two functionally active enzymes within the Omega class, has been
credited as having the highest levels of dehydroascorbate reductase functionality within mammals [37].
With the epididymis and seminal plasma having some of the highest concentrations of ascorbic acid
(AA) found within the body, maintaining optimal concentrations of AA within the sperm may prove
vital to its fitness [26]. Therefore, the enzymatic versatility of facilitating reactions in both glutathione
and AA centered pathways may make GSTO2 a highly valuable surface-bound enzyme.

In addition to its previous characterization as a constituent of the postacrosomal sheath and
perforatorium of the perinuclear theca [34,38], we demonstrate that GSTO2 is also present on
the sperm surface in mouse and boar spermatozoa. Through surface protein isolation, indirect
immunofluorescence, fluorescence immunohistochemistry, functional inhibition studies and computer
assisted sperm analysis, we characterize the surface localization of GSTO2 isoforms and demonstrate
the functional role of GSTO2 in facilitating sperm capacitation through oxidative regulation.
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2. Materials and Methods

2.1. Animals

Retired breeder CD1 and C57BL/6 mice were purchased from Charles River Laboratories (Charles
River, St-Constant, QC, Canada). All procedures in this study were conducted under the Animal
Utilization Protocols approved by Queen’s University Animal Care Committee (protocol # 2017-1742)
and complied with the Guidelines of the Canadian Council on Animal Care. Fertile, non-transgenic
boar semen samples were collected at the University of Missouri’s National Swine Resource and
Research Center and processed in their Division of Animal Sciences, College of Food, Agriculture and
Natural Resources (Columbia, MO, USA), under the strict guidance of the University of Missouri’s
Animal Welfare Assurance Number and Animal Care and Use Committee (ACUC) protocol # A3394-01.

2.2. Sperm Extractions from Mice

Spermatozoa were obtained from the fresh cauda epididymis’ of mature CD1 and C57BL/6 males.
Cauda epididymis’ were placed in approximately 0.5 mL of phosphate-buffered saline (PBS) and
pierced with a 26 1

2 gauge needle to allow the sperm to diffuse out into the solution.

2.3. Antibodies and Reagents

The central antibody was a goat polyclonal anti-GSTO2 antibody (Y-12, Santa Cruz Biotechnology,
Dallas, TX, USA), used at a concentration of 0.2 μg/mL for Western blot analysis, and 6.67 μg/mL for
fluorescence immunocytochemistry. For the measure of protein tyrosine phosphorylation, the clone
4G10 anti-tyrosine phosphorylation antibody (Millipore-Sigma, 05-321, St. Louis, MO, USA) was used
at a concentration of 0.1 μg/mL and standardized using an anti-alpha tubulin antibody (Sigma T6074,
Burlington, MA, USA). For immunohistochemistry a rabbit-polyclonal anti-GSTO2 (Sigma Prestige,
HPA048141, Burlington, MA, USA) was used at a concentration of 6.67 μg/mL. For Western blot analysis,
a rabbit anti-goat IgG-HRP (horseradish peroxidase) (0.4 μg/mL, Santa Cruz Biotechnology, Santa Cruz,
CA, USA) secondary antibody was used, and, for indirect immunofluorescence studies, a donkey
anti-goat IgG-CFL (colorized fluorochrome) 555 (Santa Cruz, 2 μg/mL), or donkey-anti-rabbit-IgG-CFL
488 was used (2 μg/mL, Abcam, Cambridge, MA, USA). For the assessment of the acrosome exocytosis
reaction lectin PNA (Arachis hypogaea) conjugated to the colorized fluorocrome 647 (Invitrogen, L32460,
Waltham, MA, USA) was used at a concentration of 15 μg/mL. For peroxidation analysis, a BODIPY
581/591 C11 probe (4,4-difluoro-5-(4-phenyl-1,3-butadienyl)-4-bora-3a,4a-diaza-s-indacene-3-undecanoic
acid) (Invitrogen Molecular Probes, D3861) was used at a final concentration of 5 μM. For evaluation of
the total reactive oxygen species, the Cellular ROS Detection Assay kit (ab186029Abcam, Cambridge,
MA, USA) was used following the manufacturer’s manual. For all enzymatic inhibition studies, a
membrane permeable cell tracker probe (Invitrogen Molecular Probes C7025) was used. The probe has
been shown to bind covalently and irreversibly to the active site of GSTO isozymes [39] and was used
at a concentration of 100 μM in all our experiments. Any additional reagents were purchased from
Millipore-Sigma (Burlington, MA, USA).

2.4. Fluorescence Electrophoresis and Western Blotting Analysis

All sperm samples were freshly extracted and subsequently incubated with our inhibitory probe
for 25 min at 37 or 38 ◦C, depending on the species. The samples were washed twice and then
solubilized in a non-reducing sample buffer (200 mM Tris pH 6.8, 4% SDS, 0.1% bromophenol blue,
40% glycerol, 5% β-mercaptoethanol). A BLUeye pre-stained protein ladder (GeneDirex) was loaded
along with approximately 1–2 million cells per lane and resolved on 4% stacking and 12% separating
polyacrylamide gels, as described by Laemmli [40]. The gel was run at 100 volts for 110 min before
being placed in transfer buffer and imaged in a fluorescence biophotonic chamber. After transfer to
a polyvinylidene fluoride (PVDF) membrane (Millipore) for 120 min in Tris-glycine transfer buffer
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on ice using a Hoefer Transfer apparatus (Hoefer Scientific Instruments), the membrane was also
imaged in the same fluorescence chamber. The membrane was then blocked in a 10% skim milk
and phosphate-buffered saline (PBS) solution with 0.05% Tween-20 (PBS-T) for 30 min to prevent
non-specific binding. The membrane was incubated with primary antibody overnight at 4 ◦C with slight
agitation. The next day, the membrane was washed in PBS-T six times, each for five minutes, before a
two hour incubation with secondary antibody conjugated to horseradish peroxidase. The membrane
was then washed extensively and subjected to an immunodetection reaction that was visualized
using Clarity Western ECL Substrate (Bio Rad Laboratories, Hercules, CA, USA). The membrane was
exposed to X-ray film for developing. For the evaluation of tyrosine phosphorylation (PY) during
capacitation, relative intensities were calculate using Image J. Total PY was calculated for each sample
and normalized using the intensity of tubulin in each sample.

2.5. Fluorescence Immunocytochemistry

Mouse and boar spermatozoa were mounted on poly-L lysine coated coverslips and fixed in 2%
formaldehyde for 40 min. Non-specific binding was blocked using 5% bovine serum albumin (BSA)
for 25 min before incubation in primary antibody overnight at 4 ◦C. The next day, the coverslips were
washed extensively in 1% BSA-PBS before a 40 min incubation with secondary antibody conjugated to a
fluorescent marker and DAPI (4’,6-Diamidino-2-Phenylindole, Dihydrochloride) at room temperature
and hidden from light. The coverslips were washed again before being mounted on glass slides using
VectaShield mounting medium (Vector Laboratories, Burlingame, CA, USA) and sealed with nail polish.
Spermatozoa from mouse and boar were also incubated with our fluorescent inhibitor for 25 min,
washed extensively and mounted onto glass slides to visualize the binding pattern. Fluorescence
images were taken at the Queen’s University Cancer Research Institute Imaging Centre, using a Quorum
Wave Effects spinning disc confocal microscope or at the University of Missouri-Columbia, using a
Nikon Eclipse 800 microscope with CoolSnap CCD camera (Nikon, Tokyo, Japan). All images were
subsequently analyzed using MetaMorph Imaging Software (Molecular Devices, San Jose, CA, USA).

2.6. Boar Surface Protein Extractions

Boar surface sperm protein extractions were performed on approximately 3 × 108 cells of both
ejaculated and in vitro capacitated samples, as previously described in [41] with the Pierce Surface
Protein Biotinylation kit (ThermoFisher Scientific, A44390). Extracts were subsequently precipitated
with the use of a 2-D Clean up Kit (GE Healthcare, Uppsala, Sweden) and resolubilized with Laemmli
reducing sample buffer for Western Blot Analysis.

2.7. Fluorescent Immunohistochemistry

Paraformaldehyde fixed, and paraffin embedded boar and mouse epididymal sections were
deparaffinized in xylene and hydrated through a graded series of methanol solutions. After hydration,
the sections were treated to abolish autofluorescence and subjected to antigen retrieval by microwave
irradiation in a 5% Urea, Tris-HCL solution, pH 9.5 [18]. Before primary antibody incubation, sections
were blocked with 5% normal goat serum (NGS) diluted with phosphate-buffered saline (PBS).
The primary antibody was made in 1% NGS-PBS and incubated at 4 ◦C overnight. Slides were washed
with 1% NGS-PBS before incubation with fluorescent-tagged secondary antibody and DAPI. Once
completed, slides were washed in PBS before being mounted to coverslips using Vectashield mounting
Media (Vector Laboratories) and sealed with clear nail polish. Images were captured at the Queen’s
University Cancer Research Institute Imaging Centre, using a Quorum Wave Effects spinning disc
confocal microscope and analyzed using MetaMorph imaging software.

2.8. Mouse In Vitro Capacitation and Acrosome Exocytosis Reaction

Spermatozoa were extracted from fresh cauda epididymis by piercing with a 26 1
2 gauge needle

and allowing the sperm to diffuse out into a Whittens-Hepes Medium. Sperm were then incubated for
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25 min at 37 ◦C, 5% CO2 in Whittens-Hepes Medium with either the inhibitor, or dimethyl sulfoxide
(DMSO, Control). After treatment, sperm were diluted to a final concentration of approximately two
million cells/mL with either a capacitation medium (Modified Whittens-Hepes medium supplemented
with 5mg/mL BSA and 20 mM NaHCO3) or the non-capacitiation medium (Whittens-Hepes without
supplementation) and left to incubate for up to 90 min at 37 ◦C, 5% CO2. For the analysis of tyrosine
phosphorylation, samples were collected every 45 min, washed twice and placed in sample buffer
before being run on a Western blot. For the acrosome exocytosis reaction, sperm cells were left to
incubate in either capacitating or non-capacitating media for 60 min and then progesterone was added
to a final concentration of 10 μM and left for an additional 30 min. Cells were subsequently washed
in PBS and allowed to air dry on glass slides. Cells were fixed with ice cold absolute methanol for
15 min, washed in PBS and stained with PNA (15μg/mL) and DAPI for 30 min. Slides were rinsed
one final time and coverslips were mounted. In each treatment, 200 cells were randomly selected
and the acrosome was scored as either intact or reacting/reacted. At least three replicates of each
treatment were assessed and the reported values represent the average per group. The Western blotting
results were analyzed using an ANOVA with a post-hoc Tukey test, comparing the mean intensities of
three replicates. The acrosome exocytosis reaction results were compared using a t-test with Welch’s
correction, comparing the average percentage of reacted cells from three replicates.

2.9. Boar In Vitro Capacitation

Boar spermatozoa were collected from fresh ejaculate and were subsequently centrifuged and
washed to remove seminal plasma. Sperm were counted using a hemocytometer (ThermoFisher
Scientific, Waltham, MA), and incubated in a modified TL-HEPES medium with either the GSTO
Inhibitor or DMSO (Control) for 25 min at 38 ◦C. Sperm cells were then placed in either capacitating
(modified TL-HEPES supplemented with 5 mM sodium pyruvate, 11 mM D-glucose, 2 mM CaCl2,
2 mM sodium bicarbonate, and 2% (m/v) bovine serum albumin) or non-capacitating medium (modified
TL-HEPES medium without supplementation) to a concentration of two million cells/mL and incubated
at 38 ◦ C for four hours. Cells were removed every hour, washed, and placed in reducing sample buffer,
for tyrosine phosphorylation analysis by Western blotting up until the four-hour time point. The results
were analyzed using an ANOVA with a post-hoc Tukey test, comparing the mean intensities from
three replicates.

2.10. Mouse In Vitro Fertilization

Mouse oocytes were obtained from super-ovulated 6 week old CD1 females. Females were
given 10 UI of pregnant mare serum gonadotropin (PMSG) through intraperitoneal (IP) injection,
followed 48 h later by 10 UI of human chorionic gonadotropin (hCG), also administered through IP
injection. Oviducts were harvested from the sacrificed females 12–13 h after the last hCG injection
into Advanced KSOM medium (MR-101-D, Millipore-Sigma), warmed to 37 ◦C. Cumulus-oocyte
complexes were extracted from the oviducts into warmed Advanced KSOM medium, washed and
rested at 37 ◦C, 5% CO2 under mineral oil until fertilization droplets were prepared, to a maximum of
30 min. Spermatozoa were extracted from the cauda epididymis and into Whitten-Hepes Medium
where they were either incubated with the GSTO inhibitor (100 μM) or DMSO for 25 min under mineral
oil at 37 ◦C, 5% CO2. Sperm were subsequently washed and placed into EmbryoMax human tubal
fluid (HTF, MR-070-D, Millipore-Sigma) to capacitate for a minimum of 1 h. Sperm were then diluted
with HTF into a 50 μl droplet with a concentration of approximately 1 × 105/mL sperm and between
20–25 oocytes were added to each droplet. Fertilization droplets were incubated at 37 ◦C, 5% CO2

under mineral oil for 5 h before oocytes were removed, washed and further cultured in 50 μL Advanced
KSOM droplets under mineral oil for approximately 8 h. Oocytes were then fixed in 2% formaldehyde,
permeabilized in phosphate-buffered saline with 0.1% Triton-X-100 (PBS-Tx) and stained with DAPI to
allow for the visualization of the sperm head or pronuclear formation, indicative of successful sperm
penetration. Oocytes were then mounted onto glass slides using Vectashield mounting Medium (Vector
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Laboratories) and sealed with clear nail polish. Images were captured at the Queen’s University Cancer
Research Institute Imaging Centre, using a Quorum Wave Effects spinning disc confocal microscope.
Three replicates of each treatment were performed, all using different mice, and statistical analysis was
performed using a t-test with Welch’s correction.

2.11. Swine In Vitro Fertilization

Ovaries were obtained from a local slaughterhouse and aspirated to obtain oocytes from follicles
of 3–6 mm in size. Oocyte with uniform ooplasm and compact cumulus cells were selected and in vitro
matured at 38.5 ◦C, 5% CO2, for 42 to 44 h. Cumulus cells from matured cumulus-oocyte complexes
(COCs) were removed with 0.1% hyaluronidase in TL-HEPES-PVA and washed three times with
TL-HEPES-PVA medium. Twenty-five to thirty oocytes were placed into 100 μL drops of the mTBM
medium, while sperm were prepared. Boar semen was collected from sperm rich fraction the day
before IVF. Sperm cells were incubated with the GSTO inhibitor for 25 min at 38.5 ◦C immediately after
being isolated from the semen and before being placed in a short BTS extender (BTS, IMV Technologies,
Maple Grove, MN, USA) until used. Mitochondria of the sperm tail were stained with a viable,
mitochondrion-specific probe MitoTracker® Red CMXRos (Molecular Probes, Inc., Eugene, OR, USA)
for 10 min at 38 ◦C in a warm incubator before the sperm solution was diluted to a concentration of
1 × 106 cells/mL. Co-incubation of the sperm and the oocytes was left for approximately 6 h before
oocytes were removed and transferred to 100 μL drops of PZM-3 medium containing 0.4% BSA
(A6003; Sigma, Burlington, MA, USA) for additional culture. Three replicates of each experiment
were performed using three different ejaculates and presented as the average. Statistical analysis was
performed using a t-test with Welch’s correction.

2.12. Mouse Computer-Aided Sperm Analysis (CASA)

Spermatozoa were extracted from the cauda epididymis of mature C57BL/6 males and placed
in Whittens-Hepes Medium. Sperm were subsequently placed with the GSTO inhibitor (100 μM) or
DMSO (Control) for 25 min at 37 ◦C before being washed and diluted with additional Whittens-Hepes
medium or capacitating medium (Whittens Hepes supplemented with 5mg/mL BSA and 20 mM
NaHCO3) to a final concentration of approximately 1–2 million cells/mL. Sperm were then placed back
at 37 ◦C and left to capacitate for one hour. Samples were then gently spun down and resuspended
for analysis. Analysis was done by Sperm Vision HR software version 1.01 (Minitube, Ingersoll, ON,
Canada). At least 200 cells from each treatment were analyzed in each experimental trial. All cells that
were not unequivocally identifiable as sperm were removed from the analysis by the technician. Four
replicates were performed, each using a new mouse, and the data are presented as the average of all
replicates. Multiple t-tests were performed to determine statistical significance.

2.13. Lipid peroxidation Intensity Analysis

Mouse spermatozoa were extracted from the cauda epididymis of mature C57BL/6 males and
placed in Whitten-Hepes Medium. Sperm were diluted to a concentration of approximately 2 × 106/mL,
and subsequently placed with the BODIPY 581/591 C11 (D3861, Invitrogen Molecular Probes, Eugene,
OR, USA) to a final concentration of 5 μM for 20 min at 37 ◦C. A subset of sperm were not treated with
the BODIPY C11 probe to act as a baseline for innate fluorescence. Sperm were washed twice at 650× g
for 5 min before being placed with the GSTO inhibitor (100 μM) or DMSO (Control) for 25 min at
37 ◦C. Spermatozoa were washed again and placed in capacitating medium (Whittens-Hepes Medium
supplemented with 5mg/mL BSA and 20 mM NaHCO3) to a final concentration of approximately
1–2 million cells/mL and incubated for one hour at 37 ◦C, with agitation every 15 min. Spermatozoa
were subsequently washed and placed on a glass slide, covered with a coverslip and sealed with clear
nail polish. Three trials were performed for each treatment, and at least 200 cells per treatment were
analyzed each trial by confocal microscopy. Images were captured at the Queen’s University Cancer
Research Institute Imaging Centre, using a Quorum Wave Effects spinning disc confocal microscope,
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and analysis was performed using the MetaMorph Imaging software. The intensities of both the red
and green fluorescence were acquired for all treatments and controls. For GSTO Inhibited samples,
the fluorescent intensity of the inhibitor itself was subtracted from the overall green intensity to ensure
it did not impact the overall ratio of green and red fluorescence. The results were analyzed using a
t-test with Welch’s correction to determine statistical significance.

2.14. Cellular Reactive Oxygen Species Levels

Mouse spermatozoa were extracted from the cauda epididymis of mature CD1 males and placed
in Whitten-Hepes Medium. The sperm were subsequently placed with the GSTO inhibitor (100 μM)
or vehicle (DMSO) for 25 min at 37 ◦C. Spermatozoa were then diluted to a concentration 5 × 106

cells/mL and placed under capacitating conditions through supplementing the buffer with 5 mg/mL
BSA and 20 mM NaHCO3. Spermatozoa were left to incubate for 60 min, with agitation every 15 min
at 37 ◦C/5% CO2. Reactive oxygen species levels were then probed using the Cellular ROS Assay Kit
(ab186029). Samples were subsequently washed and fixed in 2% formaldehyde before being analyzed
using flow cytometry. Flow cytometry was performed at the Queen’s University Cardiac Pulmonary
Unit using the Sony SH800 Cell Sorter and least 10,000 events were recorded for each sample. Three
experimental trails were done for each treatment, each using a different mouse, and the data presented
include the average mean intensity over the three trials. Statistical analysis was done using a t-test
with Welch’s correction.

2.15. Statistical Analysis

Statistical analysis was performed using Prism 8 statistical software. An ANOVA with a Tukey
post-hoc test was used for the statistical evaluation of the results obtained from in vitro capacitation
experiments. Multiple t-tests were performed for the computer-aided sperm analysis and acrosome
exocytosis reaction experiments comparing different treatment groups under the same testing conditions.
A t-test with Welch’s correction was performed in the lipid peroxidation, total cellular ROS levels
and in vitro fertilization experiments. All experiments were performed at least three times and all
results are the averages of all replicates. For each experiment, all replicates of mouse experiments were
performed with a different mouse, whereas all experiments performed in boar used a different ejaculate.

3. Results

3.1. The presence of GSTO2 on the Plasmalemma of Mature Mouse and Boar Spermatozoa

Glutathione-S-Transferase Omega 2 was observed on the plasmalemma of non-permeabilized
mouse and boar spermatozoa through the use of indirect immunofluorescence (Figure 1). This reactivity
was inhibited when the antibody (Y-12) was pre-incubated with its corresponding peptide block,
and was absent when samples were incubated in only the secondary antibody. Furthermore, when
spermatozoa were incubated with a Glutathione-S-Transferase Omega (GSTO)-specific inhibitory
binding molecule, the entirety of the sperm showed reactivity, suggesting enzymes of the GSTO
family are present outside of the perinuclear theca, the sole localization of GSTO enzymes currently
documented within eutherian spermatozoa [34].

To further investigate the surface localization of GSTO2, surface proteins of non-permeabilized
fresh and capacitated boar spermatozoa were isolated through the use of the Pierce Cell Surface
Biotinylation and Isolation Kit (A44390, ThermoFisher Scientific, Waltham, MA, USA), run on an
SDS-PAGE gel and probed with an anti-GSTO2 antibody. The findings revealed that two GSTO2
isoforms were present on the surface of fresh boar spermatozoa (Figure 2, Lane 1) but that, following
in vitro capacitation, only the higher isoform remained (Figure 2, Lane 2). This reactivity was inhibited
when the antibody was pre-incubated with its corresponding peptide block (Figure 2, Lanes 3 and 4).
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Figure 1. The surface reactivity of glutathione-s-transferase omega 2 (GSTO2) on non-permeabilized
mouse and boar spermatozoa using indirect immunofluorescence. Non-permeabilized fresh boar and
mouse spermatozoa were stained using a GSTO2 specific (Y-12) antibody (GSTO2), or a GSTO-specific
fluorescent inhibitor (Inhibitor). Nuclei were labelled with DAPI. To confirm the specificity of the antibody,
the anti-GSTO2 antibody was preincubated with its blocking agent (blocking peptide, the peptide used
to raise the antibody) according to the manufacturer’s instructions and a secondary-only control was
done (Secondary Only). The GSTO inhibitor is a membrane permeable cell tracker probe (Invitrogen
Molecular Probe C7025). The bar represents 10 μm.

Figure 2. GSTO2 reactivity to biotin-isolated surface proteins of ejaculated and capacitated boar spermatozoa.
Immunoblotting using an anti-GSTO2 (Y-12) antibody on biotin-isolated surface proteins from ejaculated
boar sperm (Lane 1) and capacitated boar sperm (Lane 2). The antibody was pre-incubated with its
corresponding blocking peptide to show specificity in both the ejaculated boar sperm (Lane 3) and
capacitated boar sperm (Lane 4) samples.

Due to the spermatozoon’s lack of transcriptional and translational capabilities after the round
spermatid stage of spermiogenesis and the absence of GSTO2 membrane reactivity previously reported
during spermatogenesis [34], we aimed to investigate if there was an external source of the enzyme
that was secreted during epididymal transport. Fluorescence immunohistochemical staining of porcine
and murine epididymal sections (Figure 3) revealed the presence of GSTO2 within the caput, corpus
and caudal regions of the epididymis. The reactivity was concentrated at the luminal aspect of the
epithelium, however, in the mouse caput, the GSTO2 reactivity was also seen in distinct regions, that
spanned from the basal to the luminal aspect of the epithelium.
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Figure 3. GSTO2 reactivity in histological sections of boar (A) and mouse (B) epididymis. In both
species, caput, corpus and cauda epididymal sections show heightened GSTO2 reactivity at the luminal
aspect of the epididymal epithelium with some fissures of reactivity towards the basal membrane.
In mouse caput epididymal sections, some isolated pockets of reactivity can also be seen, spanning the
length of the epididymal epithelium. Nuclear material was stained with DAPI. The bars in both (A)
and (B) is representative of 20 μm.

3.2. The Functional Significance of GSTO2 During Capacitation

Many surface proteins secreted by the epididymis have been shown to function in the regulation
of capacitation. Therefore, through functional inhibition, using a specific inhibitor that binds to the
active site of GSTO enzymes (Figure S1), we sought to determine if GSTO2 has a role modulating some
facet of the capacitation process. Inhibitor specificity was confirmed in both mouse and boar whole
sperm through fluorescence gel electrophoresis (Figure S2).
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Inhibition of GSTO2’s catalytic site during in vitro capacitation in mice resulted in a dampening of
the hallmark increase in tyrosine phosphorylation that occurs at the late stages of capacitation (Figure 4)
without impairing sperm viability (Figure S3). These findings were also observed in boar spermatozoa
(Figure S4). Most likely as a consequence of the diminished tyrosine phosphorylation events, mouse
spermatozoa also demonstrated a significant decrease in their ability to successfully undergo acrosome
exocytosis when GSTO enzymes were functionally inhibited prior to in vitro capacitation (Figure 5).

Figure 4. The level of protein tyrosine phosphorylation during in vitro capacitation in mouse spermatozoa.
(A) Total protein tyrosine phosphorylation patterns at 0, 45 and 90 min after in vitro capacitation in
DMSO-treated and capacitated (Capacitated), DMSO-treated and not capacitated (Not Capacitated)
and GSTO-inhibited and capacitated (GSTO Inhibited) mouse spermatozoa samples. (B) The intensity
of the total protein tyrosine phosphorylation levels, shown in the Western blot at each time point for
each treatment, were quantified using Image J and normalized to the respective intensity of alpha
tubulin. Total tyrosine phosphorylation relative intensities were further normalized so that all time 0
values were 1. All measurements are the averages of three trials, all performed with different mice.
Error bars represent standard error and * signifies statistical significance of p = 0.008 determined by a
one-way ANOVA.

Figure 5. Sperm capacitation is reduced by the presence of the GSTO inhibitor when incubated in
a capacitation medium. Sperm treatment was done through incubation for 25 min before in vitro
capacitation was induced. The acrosome exocytosis reaction (a hallmark of capacitation) was induced
using progesterone after 60 min of capacitation. Sperm samples were fixed and stained with PNA-647
and 4’,6-diamidino-2-phenylindole (DAPI) and scored based on acrosome labelling. At least 200 sperm
per treatment were assessed per trial and grouped into acrosome intact or acrosome reacting/reacted.
Statistical significance was determined by multiple t-tests and is denoted by *, p = 0.0004.
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When GSTO inhibited spermatozoa were analyzed with computer-aided sperm analysis significant
decreases in total and progressive motility were observed (Figure 6, Panel A and B). A significant
decrease in the overall curvilinear velocity was also observed in capacitated samples (Figure 6, panel
C). Additionally, while a trend of higher linearity, a measured ratio of straight line and curvilinear
velocity, was observed in GSTO inhibited samples they were not found to be significant (Figure 6,
Panel D). These findings suggest that the spermatozoa treated with the GSTO inhibitor were not as
successful in reaching the ideal state of hyperactive activity when compared to the controls.

Figure 6. Computer-aided sperm analysis (CASA) of GSTO-inhibited and DMSO treated (Control)
mouse spermatozoa after in vitro capacitation. Sperm motility parameters were analyzed on capacitated
mouse spermatozoa that were either treated with DMSO (Control) or GSTO inhibitor prior to a 60-min
incubation in capacitating medium at 37 degrees Celsius. The average total motility (A) was the
combination of the progressive and non-progressive motility scores for each sample, whereas (B)
shows solely the comparison of progressive motility. Both the total and progressive motility differences
between the two treatment groups were statistically significant. The curvilinear velocity of GSTO
inhibited sperm were also significantly decreased compared to controls when both treatment groups
were capacitated (C). A higher linearity was also observed when spermatozoa were treated with the
GSTO inhibitor (D), but the differences between the control and inhibited treatments were not found to
be statistically significant. Error bars represent standard error. Statistical significance was determined
using multiple t-tests and is denoted by *.
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Further investigations looked into the peroxidation of lipids within the plasma membrane of
mouse spermatozoa after in vitro capacitation using the BODIPY 581/591 C11 probe that fluoresces red
in a neutral state but is modified to a green fluorescence when lipids undergo peroxidation. The ratio of
green fluorescence intensity over total fluorescence intensity was used as a measure lipid peroxidation
and revealed a significant increase in lipid peroxidation when GSTO activity was inhibited (Figure 7).
These findings were reinforced by a significant increase in the overall cellular reactive oxygen species
levels of spermatozoa treated with the GSTO inhibitor compared to controls (Figure S5). Lastly, when
in vitro fertilization was performed in both mouse and swine, there was a significant decrease in the
sperm’s ability to successfully penetrate the oocyte (Figure 8).

Figure 7. The assessment of sperm membrane lipid peroxidation after in vitro capacitation in mouse
spermatozoa. (A) Lipid peroxidation levels were assessed based on the red and green fluorescence
intensities of cells treated with the BODIPY 581/591 C11 probe. The relative intensity was calculated as
the intensity of the green fluorescence over total fluorescence intensity. Spermatozoa were treated with
the BODIPY 581/591 C11 probe and then incubated with either the GSTO Inhibitor or DMSO (Control)
for 25 min before in vitro capacitation. After 60 min of in vitro capacitation, samples were fixed and
imaged to determine the red and green fluorescence intensities of each cell. At least 200 cells were
individually imaged in each treatment group for each trial, and a representative image from the control
and GSTO inhibited groups is shown in (B). Three trials were performed, each with different mice, and
error bars represent standard error. Statistical significance was determined using a t-test with Welch’s
correction and is denoted by *.
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Figure 8. The assessment of sperm penetration during mouse and swine in vitro fertilization (IVF) using
a low sperm concentration. Successful sperm penetration was assessed in both mouse (A) and swine
(B) IVF models after 5–6 h of co-incubation in the fertilization droplet. Spermatozoa were pre-treated
with either DMSO (Control) or GSTO inhibitor for 25 min before being placed in capacitation-inducing
medium. Mouse sperm were incubated with cumulus–oophorus complexes at a concentration of
1 × 105/mL and boar sperm was incubated with in vitro matured swine oocytes at a concentration of
1 × 104/mL. Oocytes were washed and culture for 8 h (mouse) or 16 h (swine). Oocytes were fixed and
stained with DAPI to assess pronuclear formation and sperm penetration. Statistical significance was
assessed through a t-test with Welch’s correction. The data represent the adjusted average of three
replicates and error bars represent standard error. Statistical significance is denoted by *.

4. Discussion

The present study demonstrates, for the first time, the presence of GSTO2 on the surface of
spermatozoa and its participation in the regulation of ROS levels during capacitation. Surface
protein biotinylation, indirect immunofluorescence with anti-GSTO2 antibodies, and a GSTO-specific
fluorescent inhibitor revealed the surface localization of two GSTO2 isoforms covering the plasmalemma
of both mouse and boar spermatozoa. The absence of GSTO2 reactivity on the surface of eutherian
spermatids at the time of spermiation, and its presence on epididymal spermatozoa, suggests that the
origin of the surface GSTO2 isoforms differs from the isoforms characterized within the perinuclear
theca region of the sperm head [34].

After spermatogenesis, the spermatozoa released from the testis are fully formed but not adequately
primed to interact with the oocyte. Transport in the epididymis allows sperm cells to mature and
gain surface enzymes and molecules required to function optimally. Sperm maturation is driven
exclusively by external factors within the luminal microenvironment of the epididymis and occurs in
the absence of transcriptional and translational activity by the sperm [28,29,42–46]. Therefore, many
of the proteins, enzymes, chaperones and cytokines that collectively contribute to sperm protection
and function are acquired through the release of secretory products from the principal cells into
the epididymal lumen [28,29,45,47,48]. Our immunohistochemical analysis of both mouse and boar
epididymal segments suggests that GSTO2 is likely a constituent of these secretions. Since GSTO2 is
considered a cytosolic protein that is non-glycosylated, it most likely finds its way into the epididymal
lumen through the apocrine secretory pathway.

The caput epididymis is of critical importance in promoting sperm maturation and has been
shown to have greater apocrine secretory activity than the epididymal regions it precedes [49]. Thus,
the predominance of GSTO2 within the apical poles of the principal cells in the caput of both the
mouse and boar epididymis is supportive of its role in promoting sperm maturation and enhancing
fertilization capacity. The presence of two isoforms of GSTO2 on the sperm surface indicates a difference
in their functional roles and/or temporal association with the sperm surface. The absence of the lower
molecular weight isoform from the surface of boar spermatozoa after in vitro capacitation suggests
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that it may be removed as the membrane reorganizes in preparation for sperm–oocyte interactions.
Without the ability to differentiate between the isoforms, their specific organizations on the sperm
surface cannot be fully realized. Moreover, while this is the first report of GSTO2 on the surface of
eutherian spermatozoa, we cannot exclude the possibility that our GSTO fluorescent inhibitor is also
interacting with a GSTO1 isoform, since the inhibitor does not differentiate between members of the
GST Omega family. However, neither we nor others have been successful in identifying GSTO1 in
eutherian sperm.

The regulation of oxidative stress levels within capacitation is a true balancing act. Spermatozoa
optimally function on the knife’s edge of beneficial versus detrimental oxidative stress levels and,
therefore, must be equipped with the necessary antioxidant enzymes and substrates to effectively
regulate their environment. When protective and antioxidant rich environmental barriers such as
the seminal plasma are diluted within the female reproductive tract, spermatozoa must rely solely
on membrane-bound, cytosolic, and mitochondrial antioxidant enzymes to maintain an effective
oxidative equilibrium.

At low concentrations, reactive oxygen species (ROS) have been shown to positively affect
capacitation and the acrosome exocytosis reaction and play central roles within most of the transduction
pathways associated with the sperm acquiring its fertilizing ability [2–8,18]. Members of many of
the oxidative-reductive regulating superfamilies’ have been characterized as sperm-resident proteins,
such as thioredoxins, glutaredoxins, glutathione peroxidases (GPXs) glutathione-S-transferases (GSTs)
and peroxiredoxins (PRDXs) [23,31,50–55]. Located internally or on the surface of the sperm plasma
membrane, these enzymes function in diverse roles regulating transduction cascades, cell signaling,
sperm–oocyte interactions and oxidative stress, facilitated by antioxidant molecules such as glutathione
(GSH) and ascorbic acid (AA) [17,25,53,54,56].

Ascorbic acid (AA) or vitamin C is a potent single electron donor that acts as a scavenger of ROS
in most organ systems [53,57]. AA is used in energetically favorable oxidation reactions to neutralize
reactive and damaging compounds that contain an unpaired electron, such as hydroxide [53]. In both
the germinal epithelium and the epididymis, AA levels are significantly higher than that of blood
plasma, and a high concentration of AA within the seminal plasma has been shown to be positively
correlated with sperm count, sperm motility and normal sperm morphology [26,27,53,58]. Previous
reports have also shown that AA is required to protect sperm from endogenous ROS production
at all stages of development and maturation in both the germinal layer and the epididymis [59,60].
Therefore, its replenishment within epididymal transport and capacitation processes may prove
vital in maintaining the oxidative-reductive homeostasis of sperm as they prepare for fertilization.
The recycling of dehydroascorbate (DHA) into its reduced ascorbate state can be accomplished through
various mechanisms, including the direct reduction by glutathione and the enzymatic reduction by
various thiol transferases and NADPH-dependent reductases [61]. One such enzyme that can facilitate
this reaction is glutathione-s-transferase omega 2 (GSTO2). Past reports have found that GSTO2 has the
highest dehydroascorbate reductase functionality within mammalian systems, with a higher affinity
for DHA than glutathione itself [30,37,62]. Therefore, in sperm maturation and capacitation, two highly
oxidative processes that utilize AA as a major source of reducing power, the presence of a high affinity
DHA recycling enzyme may be critical in maintaining the required concentration of AA to effectively
defend against damaging levels of oxidative stress.

The sperm plasma membrane is a rich lipid bilayer that is highly susceptible to lipid peroxidation
by oxidative stress [10–12,63]. Damage to the membrane structure has previously been shown to
have wide reaching functional implications in sperm, as membrane fluidity and surface proteins
have large roles in both capacitation and sperm–oocyte interactions [9,13–17]. Our results show that
the absence of GSTO2’s catalytic activity negatively impacts the spermatozoon’s ability to prevent
lipid peroxidation within the plasmalemma during capacitation, resulting in the impairment or
dysregulation of membrane-associated processes such as the acrosome exocytosis reaction, sperm
motility and, ultimately, the sperm’s ability to penetrate the oocyte. Therefore, while GSTO2 may
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not have a direct role within each of these processes, it is possible that its functional involvement
in the regulation of the membranes oxidative state may have indirect implications on the sperm’s
overall fitness.

Limitations of this study were that our functional inhibitor was permeable and did not discriminate
between different GSTO enzymes and isoforms. However, to date, only GSTO2 has been shown to reside
on or within spermatozoa. We recently reported that GSTO2 isoforms within the post-acrosomal and
perforatorial regions of the perinuclear theca (PT) facilitate the post-fertilization nuclear decondensation
and male nuclear transition [50]. For this reason, we did not investigate any events beyond sperm
penetration where the PT isoforms would functionally participate. That these PT-resident GSTO2s
could be involved in the capacitation process is unlikely, as they are firmly anchored to the PT and
require harsh solubilization agents such as 1M NaOH to release them from the PT [34]. Due to this
insolubility, their catalytic sites could be masked until solubilization in the oocyte cytoplasm during
fertilization. Even if they were involved, their coverage compared to the surface GSTO2 is limited, and
thus their functional contribution would be expected to be proportionally small.

5. Conclusions

Our investigations identify GSTO2 isoforms as functionally active surface-borne enzymes on
mouse and boar spermatozoa. We propose that GSTO2 may facilitate the regulation of the oxidative
environment of the plasmalemma indirectly, through the replenishment of antioxidant molecules such
as ascorbic acid and glutathione. Overall, this study highlights the importance of oxidative-reductive
regulation and demonstrates the wide-reaching negative implications its dysregulation can have on
overall sperm fitness.
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Abstract: Reactive oxygen species (ROS) can be generated in mammalian cells via both enzymatic
and non-enzymatic mechanisms. In sperm cells, while ROS may function as signalling molecules
for some physiological pathways, the oxidative stress arising from the ubiquitous production of
these compounds has been implicated in the pathogenesis of male infertility. In vitro studies have
undoubtedly shown that spermatozoa are indeed susceptible to free radicals. However, many reports
correlating ROS with sperm function impairment are based on an oxidative stress scenario created
in vitro, lacking a more concrete observation of the real capacity of sperm in the production of ROS.
Furthermore, sample contamination by leukocytes and the drawbacks of many dyes and techniques
used to measure ROS also greatly impact the reliability of most studies in this field. Therefore, in
addition to a careful scrutiny of the data already available, many aspects of the relationship between
ROS and sperm physiopathology are still in need of further controlled and solid experiments before
any definitive conclusions are drawn.

Keywords: dihydroethidium; lucigenin; luminol; tetrazolium salts; NADPH oxidase;
cytochrome reductases

1. Introduction

The history of the relationship between reactive oxygen species (ROS) and spermatozoa starts with
some fundamental experiments conducted by John MacLeod in 1943 [1]. Considering the knowledge
accumulated till the present day, it is assumed that ROS, in high enough concentrations, can trigger
peroxidative damage by the generation of reactive aldehydes, which are detrimental to cell function.
This perception was demonstrated in different ways. However, in most studies, the negative effect of
ROS on sperm quality was observed following external addition of ROS or exposure to ROS-generating
in vitro systems, thus diverging from a physiological scenario. In this review, we discuss the many
challenges in this field, including the various pitfalls associated with the techniques used for measuring
ROS, which make it difficult to ascertain whether these compounds are a major factor contributing to
male infertility or just metabolites playing a passive role. Nonetheless, novel and better methods for
measuring ROS together with the current understanding of the pathways associated with peroxidative
damage will certainly allow new insights into the involvement of oxidative stress in sperm function
and male infertility.

2. The Foundation of the Link between ROS and Human Sperm

The earliest citation of the presence of ROS in spermatozoa comes from the laboratory of John
MacLeod [1]. In 1943, MacLeod [1] decided to test the prevailing knowledge that the metabolism of
human spermatozoa was exclusively dependent on glycolysis and that oxygen consumption was “being
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of such small magnitude that it could not properly be interpreted as true respiration” (cited from MacLeod [1]).
Therefore, to investigate the existence of mitochondrial activity, MacLeod [1] used methylene blue as
a redox sensor and observed that human sperm can reduce either glucose or succinate. In the case
of succinate, the reduction of methylene blue is likely a consequence of the production of FADH2 in
the presence of succinic dehydrogenase (or electron transport chain Complex II), an enzyme of the
mitochondrial respiratory complex that oxidizes succinate into fumarate. In addition, the oxidation
of p-phenylenediamine by sperm cells was also observed in MacLeod’s experiments, indicating the
presence of cytochrome b, cytochrome c and cytochrome c oxidase. As such, this was the first evidence
that sperm cells have indeed mitochondrial activity, or as better phrased by MacLeod, that they present
an “active cytochrome” system.

Following these first observations, MacLeod [1] further examined the impact of high oxygen
levels on sperm cells. For this purpose, he incubated human sperm in a 95% oxygen environment at
38 ◦C. Under these conditions, a drastic reduction in sperm motility occurred over time, which was
completely prevented when the experiment was repeated in the presence of catalase, an enzyme that
converts hydrogen peroxide (H2O2) into water and oxygen [1]. The notion here is that when forced to
use oxidative phosphorylation, a toxic by-product is created in the form of H2O2. In fact, as revealed
later by others, up to 0.2% of the oxygen used during mitochondrial respiration undergoes incomplete
reduction, forming superoxide anion (O2•−), which quickly reacts (dismutation) producing H2O2 [2]
(for details see Figure 1). The latter can be fully reduced to water or may form oxygen radicals, such as
the hydroxyl radical (•OH), that are subsequently detrimental to sperm. Thus, the fundamental
concept that ROS can negatively affect spermatozoa function was laid [3–6].

MacLeod [1] reasoned that spermatozoa were the major source of ROS, but later reports showed
that leukocytes within sperm samples, a common feature among human ejaculates, were also involved
in ROS production [7–9]. Leukocytes contain an NADPH-oxidase (NOX) that catalyses the production
of O2•− by the oxidation of NAD(P)H [10]. The O2•− is then used to generate a wide range of reactive
oxidants, with the main purpose of killing invading microorganisms [10]. However, this enzyme is so
active that spermatozoa can be immobilised by as little as 6 × 105 stimulated leukocytes [8].

Motivated by the observations on the NOX activity of leukocytes, Whittington and Ford decided
to reinvestigate the impact of high oxygen levels (i.e., 95% O2 and 5% CO2 versus 95% N2 and 5% CO2)
using MacLeod’s methodology. However, this time, sperm samples were freed of leukocytes following
purification by Dynabeads [11]. Of interest, the leukocyte-free sperm populations were less affected by
the high oxygen tensions and remained motile for over 6 h, showing only a reduction in curvilinear
velocity. This finding clearly raises the question of whether sperm produce enough ROS to cause any
significant cell damage.

89



Antioxidants 2019, 8, 616

Figure 1. Possible mechanisms by which sperm cells may generate reactive oxygen species (ROS): (1) As
a by-product of the oxidation of arachidonic acid (AA), which may be promoted by cyclooxygenases
and lipoxygenases, such as arachidonate 15-lipoxygenase (LOX-15); (2) Through the stimulation
of NADPH-oxidase (NOX) activity by AA itself or by their oxidation-generated metabolites, being
15-hydroperoxyeicosatetraenoic acid (15-HpETE) and 15-hydroxyeicosatetraenoic acid (15-HETE)
potential inducers; (3) Generation by an NOX system, such as NADPH-oxidase isoform 5 (NOX5),
which is embedded in the plasma membrane and is activated through an EF-hand Ca2+ binding
domains; (4) Generation by the mitochondrial electron-transport chain, with the electron leakage within
the ubiquinone binding sites in complex I (CI) and in complex III (CIII) being the most important
mechanisms. Cat: catalase; CyC: cytochrome C; GPx: glutathione peroxidase; PLA2: phospholipase
A2; Prx: peroxiredoxins; Q: ubiquinone; SOD: superoxide dismutase.

2.1. Spermatozoa and Their Susceptibility toward ROS

Regardless of the ROS source, the work developed by John MacLeod inspired a generation
of andrologists to look at the susceptibility of spermatozoa towards these metabolites. Arguably,
Thaddeus Mann was one of the first to realize the clinical significance of this association. In a landmark
paper with Roy Jones and Dick Sherins, published in 1978, sperm cells showed motility loss when
exposed to either exogenously introduced fatty acid, previously treated with UV light, or peroxidation
of endogenous sperm phospholipids, induced by ascorbate and ferrous sulphate [12]. Both treatments
are known to catalyse the oxidation of unsaturated fatty acids, forming unsaturated aldehydes such as
acrolein, malonaldehyde (MDA) or 4-hydroxy-2-nonenal (4-HNE) [13]. Indeed, MDA production was
confirmed by Jones et al. [12] using the thiobarbituric acid reacting substances test (TBARS). The active
aldehydes formed by ROS can react with proteins through a Michael-type addition, particularly with
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the sulfur atom of cysteine, the imidizole nitrogen of histidine and the amine nitrogen of lysine [14].
Importantly, the toxic effect exerted by the covalently bounded aldehydes depends on the role of the
adducted residue (e.g., protein structure and/or function) [15].

Currently, evidence shows that 4-HNE, a by-product of lipid peroxidation, can impair
the activity of enzymes from the glycolytic and oxidative phosphorylation pathways, such as
glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) [16] and cytochrome-c oxidase [17]. In addition,
4-HNE has the potential to form adducts with A-kinase anchor protein 4 (AKAP4) and dynein heavy
chain [18], two proteins involved in sperm motility [19,20]. These findings could explain the two main
points observed by Jonas et al. [12], i.e., that sperm motility is impaired by reactive aldehydes and
that necrozoospermic samples have higher MDA levels. Regardless of the adducts formed, the work
developed by Jones et al. [12] appears to have sparked a major interest in the field of “ROS and defective
spermatozoa” and, for the first time, offered a mechanism into why men may become infertile.

Following these initial observations, other reports have clearly confirmed that both ROS and
aldehydes are detrimental to sperm function. However, something easily overlooked is the fact that most
of the approaches within this theme use an exogenous source of ROS/aldehyde or force spermatozoa
to generate ROS. For instance, much of the early work, reporting sperm motility loss, involved the use
of exogenously added ascorbate plus ferrous ion [12,21–24], which induces the production of O2•−,
H2O2 and •OH. Other examples include the addition of exogenous xanthine–xanthine oxidase [25–29],
H2O2 [24,26,30,31], glucose and glucose oxidase [30], nitric oxide radical [32], menadione [24,33] and
unsaturated aldehydes (acrolein, 4-HNE and MDA) [18,34–36]. All of these methods were shown to
be detrimental to spermatozoa by the same pathway investigated by Jones et al. [12], in which the
aldehydes formed by oxidation of unsaturated fatty acids lead to inhibition of sperm motility.

Although the external addition of the aforementioned compounds clearly affects sperm function,
what remains a challenge to the field is the significance of this finding when we consider only the level
of lipid peroxidation that occurs spontaneously in vitro and, most importantly, in vivo. Early studies
with rabbit, mouse and human sperm have shown that spontaneous lipid peroxidation, based on
MDA measurements, occurs at a slow rate, and factors such as temperature, oxygen tension and
medium composition may greatly interfere [37–40]. In a work performed with stallion, the percentage
of sperm naturally expressing 4-HNE increased from 53% to 86% over a 24 h incubation period under
aerobic conditions [41]. In accordance, after 24 h, a slight increase in lipid peroxidation was detected
in human sperm using the probe C11-BODIPY(581/591) [34]. These increments in lipid peroxidation
were accompanied by a loss in sperm motility, which may limit sperm lifespan within the female
tract [37–39,41]. Of interest, the lifetime of human sperm (i.e., time for complete loss of motility) was
shown to be highly correlated with their level of superoxide dismutase (SOD) activity (r = 0.97) [40],
strongly suggesting that peroxidation involving O2•− may play a major role in motility loss over
time. Nevertheless, Aitken et al. [42] observed that SOD levels on both low- and high-density sperm
populations, following Percoll separation, were negatively correlated with total motility after 24 h of
incubation (r = −0.303 and r = −0.338, respectively). Although SOD activity was measured by different
methods, one with acetylated ferricytochrome [40] and the other with lucigenin [42], this might not
account for the contrasting data.

2.2. Polyunsaturated Fatty Acids Quantity and Sperm Susceptibility

It is quite clear that sperm motility is affected by ROS despite their source, and most likely this is
related to lipid peroxidation. The question that arises from this observation is: Why are spermatozoa
vulnerable in this regard? One argument put forward is that “mammalian spermatozoa membranes are
very sensitive to free radical-induced damage” (cited from [43]) due to their high level of polyunsaturated
fatty acids (PUFA). In whole ejaculates, the overall PUFA content in spermatozoa is between 36% and
39%, while in Percoll-purified sperm, this level reaches 48–52% of the total fatty acids [44]. This clearly
demonstrates that spermatozoa are within the range of other PUFA-enriched tissues such as brain,
retina and placenta (around 35%, 37% and 44% PUFA, respectively) [45–47]. In general, the hydrogen
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of the bisallylic methylene group (i.e., between two double bonds) has a weak bond energy (around
75 Kcal/mol) when compared to the ones present in allylic methylene groups and methylene groups
that show bond dissociation energy of approximately 88 and 101 Kcal/mol, respectively [48,49].
Considering that bisallylic carbons are only present in PUFA, this intrinsic characteristic makes them
more prone to peroxidation than monounsaturated and saturated fatty acids, therefore increasing the
susceptible of PUFA-rich membranes such as those of sperm cells.

The most abundant PUFA in Percoll-purified human sperm was shown to be docosahexaenoic
acid (DHA, 22:6n-3), followed by arachidonic acid (AA, 20:4n-6) and linoleic acid (LA, 18:2n-6), with
around 34.5%, 10.5% and 6.5% of the total fatty acids, respectively [44]. Likewise, DHA is also the
predominant PUFA in ruminant sperm cells [50,51]. High concentrations of DHA are also found in rod
photoreceptors [52] and synaptosomes [53], where they likely modulate membrane properties, including
“fluidity”, flip-flop, membrane fusion and vesicle formation (reviewed by [54]). These properties are
also known to be important for sperm function, thus making DHA a crucial membrane component for
this cell type. To demonstrate its importance, Roqueta-Rivera and colleagues [55] showed that male
mice depleted of the delta-6 desaturase enzyme, which participates in the synthesis of AA and DHA,
have impaired fertility that can only be restored upon oral supplementation of DHA. Of interest, DHA
presents higher oxidisability when compared to LA and AA due to their greater amount of bisallylic
methylene groups [56]. Therefore, the benefits of having a singular high amount of DHA come at the
expense of making sperm even more susceptible to lipid peroxidation.

The main α, β-unsaturated aldehyde formed by non-enzymatic oxidation of DHA is
4-hydroxy-2-hexenal (4-HHE), whereas the n-6 PUFA (e.g., LA acid and AA) generate 4-HNE [57].
These 4-hydroxyalkenals are very reactive and may serve as second toxic messengers, thus mediating the
detrimental effects of oxidative stress upon sperm cells. For instance, even at femtomolar concentrations,
4-HHE is capable of inducing transition pore opening in mitochondria [58], which could be responsible
for sperm motility loss and apoptotic changes [59,60]. However, despite its likely importance, the level
of induced or spontaneous in vitro production of 4-HHE has never been examined in human sperm
cells, yet it would theoretically be a more sensitive marker of oxidative stress. In contrast, 4-HNE
has already been assessed and associated with a concomitant motility loss in stallion and human
sperm [18,34,61,62].

Another by-product of the non-enzymatic oxidation of both n-3 and n-6 PUFA is the 3-carbon
aldehyde MDA [63]. Although less toxic than 4-HNE, MDA is often used as a biomarker of lipid
peroxidation due to its facile reaction with thiobarbituric acid. Nevertheless, the reliability of the TBARS
test has been questioned by many, with one article stating that the “MDA assay is not able to provide
valid analytical data for biological samples due to its high reactivity and possibility of various cross-reactions
with co-existing biochemicals” [64]. Certainly, MDA levels have been found to be higher within infertile
sperm [23,65–67], but the TBARS test has been used in all cases and, hence, further work is necessary
to confirm these findings.

2.3. Leukocytes and Their Contribution to ROS Generation

Throughout the history of the relationship between ROS and sperm function, many have argued
in favour of the hypothesis that the presence of seminal leukocytes is a confounding factor [68–71].
In this regard, reports correlating the number of white blood cells (WBC) within ejaculates and sperm
dysfunction have shown both positive [68,69] and negative [72,73] correlations. In an intriguing study
run by Harrison et al. [74], fertile men (i.e., fathered within 12 months) showed great variation in WBC
counts, ranging from 0.5 to 16 × 106/mL of semen. It is worth mentioning that many of these fertile
men were within the 95th percentile range of the WHO criteria that define leukocytospermia (i.e.,
more than 1 × 106 WBC/mL) [75]. On the other hand, within infertile men, the reported prevalence of
leukocytospermia based on this cut-off value varies from 10% to around 20% [69,76]. These results show
that leukocytospermia is not a strictly limiting factor for male fertility. In fact, Kaleli et al. [70] stated
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that “leukocytospermia may have a favorable effect on some sperm functions at seminal leukocyte concentrations
between 1 and 3 × 106/mL”.

Data regarding the impact of leukocyte on semen quality are always difficult to interpret because
it is hard to predict: (1) when these cells had entered the seminal compartment; (2) whether they
were activated; and (3) when and how they were activated. Normally, spermatozoa only encounter
a large number of WBC upon ejaculation, and significant numbers of leukocytes are rarely seen in
the lumina of the seminiferous or epididymal tubules [77]. In addition, upon ejaculation, when WBC
generally contact sperm cells, seminal plasma is also present, thus protecting sperm with its antioxidant
compounds [78,79]. Nevertheless, as soon as seminal plasma is removed, leukocytes may damage the
spermatozoa, a tendency easily verified by the strong association between the presence of leukocytes
in washed sperm preparations and in vitro fertilization (IVF) rates [80].

3. The Free Radical-Generating Systems in Sperm

One question still pending concerns the exact nature of the enzymatic systems responsible for
free radical production in sperm cells (Figure 1). In a major review by Agarwal et al. [81], the authors
indicate two ways spermatozoa may generate ROS, being: (1) an NADPH-oxidase system embedded
in the plasma membrane [82]; and (2) an NADH-dependent oxidoreductase (diaphorase) at the level of
mitochondria [83].

3.1. The Potential for an NADPH–Oxidase System in Sperm

The NOX hypothesis for sperm was conceived on the basis of two main observations. Firstly,
ionophore A23187 was shown to increase the ROS-dependent chemiluminescent signal of either
oligozoospermic samples [84] or capacitated sperm [85], indicating the action of a Ca2+-dependent
NOX. Secondly, the addition of NAD(P)H to sperm suspensions can generate a dose-dependent increase
in luminol–peroxidase signal and in nitro blue tetrazolium (NBT) reduction, indirectly suggesting O2•−
production [86,87]. In line with this theory, the NAD(P)H-dependent lucigenin signal was effectively
inhibited by the addition of copper, zinc, diphenyleneiodonium (DPI) and SOD [86–89].

Following these previous observations, studies performed on equine and human sperm presented
the NADPH-oxidase isoform 5 (NOX5) as one potential candidate for the ROS-generating system
(Figure 1) [90–92]. This NOX isoform contains EF-hand Ca2+ binding domains, being activated by
Ca2+ [90,93]. The mRNA expression of NOX5 is first detected in pachytene spermatocytes (human [90]),
whereas the protein can be visualized in the developing spermatid (equine [91]). In human spermatozoa,
a NOX5 antibody demonstrated cross-reactivity in the flagellum, neck and acrosome regions [92], with
higher reactivity in asthenozoospermic men [94]. Additionally, Armstrong et al. [95] demonstrated
that sperm NOX5 has a lower ROS-producing capacity when compared to WBC, and its activation
is probably independent of protein kinase C. Despite these results, some points have not yet been
satisfactorily addressed by previous reports, such as the possibility of leukocyte contamination in
sperm samples, discrepancies in molecular weight and a lack of mass spectrometry evidence on the
abundance of NOX5 in sperm [96–98]. Additionally, NOX5 is not found in rodents, which limits deeper
pathophysiological studies.

Furthermore and in contrast to the results presented so far, the addition of NAD(P)H was
also reported not to stimulate O2•− production when the superoxide-dependent probe 2-methyl-6-
(p-methoxyphenyl)-3,7-dihydroimidazo [1,2-a] pyrazine-3-one (MCLA) [99] and the electron spin
method [100] were used, therefore questioning the existence of a NOX activity in sperm.

This contradiction was later elucidated when our laboratory successfully identified the enzymes
responsible for the NAD(P)H-dependent lucigenin signal as cytochrome p450 reductase (CP450R) [101]
and cytochrome b5-reductase (Cb5R) [102]. CP450R (acting preferably on NAD(P)H) and Cb5R (with
higher affinity for NADH) are both capable of a direct one-electron reduction of either lucigenin
(Figure 2) or tetrazolium salts (e.g., NBT and WST-1) (Figure 3), thus easily explaining why these
probes can evoke a signal with NAD(P)H, whilst other methods had failed (i.e., MCLA and electron
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spin resonance). In addition, the reduction of lucigenin and tetrazolium salts by these enzymes
forms unstable radicals that may also produce O2•−, which are essential for signal generation
(Figures 2 and 3; for more detail see [101] and [102]). Due to the latter, SOD has the ability to inhibit
the NAD(P)H-dependent lucigenin chemiluminescence and the tetrazolium salt formation generated
by CP450R and Cb5R (Figures 2 and 3). Unfortunately, this inhibition by SOD is similar to the one
expected when ROS is generated by NOX activity. Furthermore, like NOX, CP450R and Cb5R are also
flavoproteins and, therefore, susceptible to DPI inhibition (Figures 2 and 3). Taken together, these
inhibition tests are not suitable to differentiate whether the lucigenin and the tetrazolium salt signals
were generated by cytochrome and/or NOX activity.

Figure 2. The pathways involved in lucigenin (bis-N-methylacridinium nitrate) chemiluminescence.
(1), Lucigenin (Luc2+) can be reduced to the lucigenin cation radical (LucH•−) by flavoprotein reductases,
including cytochrome b5-reductase (Cb5R) and cytochrome p450 reductase (CP450R). LucH•− can
be autoxidize back to lucigenin resulting in the production of (superoxide anion) O2•−, or (2) can
react with O2•−, forming lucigenin dioxetane (LucO2.) The latter spontaneously decomposes into
N-methylacridone (NMA) that generates the chemiluminescence signal. Note that the signal can be
abolished by diphenyleneiodonium (DPI) (3), which inhibits flavoprotein reductases, and by superoxide
dismutase (SOD) (4), which consumes the O2•− necessary for the formation of LucO2
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Figure 3. Chemical pathways for the 2-[4-iodophenyl]-3-[4-nitrophenyl]-5-[2,4-disulfophenyl]-2H
tetrazolium monosodium salt (WST-1) assay. WST-1 can be reduced by electron transport from NADH
via flavoprotein reductases, such as Cb5R and CP450R (1), forming the WST-1 radical (WST-1H•).
The latter goes through disproportionation (2), which generates the reduced soluble purple formazan
product (WST-1H2) detected by spectrophotometry methods. Notably, WST-1H•may also react with
molecular oxygen, forming O2•− (3). The generation of WST-1H• can be prevented by the addition of
DPI (4), a flavoprotein inhibitor. Likewise, SOD (5) may inhibit the formation of WST-1H2, because the
reduction of O2•− concentration by SOD increases the autoxidation of WST-1H•, therefore reducing
the latter’s availability for the formation of WST-1H2.

3.2. Other Enzymatic Sources of ROS in Sperm

Given the compelling pieces of evidence supporting the importance of ROS in sperm
physiopathology, studies are still needed in order to determine the involvement of other sperm
enzymes in the production of O2•−. Besides NOX, the oxidative metabolism of AA, the second most
abundant PUFA in human sperm cells [44], by cyclooxygenases (COX) and lipoxygenases (LOX) is
also an important ROS-generating source. In this case, ROS can be generated as a by-product of AA
oxidation [103] and/or as a result of NOX activation by either AA itself [104,105] or its LOX- and
COX-generated metabolites [106,107] (Figure 1). The connection between LOX metabolites and ROS
generation by NOX may be true for sperm cells. For instance, in mice germ cells, the inhibition of the
isoform 15-LOX by PD146176 resulted in the reduction of ROS production within these cells [108].
Although not further investigated by Bromfield et al. [108], a study developed with Jurkat cells reported
that 15-LOX metabolites may be involved in NOX stimulation [109].

3.3. Sperm Mitochondria and ROS Generation

In mammalian cells, another potential enzymatic source of ROS is the mitochondrial
electron-transport chain. Under normal conditions, around 0.1–0.2% of the electrons passing
the respiratory chain may leak and react with oxygen molecules, mainly forming O2•− [110].
Electron leakage may occur in several sites within the respiratory chain, being the ubiquinone binding
sites in complex I (Q-binding site; O2•− is produced on the matrix side) and in complex III (Qo site;
O2•− is produced in the intermembrane space) the most important ones [111,112] (Figure 1). In sperm,
the specific inhibition of electron transport in complex I (by rotenone) and complex III (by antimycin-A)
showed that these cells are also capable of producing ROS in these mitochondrial sites [113]. However,
it is still unclear whether the ROS produced by mitochondria exerts specific physiological and/or
pathological roles in sperm. For equine sperm, mitochondrial ROS were reported to positively correlate
with sperm motility and velocity, probably due to an intense oxidative phosphorylation activity [114].

95



Antioxidants 2019, 8, 616

Nevertheless, contrasting with the equine species, human spermatozoa greatly rely on glycolysis
for ATP production, with little contribution of oxidative phosphorylation [115]. For this reason,
the interference of mitochondrial ROS in human sperm function may be less obvious. Of interest,
defective human sperm have been shown to spontaneously generate mitochondrial ROS to a point
that sperm motility may be affected [113].

4. ROS Measurement Techniques and Their Reliability

Throughout the literature on sperm and ROS, many statements and theories are still controversial
and in need of re-examination and rectification. In part, this is due to some limitations and drawbacks
which may be seen with the techniques and probes commonly used to evaluate ROS in living cells.
Currently, no probe offers an unbiased measurement of ROS, with an ideal high reactivity and specificity
for one ROS species. Importantly, this leads to a scenario in which unrealistic conclusions about the
relationship between ROS and sperm function can be made. An extensive discussion on this theme
can be found elsewhere (see [116]). In this review, we will limit the discussion to the probes that are
more commonly used in the field of spermatology (Table 1).

Table 1. Characteristics and limiting factors of the probes commonly used to detect ROS in sperm cells.

Probe Method Characteristics and Limiting Factors

Tetrazolium salts Colorimetric

Nitro blue tetrazolium (NBT) is the most commonly used one
Low sensitivity to detect ROS
Low specificity for O2•− detection, with various intracellular
reductases being able to generate the same response
Autoxidation can generate O2•−

Lucigenin Chemiluminescence

More specific for extracellular O2•−
Inability to detect O2•− at low level
Low specificity for O2•− detection. Signal can be triggered by
various nucleophiles and reducing agents, being sensitive to
changes in the reductase activity within the tested systems.
Reduced radical can generate O2•−

Luminol/HRP Chemiluminescence

Allows the detection of both intra- and extracellular ROS
Reacts with several electron-donor compounds, showing
indiscriminate recognition of numerous free radicals
The luminol radical formed by various univalent oxidants can
form O2•− through autoxidation
Susceptible to various interferences in biological systems,
such as poor ROS detection at neutral pH and absorption of the
emitted light (400 nm) by some biomolecules

DHE
Fluorescence
HPLC and
LC–MS

Used to detect intracellular O2•−
Highly specific for O2•− detection, producing
2-hydroxyethidium (2-OH-E+); however, the majority of DHE
reacts with other oxidants, resulting in the production of
ethidium (E+)
Both by-products of non-specific (E+) and specific (2-OH-E+)
oxidation have overlapping fluorescence properties, thus not
allowing distinction by fluorescence methods.
For specific O2•− quantification, 2-OH-E+must be measured by
techniques such as HPLC and LC-MS

Dihydroethidium (DHE); high-performance liquid chromatography (HPLC); horseradish peroxidase (HRP); liquid
chromatography–mass spectrometry (LC-MS); superoxide anion (O2•−).

4.1. Lucigenin and Tetrazolium Salts

The use of NAD(P)H in conjunction with either lucigenin or tetrazolium salt techniques has
been previously discussed here in Section 3.1. In this case, the main concern is that several tissue
reductases, including sperm cytochromes (CP450R and Cb5R) [101,102], can reduce both probes
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and, therefore, lead to artefactual NAD(P)H-dependent reduction and the generation of O2•− by
autoxidation [117,118] (Figures 2 and 3). However, despite these consistent factors, many studies
have used this approach to indirectly report the presence of O2•− in sperm and further correlate it
with semen quality [119–121], capacitation [122], hyperactivation [123], DNA integrity [120,124,125],
apoptosis [120], IVF outcomes [121], among others. Yet, caution and a deep understanding of the
limitations of both detection methods must guide the interpretation of these data.

4.2. Luminol/HRP

Luminol (5-amino-2,3-dihydro-1,4-phthalazine-dione) present the advantage of having a high
sensitivity and the capacity to detect both intra- and extracellular ROS [82,118]. To react with O2•−,
luminol is first converted into an intermediate radical by a one-electron oxidation normally mediated
by H2O2 [126,127] and enhanced by the addition of horseradish peroxidase (HRP) [82,128] (Figure 4).
One major limitation is the fact that the luminol radical reacts not only with O2•− but also with various
compounds capable of donating an electron [126,127], thus showing indiscriminate recognition of
several free radicals. In addition, other complex and difficult-to-control factors, such as the formation
of O2•− by the luminol radical, may influence the chemiluminescence of this probe [118,127,129].
Therefore, according to Zhang and colleagues [118], it is “unwise to monitor the dynamics of free radical
generation in cells or systems with this probe alone”.

Figure 4. Chemical reactions responsible for luminol chemiluminescence. Luminol is first oxidized
by many radicals (e.g., •OH and CO3•−, except O2•−) and peroxidases, forming the luminol radical
(L•−) (1). L•− then reacts with O2•−, forming the short-lived intermediate hydroperoxide (2). Molecular
oxygen may be reduced to O2•− by L•− (3), with a rate around seven orders of magnitude lower
than that for reaction (2), resulting in the production of 5-aminophthalazine-1,4-dione. The latter
may also form the intermediate hydroperoxide by the addiction of hydrogen peroxide anions (4).
The intermediate hydroperoxide is quickly decomposed to 3-aminophyhalane in an excited state (5),
which emits light on relaxation to the ground state (6).

Previous studies have used the luminol-based technique to suggest that pathological spermatozoa
(e.g., amorphous heads, damaged acrosomes and retained cytoplasmic droplets) generate higher
amounts of ROS than their normal counterparts [130,131]. Nevertheless, one possible interpretation
for these data is that luminol–HRP reacts with sperm containing luminol-reactive metabolites not yet
specified. This is reinforced by the fact that the retention of an excess of residual cytoplasm, a common
feature of abnormal sperm, is associated with higher ROS measurements [132]. It is important to note
that the excess of residual cytoplasm may contain higher amounts of the metabolites responsible for
luminol signal, therefore not directly related to ROS production.
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4.3. Dihydroethidium

Dihydroethidium (DHE), also called hydroethidine (HE), has been branded as a superoxide
indicator and, when combined with the hexyl triphenylphosphonium cation (MitoSOXTM Red),
it can specifically detect mitochondrial ROS. Oxidation of DHE by intracellular O2

•− forms
2-hydroxyethidium (2-OH-E+), that emits a red fluorescence with excitation at 510 nm [133]
(Figure 5). However, DHE is also susceptible to non-specific oxidation by other oxidants (e.g.,
H2O2, •OH), generating ethidium (E+), a compound with fluorescence characteristics similar to those
of 2-OH-E+ [134]. For this reason, because both by-products of specific (2-OH-E+) and non-specific
(E+) oxidation of DHE have overlapping fluorescence, quantification of O2•− by this means is not
possible when only fluorescence-based techniques are used. Of concern, many reports have used
these methods to assess O2•− in sperm cells, thus not considering the potential contribution of the
non-specific oxidation of DHE via alternative pathways [135–138].

Figure 5. The chemistry behind the ROS detection methods based on dihydroethidium and MitoSOX
Red oxidation. The non-specific oxidation, which forms ethidium, is predominant over the superoxide
anion-induced reaction that results in the formation of 2-hydroxyethidium. Notably, both oxidized
by-products present overlapping fluorescence properties.

An alternative to unambiguously confirm the presence of intracellular O2•− is to separately identify
both 2-OH-E+ and E+ with techniques such as high-performance liquid chromatography (HPLC) and
liquid chromatography–mass spectrometry (LC–MS) [139,140]. Using HPLC and a reversed-phase
column, the 2-OH-E+ and E+ peaks can be separated and resolved, allowing O2•− quantification [140].
To the best of our knowledge, this methodology has only been used to analyse menadione-treated
spermatozoa [33] and has never been used to compare the level of ROS spontaneously generated by
normal and pathological sperm cells. Recently, we have used the LC–MS/MS approach to investigate
sperm O2•− generation during in vitro incubation [141]. As previously reported, we also observed
an increase in DHE over time. However, this was not accompanied by an increment in 2-OH-E+

levels but was rather a consequence of an increase in the level of E+ (i.e., not related to O2•−
generation). Our finding clearly shows the importance of distinguishing 2-OH-E+ from E+ when
assessing O2•− production.

5. Conclusions

From past to present, the knowledge gathered over the many years of study in this field offers us
a few lessons that need to be taken into account. Firstly, to avoid any interference when assessing the
production of ROS by sperm cells, an efficient removal of leukocytes from the samples is mandatory.
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Their presence will always cast doubt and potentially lead to data misinterpretation, as clearly
evidenced by the work of Whittington and Ford [11]. Secondly, many of the methods used to assess
ROS in sperm cells present drawbacks and limitations during application, possibly obfuscating the
true nature of the involvement of free radicals in sperm physiology and male infertility. The rational
use of probes and sometimes the adoption of more than one method are recommended for a better
assessment of ROS in cells. An indirect assessment of oxidative stress may also be done by the analysis
of the products originated from lipid (MDA, 4-HNE, HHE) [23,61,62,67] and DNA oxidation (DNA
base adduct 8-hydroxy-2′-deoxyguanosine) [142–144].

Finally, although sperm are susceptible to in vitro induced and exogenous sources of ROS and its
by-products, the in vivo relevance of these compounds needs further clarity. Of interest, considering
only the ROS produced by sperm, our laboratory has recently found that neither O2•− nor other free
radicals, which lead to 4-HNE production, are responsible for motility loss during incubation [141].
In addition, a clear distinction must be made between the physiological versus the pathological roles
of ROS in sperm. While a subtle increase in ROS may be necessary for sperm function such as in
capacitation, the relationship between sperm abnormality and ROS may arise from a redox imbalance
within the different environments to which sperm are subjected, especially in testis [145]. However,
before any definitive conclusions are made, more studies using refined methodologies to look at the
level of spontaneous ROS generation or lipid peroxidation in fertile and infertile males are required.
In addition, while measurements of both 4-HNE and MDA have been performed in spermatozoa,
the levels of 4-HHE, perhaps a more important aldehyde, still need to be evaluated.
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in vitro fertilization (IVF); glyceraldehyde-3-phosphate-dehydrogenase (GAPDH); high-performance liquid
chromatography (HPLC); horseradish peroxidase (HRP); hydroethidine (HE); hydrogen peroxide (H2O2); hydroxyl
radical (•OH); linoleic acid (LA); lipoxygenases (LOX); liquid chromatography mass spectrometry (LC-MS);
malonaldehyde (MDA); NADPH-oxidase (NOX); NADPH-oxidase isoform 5 (NOX5); nitro blue tetrazolium
(NBT); polyunsaturated fatty acids (PUFA); reactive oxygen species (ROS); superoxide anion (O2•−); superoxide
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Abstract: This article addresses the importance of oxidative processes in both the generation of functional
gametes and the aetiology of defective sperm function. Functionally, sperm capacitation is recognized
as a redox-regulated process, wherein a low level of reactive oxygen species (ROS) generation is intimately
involved in driving such events as the stimulation of tyrosine phosphorylation, the facilitation of
cholesterol efflux and the promotion of cAMP generation. However, the continuous generation of ROS
ultimately creates problems for spermatozoa because their unique physical architecture and unusual
biochemical composition means that they are vulnerable to oxidative stress. As a consequence, they
are heavily dependent on the antioxidant protection afforded by the fluids in the male and female
reproductive tracts and, during the precarious process of insemination, seminal plasma. If this
antioxidant protection should be compromised for any reason, then the spermatozoa experience
pathological oxidative damage. In addition, situations may prevail that cause the spermatozoa to
become exposed to high levels of ROS emanating either from other cells in the immediate vicinity
(particularly neutrophils) or from the spermatozoa themselves. The environmental and lifestyle factors
that promote ROS generation by the spermatozoa are reviewed in this article, as are the techniques
that might be used in a diagnostic context to identify patients whose reproductive capacity is under
oxidative threat. Understanding the strengths and weaknesses of ROS-monitoring methodologies is
critical if we are to effectively identify those patients for whom treatment with antioxidants might be
considered a rational management strategy.

Keywords: male infertility; oxidative stress; lipid peroxidation; sperm biology

1. Introduction

In a landmark paper published in 1943, McLeod [1] demonstrated that the incubation of human
spermatozoa under conditions of high oxygen tension precipitated a loss of motility that could be reversed
by the presence of catalase. The clear implication of these findings, that human spermatozoa are vulnerable
to hydrogen peroxide attack was confirmed many years later when human spermatozoa were exposed
to the mixture of reactive oxygen species (ROS) generated by the xanthine oxidase system, a known
mediator of sperm oxidative stress in vivo and in vitro [2,3]. Exposure in vitro was found to induce
a loss of fertilizing potential and, ultimately, motility, via mechanisms that could be completely reversed
by concomitant exposure to catalase, which specifically catalyzes the conversion of hydrogen peroxide
to oxygen and water, but was exacerbated by superoxide dismutase, which catalyzes the dismutation
of superoxide anion to hydrogen peroxide [3]. Excessively high levels of spontaneous ROS generation
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were subsequently shown to be associated with the defective sperm function encountered in cases of
human infertility [4,5]. The mechanism by which such oxidative stress induced defective sperm function
was further shown to be linked to the capacity of these reactive oxygen metabolites to stimulate lipid
peroxidation in spermatozoa [6–8]. These cells are particularly vulnerable to this process because they
are richly endowed with polyunsaturated fatty acids, the double bonds of which facilitate the hydrogen
abstraction process that initiates the peroxidation cascade [8]. The causative links between oxidative stress,
lipid peroxidation and sperm function have subsequently been confirmed many times by independent
groups for human spermatozoa [9–13] and the spermatozoa of every other mammalian species examined
including the bull [14], stallion [15,16], pig [17,18], dog [19], cat [20], etc. This fundamental concept,
pioneered by such luminaries as Jones and Mann [21], Gagnon [22] and Storey [6] is fundamental to our
understanding of the aetiology of defective sperm function. Of course, it is not the only factor responsible
for compromising the fertilizing potential of mammalian spermatozoa and it is important not to overstate
the case. Many other factors are potentially involved in suppressing a function such as sperm motility,
including excess intracellular calcium [23], dephosphorylation of phosphatidyl-inositol-3-kinase [24,25],
exposure to motility-inhibiting proteins in semen, including seminal amyloid [26] and seminogelin [27],
and exposure to sperm immobilizing antibodies [28]. However, the relative significance of oxidative
stress as a major factor in the aetiology of defective sperm function has been clearly demonstrated in
the few antioxidant studies that have included measures of lipid peroxidation (malondialdehyde [MDA])
in their evaluation schedule as well as a placebo control group [29]. In one such study, patients exhibiting
asthenozoospermia (motility ≤ 40%) were treated with antioxidants (100 mg vitamin E) or placebo,
3 times a day for either 6 months or until the patient’s partner was diagnosed as pregnant, whichever
came first. This study demonstrated that treatment with vitamin E significantly improved sperm motility
while significantly reducing MDA levels in the spermatozoa in a manner that could not be replicated by
administering a placebo formulation. A second, independent, placebo-controlled study drew the same
conclusions; treatment with a combination of vitamin E and selenium for 3 months successfully decreasing
MDA concentrations and concomitantly improving semen quality [30]. A further study which did
not include a placebo control group but did measure MDA levels in seminal plasma, also confirmed
the importance of lipid peroxidation in the pathophysiology of defective sperm function. Treatment for
90 days with an antioxidant preparation decreased seminal MDA and statistically improved all elements
of the conventional semen profile including motility, concentration and morphology [31]. Another similar
study, also concluded that antioxidant treatment (N-acetylcysteine in this case) for 3 months could
simultaneously decrease seminal MDA levels while significantly improving sperm concentration
and motility in the ejaculate [32]. Thus overall, there is a wide-ranging consensus based on thousands of
patients that male infertility is associated with significantly elevated levels of MDA in semen which is,
in turn, negatively correlated with levels of seminal antioxidant protection and key aspects of semen
quality including sperm count, motility and morphology [33,34].

The apparent effectiveness of antioxidant therapy in suppressing oxidative stress while improving
semen quality demonstrates the causative nature of these associations. It should be emphasized in
passing that antioxidant trials that do not involve measurement of oxidative stress (sadly the majority)
are essentially worthless for the very reason that not all defective sperm function is oxidatively induced.
Clearly this is an area for further research involving properly controlled clinical trials with antioxidant
formulations that are based upon a knowledge of sperm biochemistry and the bioavailability of
the administered antioxidants within the male reproductive tract. This has been achieved in animal
models where the cause of the infertility is unequivocally oxidative in nature. Thus, using the GPx5−/−
knockout model, mice can be generated in which the reproductive pathology observed is entirely
dependent on the creation of a localized stress within the epididymis. Treatment of these animals
with a carefully formulated antioxidant preparation resulted in a return of oxidative DNA-damaged
spermatozoa to control levels. In the same study, the loss of fertility observed as a consequence of
scrotal heat stress could also be completely abrogated by pre-treating the animals with the same
antioxidant formulation [35].
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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]
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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
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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,

128



Antioxidants 2020, 9, 95

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

129



Antioxidants 2020, 9, 95

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

145



Antioxidants 2019, 8, 567

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

146



Antioxidants 2019, 8, 567

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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