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The ejaculated spermatozoon, as an aerobic cell, must fight against toxic levels of reactive oxygen species (ROS) generated by its
ownmetabolism but also by other sources such as abnormal spermatozoa, chemicals and toxicants, or the presence of leukocytes in
semen. Mammalian spermatozoa are extremely sensitive to oxidative stress, a condition occurring when there is a net increase
in ROS levels within the cell. Opportunely, this specialized cell has a battery of antioxidant enzymes (superoxide dismutase,
peroxiredoxins, thioredoxins, thioredoxins reductases, and glutathione s-transferases) working in concert to assure normal sperm
function. Any impairment of the antioxidant enzymatic activities will promote severe oxidative damage which is observed as
plasma membrane lipid peroxidation, oxidation of structural proteins and enzymes, and oxidation of DNA bases that lead to
abnormal sperm function. Altogether, these damages occurring in spermatozoa are associated with male infertility. The present
review contains a description of the enzymatic antioxidant system of the human spermatozoon and a reevaluation of the role of
its different components and highlights the necessity of sufficient supply of reducing agents (NADPH and reduced glutathione) to
guarantee normal sperm function.

1. Introduction

Mammalian and particularly human spermatozoa are sen-
sitive to high levels of reactive oxygen species (ROS) [1, 2].
In the 40s, this toxic effect was first observed independently
by different investigators: McLeod working with human
and Tosic and Walton working with bull sperm samples;
they found that the spermatozoon is very sensitive to high
concentrations of hydrogen peroxide (H

2
O
2
) [3–5]. These

pioneer works opened a new era of research in the biology of
reproduction field to understand themechanisms and players
affected by toxic levels of ROS of sperm physiology. The
oxidative stress is produced by a net increase of ROS levels
because of an increase of their production and/or a decrease
of antioxidant defences [6, 7]. It generates substantial dam-
age to all components of the sperm cell; thus, significant
levels of lipid peroxidation, protein, and DNA oxidation are
seen in this situation [7, 8] and are often associated with

infertility [9–12]. This damage is translated to changes in the
plasma membrane fluidity, inactivation of key enzymes, and
damage of the paternal DNA leading to impairment of sperm
motility, mutations in the genomic message, and a variety of
reproductive outcomes including, fertilization and embryo
development failure, miscarriages, and abnormal offspring
[7, 8, 13–21]. Many pathological conditions such as infections
of the male reproductive tract, cryptorchidism, varicocele,
exposition to drugs (e.g., chemotherapeutics agents), envi-
ronmental factors (e.g., plasticisers, dioxins), and aging have
oxidative stress as a common component of their patho-
physiological mechanisms [22–25]. Therefore, the control of
exogenous and/or endogenous ROS production and action
is of paramount importance to assure maintaining normal
sperm function.

On the other hand, low levels of ROS are essential
for the spermatozoon to achieve fertilizing ability [26–29].
Superoxide (O

2

∙−), hydrogen peroxide (H
2
O
2
), and nitric
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oxide (NO∙) are produced bymammalian spermatozoa under
capacitating conditions and triggered phosphorylation events
in time dependent manners that culminate with the ability
to induce the acrosome reaction upon specific physiological
stimuli [27, 30–38].

The purpose of this review is to update the knowledge on
the antioxidant defences in the human spermatozoa to fight
against oxidative stress and in their role as regulators of the
redox signaling.

2. Oxidative Stress and Male Infertility

The oxidative damage due to high levels of ROS has been
associated with men infertility in 30–80% of cases [9–12, 39].
It is intriguing why the spermatozoon, a highly specialized
cell, shows high sensitivity to ROS; it is suggested that this
is due to a large surface of plasma membrane with high
quantities of polyunsaturated fatty acids susceptible to lipid
peroxidation [17, 40].What is evenmore intriguing is the fact
that low amounts of ROS are essential for sperm activation to
allow this cell to acquire fertilizing ability [28, 29, 41]. In light
of this evidence, it is obvious that a well-regulated production
and action of ROSmust take place in the ejaculated spermato-
zoon to assure normal performance. Some protection against
oxidative stress remains within the spermatozoa; the proper
functioning of the antioxidant system, composed of non-
enzymatic and enzymatic players, assures the health of the
spermatozoon. Although the contribution of vitamins E and
C, ubiquinol, and other antioxidant molecules is important
for the spermatozoon protection, this review will be focused
on the enzymatic antioxidant system.

3. Antioxidant Enzymes in
Human Spermatozoa

Aerobic cells must fight a battle against ROS, the very
reactive molecules that are end products of the oxidative
phosphorylation using oxygen to obtain energy.TheROS that
can be produced and act on spermatozoa are O

2

∙−, H
2
O
2
,

NO∙, and peroxynitrite (ONOO−) which is the product of
the combination of O

2

∙− with NO∙. These molecules can
react directly with lipids, proteins, and nucleic acid or can
be combined with metals and trigger, for instance, lipid
peroxidation [6, 42, 43].

ROS are produced exogenously by leukocytes present in
the ejaculate or by the spermatozoa themselves. Particularly,
defective spermatozoa produce significant levels of ROS that
can be toxic for them and for healthy spermatozoa present in
semen [44, 45].

The formation of the enzymatic antioxidant system,
whose components vary among species, is a major achieve-
ment during spermatogenesis to guarantee the protection of
spermatozoa against oxidative stress. Below there is a detailed
description of each antioxidant enzyme and their relevance in
human spermatozoa.

3.1. Superoxide Dismutase. Superoxide anion is a moderate
reactive ROS with a short half-life (1 millisecond). In the
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Figure 1: Comparison of SOD-like activity in spermatozoa from
severalmammals.The relative SOD-like activity in relation to that of
human spermatozoa is present on the top of each bar. Considering
SOD-like activity of human spermatozoa equal to 1, donkeys, rats,
and stallions are those with the highest enzymatic activity. Data
obtained from studies [46–49].

cell, O
2

∙− is converted into a strong oxidant ROS, H
2
O
2
,

either spontaneously or by an enzymatic reaction catalyzed
by superoxide dismutase (SOD) (see the following):

2O
2

∙−
+ 2H+ → H

2
O
2
+O
2

(1)

There is a wide difference in SOD activity among mam-
malian spermatozoa varying from ∼10 times more than
humans in donkey spermatozoa to ∼0.2 times in bull or
rabbit spermatozoa (Figure 1) [46–49]. These different SOD
activities are one of the causes of the variability in sensitivity
to ROS that can be encountered in mammalian spermatozoa.
Three SOD isoforms are present in aerobic cells: the cooper-
zinc SOD (Cu-ZnSOD or SOD1) present in their cytosol,
the manganese SOD (MnSOD or SOD2) present in mito-
chondria, and the secreted SOD (SOD3). It is important to
clarify that, up to now, there is no study showing the presence
of SOD isoforms in mammalian spermatozoa by either
immunoblotting or immunocytochemistry.Thus, it is correct
to define the O

2

∙− scavenging capacity of spermatozoa as
SOD-like activity [49, 50]. From studies measuring SOD-like
activity, it was concluded that the protection by CuZn-SOD
is limited in normal spermatozoa as they contain very little
cytoplasm [45, 51]. The amounts of MnSOD and of SOD3
in human spermatozoa are negligible [52]. Interestingly, the
seminal plasma is well equipped with SOD isoforms; the
CuZn-SOD accounts for the 75% of enzymatic activity and
the SOD3 for the other 25% [52] that can compensate for the
limited SOD activity in the spermatozoon.

It seems then that the protection against O
2

∙− depends
on active CuZn-SOD present in the spermatozoon; however,
spermatozoa from infertile men have no variation in SOD-
like activity regardless of whether their samples produce
significant amount of ROS or not [50]. In other studies,
it was found that infertile men have increased SOD-like
activity in their spermatozoa, indicating that the infertility is
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associated with an increase of H
2
O
2
production rather than

a decrease in SOD-like activity [45, 53]. Particularly in this
case, the increased SOD-like activity is amarker for abnormal
spermatogenesis and/or epididymal maturation since more
residual cytoplasm, containing this enzymatic activity, is
present in the abnormal spermatozoa from infertilemen [45].
In these abnormal spermatozoa, there is a net increase inO

2

∙−

as well due to the presence of higher amounts of glucose-
6-phosphate dehydrogenase (G6PDH), the first enzyme of
the pentose phosphate pathway that producesNADPHwhich
is used for the sperm oxidase to generate O

2

∙− [45]. Then,
O
2

∙− dismutates (spontaneously or by enzymatic activity of
SOD) to H

2
O
2
which is the major culprit for damaging the

spermatozoa [54].
An important role of SOD is to prevent the formation

of hydroxyl radical (HO∙) that occurs when O
2

∙− and H
2
O
2

react with ferric ion (Fe3+) by the Haber-Weiss reaction [55]:

Fe3+ +O
2

∙−
→ Fe2+ +O

2

Fe2+ +H
2
O
2
→ Fe3+ +HO− +HO∙ (Fenton reaction)

O
2

∙−
+H
2
O
2
→ HO− +HO∙ (net reaction)

(2)

The HO∙ is highly reactive, especially with lipids, promoting
lipid peroxidation in human sperm membranes [47, 56].
Another important player in the protection against HO∙
effects is the 𝛼-tocopherol or vitamin E that inhibits the
propagation of lipid peroxidation cascades promoting a net
decrease in the levels of oxidized lipids [56, 57].

3.2. Catalase. According to reaction (1), the spontaneous or
enzymatic dismutation of O

2

∙− promotes the formation of
H
2
O
2
. This ROS is more stable than O

2

∙− with a half-life of
minutes to hours and it was shown to be highly toxic for
spermatozoa from many species including humans [3–5]. It
is then necessary that the spermatozoon has a way to remove
H
2
O
2
. The first candidate to consider is catalase (CAT), an

enzyme that converts H
2
O
2
into oxygen and water according

to the following reaction:

2H
2
O
2
→ 2H

2
O +O

2 (3)

In somatic cells, CAT is abundant in the peroxisomes
[58, 59]. The CAT activity is revealed when H

2
O
2
diffuses

to the peroxisomes, an event that is happening only when
high concentrations of this ROS are present in the cell.
During spermatogenesis, there is a removal of cytoplasm
from the spermatids forming the residual body containing
peroxisomes among other cytoplasmic structures [60, 61].
Immunoblotting studies demonstrated that bull spermatozoa
do not contain CAT [62] and so far no similar studies have
been conducted in human spermatozoa. Recently, it was
demonstrated that the H

2
O
2
scavenging capacity of human

spermatozoa is not altered by the presence of sodium azide,
a known inhibitor of CAT activity [63]. Based on the above,
it is possible to conclude that CAT is absent or it is present
in negligible amounts in human spermatozoa and therefore

it is not a significant player in the antioxidant protection of
the spermatozoon against high levels of H

2
O
2
.

Other enzymes capable of removing H
2
O
2
are the per-

oxidases, represented by the glutathione peroxidase and
peroxiredoxin family of antioxidant enzymes.These enzymes
are also present in spermatozoa and they are considered
candidates for the antioxidant protection against oxidative
stress driven by H

2
O
2
and other ROS.

3.3. Glutathione Peroxidases. The glutathione peroxidase
(GPX) family is composed of 8 members that are distributed
in different tissues but with differences among species [64].
They catalyze the reaction needed to remove H

2
O
2
and other

hydroperoxides using reduced glutathione (GSH):

2GSH +H
2
O
2
→ GS-SG + 2H

2
O (4)

In order to keep removing hydroperoxides, the oxidized
glutathione (GS-SG) must be reduced back to GSH by
the enzyme glutathione reductase (GRD) using NADPH as
reducing agent:

GS-SG + NADPH +H+ → 2GSH +NADP+ (5)

There are selenium- (Se-) dependent and selenium-
independent GPXs: the first group is represented by GPX1 to
4 and the second group by GPX5 to 8 [65–69]. Glutathione
peroxidases can also reduce ONOO− [64], a very reactive
ROS capable of harming cells promoting tyrosine nitration
in proteins involved in motility and sperm capacitation [70,
71]. Of great importance for spermatozoa is the presence of
the selenoprotein phospholipid hydroperoxide GPX4 (also
known as PHGPX), a structural protein which is essential
for normal formation of the mitochondrial sheath and con-
stitutes approximately 50% of the sperm midpiece protein
content localized in the mitochondrial helix [72]. Male mice
lacking the mitochondrial PHGPX (mGPX4) are infertile
with abnormal and less motile spermatozoa than wild type
animals [73, 74]. The need for mGPX4 to assure normal
sperm function has been also demonstrated in humans since
infertile men have shown low sperm motility with abnormal
morphology [75]. It is important to highlight that what is
relevant for fertility is the ability of mGPX4 to interact with
hydroperoxides to form the mitochondrial sheath during
spermiogenesis and not its antioxidant activity which is less
than 3% of the total PHGPX protein content in ejaculated
spermatozoa and can be only obtained after in vitro solu-
bilisation with high concentrations of dithiothreitol (0.1M)
in the presence of guanidine [72]. Selenium is essential to
assure normal GPX4 function during spermiogenesis as it
was confirmed by the presence of abnormal spermatozoa
with poor motility observed in selenium-deficient mice [76]
or large domestic animals living in Se-deficient areas (for
review see [77]).

The sperm chromatin formation during spermiogenesis
is accomplished in part by the nuclear isoform of GPX4
(snGPX4); this enzyme mediates the oxidation of thiols
groups of protamines by hydroperoxides. However, other
enzymes may play significant role in the formation of sperm
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Table 1: Characterization of peroxiredoxins.

Class 2-Cys Atypical 2-Cys 1-Cys
Isoform PRDX1 to PRDX4 PRDX5 PRDX6

Substrates H2O2, organic
hydroperoxides

H2O2, organic
hydroperoxides,

ONOO−

H2O2, organic
hydroperoxides,
phospholipid

hydroperoxides ONOO−

PLA2 activity No No Yes
Sulfonated form Yes No Yes
Reductant system

Oxidized form TRX/TRD TRX/TRD GSH/GSTs
Sulfonated form Sulfiredoxin/sestrin 1 No No

chromatin because the nGPX4−/− mice are fertile [78]. It
is possible then that other proteins are involved in the
sperm chromatin remodelling and potential candidates are
peroxiredoxins (see Section 3.5).

The contribution of GPXs to the protection against
ROS is limited in human spermatozoa since, contrary to
rodents, human spermatozoa, testes, or seminal plasma lacks
GPX2, GPX3, and GPX5 [79, 80] and GPX4 is insoluble
and enzymatically inactive in mature ejaculated spermatozoa
[72, 78, 81].The role of GPX1 in human sperm is controversial
because in many studies GPX1 activity was measured using
cumene hydroperoxide and NADPH [82]; substrates are
also used by other enzymes such as peroxiredoxins (see
Section 3.5). Up to now, there is no report demonstrating
the presence of GPX1 in spermatozoa by either immunocyto-
chemistry or immunoblotting. It seems that the role of GPX1
as important antioxidant enzyme is questionable because
Gpx1−/− males are fertile and they are not susceptible to
oxidative stress [83] and lipid peroxidation does not increase
in human spermatozoa incubated with H

2
O
2
in the presence

of carmustine (inhibitor of glutathione reductase (GRD)) or
diethyl maleate (binds to GSH making it nonaccessible for
GPX/GRD system) that affects the GPX/GRD system activity
[63].

3.4. Glutathione Transferases. Glutathione S-transferases are
antioxidant enzymes participating in the detoxification of
cells and organs by conjugating the xenobiotics and other
toxic compounds with GSH (see reaction below):

RX + GSH → RSG +HX (6)

It has been suggested that GSTs play a role as proteins
participating in the sperm-zona binding in caprine and
humans [84, 85]. The GSTs participate in the antioxidant
protection since infertile men with a null genotype for GST-
Mu1 have spermatozoa with significant oxidative damage
[86]. It is interesting to note that not all theGST isoformsmay
play a significant role in the protection of spermatozoa against
oxidative stress; for example, the levels of GST A1-1 and P1-1
in seminal plasma are similar in fertile or infertile men [87].
Recently, it was reported that GSTM1, GSTT1, and GSTZ1
polymorphisms seem not to be associated with sperm quality

in humans, but only GSTT1 was associated with reduced
sperm concentration [88]. Based on all these studies, it is
evident that GSTs are playing different roles depending on the
isoform considered and more research is necessary to have a
complete picture of the participation of this large family of
antioxidant enzymes in male reproduction.

3.5. Peroxiredoxins. Peroxiredoxins (PRDXs) are thiol-
dependent peroxidases highly expressed from yeast to
humans that do not require selenium or heme group to have
enzymatic activity [89–98]. These acidic proteins contain
one or two Cys residues at the active site which are required
for their activity [95] and are used to classify them in three
groups: 2-Cys PRDXs (isoforms 1 to 4), atypical 2-Cys
PRDX (isoform 5), and 1-Cys PRDX (isoform 6) (Table 1).
They can reduce a variety of reactive oxygen species such
as organic and inorganic hydroperoxides and ONOO−
[99–101]. Although ONOO− can be scavenged by GPXs and
PRDXs, the latter preferentially catalyze its fast reduction
[102]. After H

2
O
2
(or other ROS) are bound to the Cys

residues in the active site, the enzyme becomes inactive; it
is then necessary for the activity of the thioredoxin- (TRX-)
thioredoxin reductase (TRD) system [96, 97, 103] in the case
of PRDX1 to 5 or the GSTpi/GSH for PRDX6 [104, 105] to
activate PRDXs again. As an example, the reaction of PRDX
with H

2
O
2
is presented in the following reaction:

2PRDX-SH +H
2
O
2
→ PRDX-SS-PRDX + 2H

2
O (7)

Hydrogen peroxide rapidly reacts with PRDXs oxidizing
their SH at the active site even at low levels [106–110]
(Figure 3). Particularly in human spermatozoa, PRDX6 is
able to react with H

2
O
2
concentrations as low as 50 𝜇M that

is able to induce capacitation [29, 37, 110]. These biochemical
characteristics allow PRDXs to participate in the cellular
redox signaling to promote physiological events and they
have a major role as H

2
O
2
scavengers and sensors [6, 111, 112].

This role is emphasized by their wide subcellular distribution
(cytosol, nucleus, mitochondria, endoplasmic reticulum, and
plasma membrane [96, 97, 113–117]). Studies in human
spermatozoa revealed that the 6 isoforms are differentially
localized in the subcellular compartments (Figure 2) that
contain at least two members of the PRDX family [110].
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TGR

Midpiece

Plasma membrane

Figure 2: Subcellular localization of antioxidant enzymes in the human spermatozoon. See description in the text.

PRDX1, mainly a cytosolic enzyme in somatic cells, is
located in the Triton-insoluble; immunocytochemistry stud-
ies revealed its presence in the equatorial region, nucleus, and
flagellum of human spermatozoa [63, 110]. Three distinctive
bands (23, 42, and 54 kDa), detected with the anti-PRDX1
antibody, are present in the Triton-X100 insoluble fraction,
with the exception of p54 that is found only in the Triton-
soluble fraction. PRDX2 is present in the head (acrosome,
nucleus, and equatorial region), plasma membrane, and
flagellum. Specific signal of PRDX3 (mostly restricted in
mitochondria of somatic cells) is found in the nucleus, flagel-
lum, and mitochondria. PRDX4 is present as two isoforms
of 27 and 31 kDa (p27 and p31, resp.) and it is located in
the plasma membrane (p27), acrosome (p27 and p31), and
cytosol (p27). Another isoform present in the mitochondria
is PRDX5 which is located also in the plasma membrane,
equatorial region, and acrosome. Noteworthy, plasma mem-
brane and acrosome of boar spermatozoa contain PRDX5
and its involvement in sperm-egg interaction was suggested
[118, 119].

PRDX6 is the isoform most abundant and widely dis-
tributed in all subcellular compartments of human sper-
matozoon [110]; infertile men have spermatozoa with low
amounts of PRDX6 which is highly oxidized and therefore
inactive [120]. Moreover, H

2
O
2
, organic hydroperoxides, and

peroxynitrite are substrates of human sperm PRDX6; H
2
O
2

is the only ROS able to form high molecular mass complexes
(Figure 3) [110], denoting a wide protection capability against
ROS of sperm by PRDX6 in humans. Altogether, these
findings suggest a key role of this enzyme in the defence
against oxidative stress.

The participation of PRDXs in the maintenance of
sperm quality has been studied using knockout models

Prdx4−/− males which showed reduced testis weight due
to an increased apoptosis during spermatogenesis and their
spermatozoa display high levels of DNA damage [121]. We
recently communicated thatmales lacking PRDX6 gene show
significant higher levels of DNA and protein oxidation and
impairedmotility compared towild type controls [122].Other
knockout models for PRDXs have been developed, although
the information regarding the reproductive phenotype is
limited. It is important to highlight that animals lacking
PRDX1 are tumor prone, their life span is reduced [123], and
their tissues contain elevated levels of damaged DNA [124].
Additionally, cellular senescence is accelerated in PRDX2−/−
mouse embryonic fibroblasts [125]. In these two knockout
animals, severe anaemia is seen as part of the phenotype
[108, 123]. Altogether, these animal models demonstrated the
central role of PRDXs to fight against oxidative stress.

Studies on boar and mouse spermatozoa revealed that
PRDX2 follows a similar path as GPX4; it is a soluble enzyme
in spermatids but turns into an insoluble structural protein
that colocalizes with the GPX isoform, becoming part of the
mitochondrial sheath [126]. Immunocytochemistry studies
revealed a broader localization of PRDX2 in the plasma
membrane, mitochondrial sheath, flagellum, and head of
human spermatozoa [63]. More studies are in the way to
determine whether PRDX2 has similarities in solubility as
was observed in mouse or boar [126].

In somatic cells, GPX1, GPX4, PRDX3, and PRDX5 are
responsible for scavenging 99.9% of H

2
O
2
consumption in

mitochondria [127]. Spermmitochondrion is themain source
of the high levels of ROS associated with male infertility
[21]. PRDXs are the major defence against increased levels
of ROS in sperm mitochondria because GPX4, a structural
protein associated with the mitochondrial sheath, does not
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Figure 3: PRDX6 differentially reacts with different ROS in human
spermatozoa. Percoll-washed spermatozoa were incubated with
different concentrations of H

2
O
2
, ONOO−, or tert-buthyl hydroper-

oxide (tert-BHP) for 30min at 37∘C and then sperm proteins were
electrophoresed and immunoblotted with anti-PRDX6 antibody as
previously described [110]. PRDX6 is present as a doublet observed
in absence of H

2
O
2
or 0.05mM ONOO− that becomes a single

band with high intensity upon increased concentrations of ROS.
High levels of H

2
O
2
(but not of ONOO− or tert-BHP) generate

the formation of high molecular mass complexes. Representative
blot from other four experiments performed with different healthy
donors.

have antioxidant activity and GPX1 activity is absent or
present in negligible amounts. It is known that abnormal
spermatozoa have significant high amount of unsaturated,
unesterified fatty acid that promotes ROS generation by
sperm mitochondria, generating an oxidative stress causing
impairment of sperm function [21, 128]. Failure of the PRDXs
system in mitochondria to remove H

2
O
2
leads to an increase

of toxic levels of this ROS that will compromise normal sperm
function and evolve into male infertility [129].

Recently, it was reported that PRDXs play a signifi-
cant role in the protection of human spermatozoa against
oxidative stress [120]. In this study, the levels and the thiol
oxidation status of PRDXs from spermatozoa of infertile
men (with clinical varicocele or idiopathic infertility) were
compared with those from healthy donors. Only the total

amounts of PRDX1 and PRDX6 were lower in spermatozoa
from infertile men compared to those from healthy donors.
Moreover, it was observed that there is a great variability in
the quantities of PRDX4 and PRDX5. The thiol oxidation
status, an indication of inactive PRDXs,was higher in infertile
men for PRDX1, PRDX5, and PRDX6 compared to healthy
donors. Those samples with low amounts and highly thiol-
oxidized PRDXs showed high levels of lipid peroxidation
and DNA damage along with lowmotility [120]. Noteworthy,
regression analyses revealed that these damages depend on
the levels of thiol oxidation of PRDXs. Based on these data,
it can be concluded that sufficient quantities of active PRDXs
are needed to assure sperm competence.

3.6.Thioredoxins. The thioredoxins are small proteins widely
distributed in both the plant and the animal kingdom.
They are important reducers of disulfide groups in several
proteins including PRDXs (see reaction (8)) [130–132]. They
work together with the thioredoxin reductases (see reaction
(9)) forming the TRX/TRD system which requires reducing
equivalents in the form of NADPH to accomplish its biolog-
ical role as disulfide reducing and redox signaling regulators
[130, 132–134].

TRX-SH
2
+ protein-S

2
→ TRX-S

2
+ protein-SH

2 (8)

TRX-S
2
+NADPH +H+ → TRX-SH

2
+NADP+ (9)

In humans, and rodents at least, there are sperm specific
isoforms called spermatid-specific TRX (SPTRX), which are
present in the postmeiotic phase of the spermatogenesis and
they are associated with the formation of the sperm tail
[135, 136]. It is suggested that human SPTRX and human
SPTRX are involved in stabilization by disulfide cross-linking
of different tail structures during spermiogenesis [137]. A
differential expression of these isoforms has been described
during spermatogenesis; SPTRX expression peaks at steps
14–16 of the rat spermiogenesis whereas SPTRX is found in
the fiber sheath at stages 15–19 [136, 138]. SPTRX appears
to be required for the formation of fiber sheath but not in
the fully differentiatedmature spermatozoa; however, SPTRX
remains associated with the fiber sheath in cauda epididymal
and ejaculated spermatozoa [139]. These studies highlight
the potential requirement of SPTRX in posttesticular events
necessary for sperm maturation and activation required
for fertilization [139]. The isoforms SPTRX and SPTRX
present in normal spermatozoawere described [136, 138, 139].
Immunocytochemistry approaches denoted the presence of
SPTRXs not only in the sperm flagellum but also in the head
and midpiece, suggesting other functions for this enzyme in
the spermatozoon [135].

The third isoform, SPTRX, is expressed at the spermatid
level and probably required at later stages of spermiogenesis
[139]. SPTRX is associated with the Golgi and the perinuclear
region in spermatids and it was found only in abnormal
human spermatozoa from infertile men [140], suggesting an
incomplete spermiogenesis with retention of residual bodies
and cytoplasmic droplets.

It was also reported in human spermatozoa the pres-
ence of TRX1, TRX2, and TRX-like-2 [139, 141] and the
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Figure 4: Fate of 2-Cys PRDXs when scavenging ROS. 2-Cys PRDXs react with H
2
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2
and become oxidized and therefore inactive. The

TRX/TRD can reduce PRDXs in order to allow another cycle of scavenging of ROS. To assure proper function of this system, glucose-6-P
dehydrogenase (G6PDH) and/or NADP-dependent isocitrate dehydrogenase (NADP-ICDH) supply enough reducing equivalent in the form
of NADPH. If there is a strong oxidative stress (with high amounts of intracellular H

2
O
2,
for example), 2-Cys PRDXs are sulfonated and

inactive. This inactivation cannot be reversed by the TRX/TRD system and 2-Cys-PRDXs can only be reactivated by sulfiredoxin (SRX) or
sestrin 1 (SESN1) and donors of thiol groups (-SH) like reduced glutathione.

TRD1, TRD2, and thioredoxin glutathione reductase (TGR)
[135, 139], necessary enzymes to reduce the oxidized TRXs
isoforms (Figure 4). Thus, human spermatozoa have a
TRX/TRD system that plays a role supporting antioxidant
capabilities, for instance, by reducing PRDXs to protect the
spermatozoon against oxidative stress.

4. Antioxidant Enzymes Working Together to
Generate Healthy Spermatozoa and Assure
Normal Sperm Function

Above, it was described in detail the function of each
antioxidant enzyme present in human spermatozoa. It is

important to highlight the interrelationships among certain
isoforms that are working together to achieve a specific goal,
such as supporting and assuring normal function in ejacu-
lated spermatozoa. In light of the studies performed using
knockout models and the evidence in infertile men [73–75],
mGPX plays an essential role during spermiogenesis in the
generation of a normal mitochondrial sheath [72]. However,
it is imperative to stress that its participation as an antioxidant
enzyme in ejaculated spermatozoa is very limited if not
completely absent [72]. In the case of snGPX, the exclusive
role of this isoform in the formation and maintenance of the
sperm chromatin structure is still controversial; it is known
that snGPX participates in protamine thiol oxidation, but it
was demonstrated that it is not essential as knockout mice
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lacking this enzyme are fertile [78]. Perhaps other proteins
are participating in modeling the sperm chromatin since the
animals lacking PRDX6 or TRX1 and TRX2 show abnormal
sperm chromatin [122, 142].

An important group of antioxidant enzymes is the PRDX
family in human spermatozoa and from other species; it
is striking that the presence of all isoforms is differen-
tially distributed in the sperm subcellular compartments
[110] (Figure 2). The specific location of PRDXs and their
behaviour in the presence of ROS suggest different roles
for each isoform that surpass their traditional function as
ROS scavengers. In this regard it is interesting to note the
formation of high molecular mass complexes by PRDX1
and PRDX6 (but not for other PRDXs) when the human
spermatozoa are exposed to a strong oxidative stress [110]
similar to that seen in infertile men [120]. These complexes
are formed by sulfonated PRDXs that were highly oxidized in
order to protect other sperm proteins from being affected by
high levels of ROS [110]. The addition to the sulfonic group
promotes the change from antioxidant to chaperone activity
in 2-Cys PRDXs [143–147]. Sulfonated 2-Cys PRDXs can be
reactivated to PRDXwith antioxidant capacity again by either
sulfiredoxin (SRX) or sestrin 1 (SESN1) [148–152] (Figure 4).
Studies are on the way to elucidate which proteins are present
in these complexes and whether spermatozoa have SRX
and/or SESN1 to reactivate thiol-oxidized 2-Cys PRDXs to
better understand the role of PRDXs in the protection of
human spermatozoa. A particular case is the hyperoxidation
of PRDX6 that occurs in human spermatozoa as response
to oxidative stress [110]. The sulfonated form of PRDX6
present in the high molecular mass complexes observed in
spermatozoa treated with high concentrations of H

2
O
2
or in

infertile men [110, 120] cannot be reduced to its active form
[153]; thus it is then probable that the sulfonated form of the
sperm PRDX6 becomes irreversibly inactive and associated
with impaired function.

A prerequisite for full PRDX activity is a functional
TRX/TRD system, sufficient NAPDH and/or GSH availabil-
ity [63] (Figure 4). The presence of TRX or specific TRX
isoforms and their respective reductive enzymes TRD and
TGR in the human spermatozoon accounts for the mainte-
nance of reduced PRDX to guarantee full ROS scavenging
capacity. In order to have this system working properly, it
is essential to assure sufficient levels of NADPH, usually
generated by glucose-6-phosphate dehydrogenase (G6PDH)
of the Pentose Phosphate pathway [54, 154] and by the
NADP-dependent isocitrate dehydrogenase (NADP-ICDH)
[155].The TRX/TRD system is useful to reduce 2-Cys PRDXs
(PRDX1 to 4) and possibly atypical 2-Cys PRDX (PRDX5),
but it is not clear how PRDX6 is reduced in the case of sper-
matozoa. The amount of GSH is very limited in mammalian
spermatozoa [156, 157], thus the reduction of PRDX6 by GSH
may not be possible after facing an oxidative stress. The lim-
ited PRDX6 reduction capabilities could be one of the causes
of the sensitivity of spermatozoa from humans and other
species to high concentrations of ROS. A mechanism for
reduction of PRDX6 in somatic cells involves GSTpi [104, 105,
158]; although a potential candidate, it is still elusive whether
GSTpi is present in the human spermatozoon. The finding

that oxidative stress promotes the sulfonation of PRDX6 (an
indication of protein hyperoxidation) present in the high
molecular mass complexes of sperm under oxidative stress
[110] and the presence of those complexes in sperm from
infertile men [120] demand an answer as to whether there
is a mechanism capable of reactivating sulfonated PRDX6
to its reduced form. It is known that SRX cannot reactivate
the sulfonated PRDX6 [148], thus discarding the possibility
of SRX as reducer for PRDX6 in spermatozoa. It is rather
possible that the sulfonation of PRDX6 is irreversible and
may be a cause of sperm impairment in infertile men [120].
Further research must be done to elucidate the mechanism
that reduces PRDX6 in spermatozoa.

As it was mentioned at the beginning of this review,
many conditions are associated with the generation of
oxidative stress which promote abnormal sperm function
and infertility [22–25]. In healthy spermatozoa, high levels
of O
2

∙−, H
2
O
2,

NO∙, and ONOO− are scavenged by the
collaborative work among SOD, PRDXs, and the TRX/TRD
system (Figure 5). In order to assure a full capacity of PRDX
enzymatic activity a sufficient supply of NADPH is needed to
allow the reduction of TRX by TRD after the former reduces
the 2-Cys or atypical 2-Cys PRDXs (PRDX5). Moreover,
enough concentration of GSH and probably GST activity are
necessary to assure the reduction of 1-Cys PRDX (PRDX6).
In the case of sufficient supply of NADPH by G6PDH and/or
NADP-ICDH and enough GSH in the presence of GSTs,
the PRDXs along with the TRX/TRD system scavenge ROS
reducing their concentrations to nontoxic levels (Figure 5,
panel on the left).

However, this mechanism of protection is delicate and if
the oxidative stress persists it can be affected by inactivation
of its components, such as oxidation of PRDXs, as seen
in infertile men [120]. The oxidation of PRDXs could be
the result of direct effect of ROS on these enzymes or the
inactivation of the TRX/TRD system when there is not
enoughNADPH as reducing equivalent.The lack of sufficient
NADPH could be the consequence of G6PDH inactivation
by high levels of H

2
O
2
[54]. Similar fate of inactivation

could have the NADP-ICDH [159], thus eliminating the
possibility of assuring enough reducing equivalent to recycle
the oxidized TRX required to reduce the thiol-oxidized 2-Cys
PRDXs and PRDX5 (Figure 5, panel on the right).

The GSH reserved are very limited in spermatozoa [156,
157]; therefore, a strong oxidative stress may deplete these
reserves and thus impact negatively on the reduction of
thiol-oxidized PRDX6, with the consequence of having this
enzyme completely inactive and impossible to scavenge any
more ROS. Noteworthy is that hyperoxidation of PRDX6 will
produce the sulfonated form that seems to be an irreversible
state for the 1-Cys PRDX [148].

5. Conclusions

Theenzymatic antioxidant system in human spermatozoon is
very delicate and susceptible of inactivation by high levels of
ROS. Because spermatozoa cannot respond to an oxidative
stress with the synthesis of more antioxidant enzymes, it
is imperative that the spermatozoon has enough amounts



Advances in Andrology 9

Supply of NADPH and/or of GSH

InsufficientSufficient

GSH
GST ?

Abnormal sperm function
Subfertility

TRX/TRD

GSH
GST?

Normal sperm function

Stronger oxidative stress

Scavenging of ROS

SOD

TRX/TRD
NADPH

2-Cys PRDXox

2-Cys PRDX: reduced 2-Cys PRDXs
2-Cys PRDXox: oxidized 2-Cys PRDXs : inhibition due to insufficient NADPH or GSH

: inhibition of enzymatic activityPRDX5ox: oxidized PRDX5
PRDX6ox: oxidized PRDX6 : inhibition of reactivation of PRDXs

SOD

PRDX5ox

PRDX6ox

PRDX5

PRDX6

2-Cys PRDXs

Oxidative stress

Leukocytospermia

Varicocele

Toxicants

Drugs

Abnormal
spermatozoa

NADPH

G6PDH
NADP-ICDH

TRX/TRD

NADPH

G6PDH
NADP-ICDH

TRX/TRD

NADPH

G6PDH
NADP-ICDH

H2O2

H2O

H2O2

H2O2H2O2

NO2

ONOO−

ONOO−

ONOO−

2-Cys PRDX-SO2

PRDX6-SO2

2-Cys PRDX-SO2 : sulfonated form of 2-Cys PRDXs

PRDX6-SO2 : sulfonated form of PRDX6

O∙−

2
O∙

∙ NO∙−

NO2

−

Figure 5: Antioxidant defence against oxidative stress in human spermatozoa and effects of availability of intracellular concentrations
of NADPH and/or GSH on the antioxidant protection in human spermatozoa. The insufficient supply of NADPH and/or GSH, due to
inactivation of G6PDH and probably NADP-ICDH by H

2
O
2
, promotes the establishment of a stronger oxidative stress that produces

enzymatic inactivation of SOD and the formation of sulfonated form of 2-Cys PRDXs and of PRDX6, thus becoming impossible to reactivate
their activity to fight against high levels of ROS and conducting impairment of sperm function and infertility.

of these proteins to fight against the high level of ROS
and assure normal sperm function. When thiol-oxidized
PRDXs are present in high amounts and the TRX/TRD
system cannot reduce them, there is a permanent oxidative
damage that it is associated with impaired sperm function.
More studies are needed to better understand the antioxidant
system and how ROS are regulated in both healthy and

pathological conditions to seek new therapeutic interventions
for infertile men.
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[102] L. Flohé, S. Toppo, G. Cozza, and F. Ursini, “A comparison of
thiol peroxidase mechanisms,” Antioxidants and Redox Signal-
ing, vol. 15, no. 3, pp. 763–780, 2011.

[103] S. W. Kang, H. Z. Chae, M. S. Seo, K. Kim, I. C. Baines, and
S. G. Rhee, “Mammalian peroxiredoxin isoforms can reduce
hydrogen peroxide generatedin response to growth factors and
tumor necrosis factor-𝛼,” Journal of Biological Chemistry, vol.
273, no. 11, pp. 6297–6302, 1998.

[104] L. A. Ralat, Y. Manevich, A. B. Fisher, and R. F. Colman, “Direct
evidence for the formation of a complex between 1-cysteine
peroxiredoxin and glutathione S-transferase 𝜋 with activity
changes in both enzymes,” Biochemistry, vol. 45, no. 2, pp. 360–
372, 2006.

[105] L. A. Ralat, S. A. Misquitta, Y. Manevich, A. B. Fisher, and R.
F. Colman, “Characterization of the complex of glutathione S-
transferase pi and 1-cysteine peroxiredoxin,” Archives of Bio-
chemistry and Biophysics, vol. 474, no. 1, pp. 109–118, 2008.

[106] J. W. Baty, M. B. Hampton, and C. C. Winterbourn, “Proteomic
detection of hydrogen peroxide-sensitive thiol proteins in
Jurkat cells,” Biochemical Journal, vol. 389, part 3, pp. 785–795,
2005.

[107] A.G. Cox andM. B.Hampton, “Bcl-2 over-expression promotes
genomic instability by inhibiting apoptosis of cells exposed to
hydrogen peroxide,” Carcinogenesis, vol. 28, no. 10, pp. 2166–
2171, 2007.

[108] F.M. Low,M. B.Hampton, A. V. Peskin, andC. C.Winterbourn,
“Peroxiredoxin 2 functions as a noncatalytic scavenger of low-
level hydrogen peroxide in the erythrocyte,” Blood, vol. 109, no.
6, pp. 2611–2617, 2007.

[109] A. V. Peskin, F. M. Low, L. N. Paton, G. J. Maghzal, M. B.
Hampton, and C. C. Winterbourn, “The high reactivity of
peroxiredoxin 2 with H2O2 is not reflected in its reaction
with other oxidants and thiol reagents,” Journal of Biological
Chemistry, vol. 282, no. 16, pp. 11885–11892, 2007.

[110] C.O’Flaherty andA. R.De Souza, “Hydrogen peroxidemodifies
human sperm peroxiredoxins in a dose-dependent manner,”
Biology of Reproduction, vol. 84, no. 2, pp. 238–247, 2011.



14 Advances in Andrology

[111] S. G. Rhee, S. W. Kang, W. Jeong, T. S. Chang, K. S. Yang,
and H. A. Woo, “Intracellular messenger function of hydrogen
peroxide and its regulation by peroxiredoxins,”Current Opinion
in Cell Biology, vol. 17, no. 2, pp. 183–189, 2005.

[112] S. G. Rhee, “H
2
O
2
, a necessary evil for cell signaling,” Science,

vol. 312, no. 5782, pp. 1882–1883, 2006.
[113] I. Banmeyer, C. Marchand, C. Verhaeghe, B. Vucic, J. Rees,

and B. Knoops, “Overexpression of human peroxiredoxin 5
in subcellular compartments of Chinese hamster ovary cells:
effects on cytotoxicity and DNA damage caused by peroxides,”
Free Radical Biology andMedicine, vol. 36, no. 1, pp. 65–77, 2004.

[114] S. Immenschuh, E. Baumgart-Vogt, M. Tan, S. Iwahara, G.
Ramadori, and H. D. Fahimi, “Differential cellular and subcel-
lular localization of heme-binding protein 23/peroxiredoxin I
and heme oxygenase-1 in rat liver,” Journal of Histochemistry &
Cytochemistry, vol. 51, no. 12, pp. 1621–1631, 2003.

[115] M. S. Seo, S. W. Kang, K. Kim, I. C. Baines, T. H. Lee, and S.
G. Rhee, “Identification of a new type of mammalian perox-
iredoxin that forms an intramolecular disulfide as a reaction
intermediate,” Journal of Biological Chemistry, vol. 275, no. 27,
pp. 20346–20354, 2000.

[116] V. J. Thannickal and B. L. Fanburg, “Reactive oxygen species
in cell signaling,” American Journal of Physiology: Lung Cellular
andMolecular Physiology, vol. 279, no. 6, pp. L1005–L1028, 2000.

[117] T. D. Oberley, E. Verwiebe, W. Zhong, S. W. Kang, and S. G.
Rhee, “Localization of the thioredoxin system in normal rat
kidney,” Free Radical Biology and Medicine, vol. 30, no. 4, pp.
412–424, 2001.

[118] R. A. van Gestel, I. A. Brewis, P. R. Ashton, J. F. Brouwers,
and B. M. Gadella, “Multiple proteins present in purified
porcine sperm apical plasmamembranes interact with the zona
pellucida of the oocyte,” Molecular Human Reproduction, vol.
13, no. 7, pp. 445–454, 2007.

[119] K. Park, S. Jeon, Y. Song, and L. S. H. Yi, “Proteomic analysis
of boar spermatozoa and quantity changes of superoxide dis-
mutase 1, glutathione peroxidase, and peroxiredoxin 5 during
epididymal maturation,” Animal Reproduction Science, vol. 135,
no. 1–4, pp. 53–61, 2012.

[120] S. Gong, M. C. S. Gabriel, A. Zini, P. Chan, and C. O’flaherty,
“Low amounts and high thiol oxidation of peroxiredoxins in
spermatozoa from infertile men,” Journal of Andrology, vol. 33,
no. 6, pp. 1342–1351, 2012.

[121] Y. Iuchi, F. Okada, S. Tsunoda et al., “Peroxiredoxin 4 knockout
results in elevated spermatogenic cell death via oxidative stress,”
Biochemical Journal, vol. 419, no. 1, pp. 149–158, 2009.

[122] B. Ozkosem andC.O’Flaherty, “Detrimental effects of oxidative
stress on spermatozoa lacking peroxiredoxin 6,” Free Radical
Biology and Medicine, vol. 53, supplement 2, p. S86, 2012.

[123] C. A. Neumann, D. S. Krause, C. V. Carman et al., “Essential role
for the peroxiredoxin Prdx1 in erythrocyte antioxidant defence
and tumour suppression,” Nature, vol. 424, no. 6948, pp. 561–
565, 2003.

[124] R. A. Egler, E. Fernandes, K. Rothermund et al., “Regulation of
reactive oxygen species, DNA damage, and c-Myc function by
peroxiredoxin 1,”Oncogene, vol. 24, no. 54, pp. 8038–8050, 2005.

[125] Y. Han, H. Kim, J. Kim, S. Kim, D. Yu, and E. Moon, “Inhibitory
role of peroxiredoxin II (Prx II) on cellular senescence,” FEBS
Letters, vol. 579, no. 21, pp. 4897–4902, 2005.

[126] G. Manandhar, A. Miranda-Vizuete, J. R. Pedrajas et al., “Per-
oxiredoxin 2 and peroxidase enzymatic activity of mammalian
spermatozoa,” Biology of Reproduction, vol. 80, no. 6, pp. 1168–
1177, 2009.

[127] A. G. Cox, C. C. Winterbourn, and M. B. Hampton, “Mito-
chondrial peroxiredoxin involvement in antioxidant defence
and redox signalling,” Biochemical Journal, vol. 425, no. 2, pp.
313–325, 2010.

[128] A. J. Koppers,M. L. Garg, andR. J. Aitken, “Stimulation ofmito-
chondrial reactive oxygen species production by unesterified,
unsaturated fatty acids in defective human spermatozoa,” Free
Radical Biology and Medicine, vol. 48, no. 1, pp. 112–119, 2010.

[129] R. J. Aitken and G. N. De Iuliis, “On the possible origins
of DNA damage in human spermatozoa,” Molecular Human
Reproduction, vol. 16, no. 1, pp. 3–13, 2009.

[130] E. S. J. Arnér and A. Holmgren, “Physiological functions of
thioredoxin and thioredoxin reductase,” European Journal of
Biochemistry, vol. 267, no. 20, pp. 6102–6109, 2000.

[131] Y. Meyer, W. Siala, T. Bashandy, C. Riondet, F. Vignols, and
J. P. Reichheld, “Glutaredoxins and thioredoxins in plants,”
Biochimica et Biophysica Acta—Molecular Cell Research, vol.
1783, no. 4, pp. 589–600, 2008.

[132] E. M. Hanschmann, J. R. Godoy, C. Berndt, C. Hudemann, and
C. H. Lillig, “Thioredoxins, glutaredoxins, and peroxiredoxins-
molecular mechanisms and health significance: from cofactors
to antioxidants to redox signaling,” Antioxidants & Redox
Signaling, vol. 19, pp. 1539–1605, 2013.
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