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Abstract

Male idiopathic infertility accounts for 15-25% of reproductive failure. One of the factors that has been linked to this con-
dition is oxidative stress (OS), defined as the imbalance between antioxidants and reactive oxygen species. Amongst the
different factors that protect the cell against OS, the members of the glutathione S-transferase (GST) superfamily play an
important role. Interestingly, reduction or lack of some GSTs has been associated to infertility in men. Therefore, and to
clarify the relationship between GSTs and male fertility, the aim of this work is to describe the role that GSTs play in the
male reproductive tract and in sperm physiology. To that end, the present review provides a novel perspective on the triple
role of GSTs (detoxification, regulation of cell signalling and fertilisation), and reports their localisation in sperm, seminal
plasma and the male reproductive tract. Furthermore, we also tackle the existing correlation between some GST classes and
male fertility. Due to the considerable impact of GSTs in human pathology and their tight relationship with fertility, future
research should address the specific role of these proteins in male fertility, which could result in new approaches for the
diagnosis and/or treatment of male infertility.
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Background

In humans, about 30-50% of reproductive failure is associ-
ated with some form of male factor infertility. Multiple fac-
tors can lead to a reduction in fertility, including lifestyle,
environmental and genetic factors, that can act alone or in
combination. In most cases, these factors lead to infertility
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related to low sperm count, reduced motility, or abnormal
sperm size and morphology [1]. However, in over 50% of
patients, the aetiology is unknown and thus, the subject is
classified as presenting male idiopathic infertility [2]. Two
factors that can potentially play a key role in male idiopathic
infertility are oxidative stress (OS) and reactive oxygen spe-
cies (ROS). Oxidative stress reflects the imbalance between
the production of ROS and the antioxidant capacity of sperm
[3]. On the other hand, ROS are defined as free radicals that
have one or more unpaired electrons (i.e., electrophile). To
stabilize their electronic structure, ROS interact with nucle-
ophilic substances such as lipids, proteins, nucleic acids
and carbohydrates, which can lead to cell damage [4, 5].
Examples of ROS are: superoxide anion, hydrogen peroxide,
hydroxyl radical, lipid hydroperoxides and peroxyl radicals.

It has been well established that ROS play a dual role
in the cell, having a beneficial or harmful effect depend-
ing on their concentration, localisation or exposure time
[1]. For example, in sperm, appropriate levels of ROS are
required to undergo capacitation, hyperactivation, acrosome
reaction and sperm—oocyte fusion [6]. However, excessive
ROS may cause a reduction in motility, lipid peroxidation,
DNA damage and apoptosis-like events [7-9]. In the testis,
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the continuous division of germ cells entails a high rate of
mitochondrial activity that is related to high levels of ROS
production, which could have detrimental effects on sper-
matogenesis [10]. Nevertheless, many antioxidant systems
have been described to control the physiological levels of
ROS, and can thus be involved in the protection of sperm
and germ cells from OS. Glutathione S-transferases (GSTs;
EC 2.5.1.18) are some of the enzymes most commonly
implicated in the regulation of OS.

GSTs are a large group of cytosolic and membrane-
bound, multi-gene and multi-functional isoenzymes that
catalyse a number of reduced glutathione-dependent reac-
tions, which are involved in cellular protection against OS
by the removal of electrophilic substances [11]. Different
GST isoforms have been previously described in sperm [12],
seminal plasma [13] and male reproductive tissues [14].
Although such enzymes operate as antioxidants in most
mammalian cell types, sperm GSTs play a triple role (1) in
cell detoxification (preventing lipid membrane peroxidation
and subsequent OS) [15]; (2) in cell signalling regulation
(involved in spermatogenesis and sperm capacitation) [16,
17]; and (3) in fertilisation (since specific GSTs members are
involved in sperm—oocyte binding and acceleration of sperm
nuclear decondensation) [18-20] (Fig. 1).

In this regard, the aim of the present review is to describe
the three functions attributed to the GST superfamily as they
relate to male fertility. In addition, GST biochemistry and
localisation in sperm, seminal plasma and the male repro-
ductive tract are discussed. To this end, a critical review of
literature available through PubMed was carried out between
November 2018 and June 2019.

Fig.1 Triple role of GSTs in
the male reproductive tract.

The functions of sperm GSTs

in detoxification, cell signalling
regulation, and allowing fertili-
sation. Detoxification: electro-
philic compounds (EC) react
with the reduced nucleophilic
thiol group of GSH, in a reac-
tion catalysed by GSTs, forming
the reaction product (EC-SG).
Cell signalling regulation: GSTs
are involved in the regulation

of signalling pathways, such

as the JNK-C-jun pathway that
regulates the apoptosis process.
Fertilisation: GSTs mediate
sperm—oocyte binding and
sperm nucleus decondensation
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Classification, genetics and structure of GSTs
Classification and nomenclature of GSTs

In 1961, GST activity was reported for the first time in rat
liver preparations by Combes and Stakelum [21]. Follow-
ing this discovery, the scientific community uncovered a
large range of glutathione-dependent liver enzymes that
conjugate with several different substrates which were
termed glutathione S-transferases. GSTs are present in
most mammalian cell types and are classified into three
superfamilies: (1) canonical soluble GSTs; (2) distantly
related soluble kappa class GSTs; and (3) hydrophobic
GSTs (Membrane-Associated Proteins in Eicosanoid and
Glutathione metabolism; MAPEG). Generally, in mam-
mals, canonical soluble GSTs are cytosolic proteins,
soluble kappa class GSTs are mitochondrial and/or per-
oxisomal proteins, and MAPEG members are found in
microsomal fractions [22]. Because the predominant GST
superfamily in mammalian cells is the canonical soluble
GSTs, the present work will focus on this group.
Canonical soluble GST-isoforms were classified in 1992
by Mannervik and colleagues, which introduced the cur-
rent nomenclature (Table 1). Classification of these iso-
enzymes was made on the basis of their extremely vari-
able C-terminal a-helical domain, resulting in seven GST
classes: alpha (GSTA), mu (GSTM), omega (GSTO), pi
(GSTP), sigma (GSTS), theta (GSTT), and zeta (GSTZ)
[23, 24]. Moreover, Mannervik et al. [25, 26] evidenced
the presence of homo- and hetero-dimerization of GST

CELL SIGNALLING
REGULATION

cstr1 @ @® ciun

/7

SPERM GSTs

FERTILISATION



The triple role of glutathione S-transferases in mammalian male fertility

2333

Table 1 Classification of canonical soluble GSTs. Modified from Mannervik et al. [23]

Class Member RefSeq [30] UniProt [31] Chromosome Confirmed number of ~ Nucleotide length Amino acid
isoforms [30, 31] (bp) [30] length (aa)

[31]
Alpha GSTAI NM_145740 P08263 6pl12 2 1218 222
GSTA2 NM_000846 P09210 6pl12 1 1221 222
GSTA3 NM_000847 Q16772 6pl12 2 908 222
GSTA4 NM_001512 015217 6pl2 1 1240 222
GSTAS NM_153699 Q7RTV2 6pl12 1 845 222
Mu GSTM1 NM_146421 P09488 1p13 2 1155 218
GSTM2 NM_000848 P28161 1p13 2 1166 218
GSTM3 NM_000849 P21266 1pl3 1 4144 225
GSTM4 NM_147148 Q03013 1p13 2 1372 218
GSTMS NM_000851 P46439 1p13 1 1561 218
Omega GSTO1 NM_004832 P78417 10q24.3 3 813 241
GSTO2 NM_183239 QOH4Y5 10q24.3 4 6715 243
Pi GSTP1 NM_000852 P09211 11ql3 1 986 210
Sigma GSTS1 NM_014485 060760 4q22.3 1 1615 199
Theta GSTT!1 NM_000853 P30711 22q11.2 9 1109 240
GSTT2 NM_000854 POCG29 22ql11.2 1 1231 244
Zeta GSTZ1 NM_145870 043708 14q24.3 4 1186 216

Nucleotide and amino acid lengths correspond to the canonical isoform. Transcript variants of each isoform are illustrated in Supplementary

Figures 1-4

isoforms within the same class, which allows modular
enzymatic activities. Consequently, GST isoforms are cur-
rently named according to their class (e.g., GSTM: Mu
class) and their dimerization (e.g., GSTM1-1: homodimer-
ization of two GSTM1; and GSTM1-2: heterodimerization
of GSTM1 and GSTM?2) [23].

Genetic heterogeneity of GSTs

All members of a single GST class are encoded by individ-
ual genes grouped in a cluster of a specific genomic region
(Table 1). The common organization of class-clustered
GST genes in both plant and animal genomes reveals their
importance during evolutionary history [27]. Additionally,
the genetic organization of GSTs is related to their expres-
sion pattern, since each class of GSTs is expressed in distinct
tissue-specific patterns [28].

As it has been noted above, the soluble GSTs superfamily
comprises a considerable number of isoforms which give
rise to a diversity of protein functions. This vast functional
heterogeneity is further increased by alternative splicing of
some GST members [29], which can modify the substrate
specificity of the new GST isoform. As a result, even more
enzymatic and non-enzymatic variability is generated. In
mammals, alternative splicing in soluble GSTs has been
reported to occur in the Alpha, Mu, Omega, Theta, and Zeta
classes (Table 1 and Supplementary Fig. 1).

Protein structure of GSTs

In the cell, almost every member of the canonical soluble
GSTs is active as dimers, in both homodimer and heter-
odimer forms within the same class [25—-27]. Each dimer
subunit is composed by a 23-30 kDa protein with 199-244
amino acids [30, 31]. While the sequence similarity
between classes is low, the folding of the different mem-
bers is similar [32]. Each subunit consists of two distinct
domains: the N-terminal and C-terminal domains, which
are linked by an a-helix. Even though the C-terminal
a-helical domain of soluble GSTs is extremely variable,
the N-terminal domain is conserved among isoforms. The
glutathione-binding site (G-site) is extremely conserved,
and is constituted by the N-terminal fold. On the other
hand, the modular binding site for the electrophilic sub-
strate (H-site) depends highly on the C-terminal domain
and is variable between isoforms [22, 32]. As GST iso-
form classification is carried out based on the C-terminal
domain, each class recognises a specific type of electro-
philic substrate.
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Expression and localisation of GSTs

Sperm GSTs: species-specific
and maturation-status-dependent localisation
patterns

The first evidence of GSTs in sperm was reported in 1978
by Mukhtar et al., who demonstrated GST activity in rat,
mouse and human sperm [33]. Later, during the 1990s,
Gopalakrishnan et al. [12, 34] identified a 24-kDa rat testicu-
lar protein with GST activity, which shared a similar N-ter-
minus to GSTM. Simultaneously, in 1995, Fulcher et al. [35]
identified a member of GSTM in mouse sperm for the first
time. This 26 kDa protein was found to be associated with
the fibrous sheath [35]. In 1998, Gopalakrishnan et al. [36]
provided evidence on the presence of both Mu- and Pi-GST
class members on the surface of goat sperm. Furthermore,
studies from Hemachand et al. [18] showed that, despite
GSTM and GSTP being soluble isoforms of GSTs, they were
attached to the plasma membrane of goat sperm via non-
covalent interactions. Both GSTs have also been shown to
relocalise during sperm epididymal maturation in this spe-
cies. While GSTPs migrate from the post-equatorial seg-
ment to the anterior acrosome and post-equatorial segment
[35], GSTMs relocalise from the entire sperm surface to the
sperm head [35]. This localisation differs to that of buffalo-
and boar-ejaculated sperm, where GSTMs are found in the
mid-, principal- and end-piece of the tail [37, 38]. Although,
to the best of our knowledge, there is no information regard-
ing GSTPs localisation on ejaculated sperm, both GSTMs
and GSTPs have been shown to undergo relocalisation dur-
ing in vitro capacitation. In goat sperm, after capacitation,
GSTPs can be found in the sperm tail, in addition to their
pre-capacitation presence in the anterior acrosome and post-
equatorial segment. On the other hand, GSTMs relocalise
from the entire head to the acrosome and the post-equatorial
region [36].

Recently, another GST family member has been identi-
fied in sperm and the male reproductive tract. GSTO2 has
been characterised within the post-acrosomal sheath of the
perinuclear theca of bovine, porcine, and rodent sperm [39,
40]. This enzyme has been shown to actively participate in
murine sperm nuclear descondensation, probably facilitated
by the reducing power of glutathione (GSH) [20].

In summary, GSTs can exhibit differences in their
sperm localisation patterns based on the species or the
maturation status of the cell. The shifts in localisation dur-
ing epididymal maturation or capacitation could be due to
the specific physiological requirements of sperm, acting as
a mechanism to maintain oxidative homeostasis and physi-
ological status [38]. However, further studies are needed
to elucidate this hypothesis.

@ Springer

GST family members are secreted differentially
along the male reproductive tract

Although sperm contains several antioxidant enzymes in
the plasma membrane, many ROS-scavengers are secreted
along the male reproductive tract. The epididymis and semi-
nal vesicles are considered as the main antioxidant-secretion
organs [41]. However, while many proteomic studies have
been carried out to characterize the human secretions of tes-
tis, epididymis, seminal vesicle and prostate, the degree of
contribution of the secretion of each of these organs to the
ejaculated seminal plasma is unclear [42].

Secretion of GSTs has been described in rat seminifer-
ous tubules [34]. Similarly, Klys et al. [43] demonstrated
the presence of GSTP, GSTA and GSTM in human testes
through immunostaining. These GSTs were shown to be
confined to Sertoli and Leydig cells [43]. However, a recent
in-depth proteome study of human testis failed to identify
any GST family members [44]. In the rat, Sertoli cells seem
to be responsible for germ cell detoxification through secre-
tion of, mainly, GST isoforms and GSH [34, 45]. However,
at the time of writing this review, no published studies were
available on the role of Leydig cells in detoxification through
GSTs. In addition to Sertoli cells, rodent germ cells also
produce GSTs. In the rat, germ cells synthesize, but do not
secrete, GSTs [45]. While, in the mouse, Gstm?2 is highly
expressed in both type A and type B spermatogonia, gene
expression is dramatically downregulated to near-undetect-
able levels in mature germ cells [46]. Similarly, Paz and
colleagues found Gstm2 to be downregulated during mice
sperm development in the testis, with higher levels in Sertoli
cells and spermatogonia, and lower levels in spermatocytes
and spermatids [47]. Finally, GSTO2 has been described
to follow similar developmental localisation as other post-
acrosomal sheath proteins, appearing along the different
steps of rat spermiogenesis [39].

Although there are conflicting reports on the presence of
GSTs in the testis, mounting evidence supports their pres-
ence along the epididymis. Li et al. [48] carried out a sys-
tematic mapping of the human epididymal fluid proteome
and different GST members were shown to be expressed in
a region-specific manner. For example, GSTP1 and GSTM3
were present at higher concentrations in corpus and cauda,
whereas GSTM2, GSTMS and GSTO1 were highly secreted
in the caput. In addition, Thimon et al. [49] described the
presence of GSTM2-3 and GSTP1 in epididymosomal
membranes, and hypothesised that proteins found in these
extracellular vesicles can bind to the sperm surface during
their transport along the epididymis. This may be the sys-
tem through which GSTM2-3 and GSTMS bind to sperm,
since, as noted previously, they can be found on the sperm
membrane from the caput region onwards [48]. Evidence of
a similar event was reported by Suryawanshi et al. [S0], who
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identified GSTMS incorporation to sperm during epididymal
maturation. Thus, epididymal secretions contain GSTs that
are able to bind to sperm as they migrate through the lumen
and may play a role in sperm maturation. One likely func-
tion of sperm-surface GSTs is the protection against OS,
which contributes to the sperm survival during epididymal
storage [51].

Together with the epididymis, seminal vesicles are the
main source of antioxidants in the male reproductive tract.
However, no GST family members have been identified in
these glands so far, neither through proteomic nor transcrip-
tomic analysis.

Another accessory gland, the prostate, has been reported
to secrete GSTP1 through prostasomes [52]. Prostasomes
seem to play an important role in sperm motility enhance-
ment [53] and prevention of premature acrosome reaction
[54]. Furthermore, GSTP1 has been proposed as a prostate
cancer biomarker, due to aberrant methylation of GSTP1
occurring in more than 90% of prostate tumours [55].

The production and secretion of GSTs by so many tissues
of the male reproductive tract (Fig. 2) suggest an important
role for these enzymes in male fertility. In the testicle, GSTs
protect germ cells against OS, ensuring successful sper-
matogenesis. In addition, epididymal and accessory gland
secretions contain GSTs that have the potential to bind to
sperm and may play a role in sperm maturation and func-
tion. Future studies in this likely ability of secreted GSTs to

GSTP1

)

Caput

GSTO1, GSTM3
Corpus

GSTO1, GSTM3, GSTP1
Cauda

GSTO1, GSTM3, GSTP1

1

Sertoli and Leydig cells
GSTP1

GSTM

GSTA

Fig.2 Proteomic annotation of GSTs in male reproductive tract.
Mapping of the secretion of GSTs along the male reproductive tract:
(1) testis, (2) epididymis, (3) prostate, (4) seminal vesicles

bind to the sperm surface, and their role in sperm physiology
should be conducted.

Triple activity of GSTs
GSTs are involved in sperm detoxification

The main role of GSTs in any cell type is cell detoxifica-
tion, i.e., protecting macromolecules from attack by reac-
tive electrophiles, including environmental carcinogens,
ROS and chemotherapeutic agents [56]. This detoxification
role is apparent by the fact that GST expression patterns
are altered by xenobiotics. For example, while GSTO?2 is
affected by cisplatin in HeLa cells [57], both GSTO2 and
GSTMS have been reported to be affected by fluoride in the
epididymis [58].

This detoxification function of membrane-bound GSTs
in goat sperm prevents lipid membrane peroxidation (a
process highly damaging to membrane integrity [7]), by
eliminating electrophilic compounds via extracellular GSH
[15]. Therefore, sperm seem to use membrane-bound GSTs
and extracellular GSH to maintain their motility, viability,
mitochondrial status, oocyte-binding capacity and fertilising
abilities during exposure to H,0, and/or lipid peroxidation
products [15]. Moreover, higher levels of GSTM3 have been
related to lower cryotolerance in boar sperm, suggesting it
as a freezability marker of sperm [38].

Furthermore, the importance of these membrane-bound
GSTs is highlighted by the fact that 85% of GST activity is
located in the plasma membrane rather than in other sperm
compartments [15]. Moreover, GSH is present in extracel-
lular fluids in both male and female reproductive tracts
(seminiferous tubular fluid: 0.99 +0.08 mM; epididymal
fluid: 0.21 +0.03 mM; seminal fluid: 0.76 +0.08 mM; ovi-
ductal fluid: 0.11 +£0.03 mM) [15]. Since sperm has little
cytoplasm, it is very likely that the main source of GSH
comes from these fluids.

GSH is a natural reservoir of reducing power, which can
be quickly used as an antioxidant. This tripeptide exists in
the reduced (GSH) and the oxidized (GSSG) forms, both
of which can interact with their associated enzymes (glu-
tathione peroxidases [GPX], glutathione reductases [GSR]
and glutathione s-transferases [GST]) to provide protection
against OS [56, 59] through the thiol group (-SH) of their
cysteines. The mechanism through which the sperm cell pre-
vents OS through the equilibrium between the generation
of electrophilic compounds and the antioxidant capacity of
GSH is illustrated in Fig. 3. Briefly, either external and/or
internal electrophilic compounds (EC; Fig. 3 blue box) react
with the reduced nucleophilic -SH of extracellular GSH.
This reaction, catalysed by GSTs, neutralises the EC, giving
rise to the reaction product (EC-SG). Other enzymes such
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Fig.3 GSH-related antioxidant capacity Electrophilic compounds
(EC) in sperm may have both an external and internal source. Inter-
nally, the transfer of electrons through the respiratory chain leads to
the generation of superoxide anion (O3°) [60]. Additionally, highly
damaging lipid peroxidation products such as 4-hydroxynonenal
(4HNE) and acrolein may also be generated in sperm [100]. Either
externally and/or internally generated EC react with the reduced
nucleophilic thiol group (-SH) of extracellular GSH in a reaction
catalysed by GSTs. This process neutralises EC, forming the reac-
tion product (EC-SG). O3 and OH' can be directly eliminated by
GST/GSH system. On the other hand, superoxide dismutase (SOD)
catalyses the dismutation of O3 to hydrogen peroxide (H,0,), which
is highly reactive and leads to pathophysiological processes in sperm
such as lipid peroxidation [60]. This molecule may subsequently be
eliminated by five different methods: (1) 2H,0, can be rapidly trans-

as glutathione peroxidases (GPX), glutathione reductase
(GSR), superoxide dismutase (SOD) [60], catalase (CAT)
[61], and peroxiredoxins (PRDX) [62] can also participate
in sperm and seminal plasma detoxification.

Sperm GSTs regulate cellular signalling pathways

Mitogen-activated protein kinases (MAPKSs) are regulatory
enzymes which conform signalling transduction cascades
implicated in many cell functions, such as cellular differ-
entiation, apoptosis and stress response [63]. Three differ-
ent MAPK pathways have been characterizsed in many cell
types: extracellular signal-regulation kinase (ERK), c-Jun
N-terminal kinase (JNK), and p38 MAPK. All of these path-
ways have been shown to play a role in spermatogenesis
[64]. In addition, ERK is involved in sperm capacitation
[65, 66] and MAPK is essential for sperm motility [67] and
oocyte fertilisation [68].

@ Springer

formed to 2H,O and O, by a reaction catalysed by catalase (CAT)
[61]; (2) reduced peroxiredoxins (PRDX) can reduce 2H,0, to 2H,0
and O,, oxidising themselves [62]. Subsequently, the thioredoxin
reductase/thioredoxin system (TRD/TRX) can re-reduce 2Cys-PRDX
(PRDX1-5) to allow for another cycle of H,0, scavenging [101],
while 1Cys-PRDX (PRDX6) is re-reduced by the GSTP1/GSH sys-
tem [102]. In both TRD/TRX and GSTP1/GSH, reducing power
(NADPH to NADP?Y) is needed. Finally, (3) sperm glutathione per-
oxidases (GPX) reduce 2H,0, to 2H,0 and O, by the oxidation of
GSH to GSSG. Following this, oxidised GSSG is re-reduced to GSH
by glutathione reductase (GR), which oxides NADPH to NADP* as
reducing power [103]. Additionally, (4) formation of the hydroxyl
radical (OH) from H,0, may occur by the Fenton reaction [104].
Finally, (5) H,0, can also be directly neutralised by GST/GSH sys-
tem

Adler and colleagues first identified an interaction
between GSTP1 and JNK in ETE/4A fibroblasts [16]. They
observed that GSTP1 could inhibit JNK and kidnap c-Jun in
non-stressed cells. However, under OS, GSTP1 oligomerised
and, as a result, JNK was released and c-Jun was phosphoryl-
ated and activated, leading to apoptosis. This was later con-
firmed with in vivo studies, in which GstpI~~ mice exhibited
enhanced JNK activity [69]. Similar interactions have been
identified in GSTA1, GSTM1 and GSTO1. Desmots et al.
[70] described that INK and GSTA1 co-immunoprecipitated
in liver extracts and that GSTAI mRNA increased during
OS via JNK pathway. On the other hand, Cho et al. [71]
described an interaction between GSTMI1 and ASKI1 (a
protein belonging to MAPK family) using the yeast two-
hybrid technology. Finally, the overexpression of GSTO1
in HeLa cells has also been associated with the inhibition
of apoptosis through JNK, among other signalling pathways
related to cell survival [72]. All of these findings suggest
that GSTA1, GSTM1, GSTO1 and GSTP1 could play a role
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in the regulation of apoptosis in most cell types (Fig. 4).
Recently, Luna et al. [17] reported that MAPK molecular
signalling pathways involved in sperm capacitation could
be shared with sperm apoptosis. Based on this evidence, it
could be hypothesised that sperm GSTs play a role in sperm
capacitation and apoptosis-like changes.

Besides these protein—protein interactions, GSTs proba-
bly have an indirect role in the regulation of other pathways.
Specifically, GSTA4 has been described to participate in
the detoxification of 4-HNE, a product of lipid peroxida-
tion which is involved in apoptosis and differentiation, and
activates proteins such as adenylyl cyclase or JNK (Fig. 4)
[73]. Furthermore, GSTA1, GSTM1 and GSTP1 conjugate
prostaglandin J2 (PGJ2) with GSH [74]. PGJ2 can act as an
activator ligand of peroxisome proliferator-activated recep-
tor gamma (PPARY), which induces apoptosis [75]; and as
an inhibitor of nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-xB) pathway [76], which results in the
transcription of anti-apoptotic genes [77]. Thus, by neutralis-
ing different factors, GSTs are able to modify cellular fate.
This ability of GSTs highlights the importance of further
research into the interaction between PPARy and NF-kB
pathways during spermatogenesis.

TRADD
.
% ("AsK1)
ROS E =
l {MEKK1/3)
IKK l
¥ MEKK4/7

[
== IKBOENFKB -

| |
JNK ) ¢— 4-HNE

APOPTOSIS STRESS RESPONSE  PROLIFERATION

Fig.4 Regulation of C-Jun and NFkB signalling pathways by GSTs.
a Apoptosis, stress response and proliferation signalling pathways.
After activation of TNFR, it triggers a downstream cascade which
results in JNK phosphorylation. This phosphorylation can be also
promoted by 4-HNE. Regardless of the signal that leads to JNK
phosphorylation, JNK-P translocates into the nucleus to phospho-
rylate c-Jun and activate apoptosis, stress response and proliferation
related genes. On the other hand, ROS is able to activate IKK, which

Two other functions of GSTs, S-glutathionylation and
nitric oxide (NO) storage, have been recently described.
The first study that pointed out that GSTP1 could promote
S-glutathionylation was carried out by Townsend et al. [78].
The authors evidenced that, although S-glutathionylation
spontaneously occurs in many cell types to protect from
cellular stress, it is significantly enhanced by GSTP. Moreo-
ver, self-S-glutathionylation of GSTP1 inhibits GSTP-JNK
dimerization, which allows for INK activation [78], lead-
ing to apoptosis. On the other hand, GSTP1 and multidrug
resistance protein 1 (MRP1) are thought to be essential in
protecting the cell against NO-mediated cytotoxicity. NO
is a messenger associated with physiologic and cytotoxic
processes which interact with iron—sulphur clusters to form
dinitrosyl—dithiol iron-complexes (DNICs), the natural
storage form of NO [79]. Dinitrosyl—dithiol iron-complexes
can be removed from the cell by MRP1 [80] to prevent the
cytotoxic effect of NO, which includes the GSH depletion
through formation of dinitrosyl-diglutathionyl-iron com-
plexes (DNDGIC). It has been suggested that GSTP1 could
displace GSH from DNDGIC to prevent NO cytotoxicity
[81]. Therefore, it seems that GSTP1 have a crucial role in
preventing NO cytotoxicity.
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can phosphorylate and inactivate IkB. Therefore, NFkB can translo-
cate into the nucleus and act as a transcription factor to promote cell
survival. However, if PPARy binds 15d-PGJ2 and SUMO, a protein
that can inhibit NFkB and enhance apoptosis, stress response and pro-
liferation. b GST regulation. The different GST family members can
inhibit these pathways directly, or via binding of reduced glutathione
(GSH) to 4-HNE or to PGJ2. Both inhibitions may lead to cell sur-
vival

@ Springer



2338

M. Llavanera et al.

Although none of these studies have been carried out on
sperm, it is likely that GSTs also play a role in their signal-
ling pathways. Due to the aforementioned importance of
MAPK pathways in spermatogenesis and sperm functions,
further research into the modulation of these pathways by
GSTs could help to deepen or understanding of sperm physi-
ology and, subsequently, male fertility.

Role of sperm GSTs in fertilisation

Sperm GSTM3 act as an early sperm-oocyte binding
protein essential for fertilisation

Early in 1990, Shaha et al. [82] reported that the inhibition
of a 24-kDa testicular protein reduced fertility in rats, iden-
tifying this protein as a member of the GST family. These
authors described the localisation of GSTs in the acrosome
of rat and goat sperm, and confirmed that antibody inhibition
of these proteins interfered in rat and goat sperm—oocyte
interaction, while maintaining their detoxification activity
[34, 36]. Through more inhibition studies, GSTM was found
to interfere in acrosin release and the binding to zona pel-
lucida (ZP) [18], and it was suggested that the binding of
sperm GSTM to ZP is a crucial step to achieve successful
fertilisation. Since a covalent interaction between GSTM and
the plasma membrane was not found, it has been suggested
that these proteins are anchored through an integral mem-
brane protein, which could activate a signalling pathway
promoting membrane fusion and acrosome reaction [36].
Later studies have supported the notion that GSTM3 plays
a role in sperm—oocyte binding. Petit et al. [19] performed
Far Western blot and mass spectrometry assays using recom-
binant human ZP2, ZP3 and ZP4 glycoproteins to screen for
sperm-head ZP-binding proteins. These authors identified
an interaction between sperm GSTM3 and ZP3 and ZP4,
which was confirmed by subsequent co-immunoprecipitation
experiments. It is interesting to note that GSTM3 is absent
from sperm after the acrosome reaction, suggesting that the
binding of GSTM3 to ZP3 and ZP4 occurs within the first
steps of gamete recognition [19]. These results do confirm
the crucial role of GSTM3 binding to ZP4 during the first
steps of gamete recognition to allow fertilisation to occur.

Sperm GSTOs enhance nuclear decondensation of sperm
during fertilisation

Recently, Hamilton et al. [20] reported that specific inhi-
bition of sperm GSTO2 delayed nuclear decondensation
and head decompartmentalization of mouse sperm in the
ooplasm. This highlights the importance of this sperm pro-
tein, as oocyte cytosolic GSTOs do not appear to be suf-
ficient to carry out these important steps in fertilisation.
The study of Hamilton et al. provides evidence for the
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hypothesis that GSH plays a role in sperm nucleus decon-
densation and male pronucleus formation [83] by reducing
protamine—disulphide bonds [84]. However, further stud-
ies should elucidate the specific mechanism of GSTO2 and
GSH in sperm nuclear decondensation, and the implication
of other perinuclear theca proteins into this process.

Role of GSTs in male fertility

Many studies of various ethnic populations have shown
that the GSTM1, GSTP1, GSTTI™"~ genotype is higher in
infertile than in fertile men [85-89]. Moreover, three meta-
analyses performed between 2012 and 2013 evidenced that
GSTMI~~and GSTTI™~ genotypes are a risk factor for male
idiopathic infertility [90-92]. Interestingly, GSH levels, and
GPX and GSR activity, have been described to be substan-
tially reduced in GSTTI™~ sperm, supporting the idea that
GSTs play a crucial role in sperm physiology [87]. There
is also evidence suggesting that GSTM ™~ men with idi-
opathic infertility have increased ROS in seminal plasma
and sperm [93]. Based on these data, it could be suggested
that the infertility phenotype of GSTMI1™~, GSTTI”~ and
GSTPI7~ men is due to the inability to reduce OS and pre-
vent sperm DNA damage. Supporting this notion, a previous
study described that GSTM~~ men have higher susceptibility
to sperm DNA damage when exposed to air pollution [94].
In addition, GSTMI~~ genotype has also been associated
to higher PAH-DNA adducts in sperm caused by the expo-
sure to polycyclic aromatic hydrocarbons (PAHs), which has
been considered a direct sign of DNA damage due to air
pollutants [95].

Several proteomic studies have been performed to char-
acterize GSTM3 abundance as a marker of men and boar
infertility. Using two-dimensional proteomic analysis in
human sperm, Botta et al. [96] found a 3.7-fold increase of
GSTM3 content in oligozoospermic samples in comparison
with normospermic samples of proven fertility. Moreover,
sperm GSTM3 was found to be overexpressed in infertile
men with unilateral varicocele, suggesting its detoxification
action in these patients [97]. Furthermore, GSTM3 was
increased in seminal plasma of men with mitochondrial-
altered sperm [98]. In pigs, Kwon et al. [99] found that
higher GSTM3 levels in boar sperm were associated with
smaller litter sizes. All these data indicate that higher rela-
tive levels of GSTM3 are linked to boar and men infertility,
and as the study of Itanski et al. suggests, the mechanisms
through which GSTM3 is associated to infertility could be
mitochondrial-related.

In conclusion, GSTs play an essential role in maintain-
ing sperm physiology and fertilising capabilities. While the
molecular mechanisms behind GST-regulation of sperm
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function and fertility are yet to be determined, these enzymes
have the potential to serve as robust infertility markers.

Concluding remarks

To the best of our knowledge, and despite being extensively
characterised as antioxidant proteins, this is the first work
describing the triple role of sperm GSTs in (1) detoxifica-
tion, (2) regulation of cellular signalling and (3) fertilising
ability. Many GSTs-family members have been described
to be differentially expressed along the male reproductive
tract, and localisation patterns of sperm GSTs are known
to be variable across species and sperm maturation status.
In addition, as opposed to other cell types, mounting evi-
dence demonstrates the extracellular localisation of sperm
GSTs: (1) GSTM3 and GSTP1 are secreted in the epididymis
during sperm maturation; (2) the main detoxification func-
tion of GSTs occurs at the sperm plasma membrane level;
(3) the principal GSH source is extracellular; and (4) its
zona pellucida-binding capacity requires an extracellular
orientation. Nevertheless, we cannot discard the intracel-
lular activity of GSTs in post-testicular spermatozoa, which
would explain its regulatory role in signalling pathways that
still remain to be elucidated. Furthermore, an intracellular
GST family member (GSTO2) has recently been localised
in the perinuclear theca of sperm, where it has a role in
male nuclear decondensation during fertilisation. What is
more, it is important to highlight once again that several
studies have shown a correlation of several GST isoforms
(GSTM1, GSTM3, GSTP1 and GSTT1) with men infertility
and reduced sperm quality. Impaired performance of any of
the described GSTs functions (detoxification, cell signalling
regulation and fertilising ability) may be the main cause of
such effects. Therefore, we suggest that new research ven-
tures should look at the relationship of GSTs with male
infertility, as this could also address the potential of these
proteins as infertility markers and/or therapeutic targets.
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