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Reduction-oxidation (Redox) reactions are ubiquitous
mechanisms for vital activities in all organisms, and they play
pivotal roles in the regulation of spermatogenesis as well.
Here we focus on 3 redox-involved processes that have
drawn much recent attention: the regulation of signal
transduction by reactive oxygen species (ROS) such as
hydrogen peroxide, oxidative protein folding in the
endoplasmic reticulum (ER), and sulfoxidation of protamines
during sperm chromatin condensation. The first 2 of these
processes are emerging topics in cell biology and are
applicable to most living cells, which includes spermatogenic
cells. The roles of ROS in signal transduction have been
elucidated in the last 2 decades and have received broad
attention, most notably from the viewpoint of the proper
control of mitotic signals. Redox processes in the ER are
important because this is the organelle where secretory and
membrane proteins are synthesized and proceed toward
their functional structure, so that malfunction of the ER
affects not only the involved cells but also the accepting cells
of the secreted proteins in multicellular organisms.
Sulfoxidation is the third of these processes, and the
sulfoxidation of chromatin is a unique process in sperm
maturation. During recent sulfoxidase research, GPX4 has
emerged as a promising enzyme that plays essential roles in
the production of fertile sperm, but the involvement of other
redox proteins is also becoming evident. Because the
molecules involved in the redox reactions are prone to
oxidation, they can be sensitive to oxidative damage, which
makes them potential targets for antioxidant therapy.

Signature Lesion

The regulation of oxidative processes, and the damage
caused by uncontrolled oxidation, appears to affect all cells,
from the somatic cells of the testis, through all cell types in
spermatogenesis, and into the epididymal sperm. The mani-
festations of oxidative changes can range from defects in
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spermatogenesis to reduced sperm motility and altered fertili-
zation. The widespread nature of its involvement in multiple
processes in the reproductive system means that no specific
signature lesion exists which can alert the pathologist to this
as the underlying mechanism.

Introduction

Spermatogenesis occurs in the testis and includes a variety
of cellular events, such as proliferation, meiosis, and differen-
tiation. Spermatozoons contain the molecular machinery
required for energy production, motility, and fertilization and
behave like single-cell organisms during fertilization." Thus,
various morphological and metabolic changes occur during
the spermatogenic process.” A structural change in chromatin,
which involves the replacement of histones with protamines,
occurs in the spermatids of the testes. Elevated counts of
reactive oxygen species (ROS) are well-known causes of oxi-
dative stress that can deteriorate physiological reactions and
cause male infertility.>” Ejaculation from the male reproduc-
tive organ exposes sperm to a harsh environment, which ele-
vates oxidative stress and damages DNA. Sperm prepare
antioxidative systems, which consist of enzymes and low
molecular weight antioxidants, to protect against this oxida-
tive insult that may cause damage to DNA. To accomplish
the protection of sperm function, certain genes are expressed
in a testes- and/or sperm-specific manner.

ROS impair the physiological reactions caused by oxidiz-
ing molecules, and the modulatory roles of ROS that modu-
late the intracellular signal from the receptor tyrosine kinases
(RTKs) in ordinary somatic cells are becoming evident.®”
Many humoral factors are required to support the spermato-
genic process, which includes the proliferation of spermatogo-
nia and the differentiation of spermatocytes to sperm. Some
receptors for the humoral factors have tyrosine kinase activity
and are members of RTKs. Thus, the ROS play seemingly
contradictory roles: beneficial roles by regulating phosphoryla-
tion signals via controlling phosphatases on one side; and,
detrimental roles by oxidatively modifying valuable molecules
on the other side. Antioxidant therapy is not always success-
ful at least partly due to this dual nature of ROS.® Hence, a
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more precise elucidation of ROS-involved reactions would
improve the treatment of male infertility caused by impaired
spermatogenesis.

Regarding the cells that secrete humoral factors to support
spermatogenesis, such as Sertoli cells and Leydig cells, the endo-
plasmic reticulum (ER) is the place where nascent proteins are
synthesized and subjected to proteolytic cleavage, oxidative fold-
ing by disulfide bonds, and the addition of sugar chains. ROS are
potential causative agents that trigger the misfolding of proteins
and result in the induction of unfolded protein responses
(UPR).” Dysfunction of the UPR system leads to defects in the
secretion of the humoral factors that are essential for spermato-
genesis. Thus, severe ER stress down-regulates essential humoral
factors and may impair sperm morphogenesis. '’

During the spermatogenic process, the histones in chromatin
are converted to transition proteins and finally to protamines in
sperm." Sulfoxidation occurs in cysteines, which are low in histo-
nes but enriched in the mammalian protamines, and furnish
chromatin for resistance against oxidative stress. In addition,
some intracellular components, such as spermatogenic cell-spe-
cific type 1 hexokinase isozyme in the cytosol, appear to be regu-
lated by the redox state."!

Thus, it is gradually becoming clear that redox reactions con-

5

tribute to spermatogenesis in multiple ways."”'? Here we review
recent advances in the spermatogenic process from the viewpoint
of redox reactions in the cells: the modulation of signals mediated
by tryrosine phosphorylation/dephosphorylation, oxidative pro-
tein folding in the ER, and sulfoxidation of protamines during
sperm maturation. Male inferdility is also discussed due to the

disruption of this machinery by an elevation in ROS.

Antioxidative Systems and Oxidative
Stress-Triggered Injuries in Reproduction

Oxidative stress, as characterized by elevated ROS, is trig-
gered by various pathological conditions such as inflammation,
ischemia, and heat stress and is regarded as a major causative
factor for male infertility.”” (Also see Gregory and Cyr,'” this
issue for effects of ROS on epididymal function). Sperm con-
tain a large body of unsaturated fatty acids that are prone to
oxidation. Spermatogenic cells with oxidatively damaged DNA
undergo elimination by apoptosis via p53-dependent and -inde-
pendent mechanisms,'* which in excess can result in male infer-
tility."> In addition, because redox-sensitive proteins are highly
reactive to ROS, they are potent targets of ROS under oxidative
stress.

There are enzymes that specifically catalyze the detoxifica-
tion of ROS, so-called antioxidative enzymes, such as super-
oxide dismutase (SOD) and glutathione peroxidase (GPX).
The details of antioxidative enzymes in the male reproductive

®17 5o they are only

system have been reviewed elsewhere,’
briefly discussed here in order to address their protective roles
in the pathogenesis of the male reproductive system. SOD is
an enzyme that converts superoxide radicals to hydrogen per-

oxide, which stops the harmful radical chain reaction from
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beginning.'"® Cu,ZnSOD, encoded by SODI, are localized
mainly in the cytoplasm and partially in the intermembrane
space of mitochondria. While the SOD1-deficient female is
infertile, initial studies have found no other defects including
those in male fertilizing ability.'”** SOD1 deficiency indeed
causes testicular atrophy and increased vulnerability to heat
stress.”’ A decrease in sperm numbers and the concomitant
elevation in lipid peroxidation products were recently found
in aged SODI-deficient mice compared with wild-type
mice,*? although a causal connection with the fertilization
ability of the aged male mice was not clarified. SOD2 enco-
des MnSOD, a mitochondrial isoform, and is inducible
under oxidative stress and inflammatory conditions. A defi-
ciency of SOD2 is lethal to an infant after birth.”> Unexpect-
edly, transgenic male mice that express higher levels of
SOD?2 are infertile, and the mechanism for this has not been
determined.”* Extracellular SOD, encoded by SOD3, is pres-
ent in high levels in the epididymal fluid®> and is partially
localized in the nuclei of the spermatogenic cells.”® Although
SOD3 knockout mice show no recognizable phenotypic
changes in the male reproductive system,” transferring
SOD3 to the penis has improved erectile function in aged
rats.”® Because superoxide reacts quickly with nitric oxide to
form peroxinitrite, the increase in SOD3 in blood plasma
prolongs the nitric oxide half-life and consequently contrib-
utes to an improvement in erectile function. However, excess
SOD activities have been negatively correlated with the
movement characteristics of human spermatozoa,”® which
may be attributed to the removal of superoxide that is essen-
tial for sperm movement. Thus, both the source and the
microenvironment determine whether the superoxide func-
tions to positively or negatively support reproductive
processes.

Hydrogen peroxide is produced by a variety of enzymatic and
non-enzymatic reactions in the body and is detoxified by several
enzymes such as glutathione peroxidase (GPX), catalase, and per-
oxiredoxin (PRDX). GPX catalyzes the reduction of various per-
oxides by transferring electrons from glutathione,”® but the roles
of each member of the gene family are different and com-
plex.?"** Peroxiredoxins (PRDXs) catalyze the reductive removal
of hydrogen peroxides by using thioredoxin (Trx) instead of glu-
tathione as an electron donor’® and also play multiples roles in
redox reactions including ROS signaling.

Redox Proteins and Their Function in Testes

One of the many metabolic processes whereby the redox reac-
tion supports life is during energy production by oxidative phos-
phorylation in mitochondria. Redox regulation, in a limited
sense, can be seen as a reversible reaction of molecules that often
involves an oxidative modification and a reduction in cysteine
sulthydryls. While some proteins have redox-sensitive cysteines
and are regulated by the redox state of the residues, there are pro-
tein families that participate in transferring redox potential from
donor molecules to target proteins. Typically, Trx, which is
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found as a subunit of ribonucleotide reductase, plays pleiotropic
roles in redox reactions.>* There are also low molecular weight
redox molecules, such as vitamin C and glutathione.>>*® Because
reduction on most occasions recovers protein function due to
oxidative damage, redox molecules are regarded as potent
antioxidants.

As typified in the ribonucleotide reductase reaction, Trx is one
of the most pivotal electron donors in a variety of redox reac-
tions.>* A conventional Trx is essential for proliferating cells and,
hence, it is fatal to its null mutant mouse.?” There are 3 testis-
specific Trxs that are expressed in spermatids: Sptrx-1
(TXNDC2), Sptrx-2 (TXNDC3), and Sptrx-3 (TXNDCS).”®
However, a deficiency of the 2 sperm-specific Trxs, TXNDC2
and TXNDCS3, in mice has shown elevated oxidative stress, albeit
with no impact on spermatogenesis, epididymal sperm matura-
tion, or infertility.”® Sptrx-3 is found in the Golgi apparatus of
the spermatocyte/spermatid®” and may function in the ER/Golgi
in coordination with PRDX4, as described below. GPX uses glu-
tathione as an electron donor, and PRDX uses Trx as an electron
donor. Recently, the role of PRDX in modulating ROS signals
has attracted much attention.®” Among 6 mammalian PRDX,
PRDX4 is an ER-resident protein that appears to play a pivotal
role in the redox relay during oxidative protein folding in the
ER,*" although sulfhydryls in the nascent proteins are the elec-
tron donor. There is a testis-specific variant that lacks the signal
peptide required for ER localization but remains in the cytosol
via the alternate usage of the promoter/exon 1. As will be dis-
cussed further, the testis-specific PRDX4 may play a role in chro-
matin condensation during spermatogenesis.

Selenium is an essential trace element, and its deficiency pro-
duces defective spermatozoa and causes male infertility.** Sele-
nium is incorporated into selenoproteins and is commonly
involved in redox reactions. Selenoprotein P carries 10 selenocys-
teine residues and is regarded as a selenium transporter in blood
plasma. Selenoprotein P transports selenium from the liver to the
testis, and selenoprotein P-deficient male mice are infertile. 244
Selenocysteine (Sec) constitutes the catalytic center of redox pro-
teins in mammals, such as thioredoxin reductase and GPX, so
selenium deficiency results in a loss of these enzyme activities.
The 4 conventional GPX isoforms (GPX 1-4) contain selenocys-
teine at the catalytic center. Among the 4 Sec-containing GPXs,
GPX4 plays an essential role in spermatogenesis, as described
below.

A Sec residue is present at the penultimate position of the
carboxy terminus of thioredoxin reductases and forms the cata-
lytic center. Mammals carry 3 types of thioredoxin reduc-
tases—one cytosolic, one mitochondrial, and one testis-specific
thioredoxin-glutathione reductase (TGR).* TGR is the fusion
enzyme that possesses an N-terminal glutaredoxin domain and
the thioredoxin module.*® TGR is induced after puberty, is
abundantly present in elongating spermatids at the site of
mitochondrial sheath formation, and catalyzes isomerization
and the inter protein disulfide bond formation of proteins. Sec
incorporation requires a multiprotein complex that includes
Sec insertion sequence-binding protein 2 (SECISBP2). Muta-
tion in the SECISBP affects 25 known human selenoproteins
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and is associated with a multisystem disorder that includes

.47
azoospermia.

ROS Signaling in Response to Extracellular Stimuli

The signaling role of ROS in the proliferation of somatic cells
in response to extracellular stimuli has attracted considerable
attention during the last 2 decades.®” Extracellular stimuli such
as growth factors induce the phosphorylation of tyrosine residues
on RTK as well as on its substrate proteins. This tyrosine phos-
phorylation initiates the activation of signal transducing path-
ways and consequently triggers cellular events that include the
proliferation of the cells via gene expression and progression of
the cell cycle. Phosphorylation and dephosphorylation are coor-
dinated events, so that controlling the phosphorylation status of
the signaling molecules strictly regulates cell growth. Dephos-
phorylation is catalyzed by phosphatases that are classified into 2
major groups: one reacts with phospho-serine and -threonine,
and the other reacts with phospho-tyrosine.*®

Phosphatases reactive to phospho-tyrosine residues in RTKs
are largely localized underneath plasma membrane and regulate
the mitotic signal. The potential role of PTPs is to avoid excess
responses to stimuli. The phospho-tyrosine phosphatases (PTPs)
have a low pKa sulthydryl group that functions as a catalytic
center. PTP1B is the first identified PTP that is inactivated by
hydrogen peroxide under physiological conditions.”” Concomi-
tant with RTK activation, hydrogen peroxide is produced from
the superoxide that is generated by NADPH oxidase in the
plasma membrane, and it is involved in the sustained activation
of the phosphorylation signal (Fig. 1). Similar mechanisms are
applicable for other PTP family members®® and for PTEN,
which is a phosphatase for phosphatidyl inositid.”® Cysteine
sulthydryl (Cys-SH) at the catalytic center in these phosphatases
is oxidatively modified to cysteine sulfenic acid (Cys-SOH).”!
Because this process is reversible, the inactivated phosphatase is
reductively recovered and ceases the phosphotyrosine-mediated
signaling by dephosphorylation. However, under severe oxida-
tive stress, Cys-SOH reacts with other sulfhydryls to form disul-
fide in PTP. According to this scenario, ROS under oxidative
stress will keep stimulating spermatogenic cell proliferation in
an uncontrollable manner, which results in tumorigenic prolifer-
ation. In fact, PRDX controls the hydrogen peroxide to appro-
priate levels and performs fine-tuning of the ROS signal,”
although the pathway was omitted from the schematic diagram
in Figure 1.

In the female reproductive system, PTEN deficiency causes
sustained activation of the PI3-kinase/Akt system and conse-
quently has led to premature activation of the primordial follicle
in mice.”>>> These results suggest the potential involvement of
redox regulation in the PI3-kinase/Akt system by controlling
PTEN function. However, PTEN is dispensable in mouse sper-
matogenesis according to at least one study on a conditional
knockout mouse.”® Thus, the significance of PTEN-mediated
PI3-kinase/Akt regulation in the spermatogenic process is as yet
not clearly understood, and must be clarified.
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Redox Relay in Oxidative Protein Folding in the ER

Sustentacular cells, such as Sertoli cells and Leydig cells, pro-
duce many humoral factors that support spermatogenesis. The
receptor molecules for hydrophilic humoral factors are localized
in the plasma membrane with the largest portion exposed to the
surface of the target cell. A proper alignment of the ligands and
receptors is essential for their interaction. Thus, their structures
are strictly controlled. The disulfide bond between intra and inter
polypeptides is largely involved in maintaining the protein con-
formation in the extracellular space where the redox state is more
oxidized compared with inside the cells. Occasionally the pres-
ence of thiol isomerases such as protein disulfide isomerase (PDI)
can rearrange the disulfide bonds in the membrane proteins and
determine their functional states.”® For example, the disulfide
bond in the membrane protein CD4, which is used for the entry
of several enveloped viruses, and integrin, which is used by plate-
lets for attachment, are rearranged by the function of PDI family

members. Because some surface membrane proteins in sperm,
such as Tzumo, are essential for fertilization,”® disulfide bond
rearranging may also play a role in proper sperm function. Inhi-
bition of potential thiol-disulfide exchanger ERp57 on the sperm
cell surface by antibody or PDI inhibitors suppresses gamete
fusion,”” which suggests that ERp57 is a potential thiol isomerase
in the fertilization process.

Both membrane proteins and secretory proteins, including
protein humoral factors, are synthesized and subjected to oxida-
tive protein folding in the ER, after which they move onto either
cell membranes or to a secretory pathway (Fig. 2). Endoplasmic
reticulum oxidoreductin 1 (ERO1) introduces a disulfide bond
in PDI by oxidizing molecular oxygen and releases hydrogen per-
oxide as a byproduct.’® PDI then introduces disulfide bonds in
nascent target proteins. While ERO1 utilizes molecular oxygen,
PRDX4 uses hydrogen peroxide to catalyze the formation of
disulfide bonds in PDI.’>® Thus, oxidative protein folding pro-
ceeds efficiently via the coordinated function of ERO1 and

PRDX4 in mammalian cells. A defi-
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Cell membrane

oxide may also be used for oxidative pro-
tein folding by PRDX4. Although this
mechanism has been demonstrated
mainly for cell lines under cultural con-

_________ = = .. . . ..
ARV 0, ditions to this point, a similar mecha-
Protein m nism could be predicted to be functional
synthesis 0, not only in Sertoli cells and Leydig cells,

but also in spermatogenic cells.
In the processes involving either pro-

=l

Inactivation | yeidorie.. | lransient
! Oxidative inactivation
i stress

Figure 1. Schematic presentation of the hydrogen peroxide-mediated regulation of phosphorylation
signals in response to extracellular stimuli. When a hydrophilic growth factor binds RTK, tyrosine
phosphorylation occurs on the receptor. PTP in its active form dephosphorylates RTK, so that only
weak phosphorylation signals are transmitted to the nucleus (the upper pathway). When NADPH oxi-
dase (NOX) is activated by ligand binding, superoxide is simultaneously produced and dismutated to
hydrogen peroxide. Because catalytic cysteine in PTP is highly sensitive to hydrogen peroxide, the
catalytic cysteine sulfhydryl (Cys-SH) is oxidized to cysteine sulfenic acid (Cys-SOH), which causes
transient inactivation of PTP. Accordingly, the activated state of RTK with phosphorylated tyrosine is
sustained, which transmits mitotic signal for an extended period of time (the lower pathway). Cys-
SOH can be reduced back to Cys-SH by reductants such as glutathione (GSH), which ceases the signal
transmission. When hydrogen peroxide is produced excessively, PTP is inactivated by intramolecular
disulfide bond formation. This mechanism prolongs the phosphorylation signal and hence causes
tumorigenic growth of the cells. Terms: Y, tyrosine residue; P, phosphate group; RTK, receptor for tyro-
sine kinase; PTP; phosphotyrosine phosphatase, NOX; NADPH-dependent oxidase, SH; sulfhydryl,
SOH; sulfenic acid.
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tein secretion from cells or membrane
localization, a significant portion of
nascent proteins is misfolded in the ER,
and the the
unfolded protein responses (UPR) in
the cells.” UPR is a self-protective
mechanism whereby cells attempt to
rescue the normal function of ER.
However, when the misfolded proteins
are too much to handle under extreme

accumulation induces

situations, cell death is induced. Both
extrinsic causes such as toxicants and
intrinsic causes such as ischemia and
heat induce UPR and may ultimately
induce spermatogenic cell death. For
example, human chorionic gonadotro-
pin (hCG) triggers ER stress that results
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Figure 2. Oxidative folding of secretory and membrane proteins in the
ER. Membrane and secretory proteins are produced in rough ER. After
cleavage of the signal peptide, nascent proteins undergo oxidative fold-
ing in the ER lumen. By using the oxidizing power of oxygen, the ERO1
molecule introduces a disulfide bond in the PDI family proteins and
meantime results in the production of hydrogen peroxide. NOX4 that is
a NADPH oxidase that is present in the ER membrane converts oxygen
molecules to superoxide, which is spontaneously dismutated to hydro-
gen peroxide. PRDX4 by using the oxidizing power of hydrogen peroxide
introduces a disulfide bond in PDI family proteins and meantime results
in the production of water. PDI consequently introduces a disulfide bond
in the target proteins. ROS may also come from a mitochondria-associ-
ated membrane (MAM).

Cadmium,
which is a potent testicular toxicant, also triggers ER stress and
. .. 63

induces germ cell apoptosis in the testes.”” Although the data
are still phenomenological and requires further elucidation,

in the induction of apoptosis in Leydig cells.*?

dysfunction of the machinery for oxidative protein folding in
the ER must surely be involved.

In addition to its role in oxidative protein folding, a potential
role of the testis-specific variant of PRDX4 has been pro-
posed.®*> In fact, a testis-specific variant mRNA is expressed in
only a certain stage of spermatogenesis, notably spermatid.®®
Deletion of the conventional promoter/exonl of the PRDX4
gene results in no expression in ordinary cells®® but retains
expression of the testis-specific PRDX4 variant in reduced levels
in spermatogenic cells.®® This causes delays in the sexual matura-
tion of male mice and makes testicular cells vulnerable to heat
stress.® Since the amino-terminal signal peptide in the conven-
tional PRDX4 is substituted for a hydrophilic one in the testicu-
lar PRDX4, the testis-specific PRDX4 protein cannot localize in
the ER lumen, but remains in the cytosol. Meanwhile, the
domain required for catalysis remains in the testis-specific vari-
ant, which may assign the testis-specific PRDX4 to the oxidative
protein folding in the cytosol and/or in the nucleus.

Sulfoxidation During Sperm Maturation
in the Epididymis

Spermatogenic cells undergo meiosis and experience tremen-
dous morphological changes. In somatic cells, basic protein histo-
nes constitute chromatin and stabilize DNA. Histone
modifications such as methylation and acetylation induce struc-
tural changes that enable transcriptional factors to bind DNA,
which consequently activates the transcription of genes by an epi-
genetic mechanism. During the spermatogenic process, histones
are replaced by transition proteins and ultimately by protamines
(Fig. 3). While the transition proteins also play significant roles

67,68

during spermatogenesis, protamines are prerequisite for

sperm function as well as structure.®””°

testis

Histone * ;-’. Protamine
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Both lysine and arginine are rich in his-
tones, but next to arginine, cysteine is
predominant in the protamines of
rodents and humans.! Regarding the
primary structure, histones are con-
served among different species while
protamine is highly variable among spe-
cies. It is postulated that the divergence
may contribute to the avoidance of fer-
with  other 7!

tilization species.

Figure 3. Conversion of the chromatin
structure during spermatocyte differentia-
tion to sperm, and the redox state of chro-
matin during sperm maturation. During
spermiogenesis, histones in chromatin are
replaced by protamines that are rich in Cys
residues. A testis-specific PRDX4 may be
involved in the introduction of the disulfide
bond in protamine to a limited extent. The
| maturation of sperm is accomplished in the
| epididymis by sulfoxidation that involves
' GPX4 and/or GPX5.

. highly oxidized
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Sulfoxidation occurs in the cysteines of the protamines and fur-
nishes chromatin with resistance against oxidative stress, which is
accomplished in the epididymis." Disulfide bond formation that
occurs on cysteine sulthydryls in sperm protamines is only partial
in the testes, and may be performed by a testis-specific PRDX4
protein.

The majority of the sulfoxidation in protamines occurs in the
epididymis where the maturation of sperm proceeds. Phospho-
lipid hydroperoxide glutathione peroxidase encoded by GPX4
specifically detoxifies phospholipid hydroperoxides, and plays the
most important role in the testes among the members of the
GPX family.”® GPX4 protein constitutes about 50% of the cap-
sule material of the helix of mitochondria in the midpiece of
sperm.”” Male infertility appears to be correlated with a genetic
defect in GPX4,”>”* although results obtained by an analysis of
the linkage between male infertility and genetic variations of
GPX4 in men are inconclusive.””

GPX4-null knockout mice show premature embryonic death
in uteri, but the direct cause of the death is unclear.”®”” Three
GPX4 variants, mitochondrial, cytosolic, and nucleolar GPX4,
are generated from one gene by alternative transcription.”®”®
The disruption of mitochondrial GPX4 causes male infertility.”’
Severe structural abnormalities are observed in the midpiece of
sperm that is constructed by mitochondria. Higher protein thiol
contents in the sperm compared to wild-type sperm support the
role of mitochondrial GPX4 as a sulfoxidase. Because the defi-
ciency of mitochondrial GPX4 does not affect germinal and
somatic cells, it appears that the embryonic lethality is caused by
a deficiency in the cytosolic GPX4.

The spermatozoa of mice lacking both the sperm nuclear
GPX4 and the epididymal glutathione peroxidase 5 activities dis-
play structural abnormalities in the sperm nucleus that include
delayed and defective nuclear compaction, nuclear instability and
DNA damage.*® Sperm from nuclear GPX4-knockout mice are
more prone to decondense than those from wild-type mice dur-
ing epididymal maturation, implying that nuclear GPX4 is
required for a correct sperm chromatin compaction.®’ Thus, the
nuclear GPX4 appears to function as a protein thiol peroxidase
in the epididymis®
stability.®>%

All spermatocyte-specific GPX4 knockout male mice are
infertile, and isolated epididymal GPX4-null spermatozoa cannot
fertilize oocytes in vitro. Significant reductions in forward motil-
ity and in mitochondrial membrane potential have been
observed. Structural abnormalities such as a hairpin-like flagella
bend at the midpiece and swelling of the mitochondria in the
spermatozoa are also evident (Fig 4A). In the testis, GPX4 null
spermatozoa have extended flagellum. In contrast, caput GPX4-
null spermatozoa display an abnormal flagellar bending in the

and contributes to sperm chromatin

posterior midpiece of the flagellum, while cauda GPX4 null sper-
matozoa are sharply bent at the mid-piece-principal piece junc-
tion and exhibit a hairpin flagellar configuration (Fig 4B). These
results indicate that the formation of the flagellar in spermatozoa
matures via a crosslinking of mitochondrial capsule protein and
GPX4 as a sulfoxidase of mitochondrial GPX4 in the epididymis
(Fig 4C). On the other hand, the mitochondrial membrane
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potential of cauda GPX4 null spermatozoa is normally main-
tained, however a loss of the mitochondrial membrane potential
of cauda GPX4 null spermatozoa quickly occurs after incubation
in vitro, indicating that mitochondrial GPX4 also function as
antioxidant enzymes in order to maintain the mitochondrial
membrane potential.*4

All spermatocyte-specific GPX4 knockout male mice have a
decreased number of spermatozoa by the depletion of spermato-
genic cells in the seminiferous tubules, but no decrease in the
number of spermatozoa have been observed in mitochondrial
GPX4 knockout mice, indicating that a defect in spermatogenesis
is caused by a deficiency in the cytosolic GPX4 (Fig 4A). Human
infertile patients with GPX4-null spermatozoa are classified as
suffering from oligoasthenospermatozoa.”

Thus, the depletion of both cytosolic and mitochondrial
GPX4 in spermatocytes severely affects sperm generation, struc-
ture and function, which may explain male infertility in mice
and humans.” Collectively, these data are consistent with the
notion that GPX4 functions as a sulfoxidase in the epididymis
that promotes the maturation of flagellar configuration and chro-
matin compaction (Fig 4C). However, ambiguity remains
regarding the source of the oxidation power. When GPX4 func-
tions as thiol oxidase toward protamines in a similar manner to
PRDX4 in the ER, it is unclear what supplies the oxidation
power to GPX4. Structural studies to elucidate the molecular
mechanisms for cross-linking the protamine by GPX4 are
needed.

The final sulfoxidation occurs in the epididymis in a highly
regulated manner, and both GPX4 and GPX5 appear to be
involved. When redox regulation occurs to the phosphorylation
signal from RTK, the ROS comes from the plasma membrane
NOX (Fig. 1). In the case of oxidative protein folding in the ER,
the ROS comes from the ER membrane NOX4, the ERO1, or
the mitochondria via MAM (Fig. 2). However, corresponding
oxidases or ROS sources have not been clearly revealed. Thus, an
important issue regarding the source of ROS remains unclear in
the chromatin condensation process. Also, PDI-like protein that
may relay the oxidation potential from PRDX4 in the testes or
from GPX4/GPXS5 in the epididymis to the protamines is miss-
ing. Because PRDX also behaves as a molecular chaperone,®
instead of a sulfoxidase, PRDX4 may function as a molecular
chaperone in the replacement of histones with protamines during
spermatogenesis. Because tyrosine phosphorylation is elevated in
sperm tail proteins during maturation in the epididymis,*® ROS
produced in the epididymis is involved not only in sulfoxidation
in protamines but also in modulating the phosphorylation signal
in response to extracellular stimuli, as discussed above.

Perspectives

Redox reactions have various involvements in the reproductive
process; sperm are formed via marked morphological changes,
and behave as single organisms. Spermatogenesis consists of mul-
tiple complex processes, and, hence, is regulated by a variety of
redox systems that are so complex we have not yet gained a full

Volume 4 Issue 2



Figure 4. Phenotype of all
spermatocyte GPX4 null
mice and the functions of
GPX4 as a sulfoxidase (A) All
the spermatocyte-specific
GPX4 knockout male mice
show male infertility with 2
significant conspicuous
phenotypes: first, a
decreased number of sper-
matozoa in the epididymis
caused by the depletion of
spermatogenic cells in sem-
iniferous tubules and sec-
ond, a loss of the forward
motility of spermatozoa due
to a hairpin-like bending
of the tail in the distal
midpiece region and/or
mitochondrial dysfunction
including mitochondrial
membrane potential and
ultrastructure. (B) The
developmental progression
of defects in the flagellar
structure in spermatozoa of
all spermatocyte GPx4 null
mice during maturation in
epididymis. (C) GPX4 func-
tions as a sulfoxidase in the
epididymis to mature flagel-
lar configuration and chro-
matin compaction. Terms:
ROS, reactive oxygen spe-
cies, PLOOH, phospholipid
hydroperoxide, PLOH,
hydroxy phospholipid.

understanding of them.
The subjects covered in
this manuscript contain
recent topics that are com-
monly observed in conven-
tional somatic cells, ROS
signaling and oxidative
protein folding in the ER,
as well as unique phenom-
enon to the spermatogenic
process, such as the sulfox-
idation of protamines dur-
ing sperm  maturation.
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