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Abstract

Phospholipid hydroperoxide glutathione
peroxidase (PHGPx) is a selenoprotein, which
protects biomembranes from oxidative dam-
ages, and it also accounts for almost the entire
selenium content of mammalian testis. The
present investigation was performed to
localise PHGPx in the testis and in epididymal
and ejaculated spermatozoa of the bull by
using light and electron immunomicroscopy.
The study also aimed to further clarify the pos-
sible functions of the protein in bull fertility. In
the testis, spermatogenic cells of the adlumi-
nal tubular compartment showed cytoplasmatic
immunostaining; whereas, in the epididymal
and ejaculated spermatozoa immunostaining
was specifically localised at the level of the
head and mid-piece. Ultrastructural data
revealed the presence of signals for PHGPx in
different subcellular compartments of maturing
and mature sperm (mitochondria, chromatin,
nuclear envelope, acrosomes, cytoskeletal
structures) suggesting that this enzyme plays
versatile and important biological roles during
spermatogenesis. The final localisation of the
immunostaining at acrosomal level puts for-
ward a new role of the protein which further
emphasises its relevance in male reproduc-
tion: it is reported to anchor substrate of the
sperm acrosome to the oocyte zona pellucida
during the fertilisation process.

Introduction

Selenium (Se) deficiency has been linked to

reproductive problems and reduced sperm
quality in rats, mice, chickens, pigs, sheep,
and cattle (Combs and Combs, 1986; Olson et
al., 2004; Baiomy et al., 2009). Selenium sup-
plementation to diets has been reported to
improve reproductive performance in mice,
sheep and cattle (Sanders, 1984; Tang ef al.,
1991; Van Ryssen et al., 1992; Aréchiga et al.,
1998), while others have not found association
between herd milk and blood Se concentra-
tions and fertility parameters (Ropstad and
Refsdal, 1987; Jukola et al., 1996).

The phospholipid hydroperoxide glutathione
peroxidase (PHGPx) is an enzyme working as
the deposit of almost the entire Se content in
the mammalian testis. The enzyme is a mem-
ber of the large subfamily of the glutathione
peroxidase (GPx) selenoproteins, most of
which are antioxidant enzymes that reduce
hydroperoxides at the expense of glutathione
(GSH). However, PHGPx has a number of
unique features compared to other family
members, making the role of this enzyme in
the testis worth of particular interest. Among
GPx, PHGPx is the least specific (Ursini et al.,
1995, 1997; Maiorino and Ursini, 2002) reduc-
ing a broad spectrum of hydroperoxides and
accepting different thiols, including protein
thiols as reductants. By catalysing hydroperoxide
reduction, PHGPx plays a key antioxidant func-
tion, controls inflammatory responses
(Schnurr et al, 1996; Imai et al., 1998;
Sakamoto et al., 2000), and inhibits apoptosis
(Nomura et al., 2001). Additionally, in sper-
matogenesis, PHGPx plays a major role in oxi-
dising specific protein thiols. Phospholipid
hydroperoxide glutathione peroxidase is also
represented by glutathione peroxidase 4
(GPx4) and three different isoforms are iden-
tified (Brigelius-Flohé and Maiorino, 2013):
cytosolic (cGPx4), mitochondrial (mGPx4) and
sperm nuclear GPx4 (snGPx4). Indeed, it is
associated with the cytoplasm, mitochondria
and nucleus of spermatogenic cells in rodent
testis, suggesting that this enzyme plays versa-
tile roles during the various phases of sper-
matogenesis (Tramer et al., 2002; Haraguchi et
al., 2003). However, PHGPx — abundantly
expressed in early spermatogenic cells as an
active peroxidase — is transformed into an
enzymatically inactive insoluble structural pro-
tein during the late phase of spermatogenesis
(Ursini et al., 1999). Therefore, it makes up
the keratin-like material, constituting the
mitochondrial capsule that surrounds the helix
of mitochondria in the sperm mid-piece.
Hence, this function may explain the Se defi-
ciency dependent alterations in sperm cells,
suggesting a new approach to investigate male
fertility dependency on Se. Previously, a

[Ital J Anim Sci vol.13:2014]

Corresponding author: Prof. Giuseppe Stradaioli,
Dipartimento di Scienze Agrarie e Ambientali,
Universita di Udine, via delle Scienze 206, 33100
Udine, Italy.

Tel. +39.0432.558580 - Fax: +39.0432.558603.
E-mail: giuseppe.stradaioli@uniud.it

Key words: PHGPx,
Spermatozoa, Bull.

Immunocytochemistry,

Acknowledgments: the present research was sup-
ported by an Italian Ministry of Education
(MIUR) grant (PRIN-2007M3E2T2).

Received for publication: 29 May 2014.
Accepted for publication: 28 July 2014.

This work is licensed under a Creative Commons
Attribution NonCommercial 3.0 License (CC BY-
NC 3.0).

©Copyright F Parillo et al., 2014

Licensee PAGEPress, Italy

Italian Journal of Animal Science 2014, 13:3483
doi:10.4081/ijas.2014.3483

reduced PHGPx content was reported in both
infertile human males (Foresta et al., 2002)
and bulls with impaired seminal characteris-
tics and the normal motility and morphology of
mature spermatozoa were demonstrated to be
associated with a high PHGPx content
(Stradaioli et al., 2009).

The aim of this study was to localise subcel-
lular PHGPx in spermatogenic cells and epi-
didymal and ejaculated spermatozoa of the
bull. Our results should help to clarify the bio-
logical significance of PHGPx in the fertilisa-
tion process, its clinical relevance and whether
it has any role in improving bovine reproduc-
tive efficiency.

Materials and methods

Immunohistochemistry in light

microscopy

Immunostaining was performed on bull
testes and isolated epididymal and ejaculated
spermatozoa. Samples of testes were obtained,
immediately after slaughter, from 5 Chianina
bulls clinically healthy aged 32+8 months.
They were fixed by immersion in Bouin’s fixa-
tive for 24 h, dehydrated and embedded in
paraffin wax. The paraffin sections were cut to
5-6 pm of thickness. The epididymides were
rapidly isolated from the testes and divided
into caput, corpus and cauda in order to collect
the spermatozoa separately from the distinct
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regions as described by Seligman et a/. (1991).
In brief, pieces of tissue were shaken in 0.1M
phosphate buffered saline (PBS) at pH 7.4 and
37°C for 15 min to allow the release of sperma-
tozoa and the epididymal fluid. The ejaculated
spermatozoa were collected by means of an
artificial vagina from 5 Chianina bulls of
proven fertility aged 40+19 months.
Epididymal and ejaculated spermatozoa were
washed twice by centrifugation for 10 min at
600 g in 0.1M PBS at pH 7.4 and then smeared
on double glass slides, air-dried and stored at-
70°C until analysis. A series of smear prepara-
tions were treated with 6M guanidine-HCI, 10
mM GSH, 10 mM dithiothreitol (DTT) and 10
mM 2-mercaptoethanol (2-ME) for 30 min at
room temperature (RT) and fixed in 4%
paraformaldehyde for 30 min (Haraguchi et al.,
2003). Subsequently, the testis sections and
smear preparations, with and without the prior
abovementioned treatments, were subjected to
immunohistochemical procedures as previous-
ly described (Zerani et al., 2012, 2013a, 2013b;
Colitti and Parillo, 2013; Parillo et al., 2013,
2014a, 2014b). Briefly, the testis sections were
incubated with 3% H202 for 20 min to block the
endogenous peroxidase activity. After rinsing
in PBS containing 0.2% Triton X-100 and 0.1%
bovine serum albumin (BSA), background
labelling was prevented by incubating the
slides with normal goat serum (NGS), diluted
1:10, for 30 min at RT. Then, the slides were
incubated overnight in a humid chamber at
4°C with the primary antiserum, rabbit anti-
PHGPx (supplied by Prof. Ursini, University of
Padova), diluted 1:400. The next day, the slides
were washed in PBS and incubated with biotin
goat anti-rabbit IgG conjugate (Zymed 81-
6140) diluted 1:200 for 30 min. After PBS
washes, the slides were exposed to avidin-
biotin complex (ABC kit; Vector Labs,
Burlingame, CA, USA) for 30 min. The slides
were rinsed again and the immunoreactive
cells were visualised using a freshly prepared
solution of 3,3’-diaminobenzidine tetrahydro-
cloride-hydrogen peroxidase (DAB-H202 kit;
Vector Labs). Finally, after washing in tap
water, the slides were dehydrated through an
ethanol series, cleared in xylene, and mounted
in natural Canada balsam (BDH Chemicals,
Radnor, PA, USA). Slides on which the primary
antibody was omitted or substituted with rab-
bit IgG, were used as negative control of
unspecific staining.

Postembedding immunoelectron

microscopy

Samples of testes, isolated epididymal (from
caput, corpus and cauda epididimys) and ejacu-
lated sperms were also processed for immunogold
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microscopy. Samples of testes were fixed with 4%
paraformaldehyde and 0.25% gluteraldehyde in
0.1M cacodylate buffer (pH 7.4) for 1.30 h at 4°C.
Aliquots of epididymal and ejaculated spermato-
zoa from each bull were diluted in PBS, cen-
trifuged twice (600xg) and the resulting pellets
were fixed as above. The samples were washed
several times in a cacodylate buffer, dehydrated in
a graded series of ethanol up to absolute and
embedded in Bioacryl resin (Bio-optica, Milan,
Italy) (Parillo et al., 2003, 2005). The ultrathin
sections (90 nm) were mounted on 200-mesh
nickel grids, treated with 1% BSA in 0.IM tris
buffered saline (TBS) pH 7.4 for 5 min at RT, and
then incubated overnight in a humid chamber at
4°C with a solution of 0.IM TBS containing 1%
BSA, 1% NGS, 0.1% Tween-20 and anti-PHGPx
rabbit polyclonal antibody (diluted 1:400). After
several washes in TBS to remove the excess anti-
body, the sections were incubated for 20 min at
RT with the goat anti-rabbit IgG secondary 10 nm
gold-conjugated antibody (Sigma Chemicals, St.
Louis, MO, USA) diluted 1:10 in 0.IM TBS pH 7.4
plus 1% BSA and 0.05% Tween 20. As controls,
some grids were treated with the incubation mix-
ture without the primary antibody and then
processed as described above. Finally, after coun-
terstaining with uranyl acetate, the sections were
examined with a Philips EM 208 electron micro-
scope (Philips, Amsterdam, The Netherlands).

Results

Immunohistochemistry in light

microscopy

In the testis sections, specific inmunostaining
by antiserum against PHGPx was evident in the
apical compartment of the seminiferous tubules
where it was localised in the cytoplasm of
maturing sperm cells; whereas there was any
apparent immunostaining in the basal compart-
ment of the tubules (Figure 1). In epididymal
(caput, corpus, cauda) and ejaculated spermato-
z0a, weak staining was localised in the head and
mid-piece portion (Figure 2a), whereas the tails
resulted constantly negative. Treatment with 6M
guanidine-HCI, 10 mM DTT as well as with 10 mM
2-ME strongly enhanced the reactivity of the
sperm mid-piece (Figure 2b), while treatment
with 10 mM GSH strongly increased immunos-
taining of the sperm head (Figure 2c). The posi-
tive staining was missing in control sections
(Figure 2d). Results are summarised in Table 1.

Postembedding immunoelectron
microscopy
Only at electron microscopy it was possible
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to detect the presence of gold particles for
PHGPx in different subcellular structures of
sperm cells at various phases of the spermato-
genic cycle.

In spermatogonia, PHGPx labelling was evi-
denced in the matrix of the mitochondria,
cytosol and euchromatin (Figure 3).

In round spermatids, characteristic PHGPx
reactivity appeared in the acrosomal vesicles;
the number of gold particles gradually
increased as the acrosomes developed (Figure
4a,b). Furthermore, PHGPx signals were
observed in the matrix, in the outer membrane
of the mitochondria and the cytosol (Figure
4c). In the nuclei of these cells, PHGPx positivity
was localised in the heterochromatin and over
the nuclear envelope (Figure 4a-c).

In elongated spermatids, the mitochondria
surrounded the flagellar axoneme to form a
spiral structure; PHGPx labelling was located
in the matrix and mainly in the outer mem-
brane (Figure 5a,b). Signals for PHGPx were
also observed in the condensed chromatin and
over the nuclear envelope, in the residual cyto-
plasm (Figure 5a) and the acrosome (Figure
5b,c). At this stage of germ cell development, a
few gold particles for PHGPx were also noted in
the outer dense fibres of mid-piece cytoskele-
tal structures (Figure 5a).

Epididymal and ejaculated spermatozoa
showed very similar immunogold signals; in
particular, gold labelling for PHGPx was detect-
ed in the acrosome, in the condensed chro-
matin and the nuclear envelope. In the mid-
piece, PHGPx signals were closely associated
with the outer mitochondrial membrane and
concentrated in the outer dense fibres, which
surround the flagellar axoneme (Figure 6a).
An immunocytochemical response was also
seen in the main piece of the tail at the level of
both the outer dense fibres and the fibrous
sheet, which underlies the plasma membrane
(Figure 6b). In addition, gold particles were
observed in the cytoplasmic droplets of sper-
matozoa (Figure 6¢). There was no immuno-
staining in the control sections.

Discussion

Specific immunostaining for PHGPx was
revealed in the apical region of the seminiferous
tubules with a light microscope. In epididymal
and ejaculated sperm, immunostaining for
PHGPx was more evident if the sperm smears
had been treated with chaotropic or reducing
agents. The enhancement of immunoreactivity
following some pre-treatments suggests that
the access of antibody to PHGPx in ejaculated




sperm is hindered. It is possible, as suggested
by Roveri et al. (1992), that in spermatozoa the
protein could be embedded in a complex
matrix, hampering its interaction with the
antibody. It is clear that only chaotropic treat-
ments are capable of rendering more protein
from the heads and mitochondria of the mid-
piece accessible.

More detailed information on the presence
of PHGPx signals in bull testes and isolated
spermatozoa were obtained with immunogold
electron microscopy, which allows also some
considerations about the functional role of this
protein. phospholipid hydroperoxide glu-
tathione peroxidase immunostaining was evi-
dent at the mitochondria, chromatin, cytosol
and acrosome levels; indeed, these localisation
sites were similar to those previously
described in the rat (Tramer et al., 2002;
Haraguchi ef al., 2003) and the mouse
(Nayernia et al., 2004).

Mitochondria resulted positive throughout
the differentiation process although changes
in the localisation of PHGPx labelling during
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the various phases of sperm cell maturation
were evidenced. In fact, PHGPx signals were
localised in the matrix of the mithocondria
during spermatogonia developmental stage,
evidenced both in the matrix and in the mito-
chondrial outer membrane during round sper-
matids stage, and were strongly associated to

Cc

the outer membrane in elongated spermatids
and in mature sperm. The translocation of
PHGPx signals from the matrix to the peripheral
region of the mitochondria was previously
reported in the rat (Haraguchi et al., 2003). It
has been hypothesised that the re-localisation
of PHGPx in the mitochondrial outer mem-

d

Figure 1. Inmunostaining of phospholipid
hydroperoxide glutathione peroxidase in
bull testis. Strongly stained cytoplasm of
the maturing sperm cells localised in the
apical compartment of the seminiferous
tubules. Bar=20 pm.

Figure 2. Immunostaining of phospholipid hydroperoxide glutathione peroxidase in
ejaculated spermatozoa. Weak staining localised in the head and mid-piece portion (a).
Immunostaining of the sperm mid-piece (b) and sperm head (c) increased by treatment
with 6M guanidine-HCI and 10 mM glutathione, respectively. Positivity missing in con-
trol sections (d). Bars=10 p.

Table 1. Localisation of phospholipid hydroperoxide glutathione peroxidase immunosignals at light microscopy.

PHGPx localisation Intensity levels®

Without treatment With treatment
Cytoplasm of germ cells present in the apical compartment of seminiferous tubules ++
Cytoplasm of germ cells present in the basal compartment of seminiferous tubules -
Head of epididymal and ejaculated sperm + +++ (after treatment 10 mM GSH)

+++ (after treatment with 6M guanidine-HCl,
10 mM dithiothreitol, and 10 mM 2-ME)

Mid-piece of epididymal and ejaculated sperm +

Tail of epididymal and ejaculated sperm -

PHGPx, phospholipid hydroperoxide glutathione peroxidase; GSH, glutathione; DTT, dithiothreitol; 2-ME, 2-mercaptoethanol. °+ and - indicate staining intensity on a subjective scale attributing - to neg-
ative reaction and +++ to a strong one.
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brane may indicate the switch of PHGPx from
a soluble active enzyme, involved in the reduc-
tion of H202 generated in the mitochondria, to
an enzymatically inactive, oxidatively cross-
linked and insoluble protein that performs a
structural role in forming the mitochondrial
capsule (Ursini et al., 1999).

Cytosolic PHGPx positivity was also evident
in all maturation stages; in fact, the enzyme
plays a crucial role in reducing intracellular
increases in the concentration of H20: dis-
persed in the cytoplasm matrix, reflecting the
need to protect these cells from oxidative damage
caused by hydroperoxides (Arai et al., 1999).

The aforementioned localisation is likely
due to the change in substrate availability of
the enzyme; in fact, the most striking observa-
tion related to PHGPx substrate specificity was
that protein thiols can take over the function of
GSH as reductants when the latter becomes
limited. This has been shown for chromatin
(Godeas et al., 1996), for sperm mitochondria
associated cysteine-rich protein (Maiorino et
al., 2005) and even for GPx4 itself (Ursini et
al., 1999; Mauri et al., 2003). Thus, depending
on the availability of GSH, GPx4 can act either
as a GSH peroxidase or as a thiol peroxidase.

Chromatin positivity could indicate an
important role of PHGPx in the maturation
process of sperm cell nuclei by protecting them
from mutagens and chromatin from autolysis
and, in general, by protecting the nucleus from

external stress before fertilisation. In fact, it is
well known that sperm maturation in testes
ends with nucleus compaction achieved by pro-
tamines replacing nuclear histones. Through
this, the sperm haploid genome is compacted
to ca. 1/10 the size of the nucleus of other
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somatic cells (Miller et al., 2010). This process
does not end with the entry of spermatozoa
into epididymal lumen when they are still
functionally immature, namely, they are not
yet able to move appropriately in female geni-
tal tract and to recognise, bind to and penetrate
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Figure 3. Inmunoelectron microscopic localisation of phospho-
lipid hydroperoxide glutathione peroxidase in spermatogenic
cells of bull testis: spermatogonia. Gold particles showing phos-
pholipid hydroperoxide glutathione peroxidase antigenic sites
are present in mitochondria (arrows) and cytoplasmic matrix
(arrow-heads). Bar=0.5 p.

Figure 4. Immunoelectron microscopic localisation of phospho-
lipid hydroperoxide glutathione peroxidase in spermatogenic cells
of bull testis: round spermatids. Reactivity appears in developing
acrosomal vesicles (a,b) and the nuclear envelope (a,b, arrows).
Gold particles are also detected in the matrix, the outer membrane
of mitochondria (c) and the cytosol (c, arrows). Bars=0.5 p.
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oocytes. Indeed, it has been demonstrated that,
apart from a protective role against DNA per-
oxidative damage, PHGPx acts as a protamine
thiol peroxidase, responsible for the formation

teristics reminding of long-term Se deficiency
(Schneider et al., 2009).

In addition, the fact that PHGPx has also
been localised in the acrosomal granules and

membranes of both spermatids and mature
spermatozoa leads us to hypothesise an addi-
tional effect of male gamete PHGPx, released
during acrosomal reaction and the early steps

of cross-linked protamine disulfide (Pfeifer et
al., 2001), thus contributing to the structural
stability of sperm chromatin (Conrad et al.,
2005). The positivity of the spermatid’s and
mature sperm’s nuclear envelope may have a
role as a structural protein similar to the
PHGPx associated with the mitochondrial
outer membrane (Haraguchi et al., 2003). In
fact, it has been recently demonstrated that
mGPx4 knockout male mice are sterile as they
produce spermatozoa with structural abnor-
malities, such as bent sperm, sperm heads
detached from the mid-piece, sliding mito-
chondria along the mid-piece, i.e. with charac-

Figure 5. Inmunoelectron microscopic localisation of phospho-
lipid hydroperoxide glutathione peroxidase in spermatogenic
cells of bull testis: elongated spermatids. Labelling appears in the
matrix and the outer membrane of mitochondria (a, arrows), in
residual cytoplasm (a, arrow-heads), and the outer dense fibres of
the midpiece (a). Signals are also observed in the condensed chro-
matin, nuclear envelope and acrosome (b,c). Bars=0.5 p.

Figure 6. Inmunogold labelling of phospholipid hydroperoxide
glutathione peroxidase in ejaculated spermatozoa. Signals are
associated with the outer mitochondrial membrane and outer
dense fibres surrounding the flagellar axoneme (a).
Immunocytochemical response is observed in the outer dense
fibres and fibrous sheet of the main piece of the tail (b). Gold
particles are visible in the cytoplasmic droplets of spermatozoa
(c). Bars a,b=0.1 p; ¢=0.5 p.
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of fertilisation. We suggest that acrosomal
PHGPx could be part of the insoluble matrix
which persists after acrosome reaction allow-
ing stabile binding of the sperm head to the
oocyte zona pellucida during the early steps of
the fertilisation process (Bedford, 2014). This
could be a further functional explanation of Se
deficiency related sterility.

Finally, the presence of PHGPx in the outer
dense fibres and fibrous sheet seems to sug-
gest that PHGPx plays an important function in
stabilising cytoskeletal structures.

Conclusions

Our immunocytochemical study clearly evi-
denced the presence of PHGPx in different
subcellular compartments of bull sperm
together with dynamic changes occurring to
the protein in the cells during the maturative
processes. These findings confirm biochemical
data suggesting that PHGPx is required for a
correct development and function of mam-
malian spermatozoa (Ursini et al., 1999). The
structural function ascribed to the protein may
therefore explain the Se-deficiency-dependent
alterations in sperm cells. Indeed, ultrastruc-
tural analyses of spermatozoa from Se defi-
cient animals have identified structural
irregularities in the mid-piece mitochondria
where the enzyme is amply present (Olson et
al., 2004). In addition, in both humans and
bulls failure of the expression of mitochondrial
PHGPx in spermatozoa has been reported to be
one of the possible causes of oligoastheno-
zospermia (Foresta et al., 2002; Stradaioli et
al., 2009).
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