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Epididymis seleno-independent
glutathione peroxidase 5 maintains
sperm DNA integrity in mice
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The mammalian epididymis provides sperm with an environment that promotes their maturation and protects
them from external stresses. For example, it harbors an array of antioxidants, including non-conventional
glutathione peroxidase 5 (GPXS), to protect them from oxidative stress. To explore the role of GPX5 in the
epididymis, we generated mice thatlack epididymal expression of the enzyme. Histological analyses of Gpx5~-
epididymides and sperm cells revealed no obvious defects. Furthermore, there were no apparent differences
in the fertilization rate of sexually mature Gpx5~~ male mice compared with WT male mice. However, a higher
incidence of miscarriages and developmental defects were observed when WT female mice were mated with
GpxS5-deficient males over 1 year old compared with WT males of the same age. Flow cytometric analysis of
spermatozoa recovered from Gpx5-null and WT male mice revealed that sperm DNA compaction was substan-
tially lower in the cauda epididymides of Gpx5-null animals and that they suffered from DNA oxidative attacks.
Real-time PCR analysis of enzymatic scavengers expressed in the mouse epididymis indicated that the cauda
epididymidis epithelium of Gpx5-null male mice mounted an antioxidant response to cope with an excess of
ROS. These observations suggest that GPXS is a potent antioxidant scavenger in the luminal compartment of
the mouse cauda epididymidis that protects spermatozoa from oxidative injuries that could compromise their

integrity and, consequently, embryo viability.

Introduction

In mammals, epididymis transit appears to be an essential step for
sperm cells to fully develop their fertilizing abilities. When they
leave the testis and enter the epididymis, spermatozoa have devel-
oped their highly differentiated morphology but are still function-
ally immature in the sense that they cannot recognize, bind to,
and penetrate oocytes. Being transcriptionally and translationally
silent, spermatozoa progressively acquire their fertilizing potential
during epididymal descent, relying on the activities of the epididy-
mis epithelium that creates an ever-changing luminal environment
along the duct. The sequential character of the various secretory
and reabsorption activities of the epididymis epithelium in fine
leads to extensive modifications, essentially but not exclusively, of
the sperm plasma membrane. Modifications concern qualitative
and quantitative presence of proteins but also of their sugar moi-
eties and membranous lipids (1).

In addition to the preparation of sperm cells for fertilization,
the epididymis is responsible for protection and survival of sper-
matozoa during their epididymal journey and also during stor-
age between 2 ejaculations, in the distal part of the organ (the
cauda). This protection is critical because spermatozoa are partic-
ularly vulnerable cells devoid of any ability to elicit classic defense
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responses when challenged. The absence of cytoplasmic material
and, consequently, of the various protective enzymatic activities
that it contains, together with their haploid state and the highly
compacted nature of their DNA explain this situation. Among the
stresses that sperm cells have to cope with is oxidative stress. Due
to the unusual composition of their plasma membrane, very rich
in polyunsaturated fatty acids, one major threat for sperm cells
is oxidative damage (2). Much evidence has shown that sperm
cells and male fertility are impaired by oxidative stress, whether
it is due to a lack of antioxidant protection or to excess in ROS
generation (reviewed in ref. 3). In support of sperm susceptibil-
ity to ROS-mediated damages, we and others have shown that
the mammalian epididymis provides an extensive array of both
enzymatic and non-enzymatic antioxidant molecules whose func-
tions are the protection of sperm cells from oxidative damage.
Among enzymatic scavengers, we have shown in earlier studies
that the mammalian epididymis is the almost exclusive site of
strong expression of one particular glutathione peroxidase (GPX),
GPXS5 (reviewed in ref. 4). This unconventional mammalian GPX,
unlike the other members of the family, is devoid of the classical
selenocysteine residue that was shown to be critical for its activity
(5). GpxS is strongly expressed under androgenic control in the
caput epididymidis (6), and the corresponding protein is readily
secreted in the epididymal lumen, where it was shown to interact
loosely with sperm cells (7, 8). These expression characteristics
were found to be quite conserved in all the mammals tested so
far, including humans, suggesting that this enzyme might play a
key role in the process of post-testicular sperm maturation. Other
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Generation of Gpx5-deficient mice. (A) Schematic representation of mouse Gpx5 gene organization. Top: Gray boxes (E1 to E5) indicate the 5
GPX5 coding exons. Black arrows point to in-frame ATG translational start sites. Arrowheads indicate the relative positions of the various prim-
ers used in PCR amplification. Numbers (in bp) at the boundaries of each exon correspond to the GenBank Gpx5 sequence (accession number
NM_010343), with “1” indicating the cap site. Bottom: A scheme of the targeting vector and the resulting allele is shown. In vivo Cre-mediated
excision of the Gpx5 exon 2 led to a premature translation frameshift. (B) PCR experiments carried out on genomic DNA extracted from animal
fingers. In the left panel, lanes were run on the same gel but were noncontiguous. (C) RT-PCR assays carried out with mRNA extracted from caput
epididymal tissues. In B and C, the bp numbers indicate the size of the amplified products, and the primer pairs used are indicated at the bottom
of each panel (see A). (D) Western blot assays carried out with caput epididymidis protein extracts and a polyclonal anti-GPX5 antibody directed
against a C-ter synthetic peptide (31). The kDa number in the left margin indicates the size of the GPXS5 full-length protein. +/+, +/—, and —/— indicate
animals that were WT, KO heterozygous, or homozygous for GPX5. The H.O lanes correspond to a control amplification carried out on water.

selenium-containing GPXs (GPX1, GPX3, and GPX4) were found
to be expressed by the mammalian epididymis but at much lower
levels (9, 10). These epididymis-expressed GPXs differ from GPXS5
in that they are cytosolic enzymes and therefore are not secreted
in the epididymal lumen.

Besides their role as ROS scavengers (essentially recycling hydro-
gen peroxide, the product of SOD action), it has been shown that
GPX enzymes can work as disulfide bridging intermediates (11,
12). This was exemplified recently by the role played by a testis-
expressed and sperm-bound GPX, the sperm-nucleus GPX4 vari-
ant (snGPX4) that was shown in the presence of hydrogen peroxide
to mediate disulfide bridges between thiol-containing protamines,
thus increasing sperm DNA compaction during epididymal transit
(13, 14). In recent years, it has became clearer that ROS (especially
hydrogen peroxide) exert dual and opposite actions on sperm cells
(2, 15). Basically, a certain level of ROS is necessary for disulfide
bridging events that concern not only the sperm nucleus but also
other protein-protein interactions on sperm plasma membrane,
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midpiece, and flagella (16-25). Hydrogen peroxide was also identi-
fied as a key signal transduction effector of tyrosine phosphoryla-
tion events that trigger sperm capacitation (26, 27) and ultimately
acrosome reaction (reviewed in ref. 28). However, too much hydro-
gen peroxide results in cell-oxidative damages, eventually leading
to cell death. These dual effects of ROS on sperm cell, both detri-
mental and beneficial, have led to the idea that a very fine tuning
in the generation/recycling balance of hydrogen peroxide must
exist in and around sperm cells (2, 15).

Because of the absence of the catalytic important selenocyste-
ine residue in the GPXS primary sequence, questions have arisen
regarding the function of this protein in the mammalian epididy-
mis. In earlier studies we showed that mouse GPXS works, both
in vitro and in vivo, as would be expected for a ROS scavenger (29,
30). In the present study, in order to determine the precise role
of epididymal-secreted GPXS protein in the post-testicular sperm
maturation process, we report on the generation of a mouse Gpx5
KO model. We describe the generation of the Gpx5-null mice and
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subsequent experiments investigating the impact of the absence of
GPXS on male fertility. Overall, in the absence of GPXS, we did not
record any drastic impact on the fertility potential of male mice.
However, we noticed an increase in developmental defects when
WT female mice were crossed with Gpx57~aging males (over 1 year
old). A closer analysis of sperm cell integrity was conducted on
these males using cytometry. Our analysis of the Gpx57/~ model
was also completed by a detailed investigation of the expression of
other epididymis-expressed GPXs as well as of other related ROS
scavengers using quantitative RT-PCR. The latter analysis showed
clearly that a regionalized antioxidant response was at stake in
mouse cauda epididymidis of the Gpx5~~ animals, demonstrating
a clear role for GPXS in protecting sperm cells and cauda epididy-
midis tissue from ROS-mediated oxidative damages.

Results
GPXS KO mouse generation and screening. As shown in Figure 1, the
GpxS gene is made up of 5 exons spanning approximately 8 kb
on mouse chromosome 13 (GenBank accession number NM _
010343). Exon 1 encodes the secretion signal of the GPXS5 protein.
To disrupt the Gpx5 gene, exon 2 was deleted through homologous
recombination with the aim of generating a truncated transcript
and a translation frameshift that would abolish the production
of the GPXS5 protein. A targeting vector containing the Neo cas-
sette (for selection purposes) and exon 2 sequence, both flanked
with LoxP sites, was generated (Figure 1A). ES cells from C57BL/6
2076
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Figure 2

Impact of GPX5 deletion on mouse fertility. (A) Litter sizes (each gray
or white square corresponds to an independent litter for Gpx5 KO or
WT males), with respect to the age of the males. Female mice had a
WT genetic background. (B) Mortality of pups from matings between
WT female mice and Gpx57- male mice aged 13 months and 16
months. Data are mean + SEM. (C) Examples of aberrant develop-
ment in 2 distinct cases of pregnancies reported in B (from matings
with Gpx5 males aged 13 months).

mice were transformed by the targeting vector and screened via
Southern blot for adequate recombination (data not shown). After
injection of recombinant ES cells into blastocysts and reintroduc-
tion of the blastocysts into female mice prepared for gestation,
chimera mice were created. Germ line transmission of the targeted
allele was verified. First, matings between heterozygous Gpx5 mice
and Cre”" mice were performed to generate mice free of the Neo
cassette and exon 2. Then, intercrosses between Gpx5*~[Cre] mice
were carried out to eliminate the Cre allele (a putative source of
interferences with the mouse genome). When Southern blot analy-
sis was performed on PCR-amplified DNA extracted from trans-
genic animals, we detected the presence of both WT and deleted
alleles in heterozygous animals and no WT allele in homozygous
Gpx5~/~animals, indicating that exon 2 deletion was effective (Fig-
ure 1B). Amplifications carried out on reverse-transcribed caput
epididymidis RNA confirmed that the Gpx5 exon 2 was deleted
in the transgenic animals (Figure 1C). These results were in
accordance with the genomic construct chosen for homologous
recombination. In this strategy, Gpx5 expression was maintained
(i.e., there was generation of a truncated GpxS mRNA in the epi-
didymis of the KO animals), but the translated protein was limited
to 30 amino acids (including part of the secretion signal) instead
of 221 amino acids for the native GPX5 protein. To confirm that
the truncated Gpx5 mRNA detected in the Gpx5~7~ animals would
not lead to a noticeable detection of any GPXS5 protein, Western
blot analysis was carried out using a GPXS-polyclonal antiserum
(31). Figure 1D shows that GPXS protein expression was dimin-
ished in Gpx5*~ mice and abolished in Gpx57~ mice. A survey of
heterozygous Gpx5 mouse crosses revealed that, among 101 pups
generated, 51% were heterozygous, 31% were WT, and 18% were
homozygous KO for GPXS5. These proportions are compatible
with a theoretical Mendelian distribution, suggesting that GpxS5 is
not essential for embryonic development and viability. Histologi-
cal examination of epididymal tissues from the various parts of
the organ (i.e., caput, corpus, and cauda) did not show any obvi-
ous macro- or microscopic differences between Gpx5** and Gpx57~
animals. Tubule size and epididymis-constituting cell morpholo-
gies appeared equivalent to that observed in control animals (data
not shown). Cauda sperm cell number, morphology, and velocity
evaluated through the use of computer-assisted sperm analysis
(Hamilton Thorne) and cytological Schoor staining were found to
be similar to those of control animals at any age (see Supplemen-
tal Data; supplemental material available online with this article;
doi:10.1172/JCI38940DS1).

Evaluation of Gpx5~/~ mouse fertility. To investigate the effect of the
absence of epididymal GPXS expression on male fertility, male
mice of the 2 genotypes (WT and Gpx5~~) were mated with WT
C57BL/6 female mice. Matings were conducted using animals
at optimal reproductive age (3 months). No changes in mating
behavior were noticed. Three-month old male Gpx5~~ mice showed
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normal fertility, with litter size (7.3 = 1.2 pups, n = 6) comparable
to that of WT mice at the same age (5.9 + 2.6 pups, n = 8) (Figure
2A). More matings were carried out using older male mice and
WT female of proven fertility in order to determine whether the
absence of GPXS5 could have a greater effect upon aging. Figure 2A
shows that, for 9- to 12-month-old animals, there were no statisti-
cally significant differences in litter sizes between Gpx57/~ (7.3 + 2.7
pups,n =6,and 5.6 = 2.3 pups, n = 5, respectively) and WT back-
grounds (6.6 + 1.8 pups, n =8,and 6.6 + 2.2 pups, n = 7, respective-
ly). Time to gestation in all these matings was monitored and was
found to be comparable to that of WT crosses (data not shown).
However, when using 1-year-old or older transgenic males, we
started to record more miscarriages and developmental defects in
our matings. This prompted us to have a closer look at pup mor-
tality with aging males. As illustrated in Figure 2B, we observed
an increase in the number of dead pups or aborted fetuses when
matings were conducted with Gpx5~~ males aged 13 months and
16 months compared with control matings using WT animals at
the same ages. This increased death toll was associated with vari-
ous abnormal embryonic developments, examples of which are
shown in Figure 2C (incomplete abdomen differentiation or eye
differentiation for these 2 particular embryos recovered from the
uterine horns of 2 distinct female mice). These developmental
defects appeared heterogeneous, with no Mendelian inheritance
(few pups in some litters, no viable pups in other litters) and with
no links with pup genotypes, since all pups were heterozygous but
not all were affected, at least macroscopically. One commonality
shared by all the defective Gpx5*~ embryos we monitored was that
the embryonic defects occurred at late developmental stages (i.e.,
during mid- or late organogenesis).

Evaluation of Gpx5~/~ sperm integrity. As a first step toward under-
standing such apparently random and sporadic abnormalities in
embryonic development we undertook a more thorough analysis
of sperm cells from the Gpx5/ transgenic animals. Since female
mice used in the above-described matings were of a WT back-
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ground, it was logical to assume that the developmental defects
were Gpx57~ male-linked. Spermatozoa viability assessment and
functional membrane integrity appeared similar between WT and
Gpx57/- mice, according to flow cytometry measurements using
propidium iodide as a probe (Figure 3A). The ability of sperma-
tozoa to perform an acrosome reaction when challenged with
hydrogen peroxide was also not modified (data not shown). Since
the putative function of GPXS5 is that of an antioxidant scaven-
ger, we focused our attention on evaluation of oxidative injuries
to sperm cells. Two parameters directly related to oxidative insults
were investigated. First, using cytometry and monobromobimane
(mBrB) as a probe, we determined the level of protein thiol redox
status in sperm cells extracted from various epididymis parts by
measuring the fluorescence of mBrB adducts. It is well established
that during epididymal maturation, the number of spermatozoa-
free thiols decrease considerably from caput to cauda (24), and this
is exactly what we observed in our control WT animals and also in
the transgenic animals (Figure 3B), although to a lesser extent. In
both compartments (caput and cauda) there was no significant dif-
ference in the relative free thiol content when control animals were
compared with Gpx57/~ animals, suggesting that GPX5 does not
strongly participate in disulfide bridging events of thiol-containing
sperm proteins during their epididymal descent. Second, we moni-
tored the structural stability of sperm DNA. A rapid evaluation
using exposure of caput or cauda sperm samples to 0.5% SDS did
not display any significant nuclei decondensation when KO were
compared with controls (data not shown). However, with a more
refined approach using chromomycin A3 as a probe and cytometry
to evaluate sperm DNA condensation, we did observe some differ-
ences. As expected (32, 33), spermatozoa DNA condensation was
found to be higher in sperm cells from cauda epididymidis than
in those from caput epididymidis (Figure 3C). This was also the
case in GpxS-null mice, although to a lesser extent. It is interest-
ing to note that in caput sperm samples, sperm DNA compaction
(which is negatively correlated with fluorescence intensity) was sig-
Volume 119 Number 7
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Cauda-retrieved spermatozoa of Gpx5-- animals suffer oxidative damages. (A) Immunode-
tection of the nuclear adduct 8-oxodG in cauda epididymidis-retrieved spermatozoa prepa-
rations from 6-month-old WT, KO, or hydrogen peroxide—treated WT male mice. Images
are representative of several distinct detections. (B) Histograms showing the percentage of
8-oxodG—positive spermatozoa in cauda epididymidis-retrieved spermatozoa preparations,
from 6-month-old WT, KO, and positive control (WT spermatozoa treated with hydrogen

peroxide) male mice. Data are mean + SEM. n = 3. **P < 0.05.

nificantly greater in Gpx5~~ animals when compared with controls,
while there was less compaction in Gpx57~animals in cauda sperm
samples (i.e., the Gpx57~ cauda sperm samples appeared to have less
condensed nuclei than the controls). These regionalized (caput ver-
sus cauda) changes in sperm DNA compaction for Gpx5~7~ versus
control samples are addressed in the Discussion.

Since sperm DNA compaction might depend on the level of DNA
fragmentation (a well-known effect of ROS-mediated damage to
DNA), we monitored the level of sperm DNA fragmentation in WT
and Gpx57/~ genotypes using a commercially available kit (Halomax;
Chromacell). In both genotypes (WT and Gpx57~), DNA fragmenta-
tion was found to be higher in cauda versus caput sperm samples
(Figure 3D). In agreement with the idea that there might be an
2078
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increase in the oxidative insult of sperm DNA
in Gpx57~ animals, the fragmentation of sperm
‘ DNA was found to be at its highest in Gpx57~
cauda samples. The difference was not found to
be statistically significant in GpxS~/~ sperm sam-
ples due to large variations among individuals.
However, it is worth noting that all control sam-
ples were found to be homogenous (small stan-
F § dard errors), while the transgenic samples pre-
' sented a large interindividual variability (large
standard errors), reflecting the interindividual
variations recorded in the occurrence of devel-
Sum opmental defects when aging Gpx57~ animals
were mated with WT females (see above). Since
the sensitivity of the Halomax detection system
does not allow for the detection of low levels of’
DNA fragmentation, we monitored the appari-
tion of 8-hydroxy-deoxyguanosine (8-oxodG)
on sperm DNA through the use of an 8-oxodG
antibody that specifically recognizes DNA dam-
ages created by oxidative attacks on DNA. Typi-
cal results of 8-oxodG detection, presented in
Figure 4A, indicate that cauda-retrieved sper-
matozoa from Gpx57~ animals were highly reac-
tive toward the 8-oxodG monoclonal antibody,
while WT controls were not. A positive control,
in which WT spermatozoa prior to the detection
were treated with hydrogen peroxide to induce
oxidative damages, showed a response very
similar to that of the Gpx57~ animals. The data
presented in Figure 4B illustrate the numbers of
8-oxodG-positive cells counted on 3 distinct
pools of cauda-retrieved spermatozoa from WT
and Gpx5~7/~ animals aged 6 months. Hydrogen
peroxide-treated, WT cauda-retrieved sperma-
tozoa samples were used as positive controls. As
illustrated in Figure 4B, the quantity of 8-oxodG
was found to be significantly increased in Gpx5~~
sperm samples at a level quite comparable to
hydrogen peroxide-treated WT sperm samples.
Alack of epididymis-luminal GPXS in GpxS5~/~ ani-
mals leads to oxidative stress. The observation that
Gpx57/~ cauda-stored sperm DNA suffered from
ROS-mediated damages prompted us to inves-
tigate whether or not an oxidative stress was at
stake in the epididymides of Gpx5~~ animals.
To do so, expression levels of GPX1, GPX3, and
GPX4, the 3 classical cytosolic GPXs in the epididymis that, togeth-
er with GPXS, were found to be expressed in the mouse epididymis,
were investigated using quantitative RT-PCR (Figure 5, A and B).
In agreement with earlier studies, among these 3 cytosolic GPXs,
GPX3 was found to be the most strongly expressed in the mouse
epididymis, while GPX4 and GPX1 were expressed at lower levels.
In agreement with previous data, cauda expression of GPX3 and, to
a lesser extent, that of GPX4, were stronger than caput expression.
Comparison of transgenic and WT animals (6 months old) showed
that while the accumulation of the 3 cytosolic Gpx mRNAs was not
changed in the caput compartment, it was significantly increased
in the cauda compartment of the Gpx5-null mice (Figure 5, A and
B). In parallel, total GPX activity was assayed in caput and cauda
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protein extracts in the 2 genetic backgrounds using 2 different
but classical substrates for GPX activity: a physiological substrate
(hydrogen peroxide) and a non-physiological but conventional
substrate (tert-butyl hydroperoxide). In agreement with previous
data, total GPX activity was found to be twice as strong in cauda
compared with caput. As shown in Figure 5C, we recorded no dif-
ference in total GPX activity when caput and cauda samples from
6-month-old Gpx57~ animals were compared with controls.

To complete this study of epididymis enzymatic scavengers sta-
tus, we also monitored, using quantitative RT-PCR, accumulations
of other members of the redox catalytic triad (i.e., SOD, catalase,
and GPX; see Figure 6A). Figure 6B shows the expression levels of
catalase and extracellular SOD3 (eSOD3; known to be expressed
in the mouse cauda epididymidis). It appeared that accumulation
of eSOD3 was not different either in caput or cauda epididymides
compartments when Gpx5~~ animals were compared with WT ani-
mals. Interestingly, the relative accumulation of catalase mRNA in
cauda epididymidis samples from Gpx5~~animals was found to be
significantly increased compared with controls, while it was not
changed in the caput territory.

Cauda epididymidis epithelia and spermatozoa of GpxS~/~ animals suffer
from peroxidative injuries. The increased expression of epididymis
cytosolic GPXs (GPX1, GPX3, and GPX4) and of cytosolic cata-
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lase in cauda epididymidis samples from Gpx57~ animals suggest-
ed that the cauda territory of transgenic animals was subjected
to ROS-mediated oxidation. In agreement with this hypothesis,
Figure 7A shows histologic sections of cauda epididymidis tissues
from Gpx5~~ animals, in which a clear and strong labeling of cauda
epithelial cell nuclei was evident when using the 8-oxodG antibody,
a classical marker of cell DNA oxidative injury. Such strong nucle-
ar labelling was not seen in WT cauda epididymidis sections. This
attests that the Gpx5~/~ cauda tissue indeed suffers from oxidative
damage. In parallel, we also monitored the levels of malondihal-
dehyde (MDA) compound, a final product of lipid peroxidation
in cauda-retrieved sperm samples from WT and Gpx5~~ animals.
Data, presented in Figure 7B, confirmed that cauda spermatozoa
from Gpx5~/~ animals suffered from lipid peroxidation, since MDA
accumulation was twice that of control samples.

Discussion
The GpxS5 gene has long been reported to be a highly tissue-restrict-
ed gene expressed, in all the mammals that have been tested so far,
under androgenic control only within the adult epididymis (8). In
several mammals, the corresponding GPXS5 protein is one of the
major secretory products of the caput epididymidis. Based on
sequence identity, GPXS belongs to the Gpx enzymatic gene family
Volume 119 Number 7
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that encodes proteins recycling hydrogen peroxide and also more
complex peroxidized substrates (6, 8). Within the mammalian GPX
protein family, GPXS5 is a unique enzyme, since it is devoid of the
classical selenocysteine residue that is part of the GPX catalytic site
and that was shown to be critical for selenium-dependent GPX
activity (S). Despite the absence of this essential residue in its cata-
lytic site, we have shown in earlier studies that GPXS could work
both in vitro and in vivo, as would be expected for an antioxidant
scavenger (29, 30). The conservation of GPXS among mammalian
species as well as its strict tissue restriction has led researchers to
propose that this protein could fulfill an important function in the
post-testicular process of epididymal sperm maturation. The gen-
eration of a GpxS-null mouse model was therefore undertaken to
determine more precisely the function of GPX5 in mammalian epi-
didymis physiology. We describe here the production of the Gpx5
KO mouse model. The loss of accumulation of the GPXS protein
in the epididymis of transgenic animals was ascertained by West-
ern blotting assays. In accordance with the tissue-restricted and late
postnatal male-specific expression of the GpxS5 gene, GpxS5 extinc-
tion did not affect animal viability. To date, other GPX KO mouse
models have been generated, including Gpx1 (also called Cgpx),
Gpx4 (also called Phgpx), and Sngpx4 (also called Snphgpx) (13, 34,
35). Only the extinction of Gpx4 was shown to affect mouse viabil-
ity and was accompanied by early developmental defects (35, 36). A
light microscopic analysis of the epididymis tissues of Gpx57~ ani-
mals did not reveal any disturbance in its organization or cytol-
ogy. Also, the number and cytology of sperm cells were found to be
identical (at least at a macroscopic level) to that of control animals,
whatever their age. Regarding the fertility of the Gpx57/~ males,
our investigations have shown that the lack of GPXS5 expression
had no drastic impact on their fertility score (as evaluated by lit-
ter size and delay in conception) when the transgenic males were
young. With aging transgenic males (over 1 year old), we started
to notice a decrease in the number of viable pups when compared
with control matings using WT animals of the same age. Miscar-
riages and a large array of late developmental defects were moni-
tored with aging Gpx5~~ males. Since GPXS5 is restricted only to the
male genital tract and the female mice we used in our matings were
of the WT genotype, we inferred that the miscarriages and develop-
mental defects observed with Gpx57~ aging males resulted from the
2080
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quality of the spermatozoa themselves. It is well documented that
any damage to the sperm DNA integrity has an impact on repro-
ductive capacity (reviewed in ref. 37). In humans, clinical evidence
has clearly shown that sperm DNA damage may adversely affect
reproductive outcome and that the spermatozoa of infertile men
possess more DNA damage than the spermatozoa of fertile men
(38-43). The fact that we observed only late developmental defects
in embryos obtained with aged Gpx5~~ males is also in agreement
with the conclusion reached by Tesarik et al. (44, 45), who found
that late, but not early, paternal effects on human embryo develop-
ment were related to sperm DNA damage.

Among etiologic factors that are suggested to explain sperm
DNA damage, ROS-mediated attacks of sperm DNA occupy a
central position. During epididymal transit of sperm cells, there
are 2 main ways by which ROS can alter sperm DNA integrity.
First, ROS can interfere with post-testicular chromatin packaging.
During epididymal transport thiol-containing protamines, and
consequently sperm DNA, are increasingly compressed through
intermolecular and intramolecular disulfide cross-linking (23,
43, 46). Interestingly, a sperm nucleus-specific isoform of GPX4,
snGPX4, was proposed to be involved in such disulfide bridging
events in the presence of hydrogen peroxide (12). This was recent-
ly confirmed by the generation of the Sngpx4/- mouse model, in
which the authors noticed that the absence of Sngpx4 expression
leads to a delay in epididymal sperm DNA compaction (13). In
this transgenic model, final sperm DNA compaction was not sig-
nificantly altered, but it occurred later during sperm epididymis
transit (i.e., in the cauda epididymidis rather than in the caput, as
is the case in WT animals), suggesting that other enzymes could
compensate in the absence of snGPX4 (13). Although the authors
proposed that the cytosolic form of GPX4 could be responsible
for this compensatory effect, we hypothesized that this could also
come from the secreted and sperm-bound GPXS5 protein (8). The
data reported here using mBrB as a probe and cytometry proved
that we were wrong, since the data show that the absence of Gpx5
expression in the transgenic animals produced no change at all
in the ratio of free thiols to disulfides when compared with con-
trol animals, regardless of the territory of the epididymis (caput
or cauda). This rules out the possibility that GPXS5 could partici-
pate in overall disulfide bridging events of sperm proteins and,
Number 7
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consequently, in the control of sperm DNA packaging via disul-
fide bridging. The second argument against GPXS involvement
in disulfide bridging of sperm DNA protamines came from our
observation that the Gpx5~~ caput sperm DNA compaction was
significantly greater than that of the control animals. If GPXS
was involved in protamine disulfide bridging events, one would
have expected the opposite effect (i.e., less condensation of the
caput sperm nuclei in Gpx57~ animals). The increased caput
sperm DNA compaction of Gpx5~7/~ animals we observed could
well be explained by the fact that, GPXS being absent from the
caput lumen, there is more hydrogen peroxide (or other ROS)
available for snGPX4-mediated or direct disulfide bridging action
of thiol residues on protamines, thus allowing a greater compac-
tion of caput sperm DNA. This is in agreement with the observa-
tions made by Conrad et al. (13), who clearly showed that snGPX4
exerts its action on sperm protamine disulfide bridging in the
caput epididymidis territory.

The second way in which ROS may alter sperm DNA integrity is
by direct oxidation of DNA or, through caspase-mediated apop-
totic actions, by creating single-strand or double-strand breaks
(47, 48). This may result in sperm DNA fragmentation, which
has been positively correlated with fertilization performances
of aging males or/and infertile men as well as in reproductive
outcomes after in vitro fertilization (37, 40). The major sources
of ROS in the male reproductive tract were reported to be due
to leukocyte infiltrations following inflammatory or infectious
conditions (49). However, in non-infectious situations, there are
other sources of ROS and spermatozoa themselves are consid-
ered to be good ROS producers. One way in which epididymal
sperm could produce ROS is through leakage of electrons from
the mitochondrial chain transport (50). This hypothesis was
recently supported by the observation that the spermatozoa
of mice lacking transaldolase (an enzyme of the non-oxidative
phase of the pentose phosphate pathway) exhibit defective mito-
chondria lacking membrane potential and showing reduced lev-
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Figure 7

The cauda epididymidis epithelium of Gpx5~- animals suffers from
oxidative damage. (A) Detection of the nuclear 8-oxodG modification
in cauda epididymidis epithelium sections of 14-month-old WT and
Gpx5--male mice. Note the strong and uniform nuclear labeling in the
Gpx5-- section. L, lumen; E, epithelium; ITS, intertubular space. (B)
MDA measurements on cauda-collected spermatozoa samples from
6-month-old WT and Gpx5-- animals. Data are mean + SEM.

els of NADH and GSH as well as impaired ROS generation (37).
More recently, the work of Koppers et al. (51) suggested mito-
chondria-generated ROS as good candidates for oxidative stress
in human spermatozoa. This sperm ability to produce ROS is a
risky situation, particularly for cauda-stored spermatozoa that
are fully functionally mature (i.e., ready to express their motil-
ity), having completed the epididymis maturation processes. In
accordance with the idea that cauda-stored sperm are at risk of
oxidative stress is the presence in the cauda epididymidis luminal
fluid of a SOD enzyme (eSOD3) and the strong accumulation of
the GPXS5 (8). The eSOD3 is there to recycle superoxide anions
consequently generating hydrogen peroxide that, in turn, will
be transformed into water by the luminal GPXS. Also in agree-
ment with a physiological oxidative stress situation in the cauda
epididymidis luminal compartment is our earlier observation
that the cauda epithelium protects itself from hydrogen perox-
ide-mediated damages (hydrogen peroxide can diffuse from one
cell to another, while superoxide anion cannot) by the strong
cytosolic expression of GPX3 (the plasma-type GPX) within the
cauda epithelium, while GPX3 expression is weaker in the cor-
pus and the caput compartments (10). The observations we have
made in the cauda epididymides of the Gpx57~ animals are in line
with this situation. First, it was found that cauda epithelium of
Gpx5~/~animals was engaged in an oxidative stress response. This
was supported by the fact that the 3 epididymal cytosolic GPXs
(GPX1, GPX3, and GPX4) were transcriptionally upregulated
only in the cauda compartment of Gpx57/~ animals, suggesting
that these animals had to cope with elevated levels of ROS within
the cauda territory. In addition, we observed that catalase mRNA
accumulation was also increased in the cauda epididymides of
Gpx5~/~ animals, reinforcing the idea that the tissue has to face
oxidative stress, presumably because of elevated hydrogen perox-
ide levels. The fact that the relative mRNA accumulation of the
cauda luminal eSOD3 was not changed in the cauda epididymi-
dis Gpx57/~ samples suggests either that there was no change in
the production of superoxide anion or that the enzyme activity
was not limiting. In any case, the absence of GPXS in the lumen
of KO animals led to a transcriptional antioxidant response
within the cauda epididymidis epithelium, as indicated by the
increased mRNA accumulation of cytosolic GPXs and catalase.
The absence of significant change in total GPX activity when
GPXS was absent suggests that the cauda epididymidis of trans-
genic animals (at 6 months of age) somehow compensates for the
GPXS5 deficiency. Since it is well established that the activities of
sperm antioxidant scavengers gradually decrease with age (52), it
is likely that Gpx5~~ animals increasingly suffer from oxidative
stress when aging.

The suspicion of cauda oxidative stress in Gpx5~~ animals is
further supported by the fact that there was a greater reactivity
of the Gpx57~ cauda epididymidis epithelium (when compared
with control cauda sections) toward the 8-oxodG antibody, a
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Table 1
Oligonucleotide primers used in quantitative PCR assays

Target gene 5'-3' primer sequences

Gpx5 26 F, GTGTCTGAGAATCTAGTCCTAGC 1,498
28 R, GTGACAGTTTTCTCAGGGGTTGG
26 F, GTGTCTGAGAATCTAGTCCTAGC 263
29 R, CTGCCTTGTGAAGGTTGACAGG
E1F, AGGCCCTCAGACCAGAAATC 392
E3 R, TTGAGCCCAGGAAGAATCTC
E2 F, AAGACGTGAAAGGCACCATC 259
E3 R, TTGAGCCCAGGAAGAATCTC
Gpx1 F, GTCCACCGTGTATGCCTTCT 217
R, CTCCTGGTGTCCGAACTGAT
Gpx3 F, GATGTGAACGGGGAGAAAGA 173
R, TTCAAGCAGGCAGATACGTG
Gpx4 F AGTACAGGGGTTTCGTGTGC 410
R, CGGCAGGTCCTCTATCA
Catalase F, GCAGATACCTGTGAACTGTC 229
R, GTAGAATGTCCGCACCTGAG
eS0D3 F, GCTCTCAGAGAACCCCTCT 170
R, GTGCTATGGGGACAGGAAGA
Cyclo A F, GGAGATGGCACAGGAGGAA 76

R, GCCCGTAGTGCTTCAGCTT

Cyclo A, cyclophilin A.

classical nuclear marker of DNA oxidative injury. Regarding sper-
matozoa themselves, our data show that condensation of cauda
sperm nuclei from aged (over 15 months old) Gpx57~ animals was
significantly lower than that of control animals at the same age,
suggesting that the integrity of the Gpx57~ cauda sperm cell DNA
was altered. This observation is correlated with the data showing
that the Gpx57/~ cauda sperm DNA is highly reactive toward the
8-0xodG monoclonal antibody, revealing oxidative attacks of the
sperm DNA. This is also in agreement with our observation that
the fragmentation level of the aged Gpx57/~ cauda sperm DNA
tended to be greater (as revealed by the use of the Halomax kit)
than that of the cauda sperm samples from control animals at the
same age. Increased cauda sperm fragmentation is what one would
expect from cauda-localized oxidative stress. Reinforcing the idea
that cauda-stored spermatozoa of Gpx57~ males are subjected to
oxidative damage is our observation of the increased accumula-
tion of the lipid peroxidized adduct, MDA.

Altogether, the data we have collected strongly suggest that
the cauda epididymides of Gpx5/~ animals, and consequently
the male gametes stored in it, were under oxidative stress. Our
interpretation of the situation is that the lack of luminal GPX5
activity does not allow for a proper luminal ROS recycling, a state
that seems to be exacerbated in aging animals, in agreement with
the well-known free radical theory of aging. This theory sustains
that, upon aging, the improper recycling of free radicals, result-
ing from a decrease in antioxidant protection (i.e., decrease in
enzymatic activity of the various antioxidant scavengers), renders
cells more susceptible to oxidative insults (reviewed in ref. 53).
Our work suggests GPXS5 as an important epididymal luminal
scavenger, at least in the mouse, helping to protect both sperm
cell DNA integrity and the cauda epididymidis epithelium from
ROS-mediated oxidative insults. Our data also suggest that the
storage of sperm in the cauda epididymidis, again at least in the
2082
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mouse, is a challenging situa-
tion in terms of the exposure of
the sperm to oxidative stress. It
indirectly supports the idea that,
while stored in the cauda epidid-

Melting
temperature (°C)

60 ymidis compartment, the sper-
matozoa themselves are likely to
60 be responsible for the produc-

tion of the harmful ROS. To our

58 knowledge this is the first report
showing that an imbalanced
58 . . .
post-testicular epididymal lumi-
62 nal redox environment is detri-
mental to embryo viability. These
62 findings are particularly relevant
to male fertility in humans
62 (reviewed in ref. 54). They sup-
port the clinical observations
60 that have linked age-related DNA
60 damage to human spermatozoa

with a range of adverse clinical
60 outcomes including depressed
fertility, an increase incidence
of miscarriage, and morbidity in
the offspring, including child-

hood cancer.
Methods

Generation of Gpx5 KO mice

Vector construction. Mouse genomic fragments for the long arm, short arm,
and floxed arm were subcloned from a genomic C57BL/6 RP23 BAC library
and recloned into the basic targeting vector harbouring loxP sites, an FRT
flanked Neo cassette for positive selection, and a ZsGreen cassette for coun-
ter selection (Figure 1). The confirmed sequence of the final targeting vector
is available in the Supplemental Data.

ES cell culture. The C57BL/6N ES cell line was grown on a mitotically
inactivated feeder layer comprised of mouse embryonic fibroblasts in
DMEM high-glucose medium containing 20% FBS (PAN) and 1200 U/ml
leukemia inhibitory factor (Millipore; catalog ESG 1107). Cells (107) and
30 ng of linearized DNA vector were electroporated (using the BioRad
Gene Pulser) at 240 volts and 500 microfarads. G418 selection (200 pg/ml)
started on day 2 after electroporation. ES clones were isolated on day 8
and screened by Southern blotting according to standard procedures.
After expansion and freezing in liquid nitrogen, external and internal
probes were used to validate clones.

Generation of mice. KO mice were produced in the animal facility at Taconi-
cArtemis GmbH in microisolator cages (Tecniplast Sealsave). After admin-
istration of hormones, superovulated Balb/c Ola/Hsd females were mated
with Balb/c Ola/Hsd males. Blastocysts were isolated from the uterus at
3.5 dpc. For microinjection, blastocysts were placed in a drop of DMEM
with 15% FCS under mineral oil. A flat tip, piezo-actuated microinjection
pipette with an internal diameter of 12-15 um was used to inject 10-15 tar-
geted C57BL/6 N.tac ES cells into each blastocyst. After recovery, 8 injected
blastocysts were transferred to each uterine horn of 2.5-dpc pseudopreg-
nant NMRI females. Chimerism was determined according to coat color
(black/white, indicating the contribution of ES cells to the Balb/c host).
One homologously recombined clone harboring the targeted allele was
used for the generation of chimeric mice by blastocyst injection. Highly
chimeric mice were bred to C57BL/6 females, and offspring heterozygous
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for the targeted allele were identified by Southern blot. To eliminate the
selection marker and exon 2, mice heterozygous for the targeted allele were
bred with mice carrying 1 copy of the Cre recombinase transgene under
the control of the ROSA26 locus (C57BL/6-Gt[ROSA]26Sortm16[Cre]A
rte). The resulting offspring, heterozygous for the null allele (C57BL/6-
GpxStm1115_.2 Arte), was backcrossed with C57BL/6 mice to eliminate the
Cre recombinase transgene. WT and mutant animals were derived from
heterozygous intercrosses and were devoid of the Cre recombinase trans-
gene. Mice were maintained on a 14-hour light/10-hour dark cycle and
provided with food and water ad libitum. All animal procedures were run
according to German animal welfare laws and with the permission of the
District Government of Berlin. Once housed in the French animal facility,
mice were maintained in conditions of controlled temperature (22°C) and
a 12-hour light/12-hour dark cycle with food and water ad libitum. All ani-
mal procedures were run according to the French guidelines on the use of
living animals in scientific investigations with the approval of the Comité
Régional d’Ethique en Expérimentation Animale d’Auvergne.

Genotyping of mice by PCR. Genomic DNA was extracted from 1- to 2-mm-
long tail tips using the NucleoSpin Tissue kit (Macherey-Nagel). Genomic
DNA (2 wl) was analyzed by PCR in a final volume of 50 ul in the presence
of 2.0 mM MgCl,, 200 uM dNTPs, 100 nM of each primer, and 2.5 U of
Taq DNA polymerase (Invitrogen) by running 2 independent PCR reactions.
PCR1 with primer pairs 26 and 28 (Table 1) detected the presence of the con-
ventional allele (1,498 bp), while PCR2 with primer pairs 26 and 29 (Table 1)
detected the presence of the WT allele (263 bp). Following a denaturing step
at 95°C for 5 minutes, 35 cycles of PCR were performed, each consisting of
a denaturing step at 95°C for 30 seconds, followed by an annealing phase at
60°C for 30 seconds and an elongation step at 72°C for 1 minute. PCR was
finished by a 10-minute extension step at 72°C. Amplified products were
analyzed on a 2% agarose gel.

GPXS expression assays

RT-PCR. Total RNA was isolated from epididymis using Trizol Reagent
(Invitrogen) according to the manufacturer’s instructions. The concentra-
tion of total RNA was measured by absorbance at 260 nm, and purity was
estimated by the 260/280-nm ratio. First-strand cDNAs were synthesized
with reverse transcriptase and oligo-dT (Promega) according to the manu-
facturer’s recommendations. Aliquots of cDNA (2 ul) were amplified using
Taq DNA polymerase (Bioline, Abcys) with the primer pairs indicated in
Figure 1 and Table 1, under the conditions described above.

Western blot. GPXS protein expression in epididymis from KO and WT
mice was determined by Western blot. Tissues were homogenized in a buf-
fer consisting of 50 mM Tris-HCI, pH 7.6, 0.1 mM EDTA. The homogenates
were centrifuged at 10,000 g for 10 minutes at 4°C to eliminate unbroken
cells. Protein concentration was assayed using a kit based on the Bradford
assay (BioRad). Each protein sample (20 ug) was subjected to reducing con-
ditions, separated on a 12% SDS-PAGE, and transferred onto nitrocellulose
membrane (Hybond-ECL; Amersham Biosciences). Blots were blocked for
1 hour with 10% (wt/vol) skim milk in PBS and incubated overnight with
2 anti-GPXS5 rabbit polyclonal antibodies. GPXS5 antibodies were directed
against synthetic peptides localized either in the N terminus or the C ter-
minus extremity of GPXS. Membranes were washed, incubated with a per-
oxidase-conjugated anti-rabbit IgG secondary antibody (dilution 1:10,000;
Sigma-Aldrich), and revealed using the ECL detection system (Amersham
Biosciences) according to the manufacturer’s instructions.

Sperm preparation
Sexually mature male C57BL/6 mice were killed by CO, inhalation. Epi-
didymides were removed and freed of connective tissues and fat. Epi-

didymides were further divided into caput, corpus, and cauda territories.
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Tissues were transferred in a small glass dish containing 1 ml of M2 medi-
um (Sigma-Aldrich). To recover sperm cells, repeated punctures with a
26-gauge needle were performed to the caput or cauda tissues. After
5 minutes of incubation to allow for sperm cell dispersion, sperm suspen-
sions were centrifuged (500 g for 5 minutes) and pellets were resuspended
into 200 ul of M2. Sperm counts were determined using a Malassez hemo-
cytometer apparatus. Cauda epididymides were removed and minced in
Whitten’s HEPES medium (20 mM HEPES, pH 7.3, 100 mM NaCl, 4.7 mM
KCl, 1.2 mM KH,POy4, 1.2 mM MgSOy,, 5.5 mM glucose, 1 mM picric acid,
4.8 mM lactic acid) on ice, and sperm were collected as described above.
Computer-assisted sperm analysis parameters were determined immedi-
ately after collection. Sperm tracks (300 frames) were captured using a

CEROS sperm analysis system (Hamilton Thorne; software version 12).

Cytometry

Spermatozoa of caput or cauda epididymides were diluted with M2
medium down to 10° sperm cells/ml. Flow cytometer evaluation was per-
formed using a Calibur cytometer (Becton Dickinson). For each analy-
sis, 10,000 events were counted using specific probes as described above.
Argon laser excitation at 488 nm was coupled with emission measure-
ments at 530/30 band pass (red), 585/42 band pass (green). Nonspecific
sperm events were gated out. The data were analyzed with Becton Dick-
inson CellQuest Pro Logiciel. Percentages of living and dead cells were
assessed using propidium iodide (0.01 mg/ml; Sigma-Aldrich). Propid-
ium iodide was incubated with sperm cells for 8 minutes at 37°C, then
cells were analyzed by cytometry on the FL3 channel (>650 nm). Sperm
total thiol contents were determined using mBrB as a probe (Thiolyte;
Calbiochem). A 50-mM solution stock was diluted in 100% acetonitrile.
Sperm cells were stained with 1 mM mBrB for 30 minutes at 25°C, then
washed twice with PBS. Free thiols were measured by fluorescence on
FL1 channel (515-545 nm). To evaluate sperm chromatin condensa-
tion, sperm cells were stained with 0.25 mg/ml chromomycin A3 (CMA3;
Sigma-Aldrich) for 20 minutes at 25°C. Sperm nuclei decondensation
levels were measured with a cytometer on the FL2 channel (564-606 nm).
Assessment of sperm DNA fragmentation was carried out using the stain-
ing protocol of the Halomax kit (Chromacell).

Quantitative RT-PCR

Real-time PCR assays were performed on an iCycler apparatus (BioRad). A
cDNA template (2 ul; 1:50 dilution) was amplified by 0.5 U of HotMaster
TaqDNA polymerase (BioRad) using SYBR Green dye to measure duplex
DNA formation, following the manufacturer’s instructions. Sequences of

primer pairs used during the course of the study are provided in Table 1.

GPX assay

Analyses of GPX activity were performed as previously described (29) using
tert-butyl hydroperoxide (200 uM) and hydrogen peroxide (100 uM) as sub-
strates. NADPH oxidation was monitored at 340 nm.

Evaluation of peroxidative damages

8-0x0dG detection was performed on cauda epididymidis tissue sections
and spermatozoa. Cauda spermatozoa were collected as described above
for cytometric analyses. Subsequently, spermatozoa were resuspended in
a decondensing buffer consisting of 2 mM DTT and 0.5% triton X-100
in PBS 1x and incubated for 30 minutes at room temperature. After cen-
trifugation at 500 g for 5 minutes at room temperature, spermatozoa
were resuspended in 1 ml PBS, numbered, and deposited onto a glass
plate (30,000 cells/plate). Cauda epididymidis paraffin-embedded tissue
sections were prepared as described earlier (8). WT and Gpx57~ spermato-
zoa or tissue sections were then compared for their reactivity toward the
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8-0x0dG monoclonal antibody (N45.1; Gentaur, Euromedex) (1:10 dilution
in a saturating buffer provided with the antibody). As a positive control
of oxidative damage of sperm DNA, a WT spermatozoa aliquot fraction
was treated for 2 hours at room temperature by 5 mM hydrogen peroxide.
Incubations with the primary antibody were conducted overnight at 4°C.
Then, after 2 washes in PBS 1x (5 minutes each), the secondary antibody
was applied for 30 minutes at room temperature (1:1,000 dilution). The
detection was conducted with the use of the Vectastain ABC kit rabbit
peroxidase IgG (Vector Laboratories). Signal amplification was obtained
by the use of the Vector Nova Red substrate kit for peroxidase (Vector
Laboratories). Lipid peroxidation in the tissues was measured by the thio-
barbituric acid-reacting substance and was expressed in terms of MDA
content. Sample aliquots were incubated with 10% trichloroacetic acid
and 0.67% thiobarbituric acid. The mixture was heated on a boiling water
bath for 30 minutes, an equal volume of N-butanol was added, and the
final mixture was centrifuged. The organic phase was collected for fluores-
cence measurements. Samples assayed for MDA contained 1 mM butylated
hydroxytoluene in order to prevent artifactual lipid peroxidation during
the boiling step. The absorbance of samples was determined at 532 nm.
Results were expressed as umol MDA g-1 protein.

Statistics
A 2-tailed Student’s ¢ test was performed to determine significant differ-
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