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7Institute for Environmental Medicine, Department of Physiology, University of Pennsylvania, Philadelphia, Pennsylvania
8Perelman School of Medicine, University of Pennsylvania, Philadelphia, Pennsylvania

ABSTRACT

Oxidative stress, the imbalance between reactive oxygen
species production and antioxidant defenses, is associated with
male infertility. Peroxiredoxins (PRDXs) are antioxidant en-
zymes with a wide distribution in spermatozoa. PRDX6 is highly
abundant and located in all subcellular compartments of the
spermatozoon. Infertile men have lower levels of sperm PRDX6
associated with low sperm motility and high DNA damage. In
order to better understand the role of PRDX6 in male
reproduction, the aim of this study was to elucidate the impact
of the lack of PRDX6 on male mouse fertility. Spermatozoa
lacking PRDX6 showed significantly increased levels of cellular
oxidative damage evidenced by high levels of lipid peroxidation,
8-hydroxy-deoxyguanosine (DNA oxidation), and protein oxida-
tion (S-glutathionylation and carbonylation), lower sperm
chromatin quality (high DNA fragmentation and low DNA
compaction, due to low levels of protamination and a high
percentage of free thiols), along with decreased sperm motility
and impairment of capacitation as compared with wild-type
(WT) spermatozoa. These manifestations of damage are exacer-
bated by tert-butyl hydroperoxide treatment in vivo. While WT
males partially recovered the quality of their spermatozoa (in
terms of motility and sperm DNA integrity), Prdx6�/� males
showed higher levels of sperm damage (lower motility and
chromatin integrity) 6 mo after the end of treatment. In
conclusion, Prdx6�/� males are more vulnerable to oxidative

stress than WT males, resulting in impairment of sperm quality
and ability to fertilize the oocyte, compatible with the
subfertility phenotype observed in these knockout mice.
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INTRODUCTION

Excessive levels of reactive oxygen species (ROS) in
spermatozoa are associated with infertility [1–4]. Oxidative
stress is the result of an excessive production of ROS and/or a
decrease in the antioxidant defense system [5, 6], and may
cause serious cell injury and even cell death [6, 7]. Oxidative
stress in spermatozoa targets all cell components, decreasing
sperm motility and mitochondrial activity [8, 9].

The frequency of infertility in the human population has
been increasing over the past few decades. However, treatment
efficacy is poor, because the underlying causes are unknown in
40%–50% of cases [10]. Oxidative stress is a common feature
of factors, such as environmental pollutants, chemicals, drugs,
smoke, toxins, radiation, and diseases related to infertility [11–
22]. In such conditions, vital cell components (proteins, lipids,
and DNA) are oxidized, compromising cell function and
survival [6, 7]. ROS-mediated damage to sperm is a significant
contributing factor in 30%–80% of infertile men [1–4, 23]. In
these cases, the antioxidant system present in semen [24, 25] is
not sufficient to protect sperm from ROS-dependent damage,
such as peroxidation of membrane lipids [26], oxidation of
proteins [27], DNA fragmentation and oxidation of bases [28,
29], low mitochondrial membrane potential [30, 31], and
inactivation of enzymes associated with motility [32, 33].

Peroxiredoxins (PRDXs) are ancestral thiol-dependent,
selenium- and heme-free peroxidases that are highly expressed
in almost all living species [34, 35]. They have either one
(PRDX6) or two (PRDX1-5) cysteine (Cys) residues that
participate in the redox cycle and are essential for their activity
[36]. In contrast to glutathione peroxidases (GPXs), PRDXs do
not require metals ions for their activity [37–39]. They can
reduce both organic and inorganic hydroperoxides [40] and
peroxynitrite [41, 42] by coupling with either the thioredoxin/
thioredoxin reductase system (PRDX1-5) [43, 44] or the
glutathione/glutathione reductase system mediated by glutathi-
one S-transferase (PRDX6) [45–47]. They have a wide
subcellular distribution (cytosol, nucleus, mitochondria, endo-
plasmic reticulum, and plasma membrane) facilitating regula-
tion of ROS action [48–51]. In human spermatozoa, PRDXs
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are highly reactive with H
2
O

2
and other ROS (i.e., tert-butyl

hydroperoxide [tert-BHP], peroxynitrite), and are differentially
located in specific subcellular sperm compartments [52–54].
We recently reported that infertile men have lower quantities of
PRDXs in seminal plasma and spermatozoa than healthy
donors [55]. The total quantity of PRDX1 and PRDX6, but not
PRDX4 and PRDX5, is lower in spermatozoa from varicocele
patients (prior to surgery) and in men with idiopathic infertility
than healthy donors [55]. It is noteworthy that thiol-oxidized
PRDX1, PRDX5, and PRDX6 levels were higher in sperma-
tozoa from men with idiopathic infertility than those from
donors [55]. Due to the lower amount of total PRDX1 and
PRDX6 and the high thiol oxidation of these PRDXs, very
little (less than 20%) of their antioxidant activity remains, and
this is associated with impaired sperm function and poor DNA
integrity [55]. Recently, we demonstrated that the absence of
PRDX6 leads to abnormal mouse sperm quality that translates
into a low number of pups, and that this abnormal reproductive
phenotype is exacerbated as the male mice age [56].

In view of the great abundance of PRDX6 in normal semen,
its implications for the protection against oxidative stress of
human spermatozoa [53, 55], and its necessity to assure normal
spermatozoa, as seen in our Prdx6�/� mouse model [56], the
objective of this study was to evaluate whether the absence of
PRDX6 has implications for the quality and fertilizing ability
of spermatozoa of male mice lacking PRDX6 exposed to an in
vivo oxidative stress.

MATERIALS AND METHODS

Materials

Acridine orange, chromomycin A3 (CMA3), tert-BHP, and 2,4-dinitro-
phenyl hydrazine (DNPH) were purchased from Sigma-Aldrich Co. (Milwau-
kee, WI). The anti-8-hydroxy-20-deoxyguanosine (8-OHdG) antibody was
purchased from StressMarq Biosciences Inc (Victoria, BC, Canada). Donkey
anti-rabbit IgG and goat anti-mouse IgG antibodies (both conjugated with
horseradish peroxidase) were provided by Cedarlane Laboratories Ltd.
(Hornby, ON, Canada). Other chemicals used were of at least reagent grade.

Animals

The Prdx6�/�mouse model was generated by Dr. Ye Shih Ho (Wayne State
University) in collaboration with the laboratory of Dr. Aron Fisher at the
University of Pennsylvania [57]; the mice were subsequently backcrossed to
the C57Bl/6 background with .99.9% genetic identity, as determined by
microsatellite analysis performed by the Jackson Laboratory [58]. A colony of
these mice was established at The Research Institute, McGill University Health
Centre. We also breed C57Bl/6J wild-type (WT) mice, and males from this
other colony of the same age were used as controls. Mice lacking PRDX6
developed normally. No differences were noted in the body weights between
the knockout and WT animals at the same age (8 wk). Mice were maintained on
a 14L:10D cycle and provided with food and water ad libitum. All procedures
were carried out in accordance with the regulations of the Canadian Council for
Animal Care and were approved by the Animal Care Committees of McGill
University and the McGill University Health Centre.

Tert-BHP-Induced In Vivo Oxidative Stress

The 8-wk-old Prdx6�/� (n ¼ 6) and WT (n ¼ 6) males received an
intraperitoneal injection of 60 lmol/100 g body weight/day tert-BHP or saline
(controls) for 1 wk [59]. Treated WT and Prdx6�/�mice and their controls were
observed twice each day during the treatment period. Mice were euthanized 24
h or 6 mo after the last injection by cervical dislocation under anesthesia. Body
weights were recorded on the days of treatment and euthanasia. Immediately
after euthanasia, testes, epididymis, seminal vesicle, and prostate organ weights
were recorded.

Sperm Preparation and Determination of Sperm Motility

Sperm suspensions were obtained from the caudal region of the epididymis
by poking with a 27-G needle five times and allowing them to disperse for 10
min at 378C in 500 ll of PBS (pH 7.4).

Progressive and total motility were determined using computer-assisted
sperm analysis system (Sperm Vision HR software v1.01; Penetrating
Innovations, Ingersoll, ON, Canada) [56]. The percentage of cauda epididymal
spermatozoa with cytoplasmic droplet was determined by microscopy at 4003
magnification [56].

Redox-Mediated Protein Modifications

Sperm samples were supplemented with a sample buffer with (reducing
conditions) or without (nonreducing conditions) 100 mM dithiothreitol and
boiled for 5 min at 968C. Sperm proteins were loaded on 12% polyacrylamide
resolving gel, electrophoresed, and electrotransferred using a buffer containing
192 mM glycine, 25 mM Tris, and 20% methanol (pH 8.3) onto nitrocellulose
membranes. The S-glutathionylation levels were determined by immunoblot-
ting under nonreducing conditions with an antioxidized glutathione (1:2000)
antibody. Protein oxidation (formation of carbonyl groups) levels were
determined by immunoblotting after the derivatization of sperm proteins with
DNPH and using anti-DNP-KLH (1:2500) antibody. Staining of membranes
with colloidal silver was used to determine equal loading in each well. Relative
intensity semiquantitative analysis was performed using UnScanIt software
v5.1 (Silk Scientific Corp., Orem, UT); each band’s intensity was obtained and
normalized to the respective intensity of the 250-kDa band present in the silver-
stained membrane. The total value of all the normalized intensity bands was
then obtained and again normalized with that of the control sample from
nontreated WT males. Therefore, the intensity of each sample is a proportion of
the intensity of the respective control for each experiment. This last
normalization allowed us to determine the relative increase in intensities
obtained in each sample.

Sperm DNA Oxidation

The oxidation of DNA has been used as a marker of oxidative stress in
spermatozoa from different species, including the mouse [60–63]. The levels of
8-OHdG were determined by immunocytochemistry, as done previously [56].
Briefly, the sperm suspension was smeared onto superfrost plus slides (Fisher
Scientific, Montreal, PQ, Canada), and allowed to air dry at room temperature.
Dried cells were permeabilized with methanol as described previously [53].
Cells were rehydrated with PBS supplemented with Triton X-100 (PBS-T), and
blocked with 5% goat serum in PBS-T for 30 min at 208C. Slides were washed
in PBS-T and incubated overnight at 48C with anti-8-OHdG antibody (1:100).
Cells were then washed and then incubated for 1 h at 208C with biotinylated
secondary antibody horse anti-mouse IgG (1:2000). Following this, streptavidin
conjugated to Alexa Fluor 555 (1:500) was applied to slides. Smears were
mounted with ProLong Antifade containing 1.0 ug/ml 40,6-diamidin-20-
phenylindole dihydrochloride (Molecular Probes, Eugene, OR), and cover-
slipped. The positive controls were produced by incubating spermatozoa with 5
mM H

2
O

2
and 1 mM FeSO

4
�7H

2
O (1 mM) in Biggers, Whitten, and

Whittingham (BWW) medium composed of 91.5 mM NaCl, 4.6 mM KCl, 1.7
mM CaCl

2
, 1.2 mM KH

2
PO

4
, 1.2 mM MgSO

4
, 25 mM NaHCO

3
, 5.6 mM D-

glucose, 0.27 mM sodium pyruvate, 44 mM sodium lactate, and 20 mM Hepes
for 30 min at 378C [56]. Negative controls were obtained by incubating
smeared samples without the primary antibody. Fluorescent signals were
examined under an epifluorescence microscope (Axiophot; Zeiss, Oberkochen,
Germany). All images were captured with a digital camera (Retiga 1300;
QImaging, Burnaby, BC, Canada) and processed with Northern Eclipse digital
imaging software, version 6.0 (Empix Imaging, Mississauga, ON, Canada). As
demonstrated previously in rat spermatozoa [63], no distinct signals were seen
when the primary antibody was omitted (negative control). A total of 200 cells
per duplicate was counted per sample and results are presented as percent of
cells with positive signal.

Lipid Peroxidation

Levels of lipid peroxidation were determined in spermatozoa after tert-BHP
treatment by 2-thiobarbituric acid-reactive substances (TBARS) assay by
spectrofluorometry using a microplate reader (Fluostar Optima; BMG Labtech,
Durham, NC) [64]. Malondialdehyde, generated by the acid hydrolysis of
malonaldehyde bis (dimethyl acetal), was used as standard (nmol TBARS/106

spermatozoa) [65].
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Evaluation of Sperm Chromatin Quality

Acridine orange/sperm chromatin structure assay. Altered chromatin
structure measured by the susceptibility of sperm DNA to acid-induced
denaturation at sites of existing DNA strand breaks [66] was assessed with the
sperm chromatin structure assay (SCSA) [56, 67–69]. A minimum of 10 000 of
AO-labeled spermatozoa were analyzed for each sample using a MACSQuant
Analyzer flow cytometer (Miltenyi Biotec, Inc., Auburn, CA) equipped with a
585/625-nm filter and a laser tuned to 488-nm line excitation. Raw data were
processed using WinList Software (Verity Software, Topsham, ME). The
extent of DNA denaturation was expressed as the percentage of DNA
fragmentation (DFI) corresponding to the percentage of spermatozoa outside
the main population, and sperm DNA compaction was assessed by calculating
the high DNA stainability (HDS).

CMA3 labeling. The level of sperm chromatin packaging was determined
on the basis of the accessibility of the fluorochrome, CMA3, to bind to
protamine-free sites in the sperm DNA [70]. Thus, CMA3 labeling is an
indirect indicator of the level of protamination in the sperm nucleus. As
previously described [56], aliquots of epididymal spermatozoa (5 3 106 ml�1)
were incubated with 0.25 mg/ml CMA3 in McIlvaine buffer (0.1 M citric acid,
0.2 M Na

2
HPO

4
, 10 mM MgCl

2
; pH 7.0) and incubated for 20 min at 258C in

the dark. A total of 10 000 cells was analyzed per sample per duplicate using a
MACSQuant Analyzer flow cytometer (Miltenyi Biotec, Inc.).

Reproductive outcomes. For the aim of investigating the effect of lacking
PRDX6 on male reproductive performance in males challenged with oxidative
stress, 24 h after the treatment with tert-BHP or saline for 1 wk, Prdx6�/�-
treated, WT-treated, and control males were paired with nontreated 8-wk-old
WT females (1:1 ratio) and monitored for litter numbers and litter size for 6 mo.

Determination of Sperm Capacitation

Cauda epididymal sperm were collected from 2-mo-old Prdx6�/�males and
their age-matched WT littermates. Briefly, cauda epididymides from each
animal were poked with 27-G needle five times and the sperm were allowed to
disperse for 10 min at 378C in BWW medium without bovine serum albumin
(BSA) or NaHCO

3
. Then, sperm were centrifuged at 600 3 g for 10 min at

room temperature and the pellet resuspended at a concentration of 1–2 3 106

sperm/ml in BWW medium (pH 7.4) with or without 5 mg/ml BSA and 20 mM
NaHCO

3
during a 60-min incubation at 378C. Then, controls (spermatozoa in

BWW alone) and capacitated spermatozoa were centrifuged and resuspended in
BWW and incubated with 10 lM progestrerone for 30 min to determine the
percentage of acrosome reaction. To test whether PRDX6 PLA

2
activity is

involved in sperm capacitation, noncapacitating and capacitating spermatozoa
(as described above) were incubated in the presence or absence of 10 lM 1-
hexadecyl-3-trifluorethylglycero-sn-2-phospho-methanol (MJ33), a specific
inhibitor of PRDX6 PLA

2
activity [71]. After allowing 60 min of incubation

for capacitation to take place, spermatozoa were treated with progesterone to
induce the acrosome reaction, as described earlier. In order, to determine the
percentage of spermatozoa that undergo the acrosome reaction, spermatozoa
were fixed in ice-cold 100% methanol for 5 min, and then placed on a glass
slide, air dried, and the acrosomal status determined by FITC-conjugated Pisum
sativum agglutinin (FITC-PSA) staining. Sperm were incubated for 20 min with
FITC-PSA [72]. A 1,4-diazabicyclo [2.2.2]octane solution was then applied to
each slide, and they were sealed with cover slips. The acrosomal status of
viable spermatozoa was assessed by epifluorescence microscopy (Zeiss
Axiophot) at 10003 magnification. A total of 200 cells per duplicate was
counted for the presence or absence of an intact acrosome. The capacitation
levels were expressed as the percentage of spermatozoa that undergo acrosome
reaction stimulated by progesterone.

Determination of Membrane Fluidity During Capacitation

We assessed the changes in membrane fluidity monitored by flow
cytometry using the fluorescent amphiphilic probe, Merocyanine 540 (M540)
[73, 74] during sperm capacitation. Briefly, spermatozoa incubated with or
without MJ33 under noncapacitating and capacitating conditions for 60 min at
378C were centrifuged and resuspended in PBS and incubated in the dark with
3 lM M540 for 30 min at 378C. Hoechst 33258, an indicator of dead cells, was
used in conjunction with M540 and was added to the cells at a concentration of
10 lg/ml immediately prior to flow cytometry analysis (Ex/Em of M540:
;560/590 nm). Hoechst 33258-positive cells were measured with ultraviolet
laser (Ex/Em of Hoescht 33258: ;352=461) and excluded from M540 analysis.
A minimum of 10 000 events was analyzed for each sample using a
MACSQuant Analyzer flow cytometer (Miltenyi Biotec, Inc.).

Statistical Analysis

All graphical data are represented as the mean 6 SEM; statistical
differences between group means were determined using an ANOVA (one-
or two-way ANOVA) followed by Bonferroni post hoc test or Friedman two-
way analysis, as appropriate to the data distribution. All P values less than or
equal to 0.05 were considered statistically significant. Multiple linear regression
analyses were performed to establish relationships between sperm DNA
damage (susceptibility to fragmentation or oxidation) and the level of DNA
compaction (CMA3 labeling). The median test was used to determine
differences in litter size among groups. Statistical analyses were performed
with Sigma Systat 13 (Systat Software Inc., San Jose, CA) and Statistix for
Windows V.1 (Analytical Software, Tallahassee, FL).

RESULTS

Impact of tert-BHP Treatment on Sperm Motility

Prdx6�/� spermatozoa had lower motility than WT controls
before treatment, indicating an impairment of the motility
machinery in Prdx6�/� males (Fig. 1, A and B). The in vivo
oxidative stress generated by tert-BHP treatment lowered the
motility significantly in both Prdx6�/� spermatozoa and in WT
spermatozoa collected 24 h after the end of treatment. The
detrimental effect due to the treatment was exacerbated in
Prdx6�/� males. Interestingly, a recovery of motility was
observed in WT males at 6 mo after the end of treatment. This
recovery was not observed in treated Prdx6�/� males in which
the sperm motility values were unchanged at 6 mo compared to
the value at 24 h after the end of tert-BHP treatment.

Prdx6�/� Spermatozoa Are Sensitive to In Vivo Oxidative
Stress

We determined the levels of sperm lipid peroxidation,
protein oxidation (S-glutathionylation and carbonylation), and
DNA oxidation (8-OHdG levels) as markers of oxidative stress
(Figs. 2 and 3). Prdx6�/� spermatozoa from nontreated males
had higher levels of lipid peroxidation (Fig. 2A) compared to
their respective WT controls. Interestingly, spermatozoa from
WT-treated animals evidenced similar high levels of lipid
peroxidation than the Prdx6�/� controls. The tert-BHP
treatment promoted the highest levels of lipid peroxidation
observed in Prdx6�/� spermatozoa.

The levels of S-glutathionylation and of protein carbonyl-
ation were higher in spermatozoa from Prdx6�/� mice
compared to WT controls (Fig. 2, B–E). The tert-BHP
treatment of WT males increased the levels of these protein
modifications in their spermatozoa to similar levels as those
found in nontreated Prdx6�/� mice. We found an increasing
trend in the level of protein modifications in tert-BHP-treated
Prdx6�/� males.

Nontreated Prdx6�/� males had a significantly higher
percentage of spermatozoa with DNA oxidation compared to
WT controls (Fig. 3), and similar to those of WT-treated males
at 24 h after the end of treatment. It was also observed that
spermatozoa from treated WT males showed lower levels of
DNA oxidation at 6 mo compared to 24 h after the end of
treatment. Interestingly, DNA oxidation was even higher in
Prx6�/� spermatozoa after tert-BHP treatment compared to the
respective WT control (P , 0.05), regardless of the time that
these spermatozoa were collected.

Sperm Chromatin Quality Is Impaired in Prdx6�/�

Spermatozoa

Sperm DNA fragmentation. Sperm DNA fragmentation
(evaluated by DFI) was higher in spermatozoa from nontreated
Prdx6�/� males compared with their respective WT controls
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(Fig. 4A). At 24 h after the end of tert-BHP treatment, both
groups showed increased levels of DFI; however, Prdx6�/�

spermatozoa showed the highest levels of DNA fragmentation
(P , 0.05). Spermatozoa recovered from WT males at 6 mo
had lower levels than those from WT obtained at 24 h after the
end of treatment. This recovery of sperm DNA integrity was
not observed in Prdx6�/�-treated males that showed even
higher levels of DFI after 6 mo compared to 24 h. Interestingly,
nontreated Prdx6�/� males had spermatozoa with higher levels
of DFI at 6 mo compared to WT mice at 24 h after the end of
treatment.

Sperm DNA compaction. Compaction of the DNA in
spermatozoa is influenced by the amount of protamines (level
of protamination) present in the sperm chromatin, and by their
ability to form disulfide bridges among themselves to make an
even more compacted structure. The level of protamination was
assessed by CMA3 labeling assay (Fig. 4B). We found
increased levels of CMA3 labeling in spermatozoa from
treated WT animals compared to their respective control.
Interestingly, the values from WT males were similar to those
observed in spermatozoa from Prdx6�/� control animals
(before treatment). Moreover, the levels of CMA3 labeling
increased in Prdx6�/� spermatozoa from nontreated males at 6
mo from the beginning of the study. When Prdx6�/� males
were treated with tert-BHP, we observed a greater increase in
CMA3 labeling in their spermatozoa at both collection times
after the treatment. It is worth noting that the highest levels of
CMA3 labeling were observed in Prdx6�/� spermatozoa
collected at 6 mo after the treatment.

The levels of sperm DNA compaction were also determined
by the HDS parameter of SCSA (Fig. 4C). The HDS fraction
contains sperm with an increased histone/protamine ratio and

the presence of unprocessed protamines [22] and greater round
morphology [69]. The HDS values were higher in treated WT
compared to nontreated WT spermatozoa (P , 0.05). The HDS
in spermatozoa from WT-treated males at 24 h after treatment
were similar to those of nontreated Prdx6�/� males recovered
after 6 mo of the end of treatment. The treatment triggered an
increase in HDS values observed in Prdx6�/� spermatozoa at
both endpoints compared to the respective Prdx6�/� controls.

Multiple regression analyses indicated that the levels of 8-
OHdG (R2¼ 0.79, P¼ 0.001) and of DFI (R2¼ 0.31, P¼ 0.02)
depend on the level of protamination (CMA3 labeling) and on
the level of DNA compaction measured by HDS (R2¼ 0.49, P
¼ 0.001 and R2 ¼ 0.36, P ¼ 0.01, respectively).

Prdx6�/� males are subfertile. Prdx6�/� males showed
lower fertility than the WT controls during the 6-mo mating
period (Fig. 5). Prdx6�/� males produced fewer litters
compared to WT mice (Fig. 5, A and B). The tert-BHP
treatment affected the litter number and size in WT mice,
resulting in numbers similar to nontreated Prdx6�/� males. The
treated Prdx6�/� males showed lower litter size compared to

FIG. 1. Progressive (A) and total (B) sperm motility in Prdx6�/� and WT
males treated or not with tert-BHP. Spermatozoa were collected at 24 h
and 6 mo after the end of treatment. *Lower than WT controls; ^lower
than all other values (n¼ 6; P , 0.05).

FIG. 2. Levels of lipid peroxidation (A), S-glutathionylation (B), and
carbonylation (C) in sperm proteins of WT and Prdx6�/� males at 6 mo
after the end of tert-BHP treatment. Lanes presented in B and C are from
the same blot. D and E) The relative intensities of samples from controls
and tert-BHP-treated WT and Prdx6�/�males. Values were first normalized
to the 250-kDa band from the colloidal silver-stained membrane and then
all the bands were normalized again to the respective normalized intensity
of WT control. *Significantly different (n¼ 6; P , 0.05).

OZKOSEM ET AL.

4 Article 68



the respective controls (Fig. 5A). A similar decreasing trend
was seen after 6 mo of matings. Only 33% or 42% of mating
involving treated Prdx6�/� males produced pups at 1 or 6 mo
after the treatment, respectively. A great variability was
observed in the reproductive outcomes in this group compared
to control: the majority of matings (58%) produced 0 pups,
while 14% of matings produced large litters (10–11 pups). The
mechanism for the unexpectedly large litters is unknown.

We found positive correlations among sperm chromatin
quality parameters (Table 1): DFI positively correlated with
DNA oxidation (8-OHdG) and with DNA compaction (level of
protamination [CMA3 labeling] and HDS). DNA oxidation
positively correlated with levels of protamination and HDS.
Moreover, these sperm chromatin quality parameters negative-
ly correlated with reproductive outcomes (total of litters and
pups per male and cumulative n of litters; Table 1).

Poisson regression analyses revealed that the total n of pups/
male depends on the sperm DNA compaction (determined by
CMA3 labeling and HDS; likelihood ratio¼ 61.3, P , 0.0001)
and on sperm DNA damage (determined by DFI and 8-OHdG;
likelihood ratio¼54.6, P , 0.0001). Similarly, cumulative n of
litters/male depends on the sperm DNA compaction (likelihood
ratio ¼ 50.25, P , 0.0001) and on sperm DNA damage
(likelihood ratio ¼ 36.4, P , 0.0001).

Capacitation Is Impaired in Prdx6�/� Spermatozoa

The capacitation levels were significantly lower in Prdx6�/�

compared to WT spermatozoa (Fig. 6A). The presence of
MJ33, an inhibitor of PLA

2
activity of PRDX6, in the

incubation medium inhibited capacitation in WT at similar

levels to those observed in Prdx6�/� spermatozoa (Fig. 6A),
providing evidence for an important role of PRDX6 PLA

2
activity in sperm capacitation.

The increase in membrane fluidity is an event associated
with capacitation and is necessary to prepare the sperm to
undergo the acrosome reaction [74, 75]. We found an
impairment of remodeling of sperm plasma membrane in
Prdx6�/� males compared to WT controls (Fig. 6B), as
evaluated by the incorporation of M450. Moreover, the
presence of MJ33 in the capacitating medium promoted a
significant decrease in WT spermatozoa compared to WT
controls.

DISCUSSION

The results presented in this study highlight, for the first
time, the important role of PRDX6 in maintaining sperm
quality and fertilizing ability, protecting sperm vital compo-
nents, including proteins and the paternal genome against
cellular oxidative damage, to assure normal reproductive
performance. Prdx6�/� males have lower sperm chromatin
quality and motility, which translates into a lower number of
pups/male and of litters/male compared to WT controls.
Furthermore, Prdx6�/� males are susceptible to in vivo
oxidative stress generated by tert-BHP treatment, showing
higher levels of DNA oxidation and poorer sperm quality and
capacitation than the nontreated Prdx6�/� controls.

The most significant decline in sperm motility and
chromatin quality was observed in treated Prdx6�/� males
compared to the other groups (Figs. 1, 3, and 4). These
changes in sperm quality could account for the observation

FIG. 3. The 8-OHdG levels in mouse spermatozoa. A–C) Cauda epididymis were treated with 5 mM H
2
O

2
and 1 mM FeSO

4
�7H

2
O during 30 min at

378C as positive controls. Sperm were smeared and permeabilized with methanol and incubated with the anti-8-OHdG antibody overnight. Samples were
then incubated with biotin-labeled anti-mouse antibody followed by streptavidin conjugated to Alexa Fluor 555 for 1 h. D and E) In order to show
specificity of the primary antibody, sperm samples were incubated with the secondary antibody alone. Pictures were taken at the same exposure at 10003
magnification (A–C) and 4003 magnification (D and E), respectively. F) Percentage of spermatozoa with 8-OHdG labeling. Cauda epididymis
spermatozoa were collected from control and tert-BHP-treated WT and Prdx6�/� males (n ¼ 6 for each group) and processed for detection of DNA
oxidation, as explained in Materials and Methods. #Significantly higher than the WT control group (P , 0.05).
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that Prdx6�/� males generate a lower number of litters and of
pups compared to WT controls (Fig. 5, A and B), similar to
results that we recently observed in young and old Prdx6�/�

males [56]. We recently demonstrated the need for normal
levels of reduced PRDX6 in human spermatozoa in order to
maintain fertility [55]; infertile men have reduced sperm
motility and high levels of sperm DNA fragmentation
associated with low levels of PRDX6. Altogether, these
results support the participation of PRDX6 in the prevention
of oxidative stress and chromatin remodeling to assure normal
fertility. As mentioned above, these changes in sperm quality
translated into the observation that Prdx6�/� males generate a
lower number of litters and of pups compared to WT controls
(Fig. 5). Indeed, we found negative associations among sperm
chromatin parameters and the reproductive outcomes (Table
1). The dependency of the number of pups produced with the
level of sperm DNA damage (fragmentation and oxidation)
and the level of sperm chromatin compaction (CMA3 labeling
and HDS) supports this conclusion. These results are in
accordance with those of our previous study that demonstrat-
ed the need for normal levels of reduced PRDX6 in human
spermatozoa in order to maintain fertility [55]; infertile men
have reduced sperm motility and high levels of sperm DNA
fragmentation associated with low levels of PRDX6. Thus,

our results with the Prdx6�/� mouse model, in light of the
findings in humans, support the participation of PRDX6 in the
prevention of oxidative stress to assure normal fertility. It is of
interest that GSH depletion potentiates methanesulfonate-
induced susceptibility of rat sperm DNA denaturation in situ
[76]. This observation highlights the necessity for a functional
GSH/GST system in the testis and spermatozoa to reactivate
PRDX6 in order to fight against oxidative stress [45–47].

PRDX6, similar to GPX4, removes phospholipid hydroper-
oxides, thus quenching the chain reaction of lipid peroxidation
or repairing peroxidized cell membranes [77]. Increased levels
of lipid peroxidation in spermatozoa have been associated with
reduction of motility and male infertility [64, 78]. The
increased lipid peroxidation and reduced motility observed in
Prdx6�/� spermatozoa (Figs. 1 and 2A) suggest an important
role of PRDX6 in the protection of the spermatozoon against
oxidative stress. The participation of GPX4 in antioxidant
protection is unlikely, because this enzyme is insoluble and
tightly bound in the mitochondrial sheath of spermatozoa [79].
An interesting observation is that sperm motility had partially
recovered at 6 mo after the end of the oxidant treatment in WT-
treated animals. However, this improvement was not observed
in Prdx6�/� males, indicating the necessity of active PRDX6 to
assure normal sperm motility (Fig. 1, A and B). This result may
reflect the recent demonstration that PRDX6 activity is
required for repair of cell membrane lipid peroxidation [80].

Recently, we described redox-protein modifications that are
associated with a loss of motility by human spermatozoa [27].
The increased levels of S-glutathionylation and protein
oxidation in spermatozoa (Fig. 2, B and C), along with the
reduced percentage of motility (Fig. 1) observed in Prdx6�/�

males, suggest that key proteins associated with the motility
machinery may be affected by these oxidative stress-dependent
protein modifications. It is known that tubulin, the major
protein present in the sperm flagellum, is susceptible to S-
glutathionylation and carbonylation due to oxidative stress [81,
82]. We recently found that tubulin is highly oxidized (data not
shown) when human spermatozoa are incubated under the
same oxidative stress conditions, as previously reported [27].
Moreover, immunocytochemistry studies revealed the presence
of S-glutathionylation along the human sperm flagellum [27],
thus supporting the possible S-glutathionylation of tubulin due
to oxidative stress. Other possible protein targets for redox-
dependent modifications are enzymes involved in glycolysis
and the Krebs cycle [27, 82], needed for the supply of energy to
the spermatozoon. Since we recognize several bands of
oxidative stress-modified proteins, and that high levels of
ROS affect sperm function, such as capacitation and binding to
the zona pellucida [27, 83], it is possible that other key proteins
involved in these processes may be affected in Prdx6�/�

spermatozoa. From the studies presented here, it is possible to
conclude that PRDX6 plays a significant role in the antioxidant
protection of the motility machinery in mouse spermatozoa.

It was previously shown that Prdx6�/� males had decreased
number of litters and litter size, and reduced total number of
pups compared to WT males, and that these reproductive
phenotypes worsen as the males age [56]. In the present study,
we confirmed that Prdx6�/� males had decreased numbers of
litters, litter size, and reduced total number of pups compared
to WT males (Fig. 5, A and B). Furthermore, the percentage of
males that produced pups was significantly lower in Prdx6�/�

than in WT males (Fig. 5C). The tert-BHP treatment of WT
males promoted a reduction in the number of pups produced,
similar to observations in nontreated Prdx6�/� males. More-
over, there was a trend toward a greater decrease in the number
of pups produced by treated Prdx6�/� males. Although the

FIG. 4. Sperm chromatin quality in Prdx6�/�mice. Sperm DNA damage:
(A) susceptibility to acid-induced fragmentation, (B) level of protamina-
tion, and (C) level of DNA compaction measured by HDS. #Higher than
WT controls (n ¼ 6; P , 0.05).
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number of pups in successful litters was not significantly
decreased by the treatment, ;60% of Prdx6�/� males were
markedly impaired (based on the number of litters), while the
remainder appeared normal—at least in terms of litter size.
Although these values were quite variable, the oxidant
treatment promoted a tendency to reduce the fertility of most
Prdx6�/� males compared to nontreated Prdx6�/� mice. Since
the spermatozoa are highly compartmentalized cells, the
stronger negative effects of the tert-BHP-induced oxidative
stress on sperm motility and oxidation of sperm DNA in
Prdx6�/� mice compared to WT controls could account for the
antioxidant protection of PRDX6 locally in the sperm head and
tail.

In contrast to what was observed in WT males, the negative
effects driven by tert-BHP in Prdx6�/�males remain even 6 mo
after the treatment, indicating the production of long-term
effects on the testis and highlighting the necessity of PRDX6
for normal spermatogenesis. It is known that tert-BHP

treatment will affect fertility of male mice without altering
testis weight and number of spermatozoa produced, but altering
the development of spermatozoa during spermiogenesis and
generating significant head abnormalities [59]. Similar to the
effects of tert-BHP, the damage observed in Prdx6�/� males
without treatment did not involve a reduction in the number of
spermatozoa produced, but of the quality, since Prdx6�/�

spermatozoa at 6 mo after the oxidant treatment showed lower
motility and poorer chromatin integrity than WT controls.

Sperm chromatin integrity is essential to assure normal
pregnancy and health of offspring [84, 85]. Prdx6�/�

spermatozoa carry significant DNA fragmentation and oxida-
tion (Figs. 3 and 4A), along with low levels of DNA
compaction due to poor protamination (Fig. 4B). Interestingly,
all of this damage is exacerbated in spermatozoa from Prdx6�/�

males treated with tert-BHP. The regression analyses revealed
that the sperm DNA integrity (measured by the levels of DNA
fragmentation and oxidation) depends on the level of DNA

FIG. 5. Reproductive outcomes of Prdx6�/� and WT males during 6 mo of matings. A) Litter size. B) Cumulative number of litters. C) Percentage of
matings producing pups. Control and tert-BHP-treated WTor Prdx6�/�males were mating with nontreated 8-wk-old WT females (1:1 ratio) for 6 mo. Gross
horizontal black bars in A indicate the median for each group. *P ¼ 0.005; **P ¼ 0.0001; # and * indicate higher and lower than all other values,
respectively (n¼ 6; P , 0.05).

TABLE 1. Correlations between sperm chromatin assays and reproductive outcomes.*

Parameter HDS 8-hydroxy-20-deoxyguanosine (% cells) CMA3 (mean fluorescence) Total n litters/male Cumulative n litters Total n pups/male

DFI 0.59 (0.01) 0.53 (0.02) 0.55 (0.02) �0.55 (0.03) �0.57 (0.02) �0.50 (0.04)
HDS — 0.42 (0.08) �0.88 (0.0001) �0.59 (0.02) �0.58 (0.01)
8-OHdG 0.96 (0.0001) �0.94 (0.0001) �0.92 (0.0001) �0.80 (0.0001)
CMA3 �0.88 (0.0001) �0.88 (0.0001) �0.76 (0.0001)

* Pearson correlation or Spearman rank order correlation coefficients. P value of significance is presented in parentheses (P , 0.05 was considered
significant).
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compaction measured by CMA3 labeling and HDS. These
alterations of sperm chromatin are obvious after several cycles
of spermatogenesis, evidencing a need for PRDX6 in the
process of chromatin modeling during this process.

PRDX6 has wide localization in the subcellular compart-
ments of human spermatozoa, including the head [52, 53]. This
localization and the poorer sperm DNA compaction observed
in this knockout mouse model suggest that PRDX6 is
important in maintaining the appropriate thiol oxidation status
needed to secure normal DNA compaction. This action was
already suggested for the nuclear isoform of GPX4 (nGPX4),
since spermatozoa from nGPX4 knockout males also have
higher levels of free thiols in the head [86]. Since these
knockouts are fertile [86], we can conclude that PRDX6 is
important for maintaining the level of sperm DNA compaction
to guarantee normal fertility. PRDX6 contains a lysine-rich C
terminus; thus, it is reasonable to believe that PRDX6 binds to
DNA and/or protamines to stabilize the sperm chromatin in a
similar way to nGPX4 [86]. This possibility is supported by the
interaction recognized between GPX4 and PRDX6 in hepato-
cytes [87].

The DNA damage observed in the Prdx6�/� spermatozoa
can also be attributed to a lack of local protection by PRDX6
against oxidative stress in the knockout males. The Plasmo-
dium falciparum nuclear PRDX (PfnPrx), a 1-Cys PRDX, is a
genome-wide chromatin-associated nuclear PRDX that binds
to DNA by its lysine-rich C terminus, and thus protects the
parasite genome against oxidative stress [88]. This interaction
with DNA may also occur for PRDX6 in spermatozoa, as it
contains a lysine-rich C terminus.

During spermatogenesis, the sperm chromatin is tightly
compacted by the exchange of histones by small basic
protamines and by the formation of disulfide groups among
these protamines occurring during epididymal maturation [89,
90]. The low protamination (evidenced by high levels of
CMA3 labeling) observed in Prdx6�/� spermatozoa indicate an
alteration of chromatin remodeling in these animals compared
to WT controls. Similarly to nGPX4, it is possible then to
ascribe a possible role of PRDX6 during spermatogenesis and
epididymal maturation in the formation of disulfide bridges
among protamines to assure the appropriate level of DNA
compaction required by the spermatozoon. This is supported by
the fact that Prdx6�/� males are subfertile, in contrast to
nGPX4�/� males that show normal fertility, therefore high-
lighting the need for an active PRDX6 to assure normal sperm
chromatin development. The finding of reducing protamination
levels could be due to an alteration in the production of
protamines or in the translocation mechanism to remove
histones during spermiogenesis; the negative correlations
between levels of ROS and of 8-OHdG with protamine
quantities observed in spermatozoa from smokers compared to
nonsmokers suggest that protamine production is susceptible to
oxidative stress [91]. It is possible, then, that the lack of
PRDX6 generates an oxidative stress in the testis that will alter
protamine production and/or replacement of histones that will
lead to a lesser DNA compaction, oxidation, and fragmenta-
tion.

Capacitation is a requirement for the spermatozoon to be
able to fertilize the oocyte. Prdx6�/� spermatozoa failed to
undergo in vitro capacitation, since they cannot undergo
acrosome reaction when treated with progesterone (Fig. 6A)
and they have lower levels of tyrosine phosphorylation
compared to WT controls (data not shown). The failure to
undergo capacitation and the acrosome reaction may reside in
the possible oxidation of key proteins involved in these
processes. We demonstrated that oxidative stress impairs sperm
capacitation in humans, even when ROS levels are low enough
not to affect sperm motility, but impair the ability to undergo
the acrosome reaction [27]. Moreover, spermatozoa lacking
PRDX6 failed to increase membrane fluidity when incubated
under capacitating conditions (Fig. 6B). This failure impacts
directly on the ability to undergo the acrosome reaction, as was
demonstrated in this study (Fig. 6A). Human spermatozoa
incubated with MJ33, inhibitor of PRDX6 PLA

2
activity, are

unable to undergo capacitation [92]. Here, this inhibitor
prevented both capacitation and the increase in membrane
fluidity measured by M540 (Fig. 6), indicating that this activity
is necessary for both remodeling of the plasma membrane and
capacitation. Altogether, these studies in our animal model and
humans suggest an important role of PRDX6 in the redox
regulation of mammalian sperm capacitation.

In conclusion, we report, for the first time, a major role for
PRDX6 in reducing oxidative stress to maintain sperm function
and chromatin integrity in order to assure normal reproductive
outcomes in mice. These findings, along with the low levels of
PRDX6 in spermatozoa from infertile men [55], provide

FIG. 6. Sperm capacitation and membrane fluidity are impaired in
Prdx6�/�mice. A) Capacitated WT and Prdx6�/� spermatozoa were treated
with 10 lM progesterone to induce the acrosome reaction. B) WT
spermatozoa, in the absence or presence of MJ33 and Prdx6�/�

spermatozoa were incubated under capacitating conditions (BSA/HCO
3
�)

to determine the incorporation of the fluorescent probe M540, denoting
increase of membrane fluidity. *Significantly lower than WT controls (P ,
0.05). Different letters denote significant differences (n ¼ 6; P , 0.05).
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confirmatory evidence for an important role of PRDX6 in male
reproduction.

ACKNOWLEDGMENT

We thank Dr. M. O’Flaherty (University of Liverpool) for his assistance
on some of the statistical analyses.

REFERENCES

1. Agarwal A, Gupta S, Sikka S. The role of free radicals and antioxidants in
reproduction. Curr Opin Obstet Gynecol 2006; 18:325–332.

2. Aitken R, Baker M. Oxidative stress, sperm survival and fertility control.
Mol Cell Endocrinol 2006; 250:66–69.

3. Gagnon C, Iwasaki A, de Lamirande E, Kovalski N. Reactive oxygen
species and human spermatozoa. Ann N Y Acad Sci 1991; 637:436–444.

4. de Lamirande E, Gagnon C. Impact of reactive oxygen species on
spermatozoa: a balancing act between beneficial and detrimental effects.
Hum Reprod 1995; 10(suppl 1):15–21.

5. Halliwell B. Oxidative stress and neurodegeneration: where are we now? J
Neurochem 2006; 97:1634–1658.

6. Halliwell B, Gutteridge J. Cellular responses to oxidative stress:
adaptation, damage, repair, senescence and death. In: Halliwell B,
Gutteridge J (eds.), Free Radicals in Biology and Medicine. New York:
Oxford University Press; 2007:187–267.

7. Li Y, Zhu H, Stansbury KL, Trush MA. Role of reactive oxygen species in
multistage carcinogenesis. In: CE, Thomas, Kalyanaram B (eds.), Oxygen
Radicals and the Disease Process. Amsterdam: Academic Press Publishers;
1997:237–278.

8. Griveau J, Le Lannou D. Reactive oxygen species and human
spermatozoa: physiology and pathology. Int J Androl 1997; 20:61–69.

9. Sikka S, Rajasekaran M, Hellstrom W. Role of oxidative stress and
antioxidants in male infertility. J Androl 1995; 16:464–468.

10. de Kretser D, Baker H. Infertility in men: recent advances and continuing
controversies. J Clin Endocrinol Metab 1999; 84:3443–3450.

11. Anderson J, Williamson R. Testicular torsion in Bristol: a 25-year review.
Br J Surg 1988; 75:988–992.

12. Brennemann W, Stoffel-Wagner B, Helmers A, Mezger J, Jager N,
Klingmuller D. Gonadal function of patients treated with cisplatin based
chemotherapy for germ cell cancer. J Urol 1997; 158:844–850.

13. Hasegawa M, Wilson G, Russell L, Meistrich M. Radiation-induced cell
death in the mouse testis: relationship to apoptosis. Radiat Res 1997; 147:
457–467.

14. Smith R, Kaune H, Parodi D, Madariaga M, Rios R, Morales I, Castro A.
Increased sperm DNA damage in patients with varicocele: relationship
with seminal oxidative stress. Hum Reprod 2006; 21:986–993.

15. Evenson D, Wixon R. Environmental toxicants cause sperm DNA
fragmentation as detected by the sperm chromatin structure assay (SCSA).
Toxicol Appl Pharmacol 2005; 207:532–537.

16. Rubes J, Selevan S, Evenson D, Zudova D, Vozdova M, Zudova Z,
Robbins W, Perreault S. Episodic air pollution is associated with increased
DNA fragmentation in human sperm without other changes in semen
quality. Hum Reprod 2005; 20:2776–2783.

17. Sanchez-Pena L, Reyes B, Lopez-Carrillo L, Recio R, Moran-Martinez J,
Cebrian M, Quintanilla-Vega B. Organophosphorous pesticide exposure
alters sperm chromatin structure in Mexican agricultural workers. Toxicol
Appl Pharmacol 2004; 196:108–113.

18. Evenson D, Baer R, Jost L. Long-term effects of triethylenemelamine
exposure on mouse testis cells and sperm chromatin structure assayed by
flow cytometry. Environ Mol Mutagen 1989; 14:79–89.

19. Rubes J, Lowe X, Moore D, Perreault S, Slott V, Evenson D, Selevan S,
Wyrobek A. Smoking cigarettes is associated with increased sperm
disomy in teenage men. Fertil Steril 1998; 70:715–723.

20. Evenson D. Flow cytometric analysis of toxic chemical induced alterations
in testicular cell kinetics and sperm chromatin structure. In: Jolles G,
Cordier A (eds.), New Trends in Genetic Risk Assessment. New York:
Academic Press; 1989:343–365.

21. Sailer B, Jost L, Erickson K, Tajiran M, Evenson D. Effects of X-
irradiation on mouse testicular cells and sperm chromatin structure.
Environ Mol Mutagen 1995; 25:23–30.

22. Evenson D, Jost L, Corzett M, Balhorn R. Characteristics of human sperm
chromatin structure following an episode of influenza and high fever: a
case study. J Androl 2000; 21:739–746.

23. Tremellen K. Oxidative stress and male infertility: a clinical perspective.
Hum Reprod Update 2008; 14:243–258.

24. Lewis S, Sterling E, Young I, Thompson W. Comparison of individual

antioxidants of sperm and seminal plasma in fertile and infertile men.
Fertil Steril 1997; 67:142–147.

25. Zini A, de Lamirande E, Gagnon C. Reactive oxygen species in semen of
infertile patients: levels of superoxide dismutase- and catalase-like
activities in seminal plasma and spermatozoa. Int J Androl 1993; 16:
183–188.

26. Storey B. Biochemistry of the induction and prevention of lipoperox-
idative damage in human spermatozoa. Mol Hum Reprod 1997; 3:
203–213.

27. Morielli T, O’Flaherty C. Oxidative stress impairs function and increases
redox protein modifications in human spermatozoa. Reproduction 2015;
149:113–123.

28. Aitken R, Gordon E, Harkiss D, Twigg J, Milne P, Jennings Z, Irvine D.
Relative impact of oxidative stress on the functional competence and
genomic integrity of human spermatozoa. Biol Reprod 1998; 59:
1037–1046.

29. Barroso G, Morshedi M, Oehninger S. Analysis of DNA fragmentation,
plasma membrane translocation of phosphatidylserine and oxidative stress
in human spermatozoa. Hum Reprod 2000; 15:1338–1344.

30. Gallon F, Marchetti C, Jouy N, Marchetti P. The functionality of
mitochondria differentiates human spermatozoa with high and low
fertilizing capability. Fertil Steril 2006; 86:1526–1530.

31. Koppers A, De Iuliis G, Finnie J, McLaughlin E, Aitken R. Significance of
mitochondrial reactive oxygen species in the generation of oxidative stress
in spermatozoa. J Clin Endocrinol Metab 2008; 93:3199–3207.

32. de Lamirande E, Gagnon C. Reactive oxygen species and human
spermatozoa. I. Effects on the motility of intact spermatozoa and on
sperm axonemes. J Androl 1992; 13:368–378.

33. de Lamirande E, Gagnon C. Reactive oxygen species and human
spermatozoa. II. Depletion of adenosine triphosphate plays an important
role in the inhibition of sperm motility. J Androl 1992; 13:379–386.

34. Hofmann B, Hecht H, Flohe L. Peroxiredoxins. Biol Chem 2002; 383:
347–364.

35. Rhee S, Chae H, Kim K. Peroxiredoxins: a historical overview and
speculative preview of novel mechanisms and emerging concepts in cell
signaling. Free Radic Biol Med 2005; 38:1543–1552.

36. Rhee S, Kang S, Chang T, Jeong W, Kim K. Peroxiredoxin, a novel family
of peroxidases. IUBMB Life 2001; 52:35–41.

37. Ishii T, Kawane T, Taketani S, Bannai S. Inhibition of the thiol-specific
antioxidant activity of rat liver MSP23 protein by hemin. Biochem
Biophys Res Commun 1995; 216:970–975.

38. Jin D, Chae H, Rhee S, Jeang K. Regulatory role for a novel human
thioredoxin peroxidase in NF-kappaB activation. J Biol Chem 1997; 272:
30952–30961.

39. Syed V, Hecht N. Rat pachytene spermatocytes down-regulate a polo-like
kinase and up-regulate a thiol-specific antioxidant protein, whereas sertoli
cells down-regulate a phosphodiesterase and up-regulate an oxidative
stress protein after exposure to methoxyethanol and methoxyacetic acid.
Endocrinology 1998; 139:3503–3511.

40. Zhang P, Liu B, Kang S, Seo M, Rhee S, Obeid L. Thioredoxin peroxidase
is a novel inhibitor of apoptosis with a mechanism distinct from that of
Bcl-2. J Biol Chem 1997; 272:30615–30618.

41. Dubuisson M, Vander Stricht D, Clippe A, Etienne F, Nauser T, Kissner
R, Koppenol W, Rees J, Knoops B. Human peroxiredoxin 5 is a
peroxynitrite reductase. FEBS Lett 2004; 571:161–165.

42. Peshenko I, Shichi H. Oxidation of active center cysteine of bovine 1-Cys
peroxiredoxin to the cysteine sulfenic acid form by peroxide and
peroxynitrite. Free Radic Biol Med 2001; 31:292–303.

43. Kang S, Chae H, Seo M, Kim K, Baines I, Rhee S. Mammalian
peroxiredoxin isoforms can reduce hydrogen peroxide generated in
response to growth factors and tumor necrosis factor-alpha. J Biol Chem
1998; 273:6297–6302.

44. Wood Z, Poole L, Karplus P. Peroxiredoxin evolution and the regulation
of hydrogen peroxide signaling. Science 2003; 300:650–653.

45. Manevich Y, Feinstein S, Fisher A. Activation of the antioxidant enzyme
1-CYS peroxiredoxin requires glutathionylation mediated by heterodime-
rization with piGST. Proc Natl Acad Sci USA 2004; 101:3780–3785.

46. Ralat L, Manevich Y, Fisher A, Colman R. Direct evidence for the
formation of a complex between 1-cysteine peroxiredoxin and glutathione
S-transferase pi with activity changes in both enzymes. Biochemistry
2006; 45:360–372.

47. Rubes J, Selevan S, Sram R, Evenson D, Perreault S. GSTM1 genotype
influences the susceptibility of men to sperm DNA damage associated
with exposure to air pollution. Mutat Res 2007; 625:20–28.

48. Banmeyer I, Marchand C, Verhaeghe C, Vucic B, Rees J, Knoops B.
Overexpression of human peroxiredoxin 5 in subcellular compartments of

PEROXIREDOXIN 6 AND MALE FERTILITY

9 Article 68



Chinese hamster ovary cells: effects on cytotoxicity and DNA damage
caused by peroxides. Free Radic Biol Med 2004; 36:65–77.

49. Immenschuh S, Baumgart-Vogt E, Tan M, Iwahara Si, Ramadori G,
Fahimi H. Differential cellular and subcellular localization of heme-
binding protein 23/peroxiredoxin I and heme oxygenase-1 in rat liver. J
Histochem Cytochem 2003; 51:1621–1631.

50. Oberley T, Verwiebe E, Zhong W, Kang S, Rhee S. Localization of the
thioredoxin system in normal rat kidney. Free Radic Biol Med 2001; 30:
412–424.

51. Seo M, Kang S, Kim K, Baines I, Lee T, Rhee S. Identification of a new
type of mammalian peroxiredoxin that forms an intramolecular disulfide as
a reaction intermediate. J Biol Chem 2000; 275:20346–20354.

52. O’Flaherty C. Peroxiredoxins: hidden players in the antioxidant defence of
human spermatozoa. Basic Clin Androl 2014; 24:4.

53. O’Flaherty C, de Souza AR. Hydrogen peroxide modifies human sperm
peroxiredoxins in a dose-dependent manner. Biol Reprod 2011; 84:
238–247.

54. O’Flaherty C. The enzymatic antioxidant system of human spermatozoa.
Adv Androl 2014; 2014:626374.

55. Gong S, San Gabriel M, Zini A, Chan P, O’Flaherty C. Low amounts and
high thiol oxidation of peroxiredoxins in spermatozoa from infertile men. J
Androl 2012; 33:1342–1351.

56. Ozkosem B, Feinstein S, Fisher A, O’Flaherty C. Advancing age increases
sperm chromatin damage and impairs fertility in peroxiredoxin 6 null
mice. Redox Biol 2015; 5:15–23.

57. Mo Y, Feinstein S, Manevich Y, Zhang Q, Lu L, Ho Y, Fisher A. 1-Cys
peroxiredoxin knock-out mice express mRNA but not protein for a highly
related intronless gene. FEBS Lett 2003; 555:192–198.

58. Liu G, Feinstein S, Wang Y, Dodia C, Fisher D, Yu K, Ho Y, Fisher A.
Comparison of glutathione peroxidase 1 and peroxiredoxin 6 in protection
against oxidative stress in the mouse lung. Free Radic Biol Med 2010; 49:
1172–1181.

59. Rajesh Kumar T, Doreswamy K, Shrilatha B, Muralidhara. Oxidative
stress associated DNA damage in testis of mice: induction of abnormal
sperms and effects on fertility. Mutat Res 2002; 513:103–111.

60. Noblanc A, Damon-Soubeyrand C, Karrich B, Henry-Berger J, Cadet R,
Saez F, Guiton R, Janny L, Pons-Rejraji H, Alvarez JG, Drevet JR, Kocer
A. DNA oxidative damage in mammalian spermatozoa: where and why is
the male nucleus affected? Free Radic Biol Med 2013; 65:719–723.

61. Lewis S. Sperm DNA, Fragmentation and Base Oxidation. In: Baldi E,
Muratori M (eds.), Genetic Damage in Human Spermatozoa, 791st ed.
New York: Springer; 2014:103–116.

62. Cambi M, Tamburrino L, Marchiani S, Olivito B, Azzari C, Forti G, Baldi
E, Muratori M. Development of a specific method to evaluate 8-
hydroxy,2-deoxyguanosine in sperm nuclei: relationship with semen
quality in a cohort of 94 subjects. Reproduction 2013; 145:227–235.

63. Paul C, Nagano M, Robaire B. Aging results in differential regulation of
DNA repair pathways in pachytene spermatocytes in the brown Norway
rat. Biol Reprod 2011; 85:1269–1278.

64. Aitken R, Harkiss D, Buckingham D. Relationship between iron-catalysed
lipid peroxidation potential and human sperm function. J Reprod Fertil
1993; 98:257–265.

65. Saba M, Morales C, de Lamirande E, Gagnon C. Morphological and
biochemical changes following acute unilateral testicular torsion in
prepubertal rats. J Urol 1997; 157:1149–1154.

66. Gawecka J, Boaz S, Kasperson K, Nguyen H, Evenson D, Ward W.
Luminal fluid of epididymis and vas deferens contributes to sperm
chromatin fragmentation. Hum Reprod 2015; 30:2725–2736.

67. Sailer B, Sarkar L, Bjordahl J, Jost L, Evenson D. Effects of heat stress on
mouse testicular cells and sperm chromatin structure. J Androl 1997; 18:
294–301.

68. Evenson D, Larson K, Jost L. Sperm chromatin structure assay: its clinical
use for detecting sperm DNA fragmentation in male infertility and
comparisons with other techniques. J Androl 2002; 23:25–43.

69. Evenson D. Sperm chromatin structure assay (SCSA): 30 years’
experience with the SCSA. In: Agarwal A, Zini A (eds.), Sperm DNA
and Male Infertility and ART. New York: Springer Science; 2016:125–
149.

70. O’Flaherty C, Vaisheva F, Hales B, Chan P, Robaire B. Characterization

of sperm chromatin quality in testicular cancer and Hodgkin’s lymphoma
patients prior to chemotherapy. Hum Reprod 2008; 23:1044–1052.

71. Lien Y, Feinstein S, Dodia C, Fisher A. The roles of peroxidase and
phospholipase A2 activities of peroxiredoxin 6 in protecting pulmonary
microvascular endothelial cells against peroxidative stress. Antioxid
Redox Signal 2012; 16:440–451.

72. Larson JL, Miller DJ. Simple histochemical stain for acrosomes on sperm
from several species. Mol Reprod Dev 1999; 52:445–449.

73. Schlegel R, Hammerstedt R, Cofer G, Kozarsky K, Freidus D, Williamson
P. Changes in the organization of the lipid bilayer of the plasma membrane
during spermatogenesis and epididymal maturation. Biol Reprod 1986; 34:
379–391.

74. Rathi R, Colenbrander B, Bevers M, Gadella B. Evaluation of in vitro
capacitation of stallion spermatozoa. Biol Reprod 2001; 65:462–470.

75. Wolf D, Hagopian S, Ishijima S. Changes in sperm plasma membrane
lipid diffusibility after hyperactivation during in vitro capacitation in the
mouse. J Cell Biol 1986; 102:1372–1377.

76. Evenson D, Jost L, Gandy J. Glutathione depletion potentiates ethyl
methanesulfonate-induced damage to sperm chromatin structure. Reprod
Toxicol 1993; 7:297–304.

77. Fisher A, Dodia C, Manevich Y, Chen J, Feinstein S. Phospholipid
hydroperoxides are substrates for non-selenium glutathione peroxidase. J
Biol Chem 1999; 274:21326–21334.

78. Alvarez J, Aitken R. Lipid peroxidation in human spermatozoa. In:
Agarwal A, Aitken RJ, Alvarez JG (eds.), Studies on Men’s Health and
Fertility. New York: Humana Press; 2012:119–130.

79. Ursini F, Heim S, Kiess M, Maiorino M, Roveri A, Wissing J, Flohe L.
Dual function of the selenoprotein PHGPx during sperm maturation.
Science 1999; 285:1393–1396.

80. Li H, Benipal B, Zhou S, Dodia C, Chatterjee S, Tao J, Sorokina E, Raabe
T, Feinstein S, Fisher A. Critical role of peroxiredoxin 6 in the repair of
peroxidized cell membranes following oxidative stress. Free Radic Biol
Med 2015; 87:356–365.

81. Landino L, Iwig J, Kennett K, Moynihan K. Repair of peroxynitrite
damage to tubulin by the thioredoxin reductase system. Free Radic Biol
Med 2004; 36:497–506.

82. Keshavarzian A, Banan A, Farhadi A, Komanduri S, Mutlu E, Zhang Y,
Fields J. Increases in free radicals and cytoskeletal protein oxidation and
nitration in the colon of patients with inflammatory bowel disease. Gut
2003; 52:720–728.

83. Oehninger S, Blackmore P, Mahony M, Hodgen G. Effects of hydrogen
peroxide on human spermatozoa. J Assist Reprod Genet 1995; 12:41–47.

84. Lewis S, Aitken R. DNA damage to spermatozoa has impacts on
fertilization and pregnancy. Cell Tissue Res 2005; 322:33–41.

85. Virro M, Larson-Cook K, Evenson D. Sperm chromatin structure assay
(SCSA) parameters are related to fertilization, blastocyst development, and
ongoing pregnancy in in vitro fertilization and intracytoplasmic sperm
injection cycles. Fertil Steril 2004; 81:1289–1295.

86. Conrad M, Moreno S, Sinowatz F, Ursini F, Kolle S, Roveri A, Brielmeier
M, Wurst W, Maiorino M, Bornkamm G. The nuclear form of
phospholipid hydroperoxide glutathione peroxidase is a protein thiol
peroxidase contributing to sperm chromatin stability. Mol Cell Biol 2005;
25:7637–7644.

87. Wang J, Huo K, Ma L, Tang L, Li D, Huang X, Yuan Y, Li C, Wang W,
Guan W, Chen H, Jin C, et al. Toward an understanding of the protein
interaction network of the human liver. Mol Syst Biol 2011; 7:1–10.

88. Richard D, Bartfai R, Volz J, Ralph S, Muller S, Stunnenberg H, Cowman
A. A genome-wide chromatin-associated nuclear peroxiredoxin from the
malaria parasite Plasmodium falciparum. J Biol Chem 2011; 286:
11746–11755.

89. Goldberg R, Geremia R, Bruce W. Histone synthesis and replacement
during spermatogenesis in the mouse. Differentiation 1977; 7:167–180.

90. Calvin H, Bedford J. Formation of disulphide bonds in the nucleus and
accessory structures of mammalian spermatozoa during maturation in the
epididymis. J Reprod Fertil Suppl 1971; 13(suppl 13):65–75.

91. Hammadeh M, Hamad M, Montenarh M, Fischer-Hammadeh C.
Protamine contents and P1/P2 ratio in human spermatozoa from smokers
and non-smokers. Hum Reprod 2010; 25:2708–2720.

92. O’Flaherty C. Redox regulation of mammalian sperm capacitation. Asian J
Androl 2015; 17:583–590.

OZKOSEM ET AL.

10 Article 68


