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ABSTRACT: The objective of this study was to examine the influence
of reactive oxygen species (ROS), generated through the use of the
xanthine (X)–xanthine oxidase (XO) system, on equine sperm motility,
viability, acrosomal integrity, mitochondrial membrane potential, and
membrane lipid peroxidation. Equine spermatozoa were separated from
seminal plasma on a discontinuous Percoll gradient, and spermatozoa
were incubated with 0.6 mM X and 0.05 U/mL XO for 30 minutes.
Catalase (150 U/mL), superoxide dismutase (SOD, 150 U/mL), or glu-
tathione (GSH, 1.5 mM) were evaluated for their ability to preserve
sperm function in the presence of the induced oxidative stress. At the
end of the 30-minute incubation, sperm motility was determined by com-
puter-assisted semen analysis. Viability and acrosomal integrity were
determined by Hoechst-Pisum sativum staining, and mitochondrial
membrane potential was determined by staining with JC-1. Incubation
with the X-XO system led to a significant (P � .01) increase in hydrogen
peroxide production and an associated decrease (P � .01) in motility
parameters. Total motility was significantly (P � .01) lower in the pres-

ence of X-XO compared with the case of the control (29% � 9% vs
73% � 1%, respectively). Catalase, but not SOD, prevented a decline
in motility secondary to oxidative stress (71% � 4% vs 30% � 3%,
respectively). The addition of glutathione had an intermediate effect in
preserving sperm motility at the end of the 30-minute incubation (53%
� 3%). No influence of X-XO could be determined on viability, acro-
somal integrity, or mitochondrial membrane potential. In order to pro-
mote lipid peroxidation, samples were incubated with ferrous sulfate
(0.64 mM) and sodium ascorbate (20 mM) for 2 hours after the X-XO
incubation. No increase in membrane lipid peroxidation was detected.
This study indicates that hydrogen peroxide is the major ROS respon-
sible for damage to equine spermatozoa. The decrease in sperm motility
associated with ROS occurs in the absence of any detectable decrease
in viability, acrosomal integrity, or mitochondrial membrane potential or
of any detectable increase in lipid peroxidation.
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The spermatozoon, like all cells living under aerobic
conditions, constantly faces the oxygen paradox; ox-

ygen is required for life, but oxidative metabolism of bi-
ological molecules can be potentially toxic because of the
formation of highly reactive oxygen species (ROS) that
can modify cell functions or viability. In addition to the
generation of ROS associated with oxidative metabolism,
some cells also have an inherent capacity to generate ROS
as part of normal cell function. For example, ROS gen-
erated by theoxidative burst in leukocytes are utilized for
cell destruction in phagocytosis. Human spermatozoa pos-
ses the capacity to generate superoxide (O2

�·; Aitken and
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Clarkson, 1987), and the production of ROS is believed
to involve a membrane-bound NADPH oxidase, similar
to that present in leukocytes (Aitken et al, 1992, 1997).
This production of low concentrations of hydrogen per-
oxide (H2O2) and O2

�· by spermatozoa may have a func-
tional role in the signaling events controlling capacitation
and sperm–oocyte fusion (de Lamirande and Gagnon,
1993a,b; Aitken et al, 1995, 1998).

The capacity for ROS generation is significantly en-
hanced in abnormal spermatozoa (Iwasaki and Gagnon,
1992), particularly those cells with retention of residual
cytoplasm (Gomez et al, 1996). Sperm with cytoplasmic
droplets show a higher cellular content of cytoplasmic
enzymes, including glucose-6-phosphate dehydrogenase.
This enzyme is responsible for the flux of glucose through
the hexose monophosphate shunt and the associated gen-
eration of NADPH. It is theorized that the NADPH gen-
erated via this system serves as the major source of elec-
trons responsible for the production of O2

�· by human
spermatozoa. Therefore, the retention of residual cyto-
plasm creates a situation in which sufficient substrate
would be available to support excessive NADPH-depen-
dent ROS generation.
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Oxidative stress is determined by the balance between
the generation and degradation of ROS within a tissue.
Spermatozoa and seminal plasma posses a number of en-
zymes and low–molecular weight antioxidants that scav-
enge ROS in order to prevent possible cellular damage.
There are 3 major enzyme systems, the glutathione (GSH)
peroxidase/reductase system (Li, 1975; Alvarez and Sto-
rey, 1989), superoxide dismutase (SOD; Nissen and Krey-
sel, 1983; Alvarez et al, 1987), and catalase (CAT; Jeulin
et al, 1989), that have been described in seminal plasma.
A number of other components of seminal plasma may
act as antioxidants. Vitamin E (Chow, 1991), vitamin C
(Niki, 1991), urate (Ronquist and Niklasson, 1984; Gav-
ella et al, 1997), albumin (Alvarez and Storey, 1983), and
taurine and hypotaurine (Alvarez and Storey, 1983) have
all been characterized as antioxidants in seminal plasma.
Together, the enzyme scavengers and low–molecular
weight antioxidants make up the total antioxidant capacity
of seminal plasma (Smith et al, 1996).

Oxidative stress denotes a condition associated with an
increased rate of cellular damage induced by ROS (Sikka
et al, 1995). The cause of the pro-oxidant–antioxidant
shift may be an increase in ROS production, a decrease
in antioxidant capacity, or possibly a combination of the
two. For example, sperm preparation methods associated
with assisted reproductive techniques involve the removal
of seminal plasma and hence the antioxidant protection
for spermatozoa, thereby increasing their susceptibility to
oxidative stress. Oxidative stress in human spermatozoa
has been associated with a reduction in sperm motility
and viability and in sperm-oocyte fusion (de Lamirande
and Gagnon, 1992a,b; Aitken et al, 1993a). Oxidative
stress has also been shown to have a negative influence
on enzyme function (de Lamirande and Gagnon, 1992a,b;
Griveau et al, 1995), sperm DNA (Kodama et al, 1997),
and proteins (Davies, 1987). An understanding of the role
of oxidative stress in the pathophysiology of human
sperm function has therefore become increasingly impor-
tant in the study of human male fertility.

There is little published information on the influence
of ROS on equine sperm function. In a study by Aurich
et al (1997), the antioxidant ascorbic acid had protective
effects on equine sperm membrane integrity after chilled
semen storage, suggesting that ROS damage may be re-
lated to loss of sperm function during equine semen stor-
age. The current study was conducted to evaluate the ef-
fects of ROS on equine spermatozoa in vitro.

The first aim of the current study was to determine the
influence of ROS on equine sperm function, specifically,
motility, viability, acrosomal integrity, mitochondrial
membrane potential, and membrane lipid peroxidation.
The second aim was to compare the effect of CAT, SOD,
and GSH on preserving these sperm parameters following
ROS challenge. We hypothesize that incubation of equine

spermatozoa in the presence of ROS generated by the X-
XO system will have a detrimental effect on sperm func-
tion and that this can be minimized by the addition of
antioxidants.

Materials and Methods
All reagents were obtained from Sigma Chemical (St. Louis,
Mo) unless otherwise indicated. Glutathione (reduced free acid)
and xanthine were obtained from Calbiochem (San Diego, Calif).
Bovine serum albumin (BSA) Fraction V was obtained from
Sigma (product A 9418).

Five experiments were conducted within this study. Experi-
ment 1 was designed to measure the production of H2O2 by the
xanthine–xanthine oxidase (X-XO) system. Experiments 2
through 5 investigated the effect of ROS generated by the X-
XO system on equine sperm motility, acrosomal integrity/via-
bility, membrane lipid peroxidation, and mitochondrial mem-
brane potential, respectively. Experiments were replicated across
2 ejaculates from each of 3 stallions unless otherwise indicated.

Preparation of Spermatozoa and Treatments
Semen was collected from 5 stallions by artificial vagina and
was filtered and diluted 1:1 in a modified Tyrode albumin-lac-
tate-pyruvate medium supplemented with 1% BSA (TALP-BSA;
Padilla and Foote, 1991). A sperm-rich supernatant was obtained
by centrifugation at 50 � g for 10 minutes (Meyers et al, 1995).
Two milliliters of this supernatant was placed over an 80%/40%
Percoll gradient (Drobnis et al, 1991) and centrifuged for 20
minutes at 300 � g. The sperm pellets were aspirated and re-
suspended in 2 mL of TALP-BSA and were washed at 300 � g
for 10 minutes. Sperm were then resuspended in TALP-BSA to
a final concentration of 25 � 106 cells/mL.

Reactive Oxygen Species Generation
Reactive oxygen species were generated by the X-XO system
described by McCord and Fridovich (1968). Xanthine oxidase
catalyzes the univalent and divalent reduction of ground-state
oxygen to generate both O2

�· and H2O2 with the oxidation of
xanthine to uric acid. The presence of trace amounts of iron in
the medium has a direct inactivating effect on xanthine oxidase
through creation or exposure of reactive sulfur centers upon re-
duction of the enzyme by its substrates (Aitken et al, 1993a).
This complication was avoided by incorporating the chelating
agent diethylene triamine pentacetic acid (0.4 mg/mL; Britigan
et al, 1990; Aitken et al, 1993a). Chelation of iron also mini-
mizes the production of the hydroxyl radical by the transition
metal–catalyzed Haber-Weiss reaction (Britigan et al, 1990; Ait-
ken et al, 1993a).

Treatments in experiments 1, 2, 3, and 5 were done as follows:
1) sperm alone; 2) sperm � XO (0.05 U/mL); 3) sperm � xan-
thine (0.6 mM); 4) sperm � X-XO; 5) sperm � X-XO � CAT
(from bovine liver; 150 U/mL); 6) sperm � X-XO � SOD (from
bovine erythrocytes; 150 U/mL); and 7) sperm � X-XO � GSH
(1.5 mM). Treatment samples were incubated for 30 minutes at
room temperature under aerobic conditions.

Experiment 1: Production of Hydrogen Peroxide by the X-XO
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System—The production of ROS by the X-XO system was con-
firmed by measuring the generation of hydrogen peroxide with
the Amplex Red H2O2 assay kit (Molecular Probes, Eugene,
Ore). This assay is based on a highly sensitive and stable probe
for H2O2, 10-acetyl-3, 7-dihydroxyphenoxazine, the Amplex Red
reagent. In the presence of horseradish peroxidase (1 U/mL), the
Amplex Red reagent (200 �M) reacts with H2O2 in a 1:1 stoi-
chiometry to produce a highly fluorescent product, resorufin. Af-
ter incubation with the X-XO system, treatments were diluted 1:
100 in phosphate buffer (50mM NaH2PO4; pH � 7.4), and 100
�L of the standards (final concentrations: 0.0, 0.05, 0.5, 5.0, and
50 �M), treatments, and blank (TALP alone) were pipetted into
a 96-well microplate with duplicates for each sample. The Am-
plex Red assay was performed on each sample according to the
manufacturers instructions. Fluorescence was measured using
excitation at 560 nm and emission detection at 590 nm with a
fluorescence microplate reader (HTS 7000; Perkin Elmer, Nor-
walk, Conn). Results are expressed as a single blank corrected
concentration.

Experiment 2: The Effect of Reactive Oxygen Species on
Equine Sperm Motility—Motility was recorded onto videotape
at 37�C by phase–contrast videomicroscopy (Olympus BX60;
Melville, NY; total magnification, 350�) at time zero minutes
(T0) and time 30 minutes (T30) and was analyzed by the Cell
Track computer automated sperm analysis (CASA) program
(Motion Analysis Corporation, Santa Rosa, Calif).

Instrument settings for the CASA analysis were as follows:
number of cells per sample, 200; minimum number of fields, 5
per sample; frame rate, 30 per second; duration of capture, 15
frames per second; minimum and maximum cell size, 2 and 8
pixels, respectively; minimum motile speed and maximum burst
speed, 6 and 400 �m per second, respectively; distance scale
factor, 2.4813 pixels/�m.

Straight-line velocity (VSL), curvilinear velocity (VCL), lin-
earity (LIN), amplitude of lateral head displacement (ALH), av-
erage path velocity (VAP), and percentage total motility (% TM)
were determined. This experiment was conducted on 2 ejaculates
from each of 5 stallions.

Experiment 3: The Effect of Reactive Oxygen Species on
Equine Sperm Viability and Acrosomal Integrity—After incu-
bation with the X-XO system, sperm viability and acrosomal
integrity were determined by staining with Hoechst 33258 and
fluoroisothiocyanate-conjugated Pisum sativum agglutin (FITC-
PSA; Vector Laboratories, Burlingame, Calif), respectively
(modified from Casey et al, 1993). Hoechst 33258 (4 �L of a
50 �g/mL solution) was added to 200 �L of each sample and
incubated (38�C) for 8 minutes. Two percent paraformaldehyde
(200 �L) was then added, and samples were incubated for a
further 10 minutes at room temperature. After fixation and stain-
ing, 8 �L of each sample was placed onto a polycarbonate filter
(13 mm diameter, 3 �m pore size; Poretics Products, Livermore,
Calif) and mounted in 1,4-diazabicyclo[2.2.2]octane (DABCO;
10% solution in ethanol). One hundred sperm from each treat-
ment were examined with epifluorescence microscopy and
scored to determine the percentage of live acrosome-intact, live
acrosome-reacted, dead acrosome-intact, and dead acrosome-re-
acted spermatozoa by an examiner who was unaware of the treat-
ment groups.

Experiment 4: The Effect of Reactive Oxygen Species on Lipid
Peroxidation of Equine Spermatozoa—Treatments in experiment
4 were 1) sperm alone, 2) sperm � X (0.6 mM)-XO (0.05 U/
mL), 3) sperm � X-XO � catalase (150 U/mL), 4) sperm � X-
XO � SOD (150 U/mL), 5) sperm � X-XO � GSH (1.5 mM),
6) sperm � intermediate X (2 mM)-intermediate XO (0.1 U/
mL), and 7) sperm � high X (10 mM)–high XO (0.5 U/mL).
To maximize ROS production in treatments 6 and 7, XO was
added in 2 equal allocations, at time 0 and time 15 minutes
(Aitken et al, 1993a; Gomez et al, 1998). After incubation with
the X-XO system, samples were centrifuged (300 � g for 10
minutes), the supernatant was removed, and the sperm pellet was
resuspended in TALP (Ca2�, Mg2� and BSA free; Gomez et al,
1998) at the same cell concentration. Samples were then incu-
bated with the lipid peroxidation promoters ferrous sulfate (0.64
mM) and sodium ascorbate (20 mM) for 2 hours at room tem-
perature before determination of lipid peroxidation (Gomez et
al, 1998). Lipid peroxidation was monitored by the end point
generation of malondialdehyde detected by the LPO-586 kit
(Biotech; Oxis International, Portland, Ore). Briefly, this assay
detects malondialdehyde by the reaction of N-methyl-2-pheny-
lindole with malondialdehyde to yield a stable chromophore with
detection by spectrophotometry (586 nm; Lambda Bio, Perkin-
Elmer, Norwalk, Conn). Results are expressed as a single con-
centration.

Experiment 5a: The Effect of Reactive Oxygen Species on Mi-
tochondrial Membrane Potential of Equine Spermatozoa, as De-
termined by Fluorescence Multiwell Plate Reader—Treatments
were the same as in experiment 1 with an additional treatment
8: sperm � X (1.8 mM)-XO (0.15 U/mL). After incubation with
the X-XO system, samples were centrifuged at 300 � g for 10
minutes, the supernatant was removed, and the sperm pellet was
resuspended in TALP without BSA at the same cell concentra-
tion. Samples were then incubated at room temperature for 40
minutes with 2 �M JC-1 (Molecular Probes; Gravance et al,
unpublished data). The fluorescent dye JC-1 (5,5	,6,6	-tetrach-
loro-1,1	,3,3	,-tetraethylbenzimidazoyl carbocyanine iodide) la-
bels mitochondria with a high membrane potential orange (JC-
1 aggregates) and labels mitochondria with a low membrane po-
tential green (JC-1 monomers). After labeling with JC-1, a 200-
�L aliquot of each sample was transferred into each of 2
duplicate wells of a 96-well microplate. Fluorescence was then
assessed with excitation at 485 nm and with emission at 595 nm
to detect total orange fluorescence or with emission at 535 nm
to detect total green fluorescence in 2 separate measurements on
each plate (HTS 7000; Perkin Elmer). Total fluorescence was
blank corrected against TALP (no BSA) with 2-�M JC-1, and
results are expressed as relative fluorescence units (RFU).

Experiment 5b: The Effect of Reactive Oxygen Species on Mi-
tochondrial Membrane Potential of Equine Spermatozoa as De-
termined by Flow Cytometry—Treatments were as follows: 1)
sperm alone, 2) sperm � X (0.6 mM)-XO (0.05 U/mL), 3) sperm
� X-XO � CAT (150 U/mL), 4) sperm � X-XO � SOD (150
U/mL), and 5) sperm � X-XO � GSH (1.5 mM), and 6) sperm
� X (1.2 mM)-X0 (0.1 U/mL). Treatment samples were incu-
bated for 30 minutes at room temperature under aerobic condi-
tions with 2-�M JC-1. After incubation, samples were diluted 1:
5 in TALP (no BSA) containing 2�M JC-1 (Gravance et al,
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Figure 1. Cytogram of spermatozoa staining green (FL1-H) and orange
(FL2-H) from a control (sperm alone) sample. JC-1 labels mitochondria
with a high membrane potential orange (JC-1 aggregates) and mito-
chondria with a low membrane potential green (JC-1 monomers). Sperm
staining orange appear in the upper right quadrant (UR); green-stained
spermatozoa appear in the lower right quadrant (LR).

Figure 2. Mean (�SEM) concentrations of hydrogen peroxide (in mi-
cromoles) in equine sperm suspensions after a 30-minute incubation with
and without xanthine (X, 0.6mM), xanthine oxidase (XO, 0.05 U/mL), or
the antioxidants catalase (CAT, 150 U/mL), superoxide dismutase (SOD,
150 U/mL), and glutathione (GSH, 1.5 mM). Hydrogen peroxide concen-
trations were determined by the Amplex Red assay kit. Means with dif-
ferent superscripts (a,b) differ (P � .05; n � 6 ejaculates).

Figure 3. Mean (�SEM) for percentage total motility (TM) and straight-
line velocity (VSL) for spermatozoa after a 30-minute incubation with or
without the presence of xanthine (X, 0.6 mM); xanthine oxidase (XO,
0.05 U/mL); or the antioxidants catalase (CAT, 150 U/mL), superoxide
dismutase (SOD, 150 U/mL), and glutathione (GSH, 1.5 mM). Means
with different superscripts (a,b,c) differ (P � .05; n � 10 ejaculates).

unpublished data), and diluted samples were immediately as-
sessed for orange and green staining by flow cytometry. Forward
(FS) and side scatter (SS) of the population of equine sperm to
be analyzed were determined according to Gravance et al (un-
published data). A total of 10 000 gated events (based on FS and
SS) were analyzed per sample; the sample running rates were
approximately 100–300 events per second. A 488-nm filter was
used for excitation of JC-1; emission filters of 535 nm and 595
nm were used, respectively, to quantify the population of sperm
with green and orange fluorescence. Frequency plots were pre-
pared for FL1 (green) and FL2 (orange) to determine the percent
of the population stained green and orange (Figure 1). Results
are expressed as percentage orange and percentage green popu-
lations. This experiment was conducted on 4 ejaculates from 3
stallions.

Statistical Analysis
Data were analyzed by analysis of variance (ANOVA); compar-
isons between individual means were performed with Duncan’s
multiple-range test. Differences with values of P � .05 were
considered to be statistically significant. Data are presented as
mean � standard error of the mean (SEM).

Results

Experiment 1: Production of Hydrogen Peroxide by the
X-XO System
The Amplex Red assay confirmed the production of hy-
drogen peroxide by the X-XO system (Figure 2). No sig-
nificant differences were found in the production of H2O2

between the control (sperm alone) and sperm with either
XO or X; however, the addition of X-XO together sig-
nificantly (P � .01) increased H2O2 generation above the
control. Catalase significantly (P � .01) reduced H2O2

generation in the presence of X-XO, whereas SOD and
GSH did not reduce the generation of H2O2.

Experiment 2: The Effect of Reactive Oxygen Species
on Equine Sperm Motility
At T0, there were no significant differences between treat-
ments in any motility parameter. At T30, incubation with
the X-XO system was associated with a significant (P �
.01) decline in % TM and VSL compared with the case
of the control (Figure 3). Similar changes were also dem-
onstrated with VCL, ALH, LIN, and VAP (results not
shown). Catalase prevented the decrease in all motility
parameters observed upon incubation with the X-XO sys-
tem, whereas SOD did not. The addition of GSH had an
intermediate effect in preventing the decline in % TM,
VSL, VCL, and VAP; however, GSH prevented the de-
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cline in LIN when spermatozoa were incubated with X-
XO.

Experiment 3: The Effect of Reactive Oxygen Species
on Equine Sperm Viability and Acrosomal Integrity
At T30, there were no significant treatment effects on
either viability or acrosomal integrity. The generation of
ROS by the X-XO system had no effect on the percentage
of live intact sperm (90.2% � 1.7%) compared with that
of control (89.0% � 2.6%).

Experiment 4: The Effect of Reactive Oxygen Species
on Lipid Peroxidation of Equine Spermatozoa
Malondialdehyde was increased (0.82 � 0.51 �M) sig-
nificantly (P � .05) above the control (0.43 � 0.19 �M)
with the addition of X-XO at the highest concentration.
No significant increase in lipid peroxidation was observed
with the intermediate (0.5 � 0.27 �M) or low (0.42 �
0.18 �M) concentration of X-XO.

Experiment 5: The Effect of Reactive Oxygen Species
on Mitochondrial Membrane Potential of Equine
Spermatozoa
There were no significant treatment effects on mitochon-
drial membrane potential after incubation with the X-XO
system. The generation of ROS by 0.6 mM X � 0.05 U/
mL XO had no effect on orange (9133 RFU) or green
(15 798 RFU) fluorescence measured on the multiwell
plate reader compared with the case of the control (8631
and 14 222 RFU, respectively). The generation of ROS
by 0.6 mM X � 0.05 U/mL XO had no effect on the
percentages orange (88%) or green (11%) populations de-
termined by flow cytometry, compared with the case of
control (88% and 11%, respectively).

Discussion

The results presented in this study are similar to those
reported with human spermatozoa, showing an increase
in the production of H2O2 (Griveau et al, 1995) and the
superoxide anion (de Lamirande and Gagnon, 1992a; Ait-
ken et al, 1993a) after incubation with the X-XO system.
An inhibition of motility has also been observed follow-
ing incubation of the X-XO system with human (de La-
mirande and Gagnon, 1992a,b; Aitken et al, 1993a) and
murine (Baiardi et al, 1997) spermatozoa. In the study of
de Lamirande and Gagnon (1992a), human spermatozoa
completely lost motility 1.5 hours after incubation with
the same concentration of X-XO used in our study (0.6
mM X per 0.05 U/mL XO).

Although increased generation of ROS resulted in a
marked decline in sperm motility, there was no detectable
decrease in either sperm viability or acrosomal integrity.

This finding contrasts that of Baiardi et al (1997), who
demonstrated a 13% decline in the viability of mouse
spermatozoa incubated with X-XO at a lower concentra-
tion than was used in our study. de Lamirande and Gag-
non (1992a) also noted a 10%–20% decline in viability
of human spermatozoa incubated with the same concen-
tration of X-XO used in our study. Differences in exper-
imental methodology may account for the different ob-
servations regarding the effect of ROS generated by the
X-XO system on sperm viability. Likewise, there may be
species differences in the susceptibility of spermatozoa to
oxidative stress or perhaps may be species differences in
the antioxidant capacity associated with spermatozoa.

Because the X-XO system generates both H2O2 and
O2

�·, the ability of CAT, a H2O2 scavenger, to prevent a
decline in sperm motility in the presence of the X-XO
system indicates that H2O2 is the primary cytotoxic ROS.
In contrast, SOD did not prevent the decline in motility
parameters with X-XO, therefore O2

�· was not the cyto-
toxic ROS responsible for the observed motility loss.
These observations are consistent with previous research
on human spermatozoa that also demonstrated H2O2 to be
the ROS responsible for the loss of motility following
incubation with the X-XO system (Aitken et al, 1993a).

Glutathione at the concentration used had an effect in-
termediate to CAT and SOD in preserving sperm motility.
It would be of interest to determine whether or not a
higher concentration of GSH would prevent the observed
decline in motility parameters. This appears likely be-
cause other investigators have reported beneficial effects
of GSH in blocking cytotoxic effects of ROS on human
spermatozoa at concentrations of GSH that were higher
than those used in our study (Griveau and Le Lannou,
1994; Baker et al, 1996). Because GSH is a single com-
ponent of the glutathione peroxidase (GPX)/reductase
(GRD) system, glutathione reductase is required for the
regeneration of GSH from oxidized glutathione (GSSG).
The activity of GPX/GRD has not been reported for
equine spermatozoa, and the ability of equine spermato-
zoa to regenerate GSH remains to be determined.

There are several proposed mechanisms to account for
the decline in sperm motility associated with oxidative
stress. Peroxidation of polyunsaturated fatty acids
(PUFAs) in membrane lipids is one frequently cited
mechanism (Aitken et al, 1989, 1993b,c). Spermatozoa
are particularly susceptible to lipid peroxidation because
of the high concentration of PUFAs in their plasma mem-
brane. As a consequence of lipid peroxidation, the plasma
membrane loses PUFAs with the associated production of
lipid hydroperoxides, alkoxyl and peroxyl radicals. These
radicals promote the lipid peroxidation chain reaction and
ultimately lead to the production of cytotoxic aldehydes
such as malondialdehyde and 4-hydroxynonenol (4HN;
reviewed by Aitken, 1995). The high concentration of
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PUFAs in the sperm membrane is required to give the
plasma membrane the fluidity it needs for sperm motility
and participation in the membrane fusion events associ-
ated with fertilization, as well as the structural integrity
required for viability. Loss of integrity can also lead to
an increase in membrane permeability and a loss in the
capacity to regulate the intracellular concentrations of
ions involved in the control of sperm movement.

In our study and in previous studies of de Lamirande
and Gagnon (1992a,b), the decline in sperm motility that
occurred in the presence of the X-XO free radical–gen-
erating system was not accompanied by a detectable in-
crease in lipid peroxidation. These results indicate that
sperm motility may be a more sensitive indicator of ox-
idative stress and is therefore inhibited before any mea-
surable increase in lipid peroxidation. Therefore, sperm
motility may be affected by ROS through a mechanism
of action separate to that of lipid peroxidation. In somatic
cell systems, it has been proposed that H2O2 causes per-
turbations in important biochemical functions, including
increased formation of oxidized intracellular sulfhydryls,
rapid decrease in ATP levels, and a consequent depression
of glycolytic flux. These processes occur before any loss
of plasma membrane integrity or increased lipid peroxi-
dation (Hyslop et al, 1986, 1988). Accordingly, de La-
mirande and Gagnon (1992a) suggested that the inhibition
of sperm motility after incubation with ROS was caused
by a depletion of ATP. These authors subsequently con-
firmed this hypothesis by demonstrating a significant re-
duction in sperm ATP levels in the first 1 hour after ROS
treatment (de Lamirande and Gagnon, 1992b). These au-
thors proposed that sperm immobilization was due to a
decreased phosphorylation of axonemal proteins required
for sperm movement. Further investigation indicated that
ROS inhibited one or more enzymes of oxidative phos-
phorylation, glycolysis, or both, thus limiting ATP gen-
eration by the sperm cell. In the experimental systems that
induce oxidative stress based upon X-XO, it would appear
that hydrogen peroxide might be more likely to affect
intracellular enzyme systems because of its higher mem-
brane permeability. Alternatively, enzyme inhibition
could be induced indirectly by products of lipid peroxi-
dation, especially malondialdehyde and 4HN. Low con-
centrations of these substances have been shown to inhibit
a large number of cellular enzymes and functions, anaer-
obic glycolysis, DNA, RNA, and protein synthesis (Com-
porti, 1989). It is also possible that the assay for lipid
peroxidation used in this study was not sensitive enough
to detect small changes in lipid peroxidation that may
have affected sperm cell function, such as in the mito-
chondrial membrane or mitochondrial enzymes.

Reactive oxygen species may also adversely affect
sperm motility via alterations in mitochondrial function.
Mitochondrial membrane potential has been used as a

measure of mitochondrial function and is linked to a host
of mitochondrial functions, including ATP synthesis, im-
port of mitochondrial proteins, calcium homeostasis, and
metabolite transport. The carbocyanine dye, JC-1, was
used in our study to investigate mitochondrial membrane
potential. No change in mitochondrial membrane poten-
tial was detected after incubation with the X-XO system
at a concentration that significantly decreased motility.
Armstrong et al (1999) also reported that low concentra-
tions of H2O2 caused inhibition of sperm motility and a
reduction in sperm ATP levels without any elevation in
lipid peroxidation or significant decline in the mitochon-
drial membrane potential. Armstrong et al (1999) propose
that the metabolic site of action of H2O2 in human sper-
matozoa is not mitochondrial membrane-dependent oxi-
dative phosphorylation, as proposed by de Lamirande and
Gagnon (1992a,b). They suggest that the role of H2O2 in
the inhibition of sperm movement occurs because of per-
turbations of metabolic sites upstream of mitochondrial
membrane-dependent oxidative phosphorylation; further
experimentation is required to determine where the exact
site of ROS injury occurs. Therefore, the specific action
of ROS on the sperm cell responsible for inhibition of
sperm motility has yet to be determined.

In summary, hydrogen peroxide has a primary role in
mediating equine spermatozoa damage due to ROS gen-
eration by the X-XO system. Catalase may therefore be
an excellent candidate for future antioxidant therapy in
the field of stallion sperm storage. Equine sperm motility
is a more sensitive indicator of oxidative stress than are
viability, acrosome integrity, lipid peroxidation, and mi-
tochondrial membrane potential. This result also suggests
that equine sperm motility may be affected by a pathway
of ROS action independent of lipid peroxidation and mi-
tochondrial membrane dependent functions, both previ-
ously reported to be responsible for ROS damage to mo-
tility in human spermatozoa.
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Erratum
Quinn P. Review of media used in ART laboratories [Andrology Lab Corner]. J Androl. 2000;21:610–615.

Page 613, first paragraph, line 2:

The sentence should read, ‘‘ Embryo development was inhibited in the presence of glucose and Pi.’’


