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The protective effects of a-ketoacids against oxidative stress
on rat spermatozoa in vitro
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Abstract

The aim of this study was to determine the effects of antioxidants, including o-ketoacids (o-ketoglutarate and
pyruvate), lactate and glutamate/malate combination, against oxidative stress on rat spermatozoa. Our results showed that
H,0, (250 umol L™")-induced damages, such as impaired motility, adenosine triphosphate (ATP) depletion, inhibition of
sperm protein phosphorylation, reduced acrosome reaction and decreased viability, could be significantly prevented by
incubation of the spermatozoa with o-ketoglutarate (4 mmol L™) or pyruvate (4 mmol L). Without exogenous H,0, in
the medium, the addition of pyruvate (4 mmol L") significantly increased the superoxide anion (O,") level in sperm
suspension (P < 0.01), whereas the addition of a-ketoglutarate (4 mmol L) and lactate (4 mmol L) significantly
enhanced tyrosine-phosphorylated proteins with the size of 95 kDa (P < 0.04). At the same time, a-ketoglutarate,
pyruvate, lactate, glutamate and malate supplemented in media can be used as important energy sources and supply
ATP for sperm motility. In conclusion, the present results show that a-ketoacids could be effective antioxidants for
protecting rat spermatozoa from H,O, attack and could be effective components to improve the antioxidant capacity
of Biggers, Whitten and Whittingham media.
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1 Introduction (05™) and hydrogen peroxide (H,O,) are the common
forms of ROS. Some studies suggested that relatively
low concentrations of ROS are beneficial for the normal
functions of sperm capacitation [4], but excessively
high concentrations of ROS are associated with
lower acrosin activity [5], sperm DNA fragmentation,
impaired sperm motility [6, 7], decrease in sperm
acrosome reaction and fusiogenic ability [8]. Clinical

studies showed that oral antioxidant treatment appeared

The influence of oxidative stress on male fertility is
one of the most important issues in reproductive biology
research in the past decade [1, 2]. Reactive oxygen
species (ROS) mainly include three families: oxygen
ions, free radicals and peroxides [3]. Superoxide anion
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to improve sperm DNA integrity and outcomes of in
vitro fertilization with intracytoplasmic sperm injection
among patients with sperm DNA damage or other male
infertility [9, 10]. In asthenozoospermia patients, the
high level of ROS in semen may be associated with the
downregulation of a DJ-1 protein, which is involved in
the control of oxidative stress [11].

The damage induced by high concentrations of
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ROS can be prevented by ROS-scavenging enzymes
mainly including superoxide dismutase, catalase
and glutathione peroxidase. Superoxide dismutase
and catalase were shown to improve sperm survival,
reduce ROS generation in boar spermatozoa and
prevent human sperm membrane lipid peroxidation
during freeze-thaw procedures [12, 13]. Catalase had
pronounced effects on improving the post-thaw quality
of canine spermatozoa and the overall functional
parameters of human spermatozoa [14, 15]. Glutathione
peroxidase activity was shown to be important against
lipid peroxidation in human spermatozoa because lipid
peroxidation increased significantly either through
the inhibition of glutathione peroxidase action or by
depleting glutathione availability [16]. However, in
some cases, ROS-scavenging enzymes have no effect
in protecting or even negative effects on sperm. For
example, catalase did not improve the maintenance
of motility during the storage of liquid equine semen
at 5°C [17]. Furthermore, the addition of superoxide
dismutase in the cryopreservation extender did
not decrease ROS level, but rather increased DNA
fragmentation [18].

Owing to the disadvantages of ROS-scavenging
enzymes, some small molecules, such as a-ketoacids,
were used as candidate antioxidants. Pyruvate and
lactate were used to maintain the normal adenosine
triphosphate (ATP) levels of human spermatozoa
when damage was artificially induced by H,O, [6].
de Lamirande and Gagnon [6] suggested the role of
pyruvate was to rescue the glycolysis pathway, although
the authors did not discuss the antioxidant property
of pyruvate. In the human breast cancer cell line,
Nath et al. [19] showed that a-ketoacids can scavenge
copious amounts of H,O, generated by menadione
and reduce menadione-induced DNA injury and
cytotoxicity. Meanwhile, Upreti et al. [20] found that,
in ram spermatozoa, pyruvate regulated the activity of
aromatic amino acid oxidase, the enzyme responsible
for generation of H,O», but they did not further
investigate the effect of pyruvate against oxidative
stress. To date, the exact role of pyruvate and the effect
of a-ketoglutarate in protecting spermatozoa from ROS
attack are not yet clear.

Some amino acids can also serve as antioxidants.
Treatment of rat liver mitochondria with 500 pmol L™ tert-
butyl hydroperoxide (tert-BuOOH, a strong oxidant)
resulted in a reduction of ketoglutarate dehydrogenase
activity, which led to the disturbance of the tricarboxylic

acid cycle and the decrease in ATP synthesis [21]. After
the simultaneous addition of glutamate/malate, tert-
BuOOH did not inhibit rat liver mitochondria respiration
even at very high concentrations (500-1 000 umol L")
[21]. Thus, the combination of glutamate/malate may
be a good antioxidant.

In this study, we determined the effects of a-keto-
glutarate, pyruvate, lactate and glutamate/malate as
potential antioxidants against oxidative stress on rat
spermatozoa in the presence of exogenous H,O,.

2 Materials and methods

2.1 Chemicals and animals

Luminol (5-amino-2,3-dihydro-1,4-phthalazinedione)
and lucigenin (bis-N-methylacridinium nitrate), anti-
phosphotyrosine monoclonal antibody (PY20), monoclonal
anti-g-tubulin antibody and Chlortetracycline (CTC)
hydrochloride were purchased from Sigma-Aldrich (St
Louis, MO, USA). 2-methyl-6-(4-methoxyphenyl)-3,7-
dihydroimidazo[1,2-a]pyrazin-3-one-hydrochloride
(MCLA) was purchased from TCI America (Portland,
OR, USA). Horseradish peroxidase (HRP, 300 U mg"),
catalase (3 kU mg"), superoxide dismutase (1.4 kU mg") and
Protease Inhibitor Cocktail were purchased from Sangon
(Shanghai, China). ATP assay kit was purchased from
Beyotime Institute of Biotechnology (Haimen, China).
Phosphatase Inhibitor Cocktail was purchased from
Calbiochem (San Diego, CA, USA). Transgreen and
propidium iodide (PI) were a kind gift from Professor
Hui-Juan Shi.

A total of 40 male Sprague-Dawley rats (weighting
400-500 g) were purchased from Laboratory Animal
Center (Shanghai, China). All animal studies were
carried out according to local and national guidelines
for the care and use of laboratory animals and approved
by the Biomedical Research Ethics Committee of
Shanghai Institute of Biological Sciences.

2.2 Experimental design

Experiments were conducted in the presence or
absence of exogenous H,O,. The presence of H,O, was
used to simulate oxidative stress, whereas the absence
of H,O, was used to determine whether antioxidants
have negative effects on spermatozoa. After spermatozoa
were treated with various antioxidants and H,O, for
various time periods, the effects of antioxidants were
evaluated by examining ROS levels, ATP levels,
tyrosine phosphorylation, motility, acrosome reaction
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and viability.

2.3 Preparation of rat spermatozoa

Rats were killed by cervical dislocation or using
10% choral hydrate, and then spermatozoa were released
from the caudal epididymides into 3 mL modified
Biggers, Whitten and Whittingham (mBWW, free of
pyruvate and lactate) medium (NaCl 94.7 mmol L™,
KCl 4.8 mmol L, CaCl, 1.71 mmol L", KH,PO, 1.2
mmol L', MgSO47H,0 1.2 mmol L™, NaHCO, 25
mmol L, glucose 5.6 mmol L', HEPES 20 mmol L,
penicillin 60 mg L", streptomycin 100 mg L, pH 7.6)
[22]. The concentration of bovine serum albumin in
mBWW medium was 0 mg mL" for ROS levels assay
using MCLA, 15 mg mL" for tyrosine phosphorylation
and acrosome reactions, and 4 mg mL™" for other
experiments. Spermatozoa were prepared by the swim-
up method and incubated at 37°C with an atmosphere
of 5% CO,. Sperm density of 1 x 10'=2 x 10" and
2 x 10°-3 x 10° cells per mL was used for ROS levels
assay using MCLA and other experiments, respectively.

2.4 Measurement of ROS levels by chemiluminescence

After 1 h of incubation, ROS levels in treated samples
were examined. Luminol + HRP and lucigenin were used
to examine H,O,-treated samples, whereas MCLA was
used to analyze samples without H,O» treatment. Samples
supplemented with catalase (0.2 mg mL™") or superoxide
dismutase (0.1 mg mL") were used as controls to
confirm that the detected chemiluminescence signals
were specific to ROS. Protocols for measuring ROS
levels using luminol + HRP, lucigenin and MCLA were
described elsewhere [23, 24]. The working concentration
of luminol and lucigenin was 250 pmol L™, whereas
that of HRP and MCLA was 12 U mL" and 20 umol L",
respectively. Chemiluminescent signals were recorded
in 400 uL of solution or sperm suspension on an
LB9507 luminometer (Berthold Technologies, Bad
Wildbad, Germany) using a capture time of 10 s in
integration mode. The background level was subtracted
as described [24]. Data are expressed as relative light
units.

2.5 Sperm motility analysis

Motility was examined by computer-assisted
sperm analysis (CASA) using an HTM-IVOS system
(version 10.8, Hamilton-Thorne Research, Beverley,
MA, USA). Images of sperm tracks were captured in
a 100-um chamber for 0.5 s at 60 Hz. Five arbitrary

and independent fields were chosen for sperm-motility
examination. At least 500 tracks were measured for
each specimen at 37°C.

2.6 Examination of sperm ATP content

The process was performed according to the
manufacturer’s instructions. At the end of 1-h incubation,
200 uL of sperm suspension was centrifuged at 800 x g

for 5 min. Sperm pellets were lyzed in 200 pL of lysis
buffer. Then 100 uL of the lyzed sperm solution and
100 uL of luciferin—luciferase reagent were mixed for
3 s before luminescence was measured for 10 s using
the GloMax 20/20 luminometer (Promega, Madison,
WI, USA). The signal intensities were normalized by
setting the control value at 100%. Results are expressed
as relative ATP levels.

2.7 Sperm viability assay

Dual staining with Transgreen/PI was used to examine
sperm viability [25]. Transgreen (5 pmol L) and
PI (5 mg mL™") were dissolved in dimethyl sulfoxide
and phosphate-buffered saline (PBS), respectively.
The sperm suspension (500 uL) was incubated with
1 uL of Transgreen and PI for 15 min at 37°C before
examination. Transgreen/PI is excited at 488 nm. The
green fluorescence was collected through 525-nm band
pass filters. The red fluorescence was collected through
635-nm band-pass filters. Quantitative data on the
fluorescently stained sperm populations were collected
by FACS using a Calibur LSRII (BD Biosciences,
Monona, WI, USA). A total of 10 000 spermatozoa
were analyzed, and their viability was expressed as
the log of fluorescent intensity for each sample. The
generated data were analyzed using the WinMDI 2.9
software (TSRI, La Jolla, CA, USA).

2.8. Determination of protein tyrosine phosphorylation

At the end of a 5-h incubation, treated samples
were collected and washed twice with PBS. Sperm
pellets were resuspended in sample buffer containing
phenylmethylsulfonyl fluoride (1 mmol L), Protease
Inhibitor Cocktail (diluted at 1:1 000), Na;VOs; (1
mmol L) and Phosphatase Inhibitor Cocktail (diluted
at 1:100), and incubated at 100°C for 5 min. Sperm
proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis on 10% gels and
transferred onto nitrocellulose transfer membranes. The
membranes were probed with PY20 at 4°C overnight,
followed by incubation with a goat anti-mouse IgG, HRP
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conjugate. An internal control protein was detected
with an anti-a-tubulin antibody. Detection of proteins
was performed using an enhanced chemiluminescence
kit (Thermo Scientific, Madison, WI, USA). The films
were scanned using a Luminescent Image Analyzer
LAS4000 (Fujifilm, Mishima, Japan). Digital images
obtained were analyzed by Multi Gauge V3.0 software
(Fujifilm). The intensities were normalized to 1 with
the value obtained in capacitating spermatozoa (control
group). In all cases, the contribution of the background
was subtracted.

2.9 Evaluation of sperm acrosome reaction
Spermatozoa were treated with H,O, and various
chemicals for 4 h at 37°C under 5% CO, atmosphere,
stained with chlortetracycline (CTC) and assessed
for sperm acrosome reaction as described elsewhere
[26, 27]. After CTC staining and fixation, more
than 200 cells per sample were examined at original
magnification of x 1 000 using an Olympus BX51
fluorescence microscope (Olympus, Tokyo, Japan).

2.10 Statistical analysis

One-way analysis of variance (two tailed; paired
values) and Tukey’s test were used to evaluate the
motility, ATP level, acrosome reaction and viability.
For ROS level and tyrosine phosphorylation assay,
a two-tailed Student’s 7-test was used to compare
spermatozoa under control and different treatments.
Data analyses were carried out using the SPSS V17.0
software (SPSS Inc, Chicago, IL, USA). A difference
was considered statistically significant with P < 0.05 [26,
28, 29].

3 Results

ROS levels in sperm suspension were measured
by a chemiluminescence assay. Lucigenin was used
to detect H,O, and O™, and the linear relationship
between lucigenin-dependent chemiluminescence
signals and H,O, concentrations was observed in our
study (Figure 1). ROS levels in samples treated by
H>0,, H,0, + lactate, H,O, + glutamate/malate and
H,0, + superoxide dismutase were significantly higher
than those in the control (P <0.001) (Figure 2A). ROS
levels in samples treated with H,O, + pyruvate, H,O, +
a-ketoglutarate and H,O, + catalase were similar to that
of the control (Figure 2A). Only pyruvate significantly
enhanced (P < 0.01) the production of ROS in the
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Figure 1. Standard curve measured by lucigenin for H,O,. Various
concentrations of H,O, were prepared in mBWW medium and
then were measured using lucigenin (250 ymol L™).
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Figure 2. Effects of antioxidants on reactive oxygen species (ROS)
levels in sperm suspensions. (A): ROS levels were assayed using
lucigenin. (B): ROS levels were assayed using MCLA. B, nBWW;
P, pyruvate (4 mmol L™); K, a-ketoglutarate (4 mmol L™); L, lactate
(4 mmol L™"); GM, glutamate/malate (4 mmol L"); CON, control;
H, H,0 (250 pmol L™); SOD, superoxide dismutase (0.1 mg mL™);
CAT, catalase (0.2 mg mL™"). "P < 0.05, compared with control;
*P < 0.001, compared with H sample; (n = 3).

absence of exogenous H,O, in sperm suspension as
determined by MCLA to detect O, (Figure 2B).
Sperm motility was determined at the end of a
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Figure 3. Effects of antioxidants on sperm motility. (A): Sperm
motility was examined at the end of a 1-h treatment using
computer-assisted sperm analysis (CASA). (B): Sperm motility
was examined at the end of a 5-h treatment using CASA. CON,
control; H, H,0, (250 umol L™); P, pyruvate (4 mmol L™); K,
a-ketoglutarate (4 mmol L); L, lactate (4 mmol L™); GM,
glutamate/malate (4 mmol L™). "P < 0.001, compared with
control; “P < 0.01, compared with H sample; (n = 4).
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Figure 4. Effects of antioxidants on adenosine triphosphate (ATP)
levels. ATP levels were assayed at the end of a 1-h treatment.
CON, control; H, H;O, (250 pmol L'l); P, pyruvate (4 mmol LY,
K, o-ketoglutarate (4 mmol L™); L, lactate (4 mmol L™); GM,
glutamate/malate (4 mmol L™). "P < 0.01, compared with
control; “P < 0.001, compared with H sample; (n = 4).

1-h treatment (Figure 3A). H,O, caused reduction of
sperm motility to 22%, which was significantly lower
than that of the control (76%) (P < 0.001). Motility
of the samples supplemented with pyruvate and
a-ketoglutarate were maintained at 77% and 66%,
respectively. Motility in the samples treated with lactate
and glutamate/malate (16% and 23%, respectively)
were significantly lower than the control (P < 0.003).
In the absence of H,O, in the sperm suspension,
pyruvate, o-ketoglutarate, lactate and glutamate/malate
had an apparent positive effect on motility after a 5-h
incubation, but the degree of improvement was not
statistically significant (Figure 3B).

ATP levels in all H,O-treated (250 pmol L)
samples were significantly lower than the control
(P <£0.002) (Figure 4). H,O, caused significant loss of
ATP in spermatozoa. The samples treated with only
H,0O, had ATP levels at 10% that of the control group.
Supplementation of pyruvate and a-ketoglutarate
allowed the maintenance of sperm ATP at 80% and
72%, respectively, which were significantly higher than
those treated with H,O, only (P < 0.001). Lactate and
glutamate/malate had no distinct effect on restoring
sperm ATP levels.

The effects of antioxidants and H,O, on protein
tyrosine phosphorylation were determined at the end of a
5-h incubation period using PY?20, an anti-phosphotyrosine
antibody (Figure 5). The quantitative data (Figure SB-D)
showed that H,O, (250 pmol L) significantly inhibited
tyrosine phosphorylation (P < 0.005). Pyruvate and
a-ketoglutarate significantly restored the 95- and two
80-kDa bands (P < 0.04). The 55-kDa band was also
restored to certain levels by pyruvate and a-ketoglutarate.
Lactate and glutamate/malate had no marked effect on
restoring tyrosine phosphorylation. In the absence
of exogenous H,O; in the media, a-ketoglutarate,
lactate and glutamate/malate improved tyrosine
phosphorylation, whereas only the 95-kDa band was
significantly enhanced by a-ketoglutarate and lactate
(P <£0.03). Pyruvate had a slight negative effect on
the 95- and 55-kDa bands, and no effect on the two
80-kDa bands.

Analysis of acrosome reaction using CTC staining
showed H,0, (250 umol L™') causing significant
inhibition when compared with control (P < 0.01)
(Figure 6). All the antioxidants used in this study
restored acrosome reaction to certain levels.
oa-Ketoglutarate and pyruvate significantly restored
acrosome reaction compared with samples treated
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Figure 5. Effects of antioxidants on tyrosine phosphorylation. (A): Western blot assay was performed at the end of a 5-h treatment.
(B): Quantification of the 95-kDa bands indicated by arrow 1. (C): Quantification of the two 80-kDa bands indicated by arrow 2. (D):
Quantification of the 55-kDa bands indicated by arrow 3. 0 h, control sample incubated for 0 h. CON, control; H, H,O, (250 pumol
L™"); P, pyruvate (4 mmol L™); K, a-ketoglutarate (4 mmol L™); L, lactate (4 mmol L™); GM, glutamate/malate (4 mmol L™"). "P < 0.05,
compared with control; “P < 0.05, compared with H sample; (n = 4).
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Figure 6. Effects of antioxidants on acrosome reaction.
Acrosome reaction was assayed at the end of a 4-h treatment
using CTC staining. CON, control; H, H,O, (250 umol Lh;
P, pyruvate (4 mmol L"); K, a-ketoglutarate (4 mmol L™);
L, lactate (4 mmol L"); GM, glutamate/malate (4 mmol L™).
P <0.05, compared with control; P < 0.05, compared with H
sample; (n = 3).
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Figure 7. The effects of various concentrations of H>O, on
sperm viability. Rat spermatozoa were incubated with various
concentrations of H,O, for 4h and then viability was assayed
using Transgreen/PI staining.

with H,O; only (P < 0.02). Without H,O, treatment,
acrosome reaction was improved by these antioxidants,
but the degree of improvement was not statistically
significant (Figure 6).

First, effects of various concentrations of H,O, on
rat sperm viability were determined at the end of a 4-h
treatment (Figure 7). With increasing concentrations
of H,O,, sperm viability gradually decreased. H,O, at
a concentration of 500 pmol L™ significantly decreased
sperm viability compared with control (P < 0.001)
(Figure 8A). Sperm viability in H,O,-treated samples
supplemented with pyruvate and o-ketoglutarate was
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Figure 8. Effects of antioxidants on sperm viability. (A): Sperm
viability was examined at the end of a 4-h treatment using
Transgreen/PI staining. (B): Sperm viability was examined
at the end of a 24-h treatment using same technique. CON,
control; H, H,O, (500 pmol L"); P, pyruvate (4 mmol L'l); K,
a-ketoglutarate (4 mmol L™); L, lactate (4 mmol L™); GM,
glutamate/malate (4 mmol L™). "P < 0.01, compared with control
value; *P < 0.01, compared with H sample. (n = 4).

Viability (%)

restored to 70% and 71%, respectively; however,
the sperm viability was only 21% and 24% when
supplemented with lactate and glutamate/malate,
respectively, which was significantly lower than the
control (P < 0.007). Without H,O, treatment, sperm
viability was similar among the groups treated with
various antioxidants for 24 h at room temperature
(Figure 8B).

4 Discussion

Supplementation of sperm incubation media
with antioxidants has often been suggested as a way
of reducing ROS-induced damage to spermatozoa.
The aim of this study was to examine the protective
effects of candidate antioxidants a-ketoglutarate,
pyruvate, lactate, and glutamate/malate on protecting
rat spermatozoa from ROS attack. The H,O»-induced
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damage in this study may be representative of ROS
damage encountered during the incubation before in
vitro fertilization or other sperm functional tests.

The luminol probe can measure both intracellular
and extracellular ROS, especially O,", HO, and OH’
free radicals, whereas lucigenin can detect extracellular
ROS, especially O, and OH" free radicals [23, 30].
We first tried to measure ROS levels in H,O,-treated
samples using luminol, but did not obtain reliable data
because the luminol-dependent chemiluminescent
signals were quenched too fast when it was added to the
mBWW medium containing H,O, (Table 1). We found
that lucigenin-dependent chemiluminescence signals
and concentrations of H,O, have a linear relationship.
Furthermore, lucigenin-dependent chemiluminescent
signals could be eliminated by catalase instead of
superoxide dismutase. Therefore, lucigenin was used to
examine H,O,-treated samples in this study.

As lucigenin could produce an artificial signal when
measuring superoxide production [31], MCLA was
used to measure O, levels in samples without H,O,
treatment in this study. Results showed that pyruvate
enhanced the production of O, in sperm suspension,
although the mechanism of this enhancement is unclear.

Sperm motility was rather depleted after a 1-h
incubation with H,O,. Impaired sperm motility was
associated with a loss of intracellular ATP, as ROS could
inhibit the activities of enzymes in the tricarboxylic acid
cycle, such as aconitase and ketoglutarate dehydrogenase
[6, 32]. Our ATP levels assay showed that ATP level
in H,Os-treated samples was only 10% of the untreated
samples (Figure 4). Besides the antioxidant role, the
addition of pyruvate in media would replenish ATP for
motility [6]. a-Ketoglutarate, lactate, glutamate and
malate were also important energy sources to supply
ATP for sperm motility [33].

The positive role of ROS as regulators of protein

tyrosine phosphorylation has been shown [29, 34, 35].
These studies were performed with the physiological
concentrations of ROS or endogenous ROS. Effects
of various concentrations of H,O, on rat sperm protein
tyrosine phosphorylation were determined, as shown
in Figure 9. Low concentrations of H,O,, such as 10 or
20 pmol L™, enhanced tyrosine phosphorylation, but high
concentrations of H,O, (more than 100 pmol L) had
negative effects. The inhibition effect of H;O, (250 umol L™)
on tyrosine phosphorylation could be reversed with the
addition of pyruvate or o-ketoglutarate, not lactate and
glutamate/malate, in sperm suspension at the beginning
of the treatment.

Very little is known about the role of the components
in BWW media on tyrosine phosphorylation. Our
data indicated pyruvate had a slight negative effect on
tyrosine-phosphorylated proteins with sizes of 95 and
55 kDa. a-Ketoglutarate, lactate and glutamate/malate
had an improved role on tyrosine phosphorylation
and the 95-kDa band was significantly enhanced
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¥

kDa
130—

95—
12—

-
55— -

Figure 9. The effects of various concentrations of H,O, (umol LY
on sperm protein tyrosine phosphorylation. Rat spermatozoa
were incubated with various concentrations of H,O, for 5h and
then tyrosine phosphorylation was assayed using PY20 antibody.
a-Tubulin was a 55-kDa protein and used as internal control.

Table 1. Examination of H,O, using luminol. Various concentrations of H,O, were prepared in mBWW medium and then were
measured using luminol (250 pmol L") + horseradish peroxidase (HRP).

H,0; concentration (pmol L)

Time point (s)

0 10 50 100 250
10 1 660 RLU 9933 RLU overload overload overload
30 216 RLU 245 RLU 1260 RLU overload overload
50 163 RLU 158 RLU 400 RLU 1 116 RLU overload
70 138 RLU 131 RLU 323 RLU 632 RLU overload
90 129 RLU 137 RLU 281 RLU 520 RLU overload

Abbreviation: RLU, relative light units.
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by a-ketoglutarate and lactate. The mechanism of
the enhancement of tyrosine phosphorylation by
antioxidants involves the production of endogenous
ROS. Although both H,O, and a-ketoglutarate
stimulate tyrosine phosphorylation, they probably
regulate the activity of tyrosine kinase through different
pathways because o-ketoglutarate mainly enhanced the
95-kDa proteins and H,O, enhanced all the tyrosine-
phosphorylated proteins. Tyrosine phosphorylation
in rat sperm was driven by ROS acting through two
different but complementary mechanisms [36]. O,
stimulates tyrosine kinase activity indirectly through
the elevation of intracellular cAMP, whereas H,O, acts
directly on the kinase/phosphatase system, stimulating
the former and inhibiting the latter [36].

de Lamirande et al. [28] showed that both O,
and H,O, were involved in the regulation of human
sperm acrosome reaction. In bovine spermatozoa,
low concentrations of H,O, could be an inducer of
acrosome reaction and high concentrations of H,O,
(250 umol L") had a deleterious effect [37]. Our
results showed that H,O, (250 pmol L) could also
reduce rat sperm acrosome reactions and the addition of
pyruvate or o-ketoglutarate in sperm suspension at the
beginning of incubation could completely prevent this
reduction.

H,0, (250 pmol L) had marked effect on some
sperm functions and only a weak effect on viability
after a 4-h treatment. H,O, (500 pmol L") caused
a dramatic decrease in sperm viability, which could
be prevented by the supplementation of pyruvate or
a-ketoglutarate (P < 0.001). Except for the antioxidant
roles, pyruvate and a-ketoglutarate could be used as an
energy source for sperm motility and survival.

a-Ketoacids quench H,O, mainly through the
reaction of nonenzymatic oxidative decarboxylation
[19]. In this reaction, a-ketoglutarate is converted
to succinate, which would support the tricarboxylic
acid cycle [38]. Thus, a-ketoglutarate can shunt the
tricarboxylic acid cycle on inactivation of ketoglutarate
dehydrogenase under oxidative stress. In addition,
a-ketoglutarate may also shunt the tricarboxylic acid
cycle by the a-aminobutyrate shunt metabolic pathway
[39]. However, the reaction of pyruvate with H,O,
results in the formation of acetate, which cannot enter
the tricarboxylic acid cycle [21]. Recently, Mailloux
et al. [38] found that the tricarboxylic acid cycle was
also an integral part of the oxidative defense machinery
in cells, and a-ketoglutarate was a key participant in the

detoxification of ROS. Therefore, a-ketoglutarate as an
effective antioxidant will protect spermatozoa through
multiple pathways.

To determine the roles of pyruvate and lactate,
mBWW media (free of pyruvate and lactate) was used in
this study. Normal BWW media contain a certain amount
of pyruvate (27 pmol L") and lactate (23.6 mmol L") [22].
The main roles of lactate in BWW are as an energy source.
Owing to the low concentration of pyruvate, BWW has
a weak antioxidant capacity. If high concentrations of
pyruvate or o-ketoglutarate were supplemented in the
BWW medium, the antioxidant capacity of BWW media
will be enhanced.

In conclusion, our results indicate that o-ketoacids
has an important role in protecting sperm from the injury
induced by H,O, and they could be effectively used to
improve the antioxidant capacity of BWW media.
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