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Theproduction of reactive oxygen species (ROS) is a normal process that occurs in the cellular
mitochondrial respiratory chain. However, an increase in ROS levels during in vitro produc-
tion of bovine embryos induces oxidative stress, leading to failed embryonic development.
Therefore, we investigated whether supplementation of IVM medium with intracellular
(cysteine and cysteamine; C þ C) and/or extracellular (catalase; CAT) antioxidants improves
the culture system, affects the mitochondrial membrane potential, affects the intracellular
levels of ROS and glutathione (GSH) in the bovine oocytes at the end of maturation, and
thereby affects the subsequent embryonic development. At the end of IVM, themetaphase II
rates were unaffected by the treatments (76.7 � 1.7% to 80.6 � 5.2%; P > 0.05). The intra-
cellular ROS levels, expressed in arbitrary fluorescence units, found in the oocytes treated
with intracellular antioxidants (Cþ C and Cþ Cþ CATgroups; 1.06, averaged) were as low as
those observed in immature oocytes (0 hour: 1.00 � 0.12). Among mature oocytes, higher
(P< 0.05) ROS levelswere found in the control group (1.91� 0.10)when compared to theROS
levels found in oocytes treated with antioxidants. Intracellular GSH levels in all groups were
lower (0.17 � 0.09 to 0.51 � 0.05; P < 0.05) than those in immature oocytes (1.00 � 0.08),
although GSH levels in the C þ C group (0.51 � 0.05) were greater (P < 0.05) than in the
control, CAT, and C þ C þ CAT groups (0.23; averaged). The mitochondrial membrane po-
tential in all groups was improved (1.6; averaged; P < 0.05) compared to the membrane
potential observed in the immature oocytes (1.00 � 0.05), with the exception of the C þ C
group (0.94 � 0.03). There was no effect (P > 0.05) of antioxidant supplementation on em-
bryonic development to the blastocyst stage (36.1%; averaged); however, there was an
increased tendency (P¼ 0.0689) to obtain a higher blastocyst rate for the Cþ Cþ CAT group
(47.5 � 5.6%) compared to the control group (29.9 � 4.8%). In conclusion, despite improve-
ments in specific parameters of cytoplasmic maturation, the addition of intracellular and/or
extracellular antioxidants during IVM did not affect embryo development.
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1. Introduction

Many attempts have been made to increase the in vitro
production (IVP) of cattle embryos by improving the con-
ditions of the culturing systems, especially during IVM. IVM
constitutes the in vitro advancement of an oocyte from the
diplotene stage of prophase I (germinal vesicle [GV]) to
metaphase II (MII) and cytoplasmic maturation [1]. This is a
crucial step because in vitro–matured oocytes exhibit
inferior acquisition of developmental competence
compared to those matured in vivo. Therefore, during
maturation, the oocytes acquire the developmental capac-
ity, i.e., their intrinsic ability to support the subsequent
stages of fertilization and early embryo development [2].
Many studies have reported that the culture environment
to which oocytes and embryos are exposed can affect their
quality [3–6]. In addition, among the various factors that
can influence the culture environment, the oxidative stress
that is induced by the greater oxygen tension has received
special attention in the last decade [7]. The oxygen tension
routinely used in IVM culture systems is often higher than
that found in the microenvironment of the female repro-
ductive tract (w20% and 3%–9% O2, respectively), and such
high oxygen tension is believed to induce the excessive
generation of reactive oxygen species (ROS), namely,
hydrogen peroxide (H2O2), hydroxyl radical, and peroxyl
radical. In addition to increased oxygen tension, other
exogenous factors capable of inducing ROS generation can
be found in the culture medium itself, including traces of
metallic cations (such as Fe and Cu) that are often present
in the water and/or chemical products used to prepare the
culture medium, and amine oxidase, which is found in
serum [8,9].

Reactive oxygen species production is a normal process
that occurs within cells, including embryos, cumulus cells,
and oocytes [8]. Under physiological conditions, the main
source of ROS is oxidative phosphorylation in the mito-
chondria; ROS are produced through the electron transfer
reaction to oxygen [10]. Although ROS are involved in many
physiological processes related to ovarian activity and
gametogenesis [11] as well as in the fertilization capacity of
bovine spermatozoa and in the interaction between sper-
matozoa and oocytes [12], oxidative stress occurs when
ROS production exceeds the cellular antioxidant defense
mechanisms, resulting in disturbances in reduction/oxida-
tion (redox)-regulated processes. These radicals are
extremely reactive and unstable and therefore may interact
with several molecules to acquire electrons in an attempt to
become stable [13]. These interactions may, in turn, induce
a cascade of chain reactions that can eventually lead to
cellular damage, including lipid peroxidation (mainly
membrane phospholipids) and the oxidation of amino
acids and nucleic acids [8,14,15]. In addition, high levels of
ROS cause DNA damage because of the disruption of the
mitochondrial membranes and lead to the consequent
release of cytochrome C and activation of caspase cascades.
These events culminate in apoptosis and failed embryonic
development [16]. Thus, oxidative stress may decrease the
viability of in vitro–produced embryos [17].

To circumvent these harmful effects, biological systems
have developed mechanisms to control ROS levels,
including enzymatic (superoxide dismutase, glutathione
[GSH] peroxidase, and catalase) and nonenzymatic anti-
oxidant agents (a-tocopherol, ascorbic acid, b-carotene,
and GSH, among others) [18]. Thus, given the constant
threat to cell viability imposed by the action of ROS, these
antioxidants have been applied to the IVP culture systems
used to produce bovine embryos, with the goal of
improving the production and quality of oocytes and em-
bryos. Reports in the literature regarding the effects of
supplementing media with extracellular enzymatic anti-
oxidants, such as catalase, are very controversial [19,20].
However, a recent report demonstrated that the addition of
catalase during IVP reduced intracellular ROS levels and the
rate of apoptosis in bovine embryos [5]. This finding
inspired further studies focused on the modulation of
extracellular ROS production to improve IVP systems.

More attention has been given to the supplementation
of IVM medium with thiol compounds such as cysteine or
cystine [21] and cysteamine [13], which increase intracel-
lular GSH levels in bovine oocytes. Alterations in GSH
concentration and redox status have been associated with
the oxidative stress induced in the mitochondria by per-
oxides and other oxidants, as reviewed by Lash [22]. Thus,
GSH acts as the main nonenzymatic defense system in both
oocytes and embryos and promotes both the detoxification
of lipid peroxides and thiol proteins and the removal of
H2O2 [18]. The biosynthesis of GSH is limited by the avail-
ability of cysteine in the medium; however, this substance
is unstable outside the cell. Cysteine is likely absent from
the culturemedium because of its auto-oxidation to cystine
[23]. Low-molecular-weight thiol compounds, such as
cysteamine and b-mercaptoethanol, promote the reduction
of cystine to cysteine, which enhances cysteine uptake and
increases GSH synthesis [13].

In the present study, we hypothesized that the
improved quality of oocytes at the end of maturation, e.g.,
by increasing GSH levels and mitochondrial function, could
increase oocyte acquisition of development potential.
Therefore, we evaluated the effects of intracellular
(cysteine and cysteamine) and/or extracellular (catalase)
antioxidants during IVM on the oocyte quality and its
acquisition of developmental capacity. Specifically, we
assessed the following parameters: themeiosis progression
to MII stage, the mitochondrial membrane potential and
the intracellular levels of ROS and GSH in bovine oocytes at
the end of maturation, and the embryonic development
to the blastocyst stage.

2. Materials and methods

2.1. Chemicals, reagents, and media

Chemicals were purchased from Sigma Chemical Co.
(St Louis, MO, USA) unless otherwise stated. The medium
for IVM consisted of TCM199 (Gibco; Invitrogen Co., Grand
Island, NY, USA) supplemented with 10% (v:v) fetal calf
serum (Gibco, Invitrogen Co.), 0.2 mM sodium pyruvate,
25 mM sodium bicarbonate, 50 mg/mL amikacin, 0.5 mg/mL
FSH (Folltropin-V; Bioniche Animal Health, Ontario,
Canada), and 100 IU/mL hCG (Vetecor; Hertape Calier,
Juatuba, MG, Brazil). The medium for IVF consisted of
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Tyrode’s albumin lactate pyruvate (TALP) containing
0.2 mM Na-pyruvate, 6 mg/mL fraction V fatty acid–free
BSA, 25 mM sodium bicarbonate, 13 mM Na-lactate,
50 mg/mL amikacin, 40 mL/mL PHE solution (1 mM hypo-
taurine, 2mMpenicillamine, and 250 mMepinephrine), and
10mg/mLheparin, as previously described [24]. Themedium
for the IVC of embryos consisted of modified synthetic
oviductal fluid (SOF), as previously described [25],
supplemented with 50 mg/mL amikacin, 5 mg/mL BSA, and
2.5% (v:v) fetal calf serum.

Antioxidants were diluted to the appropriate concen-
tration according to the experiment in TCM199 medium:
cysteine (C7352) was freshly diluted each day of the
experiment to obtain a final concentration of 0.6 mM;
millimolar stock concentrations (50 mM) of cysteamine
(M9768) were stored at �20 �C dissolved in TCM199 up to
1 week and were freshly diluted for each experiment to
obtain a final concentration of 100 mM; a stock solution
(2000 IU/mL) of catalase (C1345) was stored at 4 �C dis-
solved in TCM199 up to 1 week and was freshly diluted
for each experiment to obtain a final concentration of
100 IU/mL.

2.2. Oocyte collection and maturation

Ovaries from slaughtered cows were obtained in a local
abattoir and transported to the laboratory. Intact cumulus–
oocyte complexes (COCs) were aspirated from antral folli-
cles (3–8 mm in diameter), and oocytes with at least four
layers of cumulus cells with homogenous cytoplasm were
selected for the experiments. Selected COCs were washed
and cultured in IVM medium with or without antioxidant
supplementation as follows: (1) 0.6 mM cysteine combined
with 100 mM cysteamine (C þ C group); (2) 100 IU catalase
(CAT group); (3) 0.6 mM cysteine combined with 100 mM
cysteamine and 100 IU catalase (C þ C þ CAT group); or (4)
without supplementation (control). The IVM culturing was
performed in 500 mL of medium without mineral oil (25
oocytes per well) in a four-well cell culture cluster (NUNC,
Nunclon Delta Treated 4-Well IVF Dish, Denmark) for
22 hours at 38.5 �C in an atmosphere of 5% CO2 in air with
maximum humidity.

2.3. Assessment of nuclear maturation

Oocytes that were harvested immediately after their
removal from the follicle (0 hour) and after 22 hours of IVM
were stripped from their cumulus cells by vortexing in PBS
with 0.1% hyaluronidase for 3 minutes. Denuded oocytes
were then stained with Hoechst 33342 (1 mg/mL) for
30 minutes at room temperature to determine their
maturation status. The oocytes werewashed, transferred to
glass slides with mounting glycerol, and observed under an
inverted microscope (Olympus, IX51) at an excitation
wavelength of 510 nm and an emission wavelength of
590 nm. Oocytes classified as GV stage were considered
immature; those with a metaphase plate and first polar
body were classified as MII and were considered mature.
Oocytes in stages of maturation between GV and MII
(metaphase I, anaphase I, and telophase I) were considered
to be in intermediate (INT) stages of meiosis.
2.4. Quantification of intracellular ROS levels by
dichlorofluorescein assay

Intracellular ROS levels in oocytes were quantified
immediately after their removal from the follicle
(0 hour) and after 22 hours of IVM using the fluorescent
probe 6-carboxi-20,70-dichlorodihydrofluoresceine diac-
etate (H2DCFDA; Molecular Probes, Invitrogen, Oregon,
USA). A stock solution of H2DCFDA dissolved in DMSO was
diluted in PBS to a working concentration of 5 mM [14].
Oocytes were washed twice in PBS and placed into four-
well cell culture plates containing 500 mL of 5 mM
H2DCFDA. The four-well plates were incubated at 38.5 �C in
a dark, humidified, 5% CO2 atmosphere for 30 minutes.
Stained oocytes were washed twice with fresh PBS and
imaged immediately using an Olympus IX51 inverted mi-
croscope running Q-Capture Pro Image software (Media
Cybernetics, Inc., Version 5.0.1.26) with an excitation
wavelength of 495 nm and an emission wavelength of
520 nm to quantify the fluorescence signal intensities
(pixels). The background signal intensity was subtracted
from themeasured values of the treatment micrographs. To
evaluate the improvement in cytoplasmic maturation dur-
ing IVM culture, immature oocytes (0 hour) were chosen as
the calibrator, and the measured value of each treatment
micrograph was divided by the mean of the calibrator to
generate relative expression levels (arbitrary fluorescence
units). The means of the relative expression values were
plotted graphically with error bars representing the stan-
dard error of the mean (SEM).

2.5. Quantification of intracellular levels of reduced GSH

Intracellular GSH levels were quantified using the
fluorescent probe ThiolTracker Violet (Glutathione Detec-
tion Reagent; Molecular probes, Invitrogen, Oregon, USA)
according to the manufacturer’s instructions. Oocytes that
were harvested immediately after their removal from the
follicle (0 hour) and after 22 hours of IVM were washed
twice in PBS and placed into four-well cell culture plates
containing 500 mL of 20 mM ThiolTracker. The four-well
plates were incubated at 38.5 �C in a dark, humidified, 5%
CO2 atmosphere for 30 minutes. Stained oocytes were
washed twice with fresh PBS and imaged immediately
using an Olympus IX51 inverted microscope running Q-
Capture Pro Image software with an excitation wavelength
of 404 nm and an emission wavelength of 526 nm to
quantify the fluorescent signal intensities (pixels). The
background signal intensity was subtracted from the
measured values of the treatment micrographs. Immature
oocytes (0 hour) were chosen as the calibrator, and the
measured value of each treatment micrograph was divided
by the mean of the calibrator to generate relative expres-
sion levels (arbitrary fluorescence units). The means of the
relative expression values were plotted graphically with
error bars representing the SEM.

2.6. Assessment of mitochondrial membrane potential (DJm)

Mitochondrial membrane potential was assessed using
the fluorescent probe MitoTracker Red (CMXRos;
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Molecular Probes, Invitrogen, Oregon, USA) according to
the manufacturer’s instructions. Oocytes that were har-
vested immediately after their removal from the follicle
(0 hour) and after 22 hours of IVM were washed twice in
PBS and placed into four-well cell culture plates con-
taining 500 mL of 500-nM MitoTracker. The four-well
plates were incubated at 38.5 �C in a dark, humidified,
5% CO2 atmosphere for 30 minutes. Stained oocytes were
washed twice with fresh PBS and imaged immediately
using an Olympus IX51 inverted microscope running Q-
Capture Pro Image software with an excitation wave-
length of 579 nm and an emission wavelength of 599 nm
to quantify the fluorescence signal intensities (pixels). The
background signal intensity was subtracted from the
measured values of the treatment micrographs. Immature
oocytes (0 hour) were chosen as the calibrator, and the
measured value of each treatment micrograph was
divided by the mean of the calibrator to generate
relative expression levels (arbitrary fluorescence units).
The means of the relative expression values
were plotted graphically with error bars representing the
SEM.
2.7. In vitro fertilization and culture

After IVM, COCs were washed three times in the control
IVM medium (without antioxidant supplementation) and
twice in TALP medium to completely remove any residual
concentrations of antioxidants before being transferred to
the fertilization droplet. Oocytes were subjected to fertil-
ization with Nellore bull (Bos taurus indicus) frozen semen
from one animal and the same cryopreservation batch.
Frozen semen straws were obtained from a commercial
company (Alta Genetics Brazil Ltda, Uberaba, MG, Brazil)
and stored in liquid nitrogen and were thawed for each
experiment according to the vendor instructions (36 �C for
40 seconds). Motile spermatozoa were obtained by centri-
fugation of the frozen-thawed semen on a Percoll (GE
Healthcare, Uppsala, Sweden) discontinuous density
gradient (250 mL of 45% Percoll over 250 mL of 90% Percoll in
a 1.5-mL microtube) for 5 minutes at �2500 g at room
temperature. Sperm cells were added to the fertilization
droplet at 2 � 106 cells/mL. The COCs (25 per 90-mL droplet
overlaid with mineral oil) and spermatozoa were coincu-
bated for 18 hours at 38.5 �C in an atmosphere of 5% CO2 in
air, with maximum humidity. The day of fertilization was
defined as Day 0.

After fertilization, the presumptive zygotes were
partially stripped from the cumulus cells by gentle pipet-
ting and subsequently washed three times in TALP medium
and twice in IVC medium. Zygotes were transferred to
500 mL of IVC medium without mineral oil (50 oocytes per
well) on a monolayer of cumulus cells in a four-well cell
culture plate. The culture was carried out at 38.5 �C in an
atmosphere of 5% CO2 in air, with maximum humidity.
Cleavage rates were assessed under stereoscopic micro-
scopy at �40 magnification at 72 hours postinsemination,
and blastocyst development rates were recorded at
168 hours postinsemination (Day 7).
2.8. Experimental design

2.8.1. Experiment I: effects of antioxidants during IVM on
meiosis progression

Oocytes were matured for 22 hours in vitro in medium
supplemented with C þ C (n ¼ 110), CAT (n ¼ 104), C þ C
þ CAT (n ¼ 102), or without supplementation (control;
n ¼ 120). Oocytes that were immediately harvested after
their removal from the follicle (0 hour ¼ immature
oocytes; n ¼ 129) and mature oocytes were stained for
assessment of meiosis progression to MII. Treatments
were repeated in five replicates. A 1-cell culture well
containing 25 oocytes was considered the experimental
unit for each replicate of each group. The percentage of
oocytes at specific stages of meiosis was estimated by
considering the total number of oocytes in each matura-
tion well.

2.8.2. Experiment II: effects of antioxidants during IVM on
intracellular ROS and GSH levels in bovine oocytes

Oocytes were matured for 22 hours in vitro in medium
supplemented with C þ C (n ¼ 111), CAT (n ¼ 117), C þ C þ
CAT (n ¼ 130), or without supplementation (control;
n ¼ 129). Oocytes that were immediately harvested after
their removal from the follicle (0 hour¼ immature oocytes;
n ¼ 132) and mature oocytes were simultaneously stained
with the fluorescent probes H2DCFDA and ThiolTracker
Violet for assessment of ROS and GSH levels, respectively.
Treatments were repeated in five replicates. Within each
replicate, the experimental unit for each group consisted of
each individual stained oocyte.

2.8.3. Experiment III: effects of antioxidants during IVM on
DJm in bovine oocytes

Oocytes were matured for 22 hours in vitro in medium
supplemented with C þ C (n ¼ 130), CAT (n ¼ 130), C þ C þ
CAT (n ¼ 130), or without supplementation (control;
n ¼ 130). Oocytes that were immediately harvested after
their removal from the follicle (0 hour¼ immature oocytes;
n ¼ 107) and mature oocytes were stained with the
fluorescent probe MitoTracker Red for assessment of DJm.
Treatments were repeated in five replicates. Within each
replicate, the experimental unit for each group consisted of
each individual stained oocyte.

2.8.4. Experiment IV: effects of antioxidants during IVM on
embryo development in vitro

Oocytes were matured for 22 hours in vitro in medium
supplemented with C þ C (n ¼ 197), CAT (n ¼ 183), C þ C þ
CAT (n ¼ 195), or without supplementation (control;
n ¼ 191). Mature oocytes were then subjected to IVF, and
the presumptive zygotes were cultured in SOF medium
without antioxidant supplementation for up to 7 days
when their development to the blastocyst stage was eval-
uated. Treatments were repeated in five replicates. A 1-cell
culture well containing 50 embryos was considered the
experimental unit for each replicate of each group. The
percentage of blastocysts recovered on Day 7 after insem-
ination was based on the number of developed blastocysts
per oocyte inseminated.
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2.9. Statistical analysis

Data were analyzed by ANOVA using JMP statistical
software version 5.0.1a (SAS Inst. Inc., Cary, NC, USA). Data
in percentages were arcsine transformed before ANOVA.
When a statistically significant effect was found, Tukey’s
test was applied for multiple comparisons of means. The
level of statistical significance was set at P < 0.05, and P
values between 0.051 and 0.1 were considered as tendency.
All values are presented as means with their corresponding
SEM.

3. Results

Data for the stages of nuclear maturation in oocytes are
summarized in Table 1. There were no significant differ-
ences (P > 0.05) between groups with respect to the per-
centages of oocytes remaining at the stages of GV
(9.4 � 5.6% to 14.15 � 5.6%) and INT (5.5 � 1.8% to
12.3 � 3.3%) or reaching the stage of MII (76.7 � 1.7% to
80.6 � 5.2%) after 22 hours of IVM. A sample of oocytes
were evaluated immediately after follicular puncture
(0 hour, immature oocytes), and it was found that 98.4%
were at the GV stage, 1.6% were at the INT stages, and 0%
were at the MII (data not presented in the table).

Representative photomicrographs of stained bovine
oocytes for evaluation of ROS, GSH, and DJm are shown in
Figure 1.

Intracellular ROS levels (expressed as arbitrary fluores-
cence units; Fig. 2) for control oocytes (1.91 � 0.10) were
significantly greater (P < 0.05) than for oocytes treated
with the antioxidants C þ C (1.11 � 0.04), CAT (1.45 � 0.08),
and C þ C þ CAT (1.07 � 0.04). Among the treated oocytes,
those from CAT group exhibited significantly greater
(P< 0.05) ROS levels than those from Cþ C and Cþ Cþ CAT
groups. There were no significant differences (P > 0.05)
between the immature oocytes (0 hour; 1.00 � 0.12) and
the mature oocytes from the Cþ C and C þ Cþ CAT groups;
however, the intracellular ROS levels were increased
(P< 0.05) in the control and CATgroups when compared to
0 hour.

Intracellular GSH levels (expressed as arbitrary fluo-
rescence units; Fig. 3) for the control oocytes (0.24 � 0.02)
were similar (P> 0.05) to those for oocytes treatedwith the
Table 1
Meiosis stages after in vitro maturation of bovine oocytes in the presence
of antioxidants.

Group Total oocytes GV (%) INT (%) MII (%)

Control 120 10.9 � 2.0 12.3 � 3.3 76.7 � 1.7
C þ C 110 14.1 � 5.6 5.5 � 1.8 80.3 � 4.1
CAT 104 9.4 � 5.6 9.9 � 4.1 80.6 � 5.2
C þ C þ CAT 102 10.6 � 5.4 11.1 � 4.7 78.2 � 1.1

Oocytes were matured for 22 h in medium supplemented with 0.6 mM
cysteine and 100 mM cysteamine (C þ C); 100 UI catalase (CAT); 0.6 mM
cysteine, 100 mM cysteamine, and 100 UI catalase (C þ C þ CAT); or
received no supplementation (Control). Data are expressed as the
mean � standard error of five independent replicates.
No differences were observed between treatments (P> 0.05, Tukey’s test).
Abbreviations: GV, germinal vesicle; INT, intermediate stages of meiosis
between GV and MII (metaphase I, anaphase I, and telophase I);
MII, metaphase II.
antioxidants CAT (0.28 � 0.03) and C þ C þ CAT
(0.17 � 0.01), but C þ C group (0.51 � 0.05) exhibited
greatest (P < 0.05) GSH levels among all the groups. We
found a significant reduction (P< 0.05) in intracellular GSH
levels of the mature oocytes from all the experimental
groups compared with the immature oocytes (0 hour;
1.00 � 0.08).

The mitochondrial membrane potential (expressed as
arbitrary fluorescence units; Fig. 4) for control oocytes
(1.60 � 0.05) was greater (P < 0.05) than for the oocytes
treated with the antioxidants C þ C (0.94 � 0.03) and CAT
(1.41 � 0.0), yet it was lower (P < 0.05) than for the oocytes
treated with C þ C þ CAT (1.81 � 0.07). Overall, DJm was
improved (P < 0.05) in mature oocytes from all groups
compared to immature oocytes (0-hour group;
1.00 � 0.05), with the exception of the C þ C group, which
did not differ from the 0-hour group (P > 0.05).

The effects of supplementationwith antioxidants during
IVM on cleavage and blastocyst rates are given in Figure 5.
There was no effect (P > 0.05) of antioxidant supplemen-
tation on cleavage rates (76.5%; averaged) or in blastocyst
rates (36.1%; averaged), but there was a tendency
(P ¼ 0.0689) to obtain a higher blastocyst rate for the C þ C
þ CAT group (47.5 � 5.6%) compared to control group
(29.9 � 4.8%).

4. Discussion

To evaluate the effects of intracellular and/or extracel-
lular antioxidants on the oocyte quality and competence,
specific parameters of cytoplasmic maturation (namely
GSH and ROS levels as well as DJm) were assessed in
oocytes that were cultured under standard IVM conditions.
The principal results reported here suggest the following:
(1) supplementation of IVM medium with intracellular
(cysteine and cysteamine) and/or extracellular (catalase)
antioxidants reduced intracellular ROS levels in oocytes; (2)
supplementation of IVM medium with intracellular anti-
oxidants (cysteine and cysteamine) increased intracellular
GSH levels in oocytes; (3) DJm was reduced in oocytes
from C þ C and CAT treatments; (4) supplementation of
IVM medium with a combination of intracellular and
extracellular antioxidants (C þ C þ CAT) increased DJm in
oocytes and tended to increase the blastocyst formation
rate.

At the end of IVM, intracellular ROS levels in the control
group were increased compared to the levels observed in
immature oocytes. During IVM, the formation of certain
levels of ROS can increase the developmental potential of
oocytes to produce embryos, suggesting that ROS may play
different roles depending on both the time they are present
throughout the IVC of bovine oocytes and the quantity
present [26]. However, a precise balance between ROS
production and the cellular antioxidant defense mecha-
nisms is essential for favorable IVC conditions. If this bal-
ance is not met, oxidative stress could result in cellular
damage, particularly by disrupting the mitochondrial
membranes, which ultimately culminates in apoptosis and
failed embryonic development [16]. Nevertheless, intra-
cellular ROS levels at the end of maturation were lower in
all the treated groups (cysteine and cysteamine association,



Fig. 1. Representative photomicrographs of bovine oocytes stained for reactive oxygen species, glutathione, and mitochondrial membrane potential (DJm) under
fluorescence (A, B, and C) and after conversion to a gray-scale image (D, E, and F). �40 Magnification.
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catalase alone, or even the combination of these three an-
tioxidants) than those in the control group. These effects
were expected and are likely due to the action of catalase in
removing H2O2 produced in the extracellular environment
(i.e., the culture medium). Intracellular antioxidants
(cysteine combined with cysteamine) scavenge the intra-
cellular ROS produced in oocytes and cumulus cells because
of the use of oxygen for energy production through mito-
chondrial oxidative phosphorylation [5,13]. Consequently,
the expected effect was a reduction in the inherently
deleterious effects due to the action of H2O2 and other ROS
[8], namely, the oxidative modification of cellular compo-
nents, such as DNA, lipids, and proteins [13]. Interestingly,
Fig. 2. Effect of antioxidant supplementation during in vitro maturation on
intracellular reactive oxygen species levels (expressed as arbitrary fluores-
cence units) in bovine oocytes. Oocytes were matured for 22 hours in vitro in
medium supplemented with 0.6 mM cysteine and 100 mM cysteamine
(C þ C; n ¼ 110); 100 UI catalase (CAT; n ¼ 103); 0.6 mM cysteine, 100 mM
cysteamine, and 100 UI catalase (C þ C þ CAT; n ¼ 112); or that received no
supplementation (control; n ¼ 111). One group of oocytes was evaluated
immediately after their removal from the follicle (0 hour; n ¼ 107). Treat-
ments were repeated in five replicates. The data represent the
mean � standard error; different letters indicate significant differences be-
tween treatments (P < 0.05, Tukey’s test).
the utilization of catalase seems to be a strategy to allow
the production of intermediate levels of intracellular ROS
at the end of maturation because accumulating evidence
indicates that ROS can regulate cell function both by con-
trolling the production and activation of substances that
have biological activity and by activating key downstream
signaling pathways [27–29]. Thus, catalase could protect
against the harmful effects of high ROS levels yet, at the
same time, could use of the reactive nature of ROS for
beneficial purposes. However, such putative beneficial ef-
fects remain to be investigated.

The synthesis of intracellular GSH is a critical part of
oocyte cytoplasmic maturation [30], and the presence of
Fig. 3. Effect of antioxidant supplementation during in vitro maturation on
intracellular glutathione levels (expressed as arbitrary fluorescence units) in
bovine oocytes. Oocytes were matured for 22 hours in vitro in medium
supplemented with 0.6 mM cysteine and 100 mM cysteamine (C þ C;
n ¼ 111); 100 UI catalase (CAT; n ¼ 117); 0.6 mM cysteine, 100 mM cyste-
amine, and 100 UI catalase (C þ C þ CAT; n ¼ 130); or that received no
supplementation (control; n ¼ 129). One group of oocytes was evaluated
immediately after their removal from the follicle (0 hour; n ¼ 132). Treat-
ments were repeated in five replicates. The data represent the
mean � standard error; different letters indicate differences between
treatments (P < 0.05, Tukey’s test).
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Fig. 4. Effect of antioxidant supplementation during in vitro maturation on
mitochondrial membrane potential (expressed as arbitrary fluorescence
units) in bovine oocytes. Oocytes were matured for 22 hours in vitro in
medium supplemented with 0.6 mM cysteine and 100 mM cysteamine
(C þ C; n ¼ 130); 100 UI catalase (CAT; n ¼ 130); 0.6 mM cysteine, 100 mM
cysteamine, and 100 UI catalase (C þ C þ CAT; n ¼ 130); or that received no
supplementation (control; n ¼ 130). One group of oocytes was evaluated
immediately after their removal from the follicle (0 hour; n ¼ 107). Treat-
ments were repeated in five replicates. The data represent the
mean � standard error; different letters indicate differences between
treatments (P < 0.05, Tukey’s test).
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high levels of GSH in oocytes at the end of maturation is
considered a biochemical marker for improved oocyte
quality [31] as this reservoir will protect the zygote and
early embryo against oxidative damage before genomic
activation and de novo GSH synthesis [13]. However, the
results of the present study demonstrated depletion in the
amounts of the intracellular GSH in mature oocytes among
all the treated groups compared to immature oocytes. An
explanation for this finding is that IVC conditions result in
higher mobilization and utilization of intracellular GSH in
an effort to neutralize the high and continuous amounts of
ROS produced by the cells or even in the culture medium
[23,32,33]. Interestingly, comparison of the in vitro–
matured oocytes revealed that GSH depletion was lower
Fig. 5. Effect of antioxidant supplementation during in vitro maturation on
cleavage rates and embryo development to the blastocyst stage. Embryos
were produced by in vitro fertilization of oocytes that were matured for
22 hours in vitro in medium supplemented with 0.6 mM cysteine and
100 mM cysteamine (C þ C; n ¼ 197); 100 UI catalase (CAT; n ¼ 183); 0.6 mM
cysteine, 100 mM cysteamine, and 100 UI catalase (C þ C þ CAT; n ¼ 195); or
that received no supplementation (control; n ¼ 191). Treatments were
repeated in five replicates. The data represent the mean � standard error. No
differences were observed between treatments (P > 0.05, Tukey’s test). *A
tendency to obtain a higher blastocyst rate for C þ C þ CAT group compared
to the control group (P ¼ 0.0689) was observed.
when the oocytes matured in the presence of the thiol
compounds, cysteine and cysteamine (C þ C group), which
are precursors for the synthesis of reduced GSH. Thus,
because intracellular GSH synthesis was stimulated by
these thiol compounds, the depletion of GSH at the end of
IVMwas lower in such oocytes. Conversely, catalase did not
attenuate the decrease in GSH levels in the in vitro–
matured oocytes because this extracellular antioxidant
enzyme does not stimulate de novo GSH synthesis. Catalase
cannot cross the plasma membrane, so this antioxidant
does not act through the removal of the H2O2 produced by
the cell [5,34]. Instead, it acts by modulating the ROS pro-
duced by the culture medium [5,9]. Unexpectedly, intra-
cellular GSH depletion in the oocytes that were matured in
the presence of intracellular antioxidants was increased
when catalase was associated with the treatment (C þ C vs.
C þ C þ CAT groups). A reasonable explanation for this
finding is that highest DJmwas found in the oocytes from
the Cþ Cþ CATgroup at the end ofmaturation. As is widely
known, increased mitochondrial activity leads to an in-
crease in the exchange of electrons in the inner mito-
chondrial membrane, which is considered one of the main
sources of ROS production [35]. Despite such a high DJm
(discussed in later sections), the intracellular ROS levels in
the mature oocytes from the Cþ C þ CAT group were lower
than those observed in the oocytes from the control group,
suggesting that GSH was consumed to avoid the harmful
effects of the high levels of ROS. Therefore, the results
presented here indicate that the oxidative stress induced by
both the intracellular metabolic reactions and the extra-
cellular medium needs to be considered to fully understand
the redox metabolism in cells under culture conditions.

The concept of developmental competence remains ill-
defined [36], but the mitochondria may play an important
role in this competence [37] because oocyte quality is
associated with high mitochondrial metabolic status,
which is commonly assessed by the DJm and cellular ATP
content. With the exception of the C þ C group, the results
obtained in this study demonstrated that mature oocytes
exhibited higherDJmcompared to immature oocytes. This
result is supported by the literature as previous studies
have revealed that few immature oocytes display mito-
chondrial activity, which is probably due to the immaturity
of the mitochondria. In contrast, after the IVM of oocytes,
mitochondrial activity increases, and the mitochondria
become diffusely distributed throughout the cytoplasm
[38–40]. According to Tarazona et al. [41], high levels of
mitochondrial activity are necessary for further maturation
events that are dependent on ATP generation, such as
maturation of the nucleus and the completion of meiosis II
[42,43], maturation of the cytoplasm [43], rearrangement
of the cytoskeleton [44,45], and for the accumulation of the
mRNAs that are necessary for early development before the
onset of embryonic transcription [1,43,46]. Moreover,
the mitochondria that exist within the oocyte must provide
adequate ATP to fuel the first few days of embryonic
development [47,48] because mtDNA replication and the
proliferation of mitochondria do not occur until the blas-
tocyst stage [49]. However, it is also assumed that both
anaerobic and aerobic respirations attempt to meet the
energy needs of the early embryo [50]. Because we did not
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measure ATP content, we cannot correlate the low DJm in
oocytes from the Cþ C group with a low energy supply, but
we assume that ATP levels were not below the minimum
level because some of these ATP-dependent events were
properly completed in this study (e.g., the completion of
meiosis II and embryonic development to the blastocyst
stage).

In the present study, improvements in oocyte quality
were not reflected by increased embryo production. Find-
ings regarding the inclusion of antioxidants are contro-
versial: several reports demonstrate improvements after
the inclusion of antioxidants during IVM [21,51], whereas
other studies have reported that antioxidant supplemen-
tation during IVM does not influence the rates of cleavage
and embryo development to the blastocyst stage [5,20],
although some have reported increased intracellular GSH
levels [21], decreased ROS levels, and decreased percentage
in apoptotic cells [5]. Therefore, results from the literature
are inconsistent, and it appears that beneficial effects are
only observed when there are inadequate culture condi-
tions [52], which was not the case in the present study
because the percentages of obtained embryos were
appropriate (36.1%, averaged). Moreover, SOF medium [53]
contains a variety of compounds with antioxidant capacity,
such as methionine, hypotaurine, cystine, tyrosine, tryp-
tophan, fetal bovine serum, BSA, pyruvate, and citrate
[8,54]. In addition, the embryos were cultured on a
monolayer of cumulus cells. All these factors may have
masked the potential effects of antioxidants during IVM, as
suggested previously by Thompson et al. [55].

Although supplementation with antioxidants during
IVM did not affect embryo development, the tendency in
obtaining a higher blastocyst rate was observed in C þ C þ
CAT in comparison with the control group. As mentioned
previously, we found that mature oocytes from this group
showed a reduction in the intracellular ROS levels even in a
condition of increased mitochondrial membrane potential,
which may provide higher levels of ATP to oocytes, allow-
ing them to be more competent in sustaining subsequent
embryonic development [38]. However, such oocytes did
not exhibit the highest concentrations of GSH at the end of
IVM, and as it is widely known, the redox status of GSH and
other thiols has long been recognized to be critical for the
proper mitochondrial function and activity [22]. Concern-
ing oocytes and embryos, mitochondrial function is an
important parameter used to assess competency because of
the well-known role of mitochondria as the energy/ATP
resource for most of the reactions that occur in cells: their
metabolic pathways, including the Krebs cycle, fatty acid
metabolism, urea metabolism, and certain hormonal me-
tabolisms; their function as cell-death/cell-life mediators;
and their function as a storage receptacle for ions and other
cofactors that are important for cell homeostasis and
regulation [41,56]. Thus, the present results suggest that
the use of only a single measure to evaluate oocyte quality
is not an appropriate way to predict the potential for em-
bryonic development.

In conclusion, our results demonstrate that supple-
mentation of IVMmediumwith antioxidants improved the
quality of oocytes in different ways: (1) decreasing ROS
content in oocytes (as demonstrated in supplementation
with all types of antioxidants, irrespective of its intracel-
lular or extracellular action); (2) increasing GSH content in
oocytes (intracellular antioxidants); and (3) increasing the
mitochondrial membrane potential (intracellular com-
bined with extracellular antioxidants). However, despite
improvements in the quality of oocytes, the embryonic
development to the blastocyst stage was unaffected.
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