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Abstract
The role of reactive oxygen species (ROS) during oocyte in vitro maturation (IVM) is still controversial. Although an increase in ROS pro-
duction may cause deleterious effects in cells, these reactive species may also act as signaling molecules influencing different cell functions.
The aim of this study was to examine the effect of varying endogenous ROS levels during IVM on the process of bovine oocyte maturation.
To do so, different enzymatic antioxidant (catalase, or superoxide dismutase + catalase, or diphenyl iodonium) or pro-oxidant systems
(xanthine + xanthine oxidase, or xanthine + xanthine oxidase + catalase) were added to the culture medium. ROS levels were determined
by 2°,7’-dichlorodihydrofluorescein diacetate stain, nuclear maturation was evaluated by the presence of the metaphase II chromosome
configuration at 22 h of IVM and cleavage rate was recorded 48 h post-in vitro fertilization. ROS levels were only significantly increased
(P<0.05) by the O,” generating system (xanthine + xanthine oxidase + catalase), but meiotic maturation rates were significantly lower
(P<0.05) in all the evaluated systems compared with the control, except for the diphenyl iodonium group. However, this last group pre-
sented a significantly lower (P<0.05) cleavage rate in comparison to the control group. These results indicate that ROS would play an
essential role during oocyte maturation, since its increase or decrease beyond a physiological level significantly reduced nuclear or cyto-

plasmic maturation rates in bovine oocytes.
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The role of reactive oxygen species (ROS) in gam-
etes and embryo in vitro culture and manipulation is
still controversial. It has been proposed that an adequate
level of hydrogen peroxide (H,0,) would be necessary
to increase bovine oocyte developmental competence
(Pandey and Chaube, 2014; Vandaele et al., 2010) and
a gradual increase in ROS levels has been observed during
the first stages of embryo development (Ali et al., 2018;
Lopes et al., 2010; Morado et al., 2013; Velez-Pardo et al.,
2007), which could be related to metabolic changes.

On the other hand, certain studies have demonstrated
the expression of genes which code for antioxidant en-
zymes throughout the in vitro culture of cumulus-oocyte
complexes (COCs). These studies propose that the storage
of antioxidants in the oocyte during its growth and matu-
ration would be important for the developmental compe-
tence of the future embryo (Christou-Kent et al., 2020;
Garcia-Martinez et al., 2020; Mouatassim et al., 1999).

Reduction-oxidation (redox) reactions are essen-
tial for living systems displaying a dynamic equilib-
rium, where biologically important oxidations occur in
a controlled manner (Aitken, 2020). The oxidative me-
tabolism, essential for energy production, is directly
associated with ROS generation (Carbone et al., 2003),
being so that mitochondria, specifically the electron
transport chain, are the major sources of superoxide
anion (O,7) and H,O, generation (Goud et al., 2008).
ROS can also be physiologically produced O, as the
primary function of the NADPH oxidase (NOXs) fam-
ily. These enzymes transfer an electron across the
cell membrane from NADPH in the cytosol to O, in
the extracellular space generating O, which can be
rapidly converted to H,0, (Li et al., 2018). In this way,
the main product of NOX is H,O, which is more sta-
ble and permeable to the cell membrane (Buck et al.,
2019).
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In order to maintain the balance between ROS pro-
duction and removal, living organisms possess enzy-
matic and non-enzymatic antioxidant systems, the for-
mer being more efficient (Kala et al., 2017). Enzymatic
systems include superoxide dismutase (SOD), which re-
moves O,” in a dismutation reaction producing H,0, and
O, (Carbone et al., 2003), and catalase and glutathione
peroxidase (GSH-Px) which catalyze the removal of
H,O,. Catalase metabolizes H,O, into the non-reactive
molecules H,Oand O, (Von Mengden et al., 2020), while
in the GSH-Px reaction, reduced glutathione (GSH) is
oxidized to GSSG (oxidized glutathione), which in turn
can be reduced by the action of glutathione reductase
(GSSG-Rx) using NADPH (Carbone et al., 2003).

ROS have been proposed to act in several signaling
pathways, since they are small, they can diffuse short
distances and there are several rapid and controllable
mechanisms for their production and removal. This way,
ROS, especially H,O,, may influence cell proliferation,
cell death and gene expression (Altenhofer et al., 2015;
Hancock et al., 2001). Nevertheless, an excess in ROS
production may cause deleterious effects in cells. Velez-
Pardo et al. (2007) reported that the arrest in embryo de-
velopment is associated with an increased production of
O, and H,O, which causes alterations in the mitochon-
drial membrane potential, with subsequent activation of
the proteases/caspases pathway resulting in apoptosis. In
mouse oocytes, the exposure to O,~ increased zona pel-
lucida dissolution time, altered ooplasm microtubule dy-
namics and increased cortical granule loss (Goud et al.,
2008), while in porcine oocytes an increased ooplasmic
ROS content is related with a higher mRNA abundance
of acetyltransferase gene HAT1 and increased levels of
acetylation of histone H4 at lysine 12, associated with
oocyte aging (Cui et al., 2011). In the follicular fluid
of developing oocytes, enzymatic antioxidants work in
concert with non-enzymatic antioxidants, such as GSH,
vitamin C, vitamin E and taurine, presumably to counter-
act the potentially harmful effects of ROS (El-Shahat and
Kandil, 2012; Gupta et al., 2011; Nishihara et al., 2018).

Since ROS biological function is still controversial,
several studies have implemented diverse strategies to
modulate their production. A classic model to investigate
the cytotoxic effect of O, and H,O, is the use of xanthine
oxidase (XOD) in combination with xanthine; XOD
acts aerobically upon xanthine generating O,”and H,O,
(Alvarez et al., 2015; Blondin et al., 1997; Goud et al.,
2008; Lamirande and Gagnon, 1993). Then, the inclusion
of catalase to the xanthine + XOD system would mainly
generate O, due to the transformation of H,O, into H,O
and O, mediated by catalase (Von Mengden et al., 2020).
Another strategy to modulate endogenous ROS levels
could be to regulate NAPDH oxidases, the only enzymes
whose primary function seem to be ROS production, us-
ing specific inhibitors such as diphenyl iodonium (IDP)
(Altenhofer et al., 2015).

To date, most of the studies carried out during oocyte
in vitro maturation (IVM) have been focused on the ef-

fects of exogenous ROS. We hypothesize that IVM could
be influenced by endogenous ROS levels, which in turn
might be modified by the presence of enzymatic and non-
enzymatic scavenger systems present in the follicular
fluid. Therefore, the aim of this study was to examine the
effect of varying endogenous ROS levels during IVM on
the process of bovine oocyte maturation by adding dif-
ferent enzymatic antioxidant (catalase or SOD + catalase
or IDP) or pro-oxidant systems (xanthine + XOD or xan-
thine + XOD + catalase) to the culture medium.

Material and methods

Reagents and media

The materials used in these experiments were ob-
tained from Sigma-Aldrich (St. Louis, Missouri), unless
otherwise indicated.

Immature cumulus-oocyte complexes recovery
and classification

Bovine ovaries were collected in an abattoir from
slaughtered cows and kept warm (30-33°C) during the
2-h transport to the laboratory. Ovaries were washed in
physiological saline containing 100,000 IU penicillin and
100 mg streptomycin per liter. COCs were recovered by
aspiration of antral follicles (2—5 mm) and selected using
a stereomicroscope. Only good quality oocytes, which
presented a homogenous cytoplasm, integer zona pellu-
cida and completely surrounded by a compact and thick
cumulus (class A, Cetica et al., 1999) were used.

Qocyte in vitro maturation using different pro-
oxidant or antioxidant enzymatic systems

COCs were matured in TCM 199 supplemented with
5% (v/v) fetal calf serum (FCS), 50 pg/ml gentamicin
sulfate, 0.2 pg/ml FSH and 2 pg/ml LH during 22h (con-
trol medium) with or without the addition of different
modulators of ROS production.

To analyze the effect of H,0O, or O,", the control me-
dium was supplemented with: (i) 2 mM xanthine + 1 [U/
ml XOD (H,0, generating system); (ii) 50 [U/ml catalase
(H,0, scavenger); (iii) 2 mM xanthine + 1 IU/ml XOD
+ 50 IU/ml catalase (O,” generating system); (iv) 50 1U/
ml catalase + 100 Ul/ml SOD (O, scavenger) (Alvarez
etal., 2015). To analyze the participation of NADPH oxi-
dase, the control medium was supplemented with 2 uM
IDP (NADPH oxidase inhibitor, O’Flaherty et al., 2005).
The concentrations used for the different treatments were
selected as they proved to have an effect in the above
cited works published by our group in porcine COCs and
bovine sperm, respectively.

Determination of ROS production

To measure ROS production COC samples were col-
lected from the different maturation media at 0, 6, 12, 18
and 22 h. Oocytes were completely denuded by gentle
pipetting in phosphate buffer saline supplemented with
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0.3 mg/ml polyvinyl alcohol (PBS-PVA). Then, denuded
oocytes were incubated in PBS-PVA in the presence of
5 uM 2’,7’-dichlorodihydrofluorescein diacetate (DCH-
FDA) for 30 min (Morado et al., 2009). Additionally,
other groups of COCs were collected at the same time
points, they were denuded and incubated in PBS-PVA in
the presence of 0.12 uM fluorescein diacetate (FDA) for
15 min, to measure esterase activity.

After their exposure to the respective fluorochrome,
both COC samples were washed in PBS-PVA and mount-
ed on glass slides. Fluorescence was measured by means
of digital microphotographs in a Jenamed II epifluores-
cence microscope using 450-490 nM (excitation) and
520 nM (emission) filters. Photographs were analyzed
using the software Image J 1.240. As fluorescence levels
detected by DCHFDA are dependent on esterase activity,
a ratio between the brightness of each oocyte measured
by DCHFDA and the mean brightness detected by FDA
at each time point was considered a more accurate in-
dicator of the relative ROS level for each oocyte (Mo-
rado et al., 2009). ROS levels were expressed as arbitrary
ROS units/oocyte/minute.

Oocyte denudation and nuclear status evaluation

After 22 h maturation, COC samples were collected,
denuded as previously described and incubated in a 10 mg/
ml sodium citrate hypotonic solution for 15 min, fixed on
a glass slide with acetic acid-ethanol solution, stained with
5% Giemsa for 15 min and observed at x400 and x1000
magnification under a light microscope to determine their
nuclear status. Meiotic maturation rate was determined by
the number of oocytes which presented metaphase II chro-
mosome configuration at 22 h (Morado et al., 2009).

In vitro fertilization of matured oocytes

Matured oocyte activation was carried out using fro-
zen-thawed Holstein bull semen from a male of proven
fertility. The semen straws were thawed at 37°C in modi-
fied synthetic oviductal fluid (mSOF) (Takahashi and
First, 1992) supplemented with 10 mmol/I theophylline,
centrifuged at 500g twice for 5 minutes and resuspended

in mSOF to a final concentration of 2x10° spermatozoa/
ml (Morado et al., 2013). Co-incubation of COCs and
spermatozoa was performed in mSOF supplemented
with 10 Ul/ml heparin and 5 mg/ml bovine serum albu-
min (BSA) under mineral oil at 39°C in a humidified at-
mosphere with 5% CO, during 24 h. Then, presumptive
zygotes were transferred to mSOF supplemented with 30
ul/ml essential amino acids, 1 pl/ml nonessential amino
acids, 2 umol/ml L-glutamine, 5 mg/ml BSA, 5% (v/v)
FBS and 50 pg/ml gentamicin sulfate and the cleavage
rate was evaluated by the number of embryos which pre-
sented two or more blastomeres after 24 h.

Statistical analysis

ROS levels were expressed as mean = SEM and
compared by a 5x2 factorial design in the experiments
using NADPH oxidase inhibitor and by a 5x3 factorial
design in the experiments using H,0, and O, generat-
ing and scavenging systems. Meiotic maturation and
cleavage rates between treatments were compared using
chi-square analysis for non-parametric data. The P value
used to determine significance in all tests was 0.05.

Results

ROS production in the presence of different pro-
oxidant or antioxidant enzymatic systems

Time dependent fluctuations were detected in ROS lev-
els throughout IVM, presenting similar patterns in control
oocytes and in those cultured with the different treatments.
Neither the H,O, generating system nor its scavenger caused
significant changes in ROS production in bovine oocytes
with respect to the control (xanthine + XOD or catalase, re-
spectively, Figure 1). The same result was observed in the
presence of the NADPH oxidase inhibitor (IDP, Figure 3)
and the O, scavenger (SOD + catalase, Figure 2). However,
for oocytes cultured in the presence of the O, generating
system (xanthine + XOD + catalase) a significant increase
in ROS levels was detected at both 6 and 18 h compared
with the control (Figure 2, P<0.05).
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Figure 1. ROS production of bovine oocytes during in vitro maturation with or without the addition of xanthine + xanthine oxidase (XOD) or

catalase (generators or scavenger of H,O,,

respectively). Values are expressed as mean arbitrary units/oocyte/minute + SEM. n = 217 oocytes, in

3 replicates. No significant differences were detected between treatments
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Esterase activity was evaluated by the FDA assay at
different time points in oocytes cultured in control me-
dium and in the presence of H,O, and O, generating
and scavenging systems. No time dependent differences
were detected in esterase activity in control oocytes nor
in those cultured with the different treatments. Moreo-
ver, no significant differences were observed between
treatments (data not shown), so the fluctuations observed
in Figures 1 to 3 can be exclusively attributed to the vari-
ations in endogenous ROS levels detected during [IVM.

Maturation rates in the presence of different pro-
oxidant or antioxidant enzymatic systems

As shown in Table 1, oocytes cultured in the pres-
ence of both generators and scavengers of H,O, and
O, presented a significantly lower meiotic matura-
tion rate compared with those matured in the control
medium (P<0.05). On the other hand, meiotic matu-
ration rates between oocytes matured in the presence
of IDP and the control showed no significant differ-
ences.
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Figure 2. ROS production of bovine oocytes during in vitro maturation with or without the addition of xanthine + xanthine oxidase (XOD) +
catalase or catalase + superoxide dismutase (SOD) (generators or scavengers of O,", respectively). Values are expressed as mean arbitrary units/
oocyte/minute = SEM. n = 225 oocytes, in 3 replicates. *Significant difference between control and treatment (P<0.05)
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Figure 3. ROS production of bovine oocytes during in vitro maturation with or without the addition of diphenyl iodonium (inhibitor of NADPH
oxidase). Values are expressed as mean arbitrary units/oocyte/minute + SEM. n = 250 oocytes, in 3 replicates. No significant differences were
detected between treatments

Table 1. Meiotic maturation rates for bovine oocytes matured in the presence of different pro-oxidant or scavenger enzymatic systems

Treatment Germir(l;l))vesicle GVB - IZQI/eo;aphase I Meta(}zj;;ise I N
Control 3(7.5) - 37(92.5)a 40
Xanthine + Xanthine oxidase 5(12.5) 16 (40) 19 (47.5)b 40
Catalase 4 (10) 15(37.5) 21(52.5)b 40
Xanthine + Xanthine oxidase + Catalase 4(10) 10 (25) 26 (65)b 40
Catalase + Superoxide dismutase 4 (10) 14 (35) 22 (55)b 40
Diphenyl iodonium 6 (15) - 34 (85)a 40

a, b —significant difference between treatments (P<0.05). n = 240 oocytes in 3 replicates. GVB: germinal vesicle breakdown.
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Cleavage rate in bovine oocytes in vitro matured
with a NADPH oxidase inhibitor

As the systems used to generate and scavenge H,O,
and O, significantly reduced the meiotic maturation rate
of bovine oocytes, cleavage rate was only evaluated in
those oocytes matured in the presence of IDP. This NA-
DPH oxidase inhibitor significantly decreased cleavage
rate (8 cleaved embryos/45 oocytes; 18%) in comparison
with the control group (36 cleaved embryos/45 oocytes;
80%) (P<0.05; 3 replicates).

Discussion

As far as we know, this is the first study which exam-
ined the effect of varying endogenous ROS levels during
bovine oocyte IVM by adding H,O, and O," enzymatic
generating and scavenging systems to the culture medi-
um. Our results suggest that ROS may exert an essential
function during IVM, since the addition of both pro-ox-
idant and antioxidant systems significantly reduced mei-
otic maturation or cleavage rates in bovine oocytes.

Several studies have reported that cumulus cells have
an active participation in the regulation of ROS levels
within the COC. For instance, catalase is scarce in 00-
cytes but is synthesized in cumulus cells and protects
the oocyte by metabolizing H,O, into non-reactive mol-
ecules (Cetica et al., 2001; Von Mengden et al., 2020).
Therefore, the increase in H,0, generated by the addition
of xanthine + XOD could have been compensated by the
high catalase activity in cumulus cells, thus explaining
why we did not observe an increase in ROS production in
the oocyte with this treatment. We may also hypothesize
that this is the reason why the addition of this enzyme
to the maturation medium did not further reduce ROS
levels. Ali et al. (2003) also evaluated the use of catalase
during bovine oocyte IVM finding that the supplementa-
tion of maturation media with extracellular antioxidants
did not exert any beneficial effect, probably because the
cumulus cells isolate the oocyte from the extracellular
medium. Alvarez et al. (2015) also reported that the addi-
tion of this extracellular scavenger did not decrease ROS
levels in matured porcine oocytes nor improve nuclear or
cytoplasmic maturation rates.

In contrast to the modulation of H,O, levels, the in-
crease in O, production using xanthine + XOD + cata-
lase coincided with a significant increase in endogenous
ROS levels during IVM. This could be explained by the
differences in the expression of SOD isoforms between
oocytes and cumulus cells. This enzyme presents three
isoforms, the cytosolic Cu, Zn-SOD (SOD1), the mito-
chondrial Mn-SOD (SOD2) and the extracellular SOD3
(Von Mengden et al., 2020). A study performed in bo-
vine antral follicles reported that oocytes and cumulus
cells express SOD2 and SOD3, while SOD1 was only
expressed in oocytes (Combelles et al., 2010). Therefore,
cumulus cells would not be capable of scavenging the in-
crease in 0,7, which would then enter the oocyte through

different membrane transporters explaining the increase
observed in ROS levels. In coincidence, it was observed
that SOD exerts a lower specific activity in cumulus cells
with respect to oocytes in bovines (Cetica et al., 2001).
These results could also indicate that the xanthine + XOD
+ catalase enzymatic system is more important than the
xanthine + XOD system in the generation of oxidative
stress.

O, and H,O, produced in the culture media may be
transported inside cells by aquaporins and chloride chan-
nel-3, respectively (Bienert et al., 2006; van der Vliet,
2008). Once inside the oocyte, both molecules may acti-
vate different signaling pathways, including those which
involve the action of mitogen-activated protein kinases
(MAPK) (Hancock et al., 2001). MAPK superfamily
members have critical roles in the meiotic process acting
as signaling molecules and affecting spindle assembly
and microtubule organization in oocytes, also participat-
ing in cumulus cell expansion, cytoplasmic maturation
and embryo development (Song et al., 2018). The poten-
tial increase in the entry of H,O, and O, to the oocyte
produced by the added pro-oxidant enzymatic systems
could stimulate an even greater generation of H,O, in the
mitochondria, possibly also through the MAPK pathway,
initiating a cycle of oxidative stress amplification that
could lead to cell death (Egea et al., 2017). This would
explain that while the removal of H,0, and O, could af-
fect the meiotic progress of the oocytes by interfering
with intracellular signaling systems, their excess would
also affect the process by generating oxidative damage
in the oocyte.

Besides the antioxidant enzymes mentioned above,
bovine oocytes also express six different peroxiredoxins
(PRDX1 to PRDX6), which are involved in antioxidant
protection and cell signaling. These enzymes are ex-
pressed during oocyte maturation, in both the oocyte and
the cumulus cells, as well as in early embryonic develop-
ment (Leyens et al., 2004 a). Particularly, the expression
of PRDX6 in the oocyte and cumulus cells depends on
the interaction between these two types of cells, indicat-
ing a paracrine effect and cell communication via gap
junctions (Leyens et al., 2004 b), while the expression of
PRDX1 exhibits a positive correlation with the develop-
mental competence of bovine oocytes derived from folli-
cles of different sizes (Mourot et al., 2006). During IVM,
this PRDX does not only participate in the prevention of
oxidative damage, but also participates in signal trans-
duction systems involved in cumulus expansion (Leyens
et al., 2004 b).

Although NOX is a physiological source of O,”and
H,O,, its inhibition by the use of IDP did not decrease
ROS levels as expected, suggesting that this enzyme
may not have a major participation in the generation of
oxidative stress during IVM. The participation of NOX
enzymes in the ovulation process has been studied in
Drosophila, where it has been determined that NOX
regulates follicle rupture by generating O~ which is later
converted to H /O, by SOD3. In this way, H,O, acts as
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a key molecule in the regulation and control of ovulation,
and, as NOX proteins are also expressed in mammalian
follicles, this NOX dependent pathway could play a con-
served role in regulating ovulation in other species (Li
et al., 2018). In porcine oocytes the use of IDP during
IVM significantly reduced the maturation rate, as well as
embryo development, probably due to a lower resump-
tion of meiosis caused by a lower activity of the pentose-
phosphate pathway (Herrick et al., 2006).

Despite the observation that most of the evaluated en-
zymatic systems did not alter endogenous ROS levels,
the maturation rates were significantly lower in compari-
son with the control group, except for the oocytes treated
with IDP. The use of IDP during IVM did cause a sig-
nificantly lower cleavage rate compared with the control,
indicating a reduction in the cytoplasmic maturation of
these oocytes, which could be related with an excessive
decrease in ROS, a not so familiar situation known as
reductive stress (Altenhofer et al., 2015). Therefore, our
results suggest that physiological ROS levels would be
necessary for both nuclear and cytoplasmatic bovine 0o-
cyte maturation and its regulation would involve the par-
ticipation of the studied enzymatic systems.

In conclusion, the modulation of endogenous oocyte
ROS levels by the use of different pro-oxidant or anti-
oxidant enzymatic systems in the culture media proved
to be a useful tool to increase the understanding of the
physiological role of ROS in bovine oocyte cytoplasmic
and nuclear maturation, the xanthine + XOD + catalase
system being more relevant than xanthine + XOD in the
generation of oxidative stress. These enzymatic systems
allowed us to demonstrate that even when an increase in
the presence of O,~and H,O, is detrimental for oocyte
quality, their excessive removal may also alter nuclear
maturation, decreasing oocyte competence. Our results
also represent the first study which determined the essen-
tial role of NADPH oxidase during bovine oocyte IVM;
although its inhibition did not alter oocyte quality in
terms of ROS levels, it did reduce oocyte cleavage rates.

Our findings indicate that ROS should not only be
considered as harmful molecules responsible for oxida-
tive stress, but also as physiological compounds respon-
sible for activating signaling pathways necessary for an
adequate maturation and activation in bovine oocytes.
Further studies are necessary to determine the precise way
in which these reactive species participate in signaling
pathways such as those related with MAPK, the matura-
tion promoting factor and other kinase dependent cyclins,
which could be involved in both processes in the bovine.
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