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a b s t r a c t

The beneficial effect of glutathione (GSH) on the in vitro maturation (IVM) of bovine/porcine oocytes has
been confirmed; however, the antioxidant effect of exogenous GSH supplementation on the IVM of ovine
oocytes has not been determined. In this study, ovine cumulus oocyte complexes (COCs) were classified
into three groups according to the layer number of cumulus cells (the Grade A group has more than five
layers, the Grade B group has three to four layers and the Grade C group has less than three layers). After
in vitro culture of COCs in the presence of exogenous GSH, the meiotic competence of ovine oocytes was
assessed by analyzing nuclear maturation to metaphase II (MII) stage, cortical granules (CGs) dynamics,
astacin like metalloendopeptidase (ASTL) distribution, histone methylation pattern, reactive oxygen
species (ROS) production, mitochondrial activities and genes expression. After in vitro fertilization (IVF),
assessments of embryonic development were conducted to confirm the effects of exogenous GSH sup-
plementation. The results showed that exogenous GSH not only enhanced the maturation rates of the
Grade B and Grade C groups but also promoted CGs dynamics and ASTL distribution of the Grade A, B and
C groups (p < 0.05). Exogenous GSH increased the mitochondrial activities of the Grade A, B and C groups
and decreased the ROS production levels of oocytes (p < 0.05), regardless of the layer number of cumulus
cells. Moreover, exogenous GSH promoted the expression levels of genes related with oocyte maturation,
antioxidant activity and antiapoptotic effects in the Grade B and Grade C groups (p < 0.05). The
expression levels of H3K4me3 and H3K9me3 in the Grade B and Grade C groups were promoted after
exogenous GSH supplementation (p < 0.05), consistent with the expression levels of genes related with
histone methylation (p < 0.05). In addition, exogenous GSH strongly promoted the embryonic devel-
opmental competence of Grade B and Grade C groups (p < 0.05). Taken together, our findings provide
foundational evidence for the free radical scavenging potential of exogenous GSH in the in vitro devel-
opmental competence of ovine oocytes, especially oocytes from COCs lacking cumulus cells. These
findings, which demonstrated the potential for improving the quality of ovine oocytes during IVM, will
contribute to researches on GSH applications and the efficiency of assisted reproductive technology for
ovine breeding.

© 2021 Elsevier Inc. All rights reserved.
iu), daiyf@imu.edu.cn (Y. Dai).
1. Introduction

According to the Data Retrieval Committee of the International
Embryo Transfer Society (IETS), millions of animals, including bo-
vines, horses, ovines and porcines, have been born via assisted
reproductive technologies (ARTs) during the past decades,
demonstrating the important role and safety of ARTs. In addition,
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ARTs with ovine oocytes with commercial value or desirable ge-
netic qualities obtained from slaughtered donors or donors with
valuable genetic qualities significantly reduced the generation in-
tervals by 5e6 months, promoted genetic gain and benefited sub-
sequent ovine breeding [1e3].

Despite these promising achievements in research on ARTs for
the in vitro production of embryos, both for human reproductive
medicine [4] and the livestock breeding industry [5], the current
microenvironments used for livestock IVM are still suboptimal
compared with the in vivo microenvironments [6,7], regardless of
the improved IVM efficiency achieved by the application of low
oxygen incubators combined with endogenous or exogenous sup-
plementation to the IVM system [8e10]. According to these pre-
vious studies, the excessive production of reactive oxygen species
(ROS) and the resulting oxidative stress were negatively related to
the efficiency of in vitro oocyte development [11e13]. The endog-
enous production and dynamic neutralization of ROS, which are
strictly regulated by antioxidant defense systems, including
endogenous superoxide dismutase (SOD), catalase (CAT), alkyl hy-
droperoxide reductase (AhpC) and the glutathione (GSH)-cycling
system [14], play key roles in the regulation of cell fates, including
proliferation, differentiation and apoptosis, via various signaling
molecules and pathways. However, the excessive accumulation of
ROS results in intracytoplasmic oxidative stress, affecting mole-
cules, cell structures and protein functions. These changes also
contribute to oocyte deteriorations, telomere shortening and zona
pellucid hardening [15e17], possibly triggering reproductive dis-
eases, pregnancy complications, infertility and abortions [18,19].

Moreover, the excessive accumulation of ROS and oxidative
disturbances in postovulatory oocytes are believed to be respon-
sible for the abnormal epigenetic alterations and chromosome non-
dysjunction, further causing abnormal spindle formation, chro-
mosomal misalignment and aneuploidy [20e25]. As a necessary
regulator for oocytematuration, epigenetic modifications regulated
the structure of histone and DNA, in turn affecting the gene
expression. The epigenetic alterations of DNA methylation and
histone methylation have been proved with potential damages to
mammalian oocyte development [24].

In addition, histone methylation, tightly regulated by histone
lysine methyltransferases (such as KMT2b) and histone lysine
demethylases (such as KDM1a, KDM1b, KDM4d and KDM5b), has
been proved as the major determinant for the formation of tran-
scriptionally active and inactive regions of the genome, and the
former studies have found that histone methylations including
H3K4me3 and H3K9me3 not only regulate oocyte development,
also play crucial roles in the following zygotic genome activation
(ZGA) and maternal-to-zygotic transition (MZT) after fertilization
[26e29].

In fact, several literatures have confirmed the beneficial role of
reducing ROS accumulation related oxidative disturbance and
abnormal histone methylation level at the same time on the IVM of
mammalian oocytes [21,30], further revealing the hypothesis that
the IVM supplementation with dual potentials of decreasing
abnormal histone methylation levels and reducing ROS accumula-
tion will benefit the IVM of ovine oocytes.

GSH, a tripeptide synthesized from glycine, cysteine and gluta-
mate, is the most important redox-regulating nonenzymatic thiol
for the regulation of ROS production and defence against oxidative
stress-related damage [31,32]. Moreover, the intracellular synthesis
of GSH in vivo plays a critical role in the oocyte cytoplasm matu-
ration, the formation and maintenance of meiotic spindles and the
formation of embryonic pronuclei after fertilization [33,34]. Several
studies have found that the limited capacity to synthesize GSH in
bovine and porcine oocytes during IVM limited the gametogenic
potential, which could be ameliorated by addition of exogenous
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GSH to the IVMmedium. Kim et al. identified the antioxidant effect
of exogenous GSH added to the IVF system of bovine oocytes [35].
Furthermore, Zhou et al. found that exogenous supplementation
with GSH reduced the meiotic failure of porcine oocytes by
decreasing excessive ROS production, DNA damage accumulation
and apoptotic incidence [36]. Li et al. further confirmed that
exogenous GSH supplementation benefited bovine embryonic
development by decreasing the ROS production [37]. However, the
promising effect of exogenous supplementation with GSH on ovine
IVM requires further investigation.

Therefore, we investigated whether supplementation of exog-
enous GSH facilitated the IVM of ovine oocytes via the inhibition of
ROS production; in addition, the potential effects of exogenous GSH
supplementation on the developmental competence of ovine oo-
cytes, especially the histone methylation levels and fertilization
capacities, were investigated to confirm the beneficial effect of GSH
on ovine IVF and provide a further basis for the promising appli-
cations of GSH in the clinic.

2. Materials and methods

2.1. Ethics statement

All animal-related experimental protocols applied in this study
were conducted under the standards of the Ethics Committee of
Inner Mongolia University.

2.2. Chemicals

Unless otherwise indicated, all chemicals, supplements and
culture medium used in this study were purchased from Sigma-
Aldrich (Shanghai, China).

2.3. COCs collection

The ovine ovaries were collected from a local slaughterhouse in
Hohhot, Inner Mongolia and transported within 2 h to the labora-
tory in prewarmed normal saline solution supplemented with 100
IU/mL penicillin and 100 IU/mL streptomycin solution (P/S,
15140122, Thermo Fisher, Shanghai, China) at 25e30 �C. Once the
ovaries arrived, they were thoroughly rinsed with 70 % ethanol,
followed by three washes with prewarmed normal saline solution,
and the collection of cumulus oocyte complexes (COCs) was per-
formed as described previously [38].

Briefly, the ovaries were placed in 35 mm sterile dishes (Corn-
ing, Beijing, China) containing dissecting medium [TCM-199 me-
dium (11150067, Thermo Fisher, Shanghai, China) supplemented
with 4 mg/mL bovine serum albumin (BSA, A3803, Sigma-Aldrich,
Shanghai, China), 2 mg/mL heparin sodium (CH6021, Coolaber,
Beijing, China), 1 mM HEPES (15630, Thermo Fisher, Shanghai,
China) and 100 IU/mL penicillin/streptomycin]. The COCs were
released from the ovaries with sterilized forceps and surgical blades
and collected for the following IVM.

2.4. IVM

The COCs were divided into three grades based on the layer
number of cumulus cells surrounding oocytes according to previ-
ously defined criteria [39]. Briefly, Grade A COCs hadmore than five
layers of cumulus cells. Grade B COCs had approximately three to
four layers of cumulus cells, while Grade C COCs had less than three
layers of cumulus cells. Denuded oocytes and COCs with either
general expansion of cumulus cells or discoloured cytoplasm of
oocytes were excluded from the following study.

Furthermore, the conditions for COCs of each grade during IVM
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were set established based on the addition of exogenous GSH to the
maturation medium with the following experimental design: the
negative control groups (NC group) for the three types of COCswere
supplemented with Dulbecco's phosphate-buffered saline (DPBS)
solution (14190250, Thermo Fisher, Shanghai, China), and the GSH
groups of the three types of COCs were supplemented with 4 mM
GSH (P1644, Sigma Aldrich, Shanghai, China). GSH was dissolved in
DPBS solution and diluted in TCM-199 medium to a final concen-
tration of 4 mM according to a previous study on GSH supple-
mentation and porcine oocyte maturation [36].

These COCs were randomly assigned to the above experimental
groups (repeated in triplicate), transferred to maturation medium
drops (500 mL for 40e50 COCs) covered by mineral oil (M8410,
Sigma Aldrich, Shanghai, China) in a 4-well culture dish and
cultured at 38.5 �C and 5 % CO2 for 24 h. The basic maturation
medium was TCM-199 medium supplemented with 10 % foetal
bovine serum (FBS, 30044333, Thermo Fisher, Shanghai, China), 10
U/mL FSH (Ningbo Sansheng, Ningbo, China), 10 U/mL LH (Ningbo
Sansheng, Ningbo, China), 2 mM GlutaMAX (35050061, Thermo
Fisher, Shanghai, China), 100 mM cysteamine (M9768, Sigma
Aldrich, Shanghai, China), 0.3 mM sodium pyruvate (11360070,
Thermo Fisher, Shanghai, China), 10 ng/mL EGF (31509, PEPRO
TECH, Hangzhou, China) and 1 mg/mL b-2-oestradiol (E8875, Sigma
Aldrich, Shanghai, China) [40e42].

2.5. Oocyte maturation analyses and experimental design

After IVM, COCs of different groups were collected from the
maturation medium, treated with fresh HEPES-synthetic oviductal
fluid (HeSOF) medium supplemented with 400 IU/mL hyaluroni-
dase (H3506, Sigma Aldrich, Shanghai, China) at 38 �C for 3min and
gently pipetted to remove cumulus cells. All denuded oocytes of
different groups were collected, rinsed three times in fresh HeSOF
medium and examined microscopically, followed by analysis of the
maturation rate of MII oocytes in different groups (for the matu-
ration rate analysis, n ¼ 113 for the Grade A-NC group, n ¼ 109 for
the Grade B-NC group, n ¼ 112 for the Grade C-NC group, n ¼ 109
for Grade A-GSH group, n ¼ 116 for the Grade B-GSH group and
n ¼ 116 for the Grade C-GSH group) [43].

After maturation rate analysis, MII oocytes were matured,
collected and assigned to six groups for the following experiments
according to the experimental group settings. Briefly, MII oocytes of
the Grade A-NC group (n ¼ 382), the Grade B-NC group (n ¼ 374)
and the Grade C-NC group (n ¼ 385) were matured from the Grade
A, Grade B and Grade C COCs of the NC groups, respectively, andMII
oocytes of the Grade A-GSH group (n ¼ 392), the Grade B-GSH
group (n ¼ 370) and the Grade C-GSH group (n ¼ 365) were
matured from the Grade A, Grade B and Grade C COCs of the GSH
groups.

2.6. Immunofluorescence staining

MII oocytes of each group were individually fixed in 4 % para-
formaldehyde solution (PFA, P1110, Solarbio, Beijing, China) at
room temperature for 30 min and permeabilized in 0.5 % Triton X-
100 solution (T8200, Solarbio, Beijing, China) for 20 min at room
temperature. Then, the oocytes were blocked with 1 % BSA solution
(SW3015, Solarbio, Beijing, China) for 1 h, followed by incubation
with primary antibodies at 4 �C overnight.

The primary antibodies used in this study were as follows: a
fluorescein-labelled lens culinaris agglutinin antibody (LCA-FITC
for cortical granules, as CGs, FL-1041, Vector Laboratories, CA, USA),
a rabbit polyclonal anti-ASTL antibody (1:300, 204690-T08, Sino
Biological, Beijing, China), a rabbit polyclonal anti-H3K4me3 anti-
body (1:300, ab136455, Absin, Beijing, China) and a rabbit
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polyclonal anti-H3K9me3 antibody (1:300, EPR16601, Abcam,
Shanghai, China).

After three washes (5 min for each time) with DPBS supple-
mented with 1 % Tween 20 (T8220, Solaribo, Beijing, China) and
0.01 % Triton-X 100, the oocytes immunostained with LCA-FITC
were mounted on glass slides. In addition, the oocytes incubated
with ASTL, H3K4me3 and H3K9me3 antibodies were individually
incubated with the corresponding secondary antibody for 1 h at
room temperature. The secondary antibodies used in this study
were as follows: an Alexa Fluor® 647 secondary antibody (1:300,
ab150075, Abcam, Shanghai, China) for H3K9me3 and an Alexa
Fluor® 555 secondary antibody (1:300, ab150074, Abcam,
Shanghai, China) for ASTL and H3K4me3.

After three washes (5 min for each time) with DPBS, the oocytes
immunostained with ASTL were collected and mounted on glass
slides. Furthermore, the oocytes immunostained with H3K4me3
and H3K9me3 antibodies were incubated with 5 mg/mL Hoechst
33342 solution (B8040, Solarbio, Beijing, China) for 10 min at room
temperature, followed by oocyte mounting.

All oocytes were examined under a confocal microscope (A1R,
Nikon, Tokyo, Japan) after immunofluorescence staining, and the
relative fluorescence intensity of each group (n¼ 30 for each group)
was analysed by ImageJ software.

2.7. Mitochondrial activities analyses of MII oocytes

MII oocytes of different groups were randomly collected, sub-
sequently stained with 200 nM fresh MitoTracker Red CMXRos
solution (C1049, Beyotime, Haimen, China) for 30 min at 37 �C.
After staining and examination under a confocal microscope, the
fluorescence staining densities of MitoTracker in the MII oocytes
were calculated with ImageJ software to analyse the mitochondrial
activities of different groups (n ¼ 30 for each group).

2.8. Analyses of ROS production of MII oocytes

MII oocytes of different groups (n ¼ 30 for each group) were
randomly collected and incubated in HeSOF medium containing
10 mM dichlorofluorescein diacetate (DCFH-DA, S0033, Beyotime,
Haimen, China) for 30 min at 37 �C according to the manufacturer's
protocols [44]. After incubation of DCFH-DA and oocyte mounting
on glass slides, DCFH-DA staining of MII oocytes was assessed un-
der a confocal microscope. The fluorescence staining densities of
MII oocytes were calculated with ImageJ software to analyse the
relative ROS levels of different groups.

2.9. RNA extraction and quantitative real-time PCR (qRT-PCR)

Denuded MII oocytes of different groups (n¼ 30 for each group)
were randomly collected, followed by the RNA extraction with an
RNeasy Mini Kit (74134, Qiagen, Beijing, China). The reverse tran-
scription of cDNA was carried out by a commercial Prime Script™
RT reagent kit (RR047A, Takara, Dalian, China), followed by the real-
time PCR performed by SYBR PremixEx Taq (RR820A, Takara,
Dalian, China) with a Thermo Scientific Pikoreal machine. The
relative gene expression levels were calculated by the 2�DDCt

method with b-actin (ubiquitously expressed gene) applied as an
internal control [45]. All PCR experiments were performed in
triplicate to confirm the data. The gene primers applied in this
study are shown in Supplement Table 1.

2.10. IVF

Before IVF, the MII oocytes of different groups were individually
transferred into the fertilization medium as 500 mL drops of SOF
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Table 1
The effect of exogenous GSH supplementation on the gene expression levels of ovine
MII oocytes.

Group
Gene

Grade A Grade B Grade C

NC GSH NC GSH NC GSH

Gdf9 1.00 1.42 ± 0.09* 1.00 2.42 ± 0.04* 1.00 3.22 ± 0.12*
Bmp15 1.00 1.25 ± 0.08* 1.00 2.33 ± 0.03* 1.00 2.74 ± 0.14*
Oct4 1.00 1.63 ± 0.17* 1.00 2.59 ± 0.04* 1.00 2.91 ± 0.08*
Gpx 1.00 1.67 ± 0.12* 1.00 2.85 ± 0.05* 1.00 3.36 ± 0.05*
Sod2 1.00 1.79 ± 0.15* 1.00 2.30 ± 0.08* 1.00 2.62 ± 0.03*
Catalase 1.00 1.65 ± 0.10* 1.00 2.04 ± 0.10* 1.00 2.90 ± 0.16*
Bcl2 1.00 1.30 ± 0.13* 1.00 1.49 ± 0.04* 1.00 1.85 ± 0.08*
Bax 1.00 0.80 ± 0.07* 1.00 0.72 ± 0.05* 1.00 0.72 ± 0.03*
Caspase3 1.00 0.68 ± 0.05* 1.00 0.81 ± 0.05* 1.00 0.72 ± 0.04*
Kdm5b 1.00 1.31 ± 0.07* 1.00 1.90 ± 0.03* 1.00 2.28 ± 0.04*
Kdm4d 1.00 1.38 ± 0.04* 1.00 2.22 ± 0.11* 1.00 2.90 ± 0.10*

Note: NC represents the negative control groups, and GSH represents the exogenous
GSH supplementation groups. The experimental data were analysd by a one-way
ANOVA with post-hoc comparisons and p < 0.05 was accepted as significant. * in
each column indicates significant differences between the GSH group and the cor-
responding NC group.
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medium supplemented with 2 % oestrus ovine serum, 2 mM so-
dium pyruvate, 10 mg/mL heparin sodium and 1 mM caffeine
(58082, Amresco, Shanghai, China) in a 4-well culture dish and
cultured in a CO2 incubator (38.5 �C, 5 % O2 and 5 % CO2).

For IVF, frozen semen straws purchased from a local company
(LEKE) were removed from the liquid nitrogen, kept in air for 10 s
and thawed in a water bath at 38 �C for 15 s. After centrifugation
with 90 % Percoll and 45 % Percoll solution (P1644, Sigma-Aldrich,
Shanghai, China) diluted with the fertilizationmedium at 2100 rpm
for 15 min, the spermatozoa were carefully collected from the
bottom of a centrifuge tube, and the number of spermatozoa was
counted.

After sperm number counting, the spermatozoa at a final con-
centration of approximately 1 � 106 sperm/mL were transferred to
the above fertilizationmedium containingMII oocytes and cultured
for 18 h in a CO2 incubator (38.5 �C, 5 % O2 and 5 % CO2).

2.11. Sperm binding assay

During IVF, the number of sperm binding to the MII oocytes of
different groups was determined [46e48]. Briefly, after fertilization
for 1 h, theMII oocytes of different groups were randomly collected,
fixed in 4 % PFA at room temperature for 30 min and stained with
10 mg/mL Hoechst 33342 solution in the dark for 10 min. The sperm
binding to the MII oocytes of different groups were analysed and
quantified under a confocal microscope (n ¼ 30 for each group).

2.12. Assessment of fertilization

After fertilization, the embryos of different groups (n ¼ 142 for
the Grade A-NC group, n ¼ 152 for the Grade A-GSH group, n ¼ 134
for the Grade B-NC group, n ¼ 130 for the Grade B-GSH group,
n ¼ 145 for the Grade C-NC group and n ¼ 125 for the Grade C-GSH
group) were individually transferred to SOFmedium supplemented
with 4 mg/mL BSA, 2 % essential amino acids (11130051, Thermo
Fisher, Shanghai, China), 1 % nonessential amino acids (M7145,
Sigma Aldrich, Shanghai, China), 2 mM GlutaMAX, 1 mM sodium
pyruvate, 2.8 mMmyo-inositol (I8050, Solarbio, Beijing, China) and
0.5 mM sodium citrate (T7461, Solarbio, Beijing, China) covered by
mineral oil in a 35 mm sterile dish, followed by subsequent em-
bryos culture in a CO2 incubator (38.5 �C, 5 % O2 and 5 % CO2).

After 48 h, the presence of embryo cleavage in the fertilized
embryos in different groups, as the successful symbol of fertiliza-
tion, was examined under a stereomicroscope (745T, Nikon, Tokyo,
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China). The embryos of different groups were cultured in vitro for
the following 7 d with the culture medium changed every 48 h.

During the embryo culture process, the developmental rates of
2-cell embryos and blastocysts in different groups were micro-
scopically observed and analysed, and the embryonic development
rates were calculated as the percentage of surviving embryos/
fertilized MII oocytes.

2.13. Statistical analyses

The analyses of the experimental results in this study were
conducted with the Statistical Package for the Social Sciences
software (SPSS, IBM, Version 19.0) and Microsoft Excel. All experi-
mental data, presented as mean ± SD, were tested with a General
Linear Model (GLM) prior to the following statistical analyses of
different groups. And the experimental data including maturation
rates, relative fluorescence intensities (CGs, ASTL, MitoTracker,
DCHE-DA, H3K4me3 and H3K9me3), gene expression levels, blas-
tocyst development rates and cell number/blastocyst among
different groups were assessed by a one-way ANOVAwith post-hoc
comparisons. p < 0.05 was defined as significant in the present
study.

3. Results

3.1. The effect of exogenous GSH supplementation on the
maturation rates of ovine oocytes

First, the effects of exogenous GSH supplementation on the
maturation rates of ovine oocytes were determined by assessing
the occurrence rates of polar body extrusion (PBE) in different
groups, and the results are shown in Fig. 1.

We found that exogenous GSH supplementation significantly
enhanced the oocyte maturation rates of the Grade B and Grade C
groups (p < 0.05), with the maturation rates of the Grade B group
significantly increasing from 75.15 ± 3.29 % (n ¼ 109, Grade B-NC
group) to 82.83 ± 1.69 % (n ¼ 116, Grade B-GSH group) and that of
the Grade C group significantly increasing from 70.78 ± 2.34 %
(n ¼ 112, Grade C-NC group) to 77.66 ± 0.99 % (n ¼ 116, Grade C-
GSH group). Moreover, GSH had no significant effect on the oocyte
maturation rates of the Grade A groups; the maturation rates were
88.70 ± 2.57 % for the Grade A-NC group (n ¼ 113) and
86.81 ± 3.66 % for the Grade A-GSH group (n ¼ 109, p > 0.05).

3.2. The effect of exogenous GSH supplementation on the
cytoplasmic maturation levels of ovine MII oocytes

Due to the important roles of CGs in the cytoplasmic maturation
process of mammalian oocytes and the prevention of polyspermy
after fertilization, the dynamics of CGs in ovine MII oocytes of
different groups were analysed by LCA-FITC staining, and repre-
sentative images are presented in Fig. 2.

As shown in Fig. 2, the results of the CGs dynamics in the ovine
MII oocytes of different groups showed that the CGs signals (mainly
detected in the subcortical region of MII oocytes) of the NC groups
were significantly reduced with the decreasing number of cumulus
layers (n ¼ 30 for each NC group). Furthermore, exogenous GSH
supplementation significantly enhanced the fluorescence intensity
of CGs signals of the GSH groups compared with those of the cor-
responding NC groups, regardless of the number of cumulus layers
(n ¼ 30 for each GSH group, p < 0.05, Fig. 2 I,II).

Moreover, the expression patterns of ASTL in the ovine MII oo-
cytes of different groups were analysed, and the representative
images are presented in Fig. 2III.

As shown in Fig. 2III, the results of ASTL staining of the NC
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Fig. 1. The effect of exogenous GSH supplementation on the IVM rates of ovine COCs
I: Morphology of COCs before IVM, COCs after IVM and MII oocytes of NC groups. Note: The scale bar of COCs before IVM ¼ 500 mm. The scale bar of COCs after IVM ¼ 500 mm. The
scale bar of MII oocytes ¼ 100 mm. II: Morphology of COCs before IVM, COCs after IVM and MII oocytes of GSH group. Note: The scale bar of COCs before IVM ¼ 500 mm. The scale bar
of COCs after IVM ¼ 500 mm. The scale bar of MII oocytes ¼ 100 mm. III: The maturation rates. Note: NC represents the negative control groups and GSH represents the exogenous
GSH supplementation groups. The experimental data were analysd by a one-way ANOVA with post-hoc comparisons and p < 0.05 was accepted as significant. The different up-
percase letters in each column indicate significant differences between the NC groups. The different lowercase letters in each column indicates significant differences between the
GSH groups. * in each column indicates significant differences between the GSH group and the corresponding NC group.
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groups were consistent with the results of CGs dynamics of the NC
groups, as the ASTL signals of the NC groups were significantly
reduced in a dose-dependent manner with the decrease in cumulus
layers (n ¼ 30 for each NC group, p < 0.05). In addition, ASTL
staining further revealed that exogenous GSH supplementation
significantly enhanced the staining intensity of ASTL compared
with that of the corresponding NC groups (n ¼ 30 for each GSH
group, p < 0.05, Fig. 2 III, Ⅳ), regardless of the number of cumulus
layers, indicating that exogenous GSH supplementation during IVM
promoted the cytoplasmic maturation levels of ovine MII oocytes.
3.3. The effect of exogenous GSH supplementation on the
mitochondrial activities of ovine MII oocytes

To investigate the effect of exogenous GSH supplementation on
the developmental competence of ovine MII oocytes, we analysed
the mitochondrial activities in the ovine MII oocytes of different
groups, and representative MitoTracker staining results are pre-
sented in Fig. 3.
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As shown in Fig. 3, the fluorescence staining results of Mito-
Tracker Red CMXRos of the NC group revealed the key role of
cumulus cells in the developmental competence of ovine oocytes
during IVM, as the fluorescence intensities of MitoTracker in the NC
groups were significantly reduced from the Grade A-NC group and
the Grade B-NC group to the Grade C-NC group (n ¼ 30 for each NC
group, p < 0.05).

In addition, the MitoTracker staining intensities of the Grade B-
GSH and Grade C-GSH groups were strongly enhanced compared
with those of the corresponding NC groups (n ¼ 30 for each GSH
group, p < 0.05). There was no significant difference in the Mito-
Tracker staining intensities between the Grade A-NC and Grade A-
GSH groups (p > 0.05), further indicating that exogenous GSH
supplementation during IVM promoted the developmental
competence of ovine MII oocytes, especially for MII oocytes
matured from COCs lacking cumulus cells.



Fig. 2. The effect of exogenous GSH supplementation on the cytoplasmic maturation levels of ovine MII oocytes
I: CGs dynamics. Note: NC represents the negative control groups, and GSH represents the exogenous GSH supplementation groups. CGs represents LCA-FITC staining specific for the
CGs dynamics of ovine MII oocytes. DIC, differential interference contrast microscope, represents the bright field view of ovine MII oocytes after LCA-FITC staining. MERGED
represents the merged result of LCA-FITC staining and bright field microscopy. The scale bar ¼ 50 mm. II: The relative fluorescence intensity of CGs. Note: NC represents the negative
control groups and GSH represents the exogenous GSH supplementation groups. The experimental data were analysd by a one-way ANOVAwith post-hoc comparisons and p < 0.05
was accepted as significant. The different uppercase letters in each column indicate significant differences between the NC groups. The different lowercase letters in each column
indicates significant differences between the GSH groups. * in each column indicates significant differences between the GSH group and the corresponding NC group. III: ASTL
stainings. Note: NC represents the negative control groups, and GSH represents the exogenous GSH supplementation groups. ASTL represents ASTL staining. DIC represents the
bright field view of ovine MII oocytes after ASTL staining. MERGED represents the merged result of ASTL staining and bright field microscopy. The scale bar ¼ 50 mm Ⅳ: The relative
fluorescence intensity of ASTL. Note: NC represents the negative control groups and GSH represents the exogenous GSH supplementation groups. The experimental data were
analysd by a one-way ANOVA with post-hoc comparisons and p < 0.05 was accepted as significant. The different uppercase letters in each column indicate significant differences
between the NC groups. The different lowercase letters in each column indicates significant differences between the GSH groups. * in each column indicates significant differences
between the GSH group and the corresponding NC group.
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3.4. The effect of exogenous GSH supplementation on the ROS
production of ovine MII oocytes

To investigate the effect of exogenous GSH supplementation on
the ROS production of ovine MII oocytes, we measured the ROS
levels in the MII oocytes of different groups by DCFH-DA fluores-
cence staining, with the representative results shown in Fig. 4.

The increasing staining intensities of DCFH-DA from the Grade
A-NC group and Grade B-NC group to the Grade C-NC group further
indicated that the ROS levels in the ovine MII oocytes during IVM
were negatively related to the number of cumulus layers (n¼ 30 for
each NC group, p< 0.05), confirming the key role of cumulus cells in
the developmental competence of ovine MII oocytes during IVM.

In contrast, the staining intensities of DCFH-DA in all GSH
groups were effectively reduced compared with those of the
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corresponding NC groups (n ¼ 30 for each GSH group, p < 0.05),
further indicating the antioxidant effect of exogenous GSH sup-
plementation on the developmental competence of ovine MII
oocytes.

3.5. The effect of exogenous GSH supplementation on the gene
expression levels of ovine MII oocytes

To assess the effect of exogenous GSH supplementation on the
gene expression patterns of ovine MII oocytes, we analysed the
expression levels of specific genes related to oocyte maturation
(Oct4, Bmp15 and GDF9), antioxidative effects (SOD2, Catalase and
GPx), apoptotic processes (BAX and Bcl-2) and histone methylation
(Kdm4d and Kdm5b) in ovine MII oocytes by qRT-PCR.

As shown in Table 1, the relative expression levels of specific



Fig. 3. The effect of exogenous GSH supplementation on the mitochondrial activities of ovine MII oocytes
I: MitoTracker Red CMXRos stainings. Note: NC represents the negative control groups, and GSH represents the exogenous GSH supplementation groups. MitoTracker represents the
MitoTracker Red CMXRos staining of different groups. DIC represents the bright field view of ovine MII oocytes after MitoTracker Red CMXRos staining. MERGED represents the
merged result of MitoTracker Red CMXRos staining and bright field microscopy. The scale bar ¼ 50 mm. II: The relative fluorescence intensity of MitoTracker. Note: NC represents the
negative control groups and GSH represents the exogenous GSH supplementation groups. The experimental data were analysd by a one-way ANOVAwith post-hoc comparisons and
p < 0.05 was accepted as significant. The different uppercase letters in each column indicate significant differences between the NC groups. The different lowercase letters in each
column indicates significant differences between the GSH groups. * in each column indicates significant differences between the GSH group and the corresponding NC group.
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genes related to oocyte maturation (Oct4, Bmp15 and GDF9), anti-
oxidative effects (SOD2, Catalase and GPx) and antiapoptotic effects
(Bcl-2) in all GSH groups were significantly up-regulated compared
with those of the corresponding NC groups (n ¼ 30 for each group,
p < 0.05). In contrast, the relative gene expression levels of Bax in
the GSH groups were significantly lower than those in the corre-
sponding NC groups (p < 0.05).

Furthermore, the expression levels of Kdm4d and Kdm5b in all
GSH groups were significantly enhanced compared with those of
the corresponding NC groups (p < 0.05), which further indicates
that exogenous GSH supplementation promoted the histone
methylation levels of ovine MII oocytes.
Fig. 4. The effect of exogenous GSH supplementation on the ROS production levels of ovin
I: DCFH-DA staining. Note: NC represents the negative control groups, and GSH represents th
of different groups. DIC represents the bright field view of ovine MII oocytes after DCFH-DA
microscopy. The scale bar ¼ 50 mm. II: The relative fluorescence intensity of DCFH-DA. Not
supplementation groups. The experimental data were analysd by a one-way ANOVA with p
letters in each column indicate significant differences between the NC groups. The differen
groups. * in each column indicates significant differences between the GSH group and the
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3.6. The effect of exogenous GSH supplementation on the
methylation levels of ovine MII oocytes

To further confirm the effect of exogenous GSH supplementa-
tion on the histone methylation levels of ovine MII oocytes, we
determined the expression levels of H3K4me3 and H3K9me3 in the
MII oocytes of different groups (n ¼ 30 for each group) by immu-
nofluorescence staining, with representative results shown in
Fig. 5.

As shown in Fig. 5, the H3K4me3 expression levels of the NC
groups were significantly reduced from the Grade A-NC group and
the Grade B-NC group to the Grade C-NC group (p < 0.05), which
e MII oocytes
e exogenous GSH supplementation groups. DCFH-DA represents the DCFH-DA staining
staining. MERGED represents the merged result of DCFH-DA staining and bright field

e: NC represents the negative control groups and GSH represents the exogenous GSH
ost-hoc comparisons and p < 0.05 was accepted as significant. The different uppercase
t lowercase letters in each column indicates significant differences between the GSH
corresponding NC group.



Fig. 5. The effect of exogenous GSH supplementation on the histone methylation levels of ovine MII oocytes
I: Immunofluorescence staining of H3K4me3. Note: NC represents the negative control groups, and GSH represents the exogenous GSH supplementation groups. H3K4me3 rep-
resents the immunofluorescence staining of H3K4me3 of different groups. Hoechst represents the Hoechst33342 staining of different groups after H3K4me3 staining. MERGED
represents the merged result of H3K4me3 staining and Hoechst33342 staining. The scale bar ¼ 5 mm. II: The relative fluorescence intensity of H3K4me3. Note: NC represents the
negative control groups and GSH represents the exogenous GSH supplementation groups. The experimental data were analysd by a one-way ANOVAwith post-hoc comparisons and
p < 0.05 was accepted as significant. The different uppercase letters in each column indicate significant differences between the NC groups. The different lowercase letters in each
column indicates significant differences between the GSH groups. * in each column indicates significant differences between the GSH group and the corresponding NC group. III:
Immunofluorescence staining of H3K9me3. Note: NC represents the negative control groups, and GSH represents the exogenous GSH supplementation groups. H3K9me3 represents
the immunofluorescence staining of H3K9me3 of different groups. Hoechst represents the Hoechst33342 staining of different groups after H3K9me3 staining. MERGED represents
the merged result of H3K9me3 staining and Hoechst33342 staining. The scale bar ¼ 5 mm Ⅳ: The relative fluorescence intensity of H3K9me3. Note: NC represents the negative
control groups and GSH represents the exogenous GSH supplementation groups. The experimental data were analysd by a one-way ANOVAwith post-hoc comparisons and p < 0.05
was accepted as significant. The different uppercase letters in each column indicate significant differences between the NC groups. The different lowercase letters in each column
indicates significant differences between the GSH groups. * in each column indicates significant differences between the GSH group and the corresponding NC group.
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further revealed that the expression of H3K4me3 in ovine MII oo-
cytes was negatively related to a decrease in the cumulus layers. In
addition, the expression levels of H3K4me3 in the GSH groups were
enhanced compared with those in the corresponding NC groups,
especially in MII oocytes of the Grade B-GSH and Grade C-GSH
groups (p < 0.05, Fig. 5 I, II).

Moreover, the H3K9me3 expression levels of the NC groups
were abnormally reduced from the Grade A-NC group and the
Grade B-NC group to the Grade C-NC group (p < 0.05, Fig. 5 III,Ⅳ).
Conversely, the abnormal expression levels of H3K9me3 in ovine
MII oocytes were effectively enhanced by exogenous GSH supple-
mentation (p < 0.05, Fig. 5 III, Ⅳ).

Combined with the qRT-PCR results, these above results further
indicated that exogenous GSH supplementation ameliorated the
abnormal modifications of histone methylation in ovine MII
oocytes.
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3.7. The effect of exogenous GSH supplementation on the sperm
binding and fertilization abilities of ovine MII oocytes

To confirm the beneficial effect of exogenous GSH supplemen-
tation on the in vitro developmental competence of ovine MII oo-
cytes, we performed a sperm-oocyte binding assay after IVF,
followed by Hoechst 33342 staining and determination of the
number of sperm binding to the zona pellucida of ovine MII oocytes
(n ¼ 30 for each group).

As shown in Supplementary Fig. 1, the number of sperm binding
to the zona pellucida of the NC groups was substantially reduced
from the Grade A-NC group (199.93 ± 16.50) to the Grade B-NC
group (161.967 ± 11.75) and the Grade C-NC (106.63 ± 6.98) group
(p < 0.05), indicating the decreasing qualities of ovine MII oocytes
due to the lack of cumulus layers during IVM. The number of sperm
binding to the zona pellucida of the GSH groups was effectively
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increased from the Grade C-GSH group (166.20 ± 11.26) to the
Grade B-GSH group (193.07 ± 14.42) and the Grade A-GSH
(250.97 ± 26.00) group (p < 0.05), while the number of sperm
binding to the zona pellucida of the GSH groups was significantly
enhanced compared with that of the corresponding NC groups
(p < 0.05).

Furthermore, the results of embryonic cleavage assays indicated
that exogenous GSH supplementation significantly enhanced the
fertilization rates of the Grade B-GSH and Grade C-GSH groups
(p < 0.05), with the fertilization rates of the Grade B groups
significantly increasing from 70.73 ± 2.85 % (n ¼ 134, Grade B-NC
group) to 79.93 ± 4.72 % (n ¼ 130, Grade B-GSH group) and that of
the Grade C groups significantly increasing from 58.15 ± 4.30 %
(n ¼ 145, Grade C-NC group) to 71.24 ± 4.34 % (n ¼ 125, Grade C-
GSH group). In addition, there was no significant difference in the
fertilization rates between the Grade A-NC (n¼ 142, 79.81 ± 3.13 %)
and Grade A-GSH (n ¼ 152, 83.50 ± 4.56 %) groups (p > 0.05).

3.8. The effect of exogenous GSH supplementation on the blastocyst
developmental competence of ovine MII oocytes

Blastocyst development experiments were performed to
confirm the effect of exogenous GSH supplementation on the
in vitro developmental competence of ovine MII oocytes, and the
results are presented in Fig. 6.

As shown in Fig. 6, the blastocyst developmental rates of
different groups indicated that exogenous GSH supplementation
promoted the blastocyst developmental rates compared with these
of the NC groups; the blastocyst developmental rates of the Grade A
groups increased from 39.63 ± 3.72 % (n ¼ 113, Grade A-NC group)
to 40.92 ± 3.11 % (n ¼ 127, Grade A-GSH group) (p > 0.05), that of
the Grade B groups significantly increased from 30.25 ± 2.22 %
(n ¼ 95, Grade B-NC group) to 40.68 ± 2.39 % (n ¼ 96, Grade B-GSH
group) (p < 0.05) and that of the Grade C groups significantly
increased from 18.01 ± 2.77 % (n ¼ 84, Grade C-NC group) to
32.02 ± 2.08 % (n ¼ 87, Grade C-GSH group) (p < 0.05).

Finally, Hoechst 33342 staining was performed to analyse the
cell number/each blastocyst of different groups, and the results
showed that exogenous GSH supplementation significantly
enhanced the blastocyst qualities compared with those of the
corresponding NC groups, with the cell number/each blastocyst of
the Grade A groups significantly increasing from 114.50 ± 20.85
(n ¼ 30, Grade A-NC group) to 143.37 ± 28.17 (n¼ 30, Grade A-GSH
group), that of the Grade B group significantly increasing from
93.33 ± 17.01 (n ¼ 27, Grade B-NC group) to 112.70 ± 24.65 (n ¼ 30,
Grade B-GSH group) and that of the Grade C group significantly
increasing from 76.07 ± 13.68 (n ¼ 15, Grade C-NC group) to
97.70 ± 16.74 (n ¼ 27, Grade C-GSH group) (p < 0.05).

4. Discussion

In this study, we found that exogenous GSH supplementation
promoted the developmental competence of ovine MII oocytes via
the effective promotion of nuclear/cytoplasmic maturation, CGs
dynamics/ASTL distributions and mitochondrial activities. In addi-
tion, exogenous GSH supplementation effectively promoted the
suppression of ROS production in ovine MII oocytes. Enhancement
of the sperm binding abilities and fertilization capacity of ovine MII
oocytes after exogenous GSH supplementation was also found in
this study. We also found that exogenous GSH supplementation
especially enhanced the in vitro developmental competence of
ovine MII oocytes from COCs lacking cumulus cells, which revealed
the potential applications of exogenous GSH supplementation for
the IVM of patients with follicular dysplasia.

In the present study, the beneficial effect of exogenous GSH
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supplementation on the nuclear and cytoplasmic maturation of
ovine MII oocytes, confirmed by the results of CGs dynamics/ASTL
distributions, was consistent with the former studies about bovine
[37] and porcine oocytes [46]. In 1997, Misa et al. found that the CGs
dynamics in bovine MII oocytes, significantly related with the
cumulus cell layers in bovine COCs, closely parallels the maturation
rates and fertilization potentials of bovine oocytes after IVM and
could be applied as an index of cytoplasmic maturation of
mammalian oocytes and embryonic development [49]. Combined
with the correlations between CGs dynamics and oocyte matura-
tion and the observation of absent CGs in mouse oocytes from the
arrested follicles lacking surrounding cumulus granulosa cells [50],
CGs dynamics were applied as the symbol of cytoplasmic matura-
tion of ovine MII oocytes in this study and our results of LCA-FITC
staining further confirmed the significant corrections between
CGs dynamics in ovine MII oocytes and cumulus cell layers during
IVM and the promising effect of exogenous GSH supplementation
on ovine IVM.

In addition, we also found the exogenous GSH supplementation
effectively enhanced the expression signals of ASTL in ovine MII
oocytes. ASTL (also referred as ovastacin and sperm acrosomal
SLLP1 binding protein), a key component of CGs in mammals, was
identified as an oolemmal binding partner for the intra-acrosomal
sperm protein SLLP1 and an oocyte-specific metalloendoprotease
cleaving zona pellucida glycoprotein 2 (ZP2) (166LAYDE169) after
fertilization [51,52]. Moreover, lacking of ASTL caused abnormal
sperm binding as well to two-cell embryos as they did to the
matured oocytes, causing polyspermy [53]. Considering the nega-
tive relationship between ASTL distributions and ROS related
oxidative stress in mammalian oocytes [52], these former studies
have found that the promising effect of antioxidants supplemen-
tation [51,52,54] on the mammalian IVM process via the promotion
of ASTL distributions.

And the effect of exogenous GSH supplementation on the
reduction of ROS accumulation related oxidative disturbance was
also analysed by the mitochondrial activities and ROS production
assay. The comprehensive results of MitoTracker staining, DCFH-DA
staining and expression levels of genes including Gpx, Sod2, Cata-
lase, Bcl-2, Bax and Caspase 3 showed that exogenous GSH sup-
plementation during ovine IVM process effectively enhanced the
mitochondrial activities and decreased the ROS production levels,
further enhancing the qualities of ovine MII oocytes and the sub-
sequent fertilization and embryonic development.

In fact, the main differences between our study and previous
studies examing the effect of exogenous GSH supplementation
were the analyses of histone methylation levels of ovine MII oo-
cytes, especially MII oocytes matured from COCs lacking cumulus
cells.

As an important post-translational modification, histone
methylation on the side chains of arginine and lysine in H2A, H2B,
H3 and H4 regulates embryonic genome activation, X-chromosome
inactivation (Xist) activation, inner cell mass (ICM)/trophectoderm
(TE) lineage specification and preimplantation development
[55,56]. Furthermore, Yu et al. found that supplementation with L-
ascorbic acid, as an epigenetic factor inducing global epigenetic
reprogramming during IVM effectively improved the develop-
mental competence of porcine oocytes via the reprogramming of
DNA, RNA and histone methylation status [57]. Bui et al. also found
that the increasing methylation levels of H3K4 via the supple-
mentation of L-ascorbic acid during the prematuration (pre-IVM)
process enhanced the developmental competence and quality of
porcine blastocysts derived from small antral follicles [58],
revealing the promising applications of antioxidants with the po-
tential for histone methylation modifications in the IVM of
mammalian COCs lacking cumulus cells.
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Fig. 6. The effect of exogenous GSH supplementation on the blastocyst developmental competence of ovine MII oocytes
I: The development and Hoechst 33342 staining of blastocysts. Note: NC represents the negative control groups, and GSH represents the exogenous GSH supplementation groups.
Blastocyst represents the bright field view of blastocyst after IVF. Hoechst 33342 represents the Hoechst 33342 staining of blastocysts. The scale bar of blastocyst ¼ 500 mm. The
scale bar of Hoechst 33342 staining ¼ 50 mm. II: The blastocyst rates and cell number/blastocyst. Note: NC represents the negative control groups and GSH represents the exogenous
GSH supplementation groups. The experimental data were analysd by a one-way ANOVA with post-hoc comparisons and p < 0.05 was accepted as significant. The different up-
percase letters in each column indicate significant differences between the NC groups. The different lowercase letters in each column indicates significant differences between the
GSH groups. * in each column indicates significant differences between the GSH group and the corresponding NC group.
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As shown in our study, we identified the potential effect of GSH
on the histone methylation modifications of ovine MII oocytes, as
the expression levels of H3K4me3 in the Grade B-GSH and Grade C-
GSH groups were significantly increased compared with those of
the corresponding NC groups, which was consistent with the
expression patterns of Kdm4d and Kdm5b in the Grade B-GSH and
Grade C-GSH groups.

To date, the methylation of H3K4 and H3K9 has been widely
studied, with accumulating evidence confirming the specific role of
H3K4me3 during transcriptional activation and the specific role of
H3K9me3 during the gene silencing process via the expression
levels of KDM. Moreover, the demethylation process of H3K4me3
by the lysine demethylases of Kdm5b further regulated germline-
inherited posttranslational histone modifications that promote
ZGA and early mammalian embryonic development [26,59], which
was consistent with our studies.

In the present study, we also found that the expression levels of
H3K9me3 in the Grade B-GSH and Grade C-GSH groups were
significantly enhanced after exogenous GSH supplementation.
H3K9me3, regulated by the recruitment of DNA methyltransferase
3a (Dnmt3a), histone deacetylase 1 (HDAC1), histone methyl-
transferase G9a, heterochromatin protein 1 (HP1) and histone
methyltransferase suppressor of variegation 3e9 homologue 1
(SUV39H1), has been identified as a crucial factor in defining oocyte
developmental competence [60,61]. Furthermore, the over-
expression of Kdm4b significantly ameliorated the defects of mu-
rine SCNTembryos, including increased boundaries of topologically
associating domains (TADs) and abnormal superenhancer and
promoter interactions caused by the inherited H3K9me3 [62]. In
addition, Song et al. found that treatments with 7,12-dimethylbenz
[a]anthracene (DMBA), an environmental pollutant, resulted in a
significant decrease of H3K9me3, a higher incidence of DNA double
strand breaks (DSBs) and early apoptosis in porcine COCs [63]. In
striking contrast, none of these changes occurred in cumulus-
denuded oocytes treated with DMBA, which further revealed the
potential relationship between cumulus cells and histone methyl-
ations. However, the specific effects of exogenous GSH supple-
mentation on the histone methylation process and the potential
regulatory mechanism of ovine MII oocytes during IVM require
further detailed investigations.

Taken together, our findings first provide a theoretical basis for
the application of exogenous GSH to improve the in vitro devel-
opmental competence of ovine oocytes, especially oocytes matured
from COCs lacking cumulus cells. We hope that this research will
contribute to research related to GSH applications and the effi-
ciency of ARTs for ovine breeding.
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