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Abstract

Oxidative stress negatively affects the in vitro maturation (IVM) of oocytes.

Procyanidin B1 (PB1) is a natural polyphenolic compound that has antioxidant

properties. In this study, we investigated the effect of PB1 supplementation during

IVM of porcine oocytes. Treatment with 100 μM PB1 significantly increased the

MII oocytes rate (p <0.05), the parthenogenetic (PA) blastocyst rate (p <0.01) and

the total cell number in the PA blastocyst (p < 0.01) which were cultured in regular

in vitro culture (IVC) medium. The PA blastocyst rate of regular MII oocytes

activated and cultured in IVC medium supplemented with 100 and 150 μM PB1

significantly increased compared with control (p < 0.01 and p < 0.05). We also

evaluated the reactive oxygen species (ROS) levels, mitochondrial membrane po-

tential (Δψm) levels, glutathione (GSH) levels, and apoptotic levels in MII oocytes

and cumulus cells following 100 μM PB1 treatment. The results showed that the

PB1 supplementation decreased ROS production and apoptotic levels. In addition,

PB1 was found to increase Δψm levels and GSH levels. In conclusion, PB1 inhibited

apoptosis of oocytes and cumulus cells by reducing oxidative stress. Moreover,

PB1 improved the quality of oocytes and promoted PA embryo development.

Taken together, our results suggest that PB1 is a promising antioxidant additive

for IVM of oocytes.
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1 | INTRODUCTION

Procyanidin is a plant extract that is a natural polyphenolic compound

found in the fruits, leaves and seeds of many plants (Dixon et al., 2005).

Procyanidins are divided into procyanidin dimers B1, B2, B3, B4, B5, and

B7 and procyanidin trimer C1 (Weinert et al., 2012). The compounds

with the most potent antioxidant and anti‐inflammatory effects are

procyanidin C1 (PC1), followed by dimeric PB1. There are numerous

studies that have demonstrated the antioxidant effects of PC1 (Terra

et al., 2011). In the immortalized neuronal HT22 cell lines derived from

the mouse hippocampus, PC1 reduces the level of mitogen‐activated
protein kinase pathway‐induced apoptosis that is caused by oxidative

stress. Exposure to PC1 reduces nerve cell death by reducing the accu-

mulation of reactive oxygen species (ROS) (Song et al., 2019). Expression
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of PC1 can decrease the levels of caspase‐3 and other apoptotic genes in

breast cancer cells, and also inhibits apoptosis in these cells (Koteswari

et al., 2019).

PB1 also has similar levels of antioxidant and anti‐inflammatory

effects as PC1, and the mechanisms by which PB1 reduces oxidation and

inflammation have been investigated. Procyanidins are very strong

antioxidants (Okamoto et al., 2014). Procyanidins can reduce lipopoly-

saccharide (LPS)‐induced ROS production in human monocytes and can

inhibit ERK1/2 and IKKb activity (Terra et al., 2011). Similarly, PB1 has

anti‐inflammatory effects on human monocytes. In addition to its anti‐
inflammatory effects, PB1 is also an antioxidant (Byun et al., 2013; Xing

et al., 2015). PB1 inhibits ROS production that is induced by LPS (Byun

et al., 2013), and can scavenge radicals effectively (Okamoto et al., 2014).

PB1 can reduce the onset of amyloid beta (A‐β) oligomer‐induced neu-

rotoxicity that is caused by oxidative stress, as well as ameliorate A‐β
oligomer‐induced apoptosis in rat neurons by activating caspase‐3
(Kanno et al., 2015).

The role of PB1 as an antioxidant has been observed in vitro in

cultured cell lines, however, whether it can improve the in vitro

culture (IVC) of mammalian embryos remains unclear. One of the

major hurdles of culturing embryos in vitro is the embryonic dys-

plasia caused by oxidative stress (Liang et al., 2017; Liu et al., 2015;

Long et al., 2018; Yuan et al., 2017). Antioxidant additives can im-

prove IVC conditions that play a vital role in protecting endangered

animals and in vitro production of embryos. We analyzed the effects

of PB1 on ROS generation, glutathione (GSH) levels, mitochondrial

function and apoptosis in pig MII oocytes and cumulus cells. We also

investigated the mechanism underlying the beneficial effects of PB1

on IVM and analyzed whether it can be used as a suitable antioxidant

additive for the IVC of porcine embryos.

2 | RESULTS

First, to analyze whether PB1 affects IVM of pig oocytes, we study

the maturation rate of oocytes in IVM culture medium supplemented

with 0, 50, 100, 150, and 200 μM PB1. Second, to analyze the de-

velopmental ability of MII stage oocytes which matured in the IVM

medium supplemented with 100 μM PB1, we activated MII stage

oocytes and cultured in regular IVC medium (IVC medium without

supplement), we counted the blastocyst rate and compared with the

control group. The most important is that we focused on the MII

stage oocytes matured in the IVM medium supplemented with

100 μM PB1, and analyzed the ROS, GSH, mitochondrial membrane

potential (Δψm), and apoptosis levels in MII oocytes and cumulus

cells. To analyze the tests related to apoptosis levels, we specifically

tested the gene expression levels of the caspase‐3 and P53 genes

and the apoptotic index by flow cytometry were analyzed in cumulus

cells and the caspase‐3 and P53 protein level was measured by IF in

matured oocytes. Tertiary, further to determine the effect of PB1 on

IVC stage, we cultured the MII stage oocytes matured in regular

IVM medium (IVM medium without supplement) in IVC medium

supplemented with 0, 50, 100, 150, and 200 μM PB1, and counted

the rate of 2 cell, 4 to 8 cell, blastocyst, and hatching.

2.1 | Effect of PB1 (0, 50, 100, 150, 200 μM)
supplementation on in vitro maturation and in vitro
culture

Cumulus oocyte complexes (COCs) were subjected to IVM at different

concentrations of PB1 (0, 50, 100, 150, and 200 μM).We found, that PB1

at a concentration of 100µM stimulated polar body discharge and in-

creased the oocyte maturation rate compared to the control group

(83.29 ±1.26% vs. 79.61± 0.71%, p<0.05, Figure 1c). We examined 486

oocytes and found that 81 oocytes were degenerated following IVM.

There was no obvious difference between 50μM group and the control

group and 150 μM group has no significant difference compared with the

control group, but there was even a significant decrease at the con-

centration of 200 μM. The blastocyst rate was counted on that MII oo-

cytes cultured in regular IVM medium and IVM medium supplemented

with 100 μM PB1 were activated and cultured in regular IVC medium,

and the results showed that 100µM PB1 increased the rate of blastocyst

formation compared to the control (68.95± 5.02% vs. 60.42± 1.97%,

p<0.01, Figure 1d). Our analysis showed that in the supplemental PB1

group the total cell number per blastocyst was significantly increased

compared with the untreated group (Figure 1a,b, p<0.01). Regular MII

oocytes were activated by parthenogenesis, 2 cell rate, 4 to 8 cell rate,

blastocyst rate, and hatching rate were measured in the PB1‐treated (50,

100, 150, and 200μM) and control groups. Treatment with 100 and

150μM PB1 increased the rate of blastocyst formation compared to the

control (62.66 ±4.60% vs. 49.79 ± 1.33%, p<0.01; 58.24± 4.05% vs.

49.79 ±1.33%, p<0.05, Table 2). Moreover, treatment with 100 μM PB1

increased the rate of hatching formation compared to the control

(35.32 ±5.41% vs. 20.83± 5.38%, p<0.05, Table 2).

2.2 | Effect of PB1 (100 μM) on ROS and GSH
levels in MII oocytes and cumulus cells

To determine the mechanism underlying increased maturation of

PB1‐exposed oocytes, ROS levels of MII oocytes and cumulus cells

were measured after oocyte maturation. PB1 treatment led to a

decrease in ROS levels relative to the control (4.91 ± 0.78 fluores-

cence intensity per oocyte vs. 10.11 ± 1.33 fluorescence intensity;

p < 0.001, Figures 2a,d). In addition, we used flow cytometry to de-

tect the Median FITC‐A values of the PB1‐treated and control cu-

mulus cells, and we found that ROS levels were lower in the PB1‐
treated group compared to the control group (1243.03 ± 14.38 vs.

1499.33 ± 40.08, p < 0.001, Figures 2b,f). Since GSH is a potent an-

tioxidant, we determined whether GSH levels in MII oocytes were

affected by maturation in the presence of PB1. Treating MII oocytes

and cumulus cells with PB1 increased GSH levels compared with

the control (fluorescence intensity per oocyte: 23.33 ± 3.31 vs.
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14.97 ± 1.35; p < 0.001, Figures 2a,c) and cumulus cells (fluorescence

intensity: 223.74 ± 3.50 vs. 214.90 ± 3.28, p <0.05, Figures 2b,e).

2.3 | Effect of PB1 (100 μM) on Δψm in MII
oocytes and cumulus cells

To test whether PB1 alters the Δψm to alter ROS levels, and we

measured Δψm values in MII oocytes and cumulus cells using JC‐1
staining (Figure 3a,b). Compared with the control group, the red/

green JC‐1 ratio of the PB1 treated MII oocytes and cumulus cells

was higher than that of the control cells (1.19 ± 0.08 vs. 0.98 ± 0.07,

p < 0.001, Figure 3c; 0.83 ± 0.03 vs. 0.73 ± 0.02, p < 0.01, Figure 3d).

2.4 | Effect of PB1 (100 μM) on apoptosis in MII
oocytes and cumulus cells

To determine the effect of PB1 on apoptosis, the expression of p53

and caspase‐3 proteins in MII oocytes was detected by IF staining.

The fluorescence intensity of p53 in the treated group was lower

relative to the control group (55.75 ± 3.39 vs 67.08 ± 4.08, p < 0.01

Figures 4a,c). The expression level of caspase‐3 protein in the PB1‐
treated group was lower than in the control group as well

(37.52 ± 2.61 vs. 54.87 ± 3.71, p <0.001, Figures 4b,d). We also found

that the expression levels of p53 and caspase‐3 messenger RNA

(mRNA) in cumulus cells were lower in the PB1 treated samples

compared to the control (p < 0.001, Figure 4e). Using flow cytometry,

we found that the proportion of apoptotic cells had decreased in the

PB1 treatment group compared to the control group (13.01% ± 0.52

vs. 17.84% ± 0.20, p <0.001, Figure 4f).

3 | DISCUSSION

Oxidative stress is a common issue that impedes the culturing of em-

bryos in vitro. The steady state ROS level is an important marker for

evaluating the degree of oxidative stress in a given cell (Sun et al.,

2019). Excessive accumulation of ROS has a detrimental effect on

proteins, lipids, RNA, and DNA, and can lead to cell death (Ott et al.,

F IGURE 1 Effect of procyanidin B1 (PB1) on MII oocytes rate and total cell number in blastocysts. (a) representative fluorescence images of
Hoechst 33342 staining in blastocysts on Day 7. (b) Total cell number in blastocysts of control and PB1 treated groups. Magnification (×20).
(c) MⅡ oocytes rate. The control group was regular in vitro maturation (IVM) medium, while the other four groups had regular IVM medium
supplemented with different concentrations of PB1. (d) The blastocyst rate of normal medium and MII oocytes treated with 100 μM PB1 after
parthenogenetic activation. Values are shown as mean ± standard deviation from three independent experiments. *p < 0.05, **p < 0.01, and
***p < 0.001. And a,b,c are sorted according to the average value, a means the average value is the largest, p < 0.05 shows that there is a
significant difference between each group
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F IGURE 2 Effect of PB1 on intracellular reactive oxygen species (ROS) of MII oocytes and cumulus cells. (a) Glutathione (GSH) levels and
ROS levels in MⅡ oocytes treated with 100 μM PB1 versus control. Scale bar = 100 μm. (b) GSH levels and ROS levels in cumulus cells. Scale
bar = 100 μm. The value ROS levels was analyzed using histograms. (c,d) GSH levels and ROS levels, respectively, in MⅡ oocytes treated with
100 μM PB1 versus control, as measured by fluorescence intensity. Values within the bars indicate the total number of oocytes observed in
each experimental group. (e,f) GSH levels and ROS levels, respectively, in cumulus cells. Values shown are mean ± standard deviation from three
independent experiments. PB1, procyanidin B1. *p < 0.05, **p < 0.01, and ***p < 0.001
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2007). Reducing ROS accumulation caused by oxidative stress can

promote embryonic development (Hu et al., 2012). Cells can usually

maintain a stable concentration of ROS through intracellular anti-

oxidant enzymes that protect the cells from damage that can be caused

by excessive accumulation of ROS (Villanueva & Kross, 2012). The

balance of intracellular ROS and GSH levels is very important to

maintain the balance of the cell's redox state, which helps maintain the

organism's sensitivity to oxidative damage (Czaja, 2002; Navarro et al.,

1999). In addition, GSH can protect cells through related organic re-

actions, and can scavenge free radicals and reduce the damage caused

by oxidative stress (Biswas et al., 2005; Masella et al., 2005). If the level

of GSH in cells is reduced, oxidative stress will cause cell damage (Czaja,

2002). Moreover, previous studies have shown that lack of GSH can

lead to dysplasia of germ cells (Lim & Luderer, 2018).

The positive effects of antioxidants on IVM and embryo develop-

ment has been widely reported, such as the quality of porcine blastocysts

during in vitro embryonic development can be markedly improved by the

addition of β‐mercaptoethanol (BME) and L‐ascorbic acid (AC) (Castillo‐
Martin et al., 2014). The rate of IVM and oocyte evolution, and murine

embryo formation could be significantly increased by the addition of

BME and cysteamine (CYS）（Nikseresht et al., 2017). Moreover, the

combination of resveratrol and melatonin supported a synergistic in-

crease in oocyte nuclear maturation and total cell numbers of PA blas-

tocysts and improved the development of somatic cell nuclear transfer

(SCNT) embryos (Lee et al., 2018). In addition, anthocyanin treatment

during IVM improved developmental competence of SCNT embryos,

most likely by increasing intracellular GSH synthesis, by reducing ROS

level, and by stimulating nuclear reprogramming via increased tran-

scription factor expression (You et al., 2010). Furthermore, quercetin was

found to protect both goat sperm and preimplantation embryos from

Cd2+‐induced oxidative stress (Mao et al., 2018).

Antioxidants, such as vitamin C (VC) and E (VE), can alleviate oxi-

dative stress. In particular, VE can alleviate the peroxidation of mi-

tochondrial membrane lipids and maintain a normal level of Δψm, which

F IGURE 3 Effect of PB1 on mitochondrial membrane potential (Δφm) of MII oocytes and cumulus cells. Red represents JC‐1 accumulation in
the mitochondria and green represents JC‐1 excluded from mitochondria. (a,b) Fluorescence images representing the staining by JC‐1 of MⅡ
oocytes and cumulus cells, respectively, in control and PB1 treated groups. Scale bar = 100 μm. (c,d) Δφm levels in MⅡ oocytes and cumulus
cells, respectively. Bars represent three independent replicate experiments. The values are shown as mean ± standard deviation. PB1,
procyanidin B1. *p < 0.05, **p < 0.01 and ***p < 0.001
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ensures that the cells can undergo respiration and prevents damage to

the mitochondria (Miao et al., 2019; Sun et al., 2019). Similarly, VC can

reduce oxidative damage and apoptosis by reducing ROS levels in

porcine PA embryos (Hu et al., 2012), and can increase the develop-

mental rate of cloned bovine embryos (Chen et al., 2015; Zhang et al.,

2019). Procyanidin has a 20 times greater than vitamin E and a 50 times

greater antioxidant capacity than VC (Shi et al., 2003). Because of its

known anti‐oxidation effect, we added PB1 into the IVM medium of

porcine oocytes to test whether PB1 affects ROS levels and oocyte

maturation. We found that 100 μM PB1 can significantly increase the

maturation rate of porcine oocytes, which shows that the appropriate

concentration of PB1 can promote the in vitro maturation process of

porcine oocytes. And at 200 μM concentrations, the maturation rate

has significantly decreased, it is believed that it may be caused by

excessive concentration. Previous studies have studied that high con-

centrations of antioxidants will produce toxic effects (Khoshnam‐Rad &

Khalili, 2019; Meng et al., 2005; Rivers, 1987). We believe that PB1 may

also have this situation. This is a problem worthy of in‐depth study. In

addition, studies have found that high concentrations of antioxidants

(ascorbic acid, AA) can increase apoptosis during embryonic

F IGURE 4 Apoptosis in MII oocytes and cumulus cells. (a,b) expression pattern of p53 and caspase‐3 proteins, respectively, in control and PB1
treated MⅡ oocytes. Red indicates p53 or caspase‐3 protein and blue indicates the nucleus. Scale bar = 500μm. (c,d) signal intensities of p53 and
caspase‐3 protein, respectively, in MⅡ oocytes. (e) relative gene expression levels p53 and caspase‐3 gene was detected by qRT‐PCR in cumulus cells.
(f) percentage of apoptotic cells in control and PB1‐treated cumulus cells. Values shown are mean ± standard deviation from three independent
experiments. PB1, procyanidin B1; qRT‐PCR, quantitative reverse transcription polymerase chain reaction. *p<0.05, **p<0.01 and ***p<0.001
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development (Li et al., 2019), and we believe that PB1 may also have

this situation. We will further study the toxic effects of high con-

centrations of PB1 and the mechanism of promoting apoptosis. ROS

levels were significantly reduced in oocytes cultured with PB1, and PB1

significantly increased the maturation rate of oocytes. These results

suggest that PB1 is an antioxidant that can reduce ROS levels of MII

oocytes to improve their development. The cumulus cells and oocytes

exchange many molecular signals (Santiquet et al., 2013). For example,

the proliferation of mammalian cumulus cells requires activation by

oocyte paracrine signals (Gilchrist & Ritter, 2011), and cumulus cells

communicate through gap junctions to regulate the meiosis of oocytes

(Shimada et al., 2001). Cumulus expansion is associated with increased

ROS levels in oocytes, whereas ROS levels in cumulus cells can regulate

oocyte maturation and are critical for embryonic development (El

Sheikh et al., 2019; Yoon et al., 2017). Therefore, we also tested ROS

levels in cumulus cells and found that cumulus cells that detached from

mature oocytes in the presence of PB1 had significantly lower levels of

ROS than cumulus cells from the control group. Our results suggest

that the addition of PB1 led to reduced ROS levels in cumulus cells,

potentially improving the development of oocytes by altering the sig-

nals that are sent by cumulus cells to oocytes to favor the progression

of development.

Accumulation of ROS can be caused by the dysfunction of the mi-

tochondrial respiratory chain. Mitochondrial dysfunction is generally

caused by the peroxidation of the mitochondrial membrane lipids, which

destroys the Δφm (Sun et al., 2019), thereby impeding respiration. Re-

spiration in the mitochondria provides the basis for ADP to be converted

to ATP (Yuan et al., 2017). Disruption of the Δφm inhibits glycolysis and

decreases ATP production (Yun et al., 2015), therefore the best way to

assess mitochondrial function is by measuring the Δφm. Mitochondrial

damage also results in the accumulation of ROS. Therefore, detecting

changes in Δφm is important for assessing the source of ROS in cells

undergoing oxidative stress. We found that the Δψmwas greater in PB1‐
treated than in control cells, suggesting that PB1 treatment has a positive

effect on the overall health of MII oocytes and cumulus cells during IVM,

which further reduces the ROS levels in these cells, significantly im-

proving the quality of cultured oocytes. GSH is a prosthetic group of

glyceraldehyde phosphate dehydrogenase and a coenzyme of glyoxalase

and triose dehydrogenase and is a strong antioxidant in the cell. The

tricarboxylic acid cycle and sugar metabolism can activate a variety of

enzymes, such as sulfhydryl (SH) enzymes–coenzymes, promoting the

metabolism of sugars, fats, and proteins. GSH participates in a variety of

biochemical reactions that protect enzymes from oxidative damage. In

addition, GSH can scavenge free radicals by combining thiol groups with

free radicals in cells. Therefore, GSH can be used as a marker for anti-

oxidant level (Padayatty & Levine, 2016) and improving GSH can also

reduce cellular lipid peroxidation (Zhou & Zhang, 2005). We found that

PB1 increased GSH levels in both oocytes and cumulus cells. PB1 also

improved the antioxidant levels of oocytes and cumulus cells.

Accumulation of ROS leads to activation of p53 in cells and anti-

oxidants can reduce ROS levels, preventing the activation of p53, thereby

reducing apoptosis (Gong et al., 2016; Kim et al., 2008). Anti‐oxidants,
such as VC, can reduce the expression of the apoptotic marker caspase‐3

during the treatment of certain forms of heart disease, and increase the

GSH levels (El‐Shitany & El‐Desoky, 2016; Xu et al., 2019). Decrease in

GSH content is a potential early activation signal for apoptosis, and

subsequent generation of oxygen free radicals can induce apoptosis

(Armstrong et al., 2002). PB1 treatment affected ROS and GSH levels

and the Δφm in oocytes and cumulus cells, which further lowered the

expression of apoptotic genes and proteins. In addition, PB1 also reduced

the apoptosis of cumulus cells. Therefore, the quality of in vitro cultured

oocytes greatly improved upon the addition of PB1.

The quality of MII oocytes determines the potential of early

embryo development. We found that the rate of blastocysts after

activation of mature oocytes cultured with PB1 significantly in-

creased through the PA activation. We have also studied the effect

of PB1 on the development of PA embryos by adding different

concentrations of PB1 in regular media. We found that the addition

of 100 or 150 µM PB1 to IVC culture medium increased the blas-

tocyst rate, while 100 µM PB1 improved the hatching rate of PA

embryos. Therefore, at the appropriate concentration PB1 can also

promote the development of embryos in vitro.

Improving the quality of oocytes is an important part of in vitro

embryo production. One of the most important problems hindering

the in vitro production of embryos is the damage caused by oxidative

stress. The addition of antioxidants can effectively combat this pro-

blem, and we found that the antioxidant PB1 is a very effective

medium additive that can increase GSH content by reducing ROS

levels, thereby reducing apoptosis. The increased quality of cells

promotes the maturation of the oocytes. These results are important

for improving in vitro embryo culture conditions.

In conclusion, we found that addition of PB1, due to its very high

antioxidant activity, significantly improves the oocyte maturation rate

and subsequent embryo development in vitro. PB1 increases the GSH

content by reducing ROS levels, thereby reducing oxidative stress of

oocytes and cumulus cells. These effects further reduce apoptosis in

oocytes and cumulus cells. The oxidative stress caused by IVC conditions

is significantly reduced by the addition of PB1, and the developmental

capacity of the oocyte is greatly improved. Therefore, PB1 shows great

promise as an in vitro additive when culturing pig oocytes.

4 | MATERIALS AND METHODS

4.1 | Reagents

All chemicals and reagents, except those specifically noted, were

purchased from Sigma‐Aldrich (St. Louis).

4.2 | Collection of porcine oocytes and IVM

About 150 to 200 ovaries were obtained from the slaughterhouse on

the day of slaughter, were stored at 35°C to 37°C in a sterile saline

solution containing 1% antibiotic, and were sent to the laboratory

within 3 h. Using sterile syringes, porcine COCs were extracted from 3
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to 6mm diameter follicles. The COCs were collected in a 50ml tube

and washed three times in Tyrode's lactate‐HEPES buffered medium

containing 1% antibiotic and polyvinyl alcohol (PVA; 1 g/L). After each

washing, the COCs were precipitated by the addition of Tyrode's

lactate‐HEPES buffered medium containing 1% antibiotic and 1 g/L

PVA for 5 to 10min. Subsequently, COCs were collected under a

stereo microscope using a syringe needle. Next, the collected COCs

were washed and COCs were placed in non‐tissue culture‐treated
4‐well plates (40–60 COCs per well; 179830; Thermo Fisher Scientific)

to which 450 μl IVM medium were added. Each well was covered with

500 μl mineral oil. COCs were cultured for 44 to 46 h at 38.5°C under

a humidified atmosphere containing 5% CO2/95% air. The IVM med-

ium contained basal culture medium 199 (TCM‐199; Invitrogen) sup-
plemented with 0.91mM sodium pyruvate and 75mg/ml kanamycin.

The prepared medium was stored at 4°C. Before use, the medium was

supplemented with 0.6mM L‐cysteine, 10 ng/ml epidermal growth

factor, 10 IU/ml luteinizing hormone, 10 IU/ml follicle stimulating

hormone and 10% vol/vol porcine follicular fluid.

IVM media supplemented with different concentrations of

PB1 (0, 50, 100, 150, or 200 µM) were prepared before incubation.

Post‐maturation, cumulus cells of COCs were collected for flow

cytometry using a HEPES buffer containing 1 mg/ml hyaluronidase

(HY). Use a visual stereo microscope with a heating stage, adjust

the temperature of the heating stage to 38.5°C, select a magnifi-

cation of 180–400 times, and use a 200 μm diameter glass needle

to pick out oocytes with a second polar body and uniform

cytoplasm.

4.3 | Parthenogenetic activation and IVC

Parthenogenic activation of oocytes was done according to methods

previously published by us (Yuan et al., 2016; Yuan et al., 2017) and

others (Kwon et al., 2015). Briefly, meiotic II stage oocytes (MII oocytes),

which were cultured in regular IVMmedium after 44 to 46 h of maturity,

were repeatedly aspirated for 2 to 3min in the presence of 1mg/ml HY

to remove cumulus cells. Naked MII oocytes with homogeneous cyto-

plasm were selected, placed in activation medium (280mM mannitol,

0.01mM CaCl2, and 0.05mM MgCl2) for 1 to 2min, and then activated

with electrical pulses (1.0 kV/cm for 60ms). Thereafter, the activated

oocytes were incubated in PZM‐5 medium (108.00mM NaCl, 10mM

KCl, 0.35mM KH2PO4, 0.4mM MgSO4·7H20, 25.07mM NaHCO3,

0.2mM Na Pyruvate, 2.0mM Ca‐(lactate)2·5H20, 2.0mM L‐glutamine,

5.0mM Hypotaurine, 20ml/L BME amino acids, 10ml/L MEM non‐
essential amino acids, 25mg/ml Gentamycin, 4mg/ml bovine serum al-

bumin (BSA), 28.516 μM L‐cysteine) containing 7.5μg/ml cytochalasin B

for 3 h. Next, the activated oocytes (40–60 per culture well) were in-

cubated for another 7 days in 450 μl IVC medium supplemented with

different concentrations of PB1 (0, 50, 100, 150, or 200 µM). It is worth

noting that 50 μl of fetal bovine serum (16140071; Gibco) needed to be

added to each well on the fifth day of IVC. Alternatively, MII oocytes

which had been cultured in regular IVM medium or in IVM medium

supplemented with 100µM PB1 were activated and cultured in regular

IVC medium. The embryo cultures were maintained at 38.5°C, under an

atmosphere containing 5% CO2 and 100% humidity.

At 48 h the two cell rate was determined, which consisted in the

ratio of the number of cleaved cells to the number of all activated mature

oocytes. And at 48–72 h the 4–8 cell rate was determined, which con-

sisted in the ratio of the number of 4–8 cell to the number of two cell.

And at 168h the blastocyst rate was determined, which consisted in the

ratio of the number of blastocysts to the number of 4–8 cell. And at

192h the hatching rate was determined, which consisted in the ratio of

the number of hatched cells to the number of blastocysts.

4.4 | Quantification of the total cell number per
blastocyst

Previous studies have shown that total cell number is usually an indicator

of blastocyst quality (Jiang et al., 2018). We therefore evaluated the total

cell number of 21 blastocysts of 100 μM PB1 group (7 blastocysts per

group) and 21 blastocysts of control group (7 blastocysts per group) in

three replicates. To quantify the total number of cells in the blastocysts

on day 7 of PA, the embryos were fixed with 4% (wt/vol) paraf-

ormaldehyde in phosphate‐buffered saline (PBS) mixed with 1 g/L PVA

for 20 to 30min. Next, the blastocysts were washed three times with

PBS–PVA and incubated with 10 μg/ml Hoechst 33342 for 5min at 37°C

to label the nuclei. Finally, the blastocysts were gently placed on a glass

slide and examined under a fluorescence microscope (IX70; Olympus).

The total number of nuclei was analyzed using NIH Image J software

(National Institutes of Health).

4.5 | Evaluation of ROS and GSH levels in MII
oocytes and cumulus cells

To detect ROS and GSH levels in MII oocytes, We detected the ROS

level of 50 MII oocytes of 100μM PB1 group (16,16 and 18 MII oocytes

per group) and 51 MII oocytes of control group (16,16 and 19 MII

oocytes per group) in three replicates, and detected the GSH level of

53 MII oocytes of 100 μM PB1 group (16,16 and 21 MII oocytes per

group) and 53 MII oocytes of control group (14,19 and 20 MII oocytes

per group) in three replicates. MII oocytes from which cumulus cells had

been removed by HY treatment were washed three times with PBS‐PVA,
transferred to nontreated four‐well plates, and incubated in IVMmedium

containing 10 µM 2,7‐dichlorodihydrofluorescein diacetate (H2DCFDA,

D399; Thermo Fisher Scientific) or 10 µM 4‐chloromethyl‐6,8‐difluoro‐7‐
hydroxycoumarin (CMF2HC, C12881; Thermo Fisher Scientific) for

15min or 30min, respectively. Then oocytes were washed three times

again and placed in a six‐well dish (14–20MII oocytes per well). PBS‐PVA
(10–20μl) was added to each well, covered with 50 μl mineral oil, and

fluorescence signals were analyzed using a fluorescence microscope

(green fluorescence, UV filters, 490 nm; blue fluorescence, UV filter,

370nm). Images were captured as TIFF files using a digital camera

(E179168; Nikon) and fluorescence intensities were analyzed using NIH

ImageJ software.
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To measure ROS and GSH levels of cumulus cells, cumulus

cells were removed by HY treatment, transferred into a 1.5 ml

microcentrifuge tube, centrifuged for 5 min at 600g to collect the

digested cumulus cells, and washed three times with IVM medium.

The cells were incubated in IVM medium with 10 µM H2DCFDA or

10 µM CMF2HC for 15 min or 30 min, respectively, followed by

another three washes. The fluorescence signals of the cumulus

cells that had been incubated with CMF2HC were analyzed using a

fluorescence microscope (blue fluorescence, UV filter, 370 nm)

with images captured as TIFF files using a digital camera

(E179168; Nikon). ImageJ software was used to analyze the

fluorescence intensities. Cumulus cells (1 × 104 cells) that had

been incubated with H2DCFDA were stored on ice in the dark

until measured using flow cytometry (green fluorescence, UV

filters, 490 nm). The intensity of the fluorescence signal of the

2ʹ,7ʹ‐dichlorofluorescein was expressed relative to the peak of the

median FITC‐A signal.

4.6 | Evaluation of mitochondrial membrane
potential in MII oocytes and cumulus cells

During IVM in the presence or absence of 100μM PB1, 45 MII oocytes

of 100µM PB1 group and 46 MII oocytes of control group, and cumulus

cells were collected in nontreated four‐well plates and 1.5ml micro-

centrifuge tube, respectively, and washed three times with PBS‐PVA.
Next, the MII oocytes were placed in a staining solution containing a JC‐1
fluorescent probe (J8030; Solarbio Life Sciences) and incubated in a cell

culture incubator at 37°C for 20min. Subsequently, the oocytes were

washed two times with JC‐1 staining buffer on ice, and then transferred

to a six‐well plate (14–20 MII oocytes per well). JC‐1 staining buffer

(10–20 μl) was added and the wells were covered with 50μl mineral oil.

Meanwhile, the staining solution containing the JC‐1 fluorescent probe

was added to the cumulus cells, mixed by inverting the microcentrifuge

tube several times followed by incubation in a cell culture incubator at

37°C for 20min. Next, the cumulus cells were washed twice with JC‐1
staining buffer and centrifuged at 600g at 4°C for 3 to 4min. The su-

pernatant was discarded and the pelleted cells were resuspend in 1ml of

JC‐1 staining buffer, transferred to a 6‐well plate, and left to settle for

5min in the dark.

Fluorescence signals were analyzed using a fluorescence mi-

croscope. The excitation light was set to 490 nm (green fluorescence)

and the emission light was set to 530 nm (red fluorescence). Images

were captured as TIFF files using a digital camera (E179168; Nikon)

that was connected to the fluorescence microscope and NIH ImageJ

software was used to analyze the fluorescence intensities. Δψm was

calculated as the ratio of red fluorescence (corresponding to accu-

mulation of JC‐1 inside mitochondria) to green fluorescence (corre-

sponding to JC‐1 outside mitochondria).

4.7 | Evaluation of apoptosis in MII oocytes and
cumulus cells

Immunofluorescence (IF) staining is an important method for measuring

protein expression in embryos, and has been used in our previous studies

(Gao et al., 2019; Hao et al., 2019; Liang et al., 2017; Yuan et al., 2017)

and other related studies (Amouroux et al., 2016; Inoue & Zhang, 2011;

Sakashita et al., 2014). To detect expression of apoptotic proteins in MII

oocytes by IF staining in this study, we analyzed the P53 level of 21 MII

oocytes of 100μM PB1 group and 21 MII oocytes of control group, the

caspase‐3 level of 24 MII oocytes of 100 μM PB1 group and 23 MII

oocytes of control group. And we have collected MII oocytes and cu-

mulus cells in nontreated four‐well dishes and 1.5ml microcentrifuge

tubes, respectively, followed by three washes with PBS‐PVA. Washed

MII oocytes were fixed using a 4% (wt/vol) paraformaldehyde solution,

washed again and placed in 0.2% (vol/vol) Triton X‐100 in PBS–PVA for

15 to 20min. Fixed oocytes were washed and transferred to 1% (wt/vol)

BSA in PBS–PVA for 1 h at room temperature to block nonspecific

binding. The MII oocytes were incubated with anti‐p53 or anti‐caspase‐3
antibodies (1:100, anti‐p53, ab227655; anti‐caspase‐3, ab13847; Abcam)

at 4°C overnight. Next, the MII oocytes were washed, incubated with

secondary antibody (1:100, BA1032, CY3‐goat anti‐rabbit; Boster Bio-

logical Technology) at 37°C for 1 to 2h, washed again and placed in

Hoechst 33342 for 5min at 37°C to label the nuclei. After additional

washes, the treated MII oocytes were placed on a glass slide, covered

with a cover slip, and vaseline was used to support the coverslip which

was sealed with neutral gum. Images were captured as TIFF files using a

digital camera (E179168; Nikon) connected to a fluorescence

microscope.

TABLE 1 Primer sequences used for real‐time PCR

Genes Annealing Primer sequences (5ʹ→3ʹ) Reference/accession Product size

P53 61°C F:CCCCAGCATCTCATCCGCAA AF098067 254 bp

R: ACACGCACCTCAAAGC

Caspase‐3 60°C F: TTTGCGTGCTTCTAAGCCAT NM_214131.1 147 bp

R: GGCAGGCCTGAATTATGAAA

β‐actin 61°C F:GTGGACATCAGGAAGGACCTCTAA U07786 137 bp

R: TGATCTTGATCTTCATGGTGCT

Abbreviation: PCR, polymerase chain reaction.
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Apoptosis in cumulus cells was measured by real‐time reverse

transcription polymerase chain reaction (RT‐PCR). Total RNA was

extracted from 5 to 10 × 104 digested cumulus cells (14–21 MII oo-

cytes) using an RNA extraction kit (RNeasy Mini Kit, 74106; Qiagen).

Total mRNA was reverse‐transcribed into complementary DNA using

the reverse transcription kit (FastKing RT kit, KR116; Tiangen Bio-

tech). Primers were synthesized (Table 1), SYBR green fluorescent dye

(SuperReal PreMix Plus, FP205; Tiangen Biotech) was added and RT‐
PCR was performed by RT‐PCR instrument (Eppendorf). PCR program

is that pre‐denaturation conditions of RT‐qPCR (1X, 95°C, 15min),

denaturation conditions of RT‐qPCR (45X, 95°C,10 s), RT‐qPCR an-

nealing conditions (45X, 60°C, 20 s), RT‐qPCR extension conditions

(45X, 72°C, 30 s), and at end insert melting curve, we study the

melting curve that the melting curve has only one peak, and the peak

is between 80°C and 90°C degrees. The β‐Actin gene was used for

standardization. Three independent experiments were performed,

each containing three samples. ‐2 CΔΔ t (ΔΔCt =ΔCt [case]—ΔCt [con-

trol]) was used to calculate the relative mRNA expression. At the same

time, the cumulus cells were removed by HY, transferred to a 1.5ml

microcentrifuge tube, centrifuged at 300g for 5min to collect the di-

gested cumulus cells and washed three times with PBS. Next, the cells

were centrifuged at 300g for 10min and the supernatant was dis-

carded. Subsequently, 5 µl of Annexin V‐FITC (Ca2+‐dependent phos-
pholipid binding protein, CA1020; Solarbio Life Sciences) was added to

the tube, mixed gently and incubated at room temperature for 10min

in the dark. Then, 5 µl of PI (Propidium iodide, CA1020;lSolarbio Life

Sciences) was added and incubated at room temperature for 5min in

the dark. Next, PBS was added to 500 µL and mixed gently. Samples

were analyzed by flow cytometry within 1 h.

4.8 | Statistical analysis

Each experiment was repeated at least three times and three in-

dependent sets of data were analyzed using SPSS 20.0 software. The

student's t test was used for comparison of two groups and Table 2,

while the MII oocytes rate at different concentrations of PB1 (0, 50,

100, 150, and 200 μM) were compared using analysis of variance

test. p < 0.05 was considered statistically significant.
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