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Abstract: As an antioxidant, procyanidin B1(PB1) can improve the development of somatic cell
nuclear transfer (SCNT) embryos; PB1 reduces the level of oxidative stress (OS) during the in vitro de-
velopment of SCNT embryos by decreasing the level of reactive oxygen species (ROS) and increasing
the level of glutathione (GSH) and mitochondrial membrane potential (MMP). Metabolite hydrogen
peroxide (H2O2) produces OS. Catalase (CAT) can degrade hydrogen peroxide so that it produces
less toxic water (H2O) and oxygen (O2) in order to reduce the harm caused by H2O2. Therefore,
we tested the CAT level in the in vitro development of SCNT embryos; it was found that PB1 can
increase the expression of CAT, indicating that PB1 can offset the harm caused by oxidative stress by
increasing the level of CAT. Moreover, if H2O2 accumulates excessively, it produces radical-(HO-)
through Fe2+/3+ and damage to DNA. The damage caused to the DNA is mainly repaired by the
protein encoded by the DNA damage repair gene. Therefore, we tested the expression of the DNA
damage repair gene, OGG1. It was found that PB1 can increase the expression of OGG1 and increase
the expression of protein. Through the above test, we proved that PB1 can improve the repairability
of DNA damage. DNA damage can lead to cell apoptosis; therefore, we also tested the level of
apoptosis of blastocysts, and we found that PB1 reduced the level of apoptosis. In summary, our
results show that PB1 reduces the accumulation of H2O2 by decreasing the level of OS during the
in vitro development of SCNT embryos and improves the repairability of DNA damage to reduce
cell apoptosis. Our results have important significance for the improvement of the development of
SCNT embryos in vitro and provide important reference significance for diseases that can be treated
using SCNT technology.

Keywords: procyanidin B1; mouse; SCNT; embryo; reactive oxygen species

1. Introduction

Somatic cell nuclear transfer (SCNT) is a technology that transfers the nuclei of non-
pluripotent differentiated somatic cells into mature oocytes, so that the transplanted oocytes
have pluripotency and can develop into normal individuals. SCNT technology can be
used to obtain embryonic stem cells derived from nuclear transfer (ntESCs); ntESCs were
first obtained from mice [1], and then, scientists obtained ntESCs from rhesus monkeys [2].
Then, scientists used their experience in rhesus monkeys to obtain fibroblasts using fetuses
or infants [3]. Both normal humans and type 1 diabetes (T1D) patients have produced
ntESCs (nuclei of ntESC cell lines as donors and nuclei of adult somatic cells as donors for
nuclear transfer) [4,5]. Studies have shown the potential use of ntESCs in cell replacement
therapy [5]. Reproductive cloning has great potential to expand the population of important
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agricultural economic animals and save endangered animals without sacrificing donor
animals [6–9]. Another potential application of SCNT technology is the generation of
new animal models for human diseases [10,11]. Because of the huge application potential
of nuclear transfer, in addition to improving the efficiency of nuclear transfer from the
perspective of epigenetic modification, it is also very important to explore other aspects to
improve the efficiency of nuclear transfer.

Oxidative stress (OS) is a challenging problem in embryo culture and development
in vitro. When the embryos are exposed outside the body for manipulation, such as during
in vitro fertilization (IVF) [12], intracytoplasmic sperm injection (ICSI) [13], parthenogenetic
activation (PA) [14], and SCNT [15], they are subjected to oxidative stress. Under these
conditions, embryos produce higher levels of reactive oxygen species (ROS) and reduce
the levels of GSH [16], with disruption of the mitochondrial membrane potential [17]. Due
to the increase in oxidative stress, a large number of free radicals (such as the hydroxyl
radical (-OH)) and non-radical species (such as hydrogen peroxide (H2O2)) are produced
in cells [18,19]. Again, free radical and non-radical species cause oxidative stress, among
which H2O2 is the most typical non-radical species. H2O2 can be converted to -OH by
Fe2+/Cu+ [18]. Free radicals can cause DNA damage and induce cell apoptosis. In order
to enhance the antioxidant capacity of somatic cell nuclear transfer embryos, improve
the in vitro development ability of somatic cell nuclear transfer embryos, and reduce the
apoptosis level of somatic cell nuclear transfer embryos, it is very necessary to select
antioxidants with strong antioxidant activity to be added to the in vitro culture system of
somatic cell nuclear transfer embryos.

Procyanidin B1(PB1) is a small-molecule compound, extracted from a variety of
plants [20–23], especially grapes [24–26], and it has strong antioxidant effects [22,24,27–29].
The antioxidant function of PB1 works by reducing the LPS-induced production of ROS
and inhibiting extracellular signal-regulated kinase (ERK)1/2 and IkB kinase beta (IKKb)
activity [30]. Additionally, the antioxidant function of PB1 also operates via the indirect
activation of the nuclear factor E2-related factor 2 (Nrf2) antioxidant response element
(ARE) signaling pathway, which reduces the in vitro and in vivo oxidant levels in HepG2
cells [22]. The antioxidant effects of PB1 can also reduce neuronal death via the attenuation
of the activation of caspase-3 by inhibiting the activation of caspase-8 and caspase-9 [28].
Additionally, procyanidin B1 also has anti-inflammatory [30,31], and anti-tumor [32] effects.
Furthermore, the antioxidant procyanidin B1 contained in grape extracts protects from
chronic metabolic diseases such as diabetes and hypertension, and also prevents the
development of chronic kidney disease (CKD) and cardiovascular disease [33]. Thus, PB1
has beneficial effects on health and disease due to its antioxidant effects, and PB1 also
benefits the in vitro development of PA embryos [29]. So, PB1 may be a potential and
beneficial small molecules drug in relation to SCNT embryo development.

2. Results
2.1. Determination of the Concentration of PB1 and the Effect of 50 µM PB1 on the Development
of SCNT Embryos

SCNT embryos (Figure 1A) were cultured in KSOM media supplemented with 0, 20,
50, 80, 100, 120, and 150 µM PB1 to determine the blastocyst rate. Supplemented 50 µM PB1
significantly increased the blastocyst rate compared with the control group (38.12% ± 1.55%
vs. 34.26% ± 1.60%, Figure 1D).
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and 50 µM PB1 groups. (C) Histogram of 2-cell, 4-cell, 8-cell, and blastocyst rate for control and 50 µM PB1 groups. (D) 
Shows the blastocyst rate of control and 20, 50, 80, 100, 120, or 150 µM PB1-exposed groups. (E) Picture of blastocyst total 
cell numbers for control and 50 µM PB1 groups. (F) Histogram of blastocyst total cell numbers for control and 50 µM 
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p < 0.001. p < 0.05 indicates a significant difference between the two groups. 
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Figure 1. Effects of PB1 on SCNT embryo development. (A) Images of SCNT experimental protocol. Scale bar = 100 µm.
Below is the display picture of the magnification. Scale bar = 200 µm. (B) Picture of 2-cell to blastocyst rates for control and
50 µM PB1 groups. (C) Histogram of 2-cell, 4-cell, 8-cell, and blastocyst rate for control and 50 µM PB1 groups. (D) Shows
the blastocyst rate of control and 20, 50, 80, 100, 120, or 150 µM PB1-exposed groups. (E) Picture of blastocyst total cell
numbers for control and 50 µM PB1 groups. (F) Histogram of blastocyst total cell numbers for control and 50 µM PB1 groups.
Values shown are mean ± standard deviation of three independent experiments. * p < 0.05, ** p < 0.01 and *** p < 0.001.
p < 0.05 indicates a significant difference between the two groups.

Supplemented 50 µM PB1 affected the development of SCNT embryos; at the eight-
cell and blastocyst stage, the eight-cell and blastocyst rate were significantly increased
compared with the control group (36.90% ± 4.36% vs. 27.34% ± 2.04%, p < 0.05; and
32.65% ± 2.46% vs. 25.27% ± 3.78%, p < 0.05, Figure 1B,C).

In regard to the total blastocyst cell numbers in SCNT embryos of cultured with
KSOM medium supplemented with 0 and 50 µM PB1, the result showed that the group
with supplemented 50 µM PB1 total blastocyst cell numbers were significantly increased
compared with the control group (93.86 ± 17.52 vs. 76.00 ± 10.18, p < 0.01, Figure 1E,F).

2.1.1. ROS, GSH and JC-1 Ratio Levels in Two-Cell, Four-Cell, Eight-Cell and Blastocyst
Embryos Cultured in KSOM Medium Supplemented in 50 µM PB1

At the two-cell stage, the GSH levels were significantly higher than those in the control
group (37.03 ± 3.10 vs. 33.70 ± 3.65, p < 0.01, Figure 2D–F). At the four-cell stage, there
were no significant results. At the eight-cell stage, the GSH levels significantly increased
compared with the control group (41.99 ± 4.80 vs. 38.03 ± 3.52 pixels per embryo, p < 0.05,
Figure 2D–F) and the ROS levels significantly decreased compared with the control group
(4.74 ± 1.12 vs. 6.04 ± 2.12 pixels per embryo, p < 0.05, Figure 2A–C). JC-1 red represents
the JC-1 polymer in the mitochondrial membrane, JC-1 green represents the JC-1 monomer
outside the mitochondrial membrane, and JC-1 ratio is the ratio of JC-1 red to JC-1 green,
representing the level of mitochondrial membrane potential (MMP). The decrease in MMP
level is a landmark event in the early stage of apoptosis. At the blastocyst stage, the
JC-1 ratio levels significantly increased compared with the control group (2.86 ± 0.91 vs.
2.32 ± 0.33 pixels per embryo, p < 0.05, Figure 2G–I) and the ROS levels significantly
decreased compared with the control group (5.59 ± 1.40 vs. 7.25 ± 2.05 pixels per embryo,
p < 0.05, Figure 2A–C).
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(Scale bar = 200 µm.) (B) Intracellular H2DCFDA-stained (ROS) in 2-cell, 4-cell, 8-cell, and blasto-
cyst embryos of 50 µM PB1 group. (Scale bar = 200 µm.) (C) The ROS signal intensity of control 
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Figure 2. ROS, GSH and MMP levels in 2-cell, 4-cell, 8-cell, and blastocyst embryos. (A) Intracellular
H2DCFDA-stained (ROS) in 2-cell, 4-cell, 8-cell, and blastocyst embryos of control group. (Scale bar = 200 µm).
(B) Intracellular H2DCFDA-stained (ROS) in 2-cell, 4-cell, 8-cell, and blastocyst embryos of 50 µM PB1 group.
(Scale bar = 200 µm). (C) The ROS signal intensity of control group and 50 µM PB1 group. (D) Intracellular
CMF2HC-stained (GSH) in 2-cell, 4-cell, 8-cell, and blastocyst embryos of control group. (E) Intracellular
CMF2HC-stained (GSH) in 2-cell, 4-cell, 8-cell, and blastocyst embryos of 50µM PB1 group. (Scale bar = 200µm).
(F) The GSH signal intensity of control group and 50 µM PB1 group. (G) JC-red and JC-green in 2-cell, 4-cell,
8-cell, and blastocyst embryos of control group. (Scale bar = 200 µm). (H) JC-red and JC-green in 2-cell, 4-cell,
8-cell, and blastocyst embryos of 50 µM PB1 group. (Scale bar = 200 µm). (I) The JC-1 ratio (JC-red signal
intensity to JC-green signal intensity) of control group and 50 µM PB1 group. The experiment was repeated
three times, and values shown are mean ± standard deviation. * p < 0.05, ** p < 0.01.
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2.1.2. The Levels of Catalase (CAT) in Two-Cell, Four-Cell, Eight-Cell and Blastocyst
Embryos and the DNA Damage Repairability of PB1

At the two-cell and eight-cell stage, the CAT levels of the group cultured in KSOM
medium supplemented in 50 µM PB1 were significantly higher than the control group
(39.20 ± 3.07 vs. 36.92 ± 2.06 pixels per embryo, p < 0.01; 38.71 ± 2.94 vs. 35.13 ± 1.96
pixels per embryo, p < 0.01, Figure 3A–C).
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Figure 3. The levels of CAT in 2-cell, 4-cell, 8-cell, and blastocyst embryos and the DNA damage repairability of PB1.
(A) The CAT levels in 2-cell, 4-cell, 8-cell, and blastocyst embryos of control group. (Scale bar = 200 µm). (B) The CAT levels
in 2-cell, 4-cell, 8-cell, and blastocyst embryos of 50 µM PB1 group. (Scale bar = 200 µm). (C) The CAT signal intensity of
control group and 50 µM PB1 group. (D) OGG1 levels in blastocyst, with proteins labeled with red fluorescence and blue
indicating nuclei. (Scale bar = 100 µm) (E) Signal strength of OGG1 protein expression. (F) Relative expression levels of
OGG1 mRNA in blastocyst. The experiment was repeated three times, and values shown are mean ± standard deviation.
* p < 0.05, ** p < 0.01.

To determine the DNA damage repairability of PB1, we detected the OGG1 mRNA
and protein expression in blastocysts; the results showed that the OGG1 mRNA expression
was significantly increased and protein expression was increased in the 50 µM PB1 group
compared with the control group (114.27 ± 11.86 vs. 79.12 ± 24.82 pixels per embryo,
p < 0.05, Figure 3D,E, respectively).
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2.1.3. Apoptosis of Blastocysts Cultured in KSOM Medium Supplemented in 50 µM PB1

To determine their ability to inhibit apoptosis of PB1, we evaluated P53 and caspase-3
mRNA and protein expression through immunofluorescence staining. There were no
significant differences in the caspase-3 protein expression. However, the caspase-3 mRNA
expression significantly decreased. Additionally, the P53 mRNA expression also signif-
icantly decreased. The expression of P53 protein in blastocysts decreased in the 50 µM
PB1 group compared with the control group (73.47 ± 29.36 vs. 113.33 ± 50.85 pixels per
embryo, p < 0.05, Figure 4A,B,D, respectively). The TUNEL results show that the 50 µM
PB1 group showed a significant decrease in apoptosis level compared with the control
group (7.67 ± 0.50 vs. 8.43 ± 1.15 pixels per blastocyst, p < 0.05, Figure 4C,F, respectively).
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Figure 4. Apoptosis levels of blastocyst. (A) Caspase-3 and P53 levels in blastocyst, with proteins labeled with red
fluorescence and blue indicating nuclei. Scale bar = 200 µm. (B) P53 levels in blastocyst, with proteins labeled with red
fluorescence and blue indicating nuclei. Scale bar = 200 µm. (C) dUTPs labeled with green fluorescence and blue, indicating
nuclei, in blastocysts. Scale bar = 100 µm. (D) Signal strength of caspase-3 and P53 protein. (E) Relative caspase-3 and
P53 mRNA expression levels in blastocysts. (F) Percentage of apoptotic in blastocysts. Values indicate mean ± standard
deviation of three independent experiments. * p < 0.05, *** p < 0.001.
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3. Discussion

Based on the results of previous studies [22,25,29], we can determine that PB1 is a
small-molecule drug with antioxidant effects. In addition, we can confirm that it can
improve the developmental ability of embryos during early development [29]. The in vitro
development of embryos is inefficient compared to embryos derived in vivo [34]; embryos
cultured in vitro exhibit increased ROS levels, especially SCNT embryos during the process
of micromanipulation in vitro [35]. SCNT technology in embryos can also cause damage to
mitochondrial membrane potential, DNA, and gene and protein expression [35,36]. This
experiment focuses on the effect of PB1 on the early development of SCNT embryos to
reduce the level of OS in SCNT embryos development. Firstly, the optimal concentration
of PB1 during SCNT embryos development was selected. In view of the poor treatment
effect of 100 µM (the concentration used in the in vitro maturation of pig embryos) [29]
and the lower rate of blastocysts, we believe that the processing time for SCNT embryos in
mice is longer; it takes 3.5 days. We finally determined the best concentration to be 50 µM.
In the SCNT embryos treated at this concentration, the eight-cell rate and the blastocyst
rate were significantly improved, and the number of blastocyst cells was more than that of
the control group without PB1. The above results can show that PB1 at a concentration of
50 µM promotes the development of mouse embryos in vitro.

Scientists engaged in embryo development research have been committed to finding
ways to reduce the oxidative stress of embryo development in vitro. The most common
method is the addition of antioxidants to in vitro embryo culture medium, and the most
representative one is vitamin C (VC); VC can reduce excessive ROS levels and reduce DNA
damage and apoptosis [37]. With the progress of chemical extraction methods and the
continuous discovery of new chemical molecules, increasing numbers of antioxidants have
been discovered and used to improve oxidative stress in biological research, especially in
the field of embryonic development, such as asiatic acid [38] and melatonin [39]. Using
PB1 as an antioxidant, we analyzed the effect of PB1 on the level of ROS in SCNT embryos
and found that in the late stage of embryonic development (eight-cell and blastocyst stage),
the level of ROS showed a significant decrease, indicating that PB1 can play a role in
scavenging ROS during development, and that it takes time to accumulate so that it can
play a role. The finding that PB1 can reduce the level of active oxygen is consistent with
the results of previous studies [29,30].

As an important regulatory metabolite in cells, GSH has an antioxidant effect which
plays an important reducing role and is significantly increased during the two-cell and
eight-cell stage of SCNT embryo development during PB1 processing, which is consistent
with the previous results found in the maturation of pig oocytes [29], and the results are
consistent with those found in intestinal normal-like cells [40]. The improvement of GSH
level occurred earlier, in the two-cell stage. From this, we guessed that PB1 first increased
the GSH level, and GSH then played a role to reduce the ROS level in the eight-cell and
blastocyst stages. In addition, the endogenous source of ROS is mainly mitochondria.
MMP plays a key role in mitochondrial respiration. When MMP is depolarized, a large
amount of ROS is produced [29]. Additionally, GSH can also attenuate the depolarization
of MMP [41]. Our results show that when the MMP in the blastocyst increases, there is a
corresponding decrease in ROS in the blastocysts. In addition, in the process of redox in the
cell, GSH and GSSG (L-Glutathione Oxidized) are continuously circulated under the action
of the glutathione cycle. H2O2 can be degraded into H2O through the process of converting
GSH to GSSG, thereby reducing oxidative stress. Therefore, we believe that this process
may be due to PB1 increasing the conversion rate of GSSG to GSH, and the underlying
mechanism may be that PB1 promotes the activity of glutathione-related invertase, and
decreases glutathione reductase level.

In the process of oxidative stress, some metabolic by-products, such as H2O2, can be
produced [42]. These metabolic by-products of oxidative stress can cause serious damage to
cells. H2O2 can cause cell DNA damage and cell apoptosis [43]. The decrease in CAT levels
causes an increase in H2O2 levels [44]. We analyzed the level of CAT that can decompose
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H2O2, and after PB1 treatment, the level of CAT in SCNT embryos (two-cell and eight-cell
stage) showed a significant increase. The above results can show that PB1 increases the
expression level of CAT, which in turn can reduce the production of H2O2. The possible
mechanism is that PB1 activates the expression of the CAT gene, and the activated CAT
gene promotes the level of CAT. CAT can reduce the H2O2 level, so the H2O2 harm is
reduced, which reduces DNA damage and cell apoptosis, thereby reducing DNA damage
and cell apoptosis. The blastocyst stage is the final stage of early embryo development
and the longest PB1 treatment stage. Therefore, we tested the blastocyst DNA damage
repairability and the level of blastocyst apoptosis in the blastocyst stage. Since the protein
encoded by OGG1 (DNA damage repair gene) can protect DNA from ROS damage [45], we
detected the expression of the OGG1 gene in blastocysts. We found that the expression of
the OGG1 gene in blastocysts treated with PB1 was significantly increased compared with
the group without PB1, and protein expression was also significantly increased compared
with the group without PB1. We also carried out a correlation analysis on the level of
apoptosis of blastocyst stage cells. Although immunofluorescence staining showed that
the protein level of caspase-3 did not decrease significantly, the level of mRNA showed
a significant decrease in the expression of caspase-3. Another representative apoptotic
protein, P53, showed a significant reduction in protein and mRNA levels. TUNEL analysis
also showed a significant reduction in apoptosis. The above results can prove that PB1 can
enhance the embryo’s DNA repairability and reduce cell apoptosis.

In summary, our results show that PB1 can reduce the level of oxidative stress during
the early development of SCNT embryos, improve the embryo’s ability to remove oxidative
stress metabolites, and enhance the embryo’s DNA damage repairability, thereby reducing
the level of apoptosis and promoting the development ability of SCNT embryos.

4. Materials and Methods
4.1. Ethics Statement

The mice used for our experiments were kept in a comfortable environment (12 h
of light, 12 h of darkness, 20 ◦C, moderate humidity). Our experiments complied with
the Animal Care and Use Committee of Jilin University, Changchun, China (Grant No.
SY202009068).

4.2. Reagents and Animals

We purchased all chemicals and reagents from Sigma-Aldrich (St. Louis, MO, USA),
unless stated otherwise.

We used 8-week-old female offspring (B6D2F1) produced after mating of C57 BL/6J
(female) and DBA/2 (male) as experimental animals for SCNT.

4.3. Drug Treatment and Experimental Design

Based on our and others’ previous research on porcine [30] and on mouse embryos,
we analyzed the concentration of PB1 by treating the embryos with 0, 20, 50, 80, 100, 120,
and 150 µM. We found 50 µM to be the most suitable concentration. We dissolved PB1 in
KSOM solution to make a storage solution with a concentration of 500 mM and stored it
at −20 ◦C. When we came to use the working solution, we first diluted it to 500 µM with
KSOM solution, and then diluted it to the required concentration.

Regarding MII oocytes after SCNT, we chose good SCNT embryos and transferred them
to the new in vitro culture (IVC) KSOM medium (NaCl 555 mg/100 mL, KCl 18.5 mg/100 mL,
KH2PO4 4.75 mg/100 mL, MgSO4 7H2O 4.95 mg/100 mL, CaCl2 2H2O 25 mg/100 mL,
NaHCO3 210 mg/100 mL, Glucose 3.6 mg/100 mL, Na-Pyruvate 2.2 mg/100 mL, DL-Lactic
Acid, sodium salt 0.174 mL/100 mL, 10 mM EDTA 100 µL/100 mL, Streptomycin 5 Peni-
cillin 6.3 mg/100 mL, 0.5% phenol red 0.1 mL/100 mL, L-Glutamine 14.6 mg/100 mL,
MEM Essential Amino Acids 1 mL/100 mL, MEM Non-essential AA 0.5 mL/100 mL,
BSA 100 mg/100 mL) and KSOM medium supplemented with 50 µM of PB1. During the
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IVC process, we counted the 2-cell, 4-cell, 8-cell, and blastocyst embryos at 24, 48, 48–60,
72–84 h after SCNT.

4.4. SCNT Protocol and Embryonic IVC

Each female B6D2F1 mouse was injected with 7.5 IU PMSG (pregnant mare serum
gonadotropin; Merck Millipore, San Francisco, CA, USA) at 6:30 p.m. Forty-eight hours
later, the mice were injected with 7.5 IU hCG (human chorionic gonadotropin; Sigma,
St. Louis, MO, USA). After 13–15 h, we killed the mice by cervical dislocation, and the
oviducts were removed and put into HCZB [CZB stock medium 94 mL (500 mL of CZB
stock medium: special media ultra-pure water (470 mL), NaCl (2380 mg), KCl (180 mg),
MgSO4·7H2O (145 mg), EDTA·2Na (20 mg), D-Glucose (500 mg), KH2PO4 (80 mg), Na-
Lactate (2.65 mL)), PVA (10 mg), Hepes (476 mg), NaHCO3 (42 mg), CaCl2·2H2O 100× stock
(42 mg), CaCl2·2H2O 100× stock (1 mL), Na-Pyruvate (3.7 mL), Glutamax (1mL)]. Next, the
cumulus–oocyte complexes (COCs) were picked from the magnum tubae uterinae of the
oviducts; we detached cumulus cells from B6D2F1 COCs with 2% hyaluronidase melted
in HCZB, and washed them 3 times using HCZB. B6D2F1 MII oocytes were prepared for
SCNT. The restoration, activation, and culture of embryos were carried out at 37 ◦C with
5% CO2/95% air conditions, and all media overlaid with mineral oil were prepared for use
in an incubator.

SCNT protocol: We removed the B6D2F1 MII oocytes nucleus using a micromanip-
ulator in HCZB containing 0.5 µg/mL CB [HCZB + CB(Cytochalasin B)], and we used
cumulus cells of B6D2F1 mice as donor cells. After that, we injected cumulus cells into
B6D2F1 MII oocytes without nuclei. All manipulations were completed within 18 h after
the HCG injection. Next, we put the SCNT embryos in KSOM medium to recover for 1 h,
and then we put the SCNT embryos into Ca2+-free CZB containing 10 µM of Sr2+ and
0.5 µg/mL of CB for 6 h. After that, we transferred SCNT embryos to a KSOM medium
containing 0.5 nM of TSA(trichostatin A) for 4 h. Finally, we transferred SCNT embryos
into fresh KSOM medium. The KSOM culture medium supplemented with 50 µM of PB1
was used as the experimental group, and the KSOM culture medium without any addition
was used as the control group.

4.5. Assay of Total Blastocyst Cell Numbers

SCNT blastocysts were collected in order to count the total cell numbers. All blas-
tocysts were washed three times using PBS-PVA (phosphate-buffered saline mixed with
1 g/L of PVA) and fixed with 4% (w/v) paraformaldehyde; fixed blastocysts were washed
three times again and incubated in 5 µg/mL of Hoechst 33342 for 10 min at 37 ◦C. After
that, blastocysts were washed three times again; washed blastocysts were mounted on a
glass slide under a glass coverslip, and photographed using EVOS FL.

4.6. Immunofluorescence Staining and Quantitative Real-Time Polymerase Chain Reaction
(Q-PCR) Protocol

Blastocysts (the control group and 50 µM PB1-treated group) were fixed with 4%
(w/v) paraformaldehyde solution after being washed three times with PBS-PVA, and
incubated with 0.2% (v/v) Triton X-100 for 15 min. Then, after being washed 3 times,
all fixed blastocysts were incubated with 1% (w/v) BSA for 1 h. After they were fixed,
blastocysts were incubated with anti-P53 (1:100; Abcam, Cambridge, UK), anti-caspase-
3 (1:100; Abcam) and anti-OGG1 (1:100; GeneTex, Irvine, CA USA) antibodies at 4 ◦C
overnight. The next day, they were washed 3 times and incubated with a secondary
antibody (1:100; CY3-goat anti-rabbit; Boster Biological Technology, Wuhan, China) at
37 ◦C for 2 h. After being incubated with a secondary antibody and washed three times,
we placed the blastocysts in Hoechst 33342 for 10 min at room temperature. Blastocysts
were washed three times again; washed blastocysts were mounted on a glass slide under a
glass coverslip, and photographed using EVOS FL (Waltham, MA, USA).

Total mRNA was extracted from about 20–30 blastocysts using a microRNA extraction
kit (cat. 74181, Qiagen, Dusseldorf, Germany) and reverse transcribed into cDNA using a
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reverse transcription kit (Tiangen Biotech, Beijing, China). We added SYBR green fluores-
cent dye (Tiangen Biotech), cDNA, ddH2O, and primers (Table 1) to a 96-well PCR Cell
PCR-plate using an RT-PCR instrument (Eppendorf, Hamburg, Germany). The RT-PCR
cycles were as follows: pre-denaturation at 95 ◦C for 15 min, 95 ◦C for 10 s (denaturation),
60 ◦C for 20 s (annealing), and 72 ◦C for 30 s (extension) for 45 cycles. The β-actin gene
was used for standardization. Three independent experiments were performed; we used
the 2 − ∆∆Ct (∆∆Ct = ∆Ct (case) − ∆Ct (control)) method to calculate relative mRNA
expression. The primer sequences used for real-time PCR are shown in Table 1.

Table 1. Primer sequences used for real-time PCR.

Gene Primer Sequence Annealing

Forward CTGCCTAGCAGCATGAGACAT
OGG1 [45] 61 ◦C

Reverse CAGTGTCCATACTTGATCTGCC
Forward CAGCCAAGTCTGTGACTTGCACGTAC

P53 [46] 61 ◦C
Reverse CTATGTCGAAAAGTGTTTCTGTCATC
Forward CCAACCTCAGAGAGACATTC

Caspase3 [47] 61 ◦C
Reverse TTTCGGCTTTCCAGTCAGAC
Forward GGGAAATCGTGCGTGACATT

β-actin [48] 61 ◦C
Reverse GCGGCAGTGGCCATCTC

4.7. TUNEL Method

Blastocysts (control group and 50 µM PB1 treated group) were removed from the
KSOM medium, washed with PBS-PVA three times, and fixed with 4% (w/v) paraformalde-
hyde solution for 10 min, then washed 3 times, and transferred to 0.2% (v/v) Triton X-100
for 15 min. Then, we washed the blastocysts 3 times, and we incubated the blastocysts with
TdT and fluorescein-conjugated dUTPs (In Situ Cell Death Detection Kit; Roche, Mannheim,
Germany) in the dark for 30 min at 37 ◦C. After that, we washed the embryos 3 times and
transferred the blastocysts to Hoechst 33342 for 5 min at 37 ◦C, and they were washed
again three times with PBS-PVA. The processed blastocysts were fixed on a glass slide, and
observed and photographed using EVOS FL.

4.8. ROS, GSH and MMP Level Assay

Two-cell, four-cell, eight-cell, and blastocyst embryos were collected to measure ROS,
GSH and MMP levels. All the embryos (2-cell, 4-cell, 8-cell, and blastocyst) were washed
3 times to examine ROS levels, embryos were incubated with PBS-PVA containing 10 µM
2,7-dichlorodihydrofluorescein diacetate (H2DCFDA; Solarbio Life Sciences, Beijing, China)
for 5 min, and after being washed three times, they were photographed using EVOS FL
(green fluorescence, UV filters, 490 nm, Waltham, MA, USA). To detect GSH levels, 2-cell,
4-cell, 8-cell, and blastocyst embryos were incubated with PBS-PVA containing 10 µM
4-chloromethyl-6,8-difluoro-7-hydroxycoumarin (CMF2HC, Solarbio Life Sciences, Bei-
jing, China) for 5 min, then washed three times, and photographed using EVOS FL (blue
fluorescence, UV filter, 370 nm, Waltham, MA, USA). To detect MMP levels, we incu-
bated all cells with PBS-PVA containing JC-1 fluorescent probe (Solarbio Life Sciences,
Beijing, China) at 37 ◦C for 30 min. Cells were photographed using a fluorescence mi-
croscope (EVOS FL, Waltham, MA, USA) with 490 nm (green fluorescence) and 530 nm
(red fluorescence) excitation, and the MMP was calculated as the ratio of red fluorescence
(corresponding to activated mitochondria) to green fluorescence (corresponding to less
activated mitochondria, J-monomer).
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4.9. CAT Levels Method

Two-cell, four-cell, eight-cell and blastocyst embryos were collected to measure CAT
levels; all embryos were washed 3 times, then incubated with 200 µL of solution 1 mixed
with 1 µL of solution 2 (cat. BC0205, Solarbio Life Sciences, Beijing, China) for 5 min; after
that, we placed the embryos in KSOM medium to recover for 5 min, and photographed
them using fluorescence microscope (EVOS FL, Waltham, MA, USA) (blue fluorescence,
UV filter) excitation.

4.10. Statistical Analysis

We repeated each experiment at least three times and analyzed the data using SPSS 20.0
software (IBM, Armonk, NY, USA). We used the Student’s t-test to analyze comparisons of
the two groups (treatment and control groups) and the ANOVA test to analyze comparisons
of more than two groups and Dunnett’s test to analyze Figure 1D. p < 0.05 was considered
statistically significant.

5. Conclusions

The above research results indicate that as an antioxidant small molecule, PB1 can
reduce the oxidative stress level during the early development of SCNT embryos by
reducing the level of ROS and increasing the level of GSH. Additionally, it can improve
the ability of embryos to scavenge free radicals such as H2O2, improve DNA damage
repairability, and reduce the expression level of embryonic apoptosis markers, as well as
reduce the level of apoptosis of SCNT embryonic blastocysts, thereby reducing the level
of apoptosis. All the results support the idea that PB1 can be used as a supplement to
promotes the development of SCNT embryos.
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