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Abstract: Fumonisin B1 (FB1), as the most prevalent and toxic fumonisin, poses a health threat to
humans and animals. The cytotoxicity of FB1 is closely related to oxidative stress and apoptosis.
The purpose of this study is to explore whether Grape seed proanthocyanidin (GSP), a natural
antioxidant, could alleviate the meiotic maturation defects of oocytes caused by FB1 exposure.
Porcine cumulus oocyte complexes (COCs) were treated with 30 µM FB1 alone or cotreated with
100, 200 and 300 µM GSP during in vitro maturation for 44 h. The results show that 200 µM GSP
cotreatment observably ameliorated the toxic effects of FB1 exposure, showing to be promoting first
polar body extrusion and improving the subsequent cleavage rate and blastocyst development rate.
Moreover, 200 µM GSP cotreatment restored cell cycle progression, reduced the proportion of aberrant
spindles, improved actin distribution and protected mitochondrial function in FB1-exposed oocytes.
Furthermore, reactive oxygen species (ROS) generation was significantly decreased and the mRNA
levels of CAT, SOD2 and GSH-PX were obviously increased in the 200 µM GSP cotreatment group.
Notably, the incidence of early apoptosis and autophagy level were also significantly decreased after
GSP cotreatment and the mRNA expression levels of BAX, CASPASE3, LC3 and ATG5 were markedly
decreased, whereas BCL2 and mTOR were observably increased in the oocytes after GSP cotreatment.
Together, these results indicate that GSP could exert significant preventive effects on FB1-induced
oocyte defects by ameliorating oxidative stress through repairing mitochondrial dysfunction.

Keywords: porcine oocytes; fumonisin B1; grape seed proanthocyanidin; mitochondria; oxida-
tive stress

Key Contribution: GSP promoted meiotic maturation and subsequent development potential of the
FB1-exposed porcine oocytes.

1. Introduction

Fumonisins are toxic secondary metabolites produced by Fusarium spp; they are
mainly found in corn and corn-based products, but also in wheat, rice, barley, rye, oat,
millet and other grain products [1]. Among the numerous fumonisins found to date, fu-
monisin B1 (FB1) is the most prevalent and toxic, posing detrimental hazards to animals
and humans health [2]. A survey of fumonisin contamination in maize samples from eight
provinces in China showed that a total of 67.1% of all maize samples were contaminated
with FBs, with the average concentrations of FB1 being highest [3]. FB1 produces pleiotropic
toxicities in animals, including hepatotoxicity [4], nephrotoxicity [5], neurotoxicity [6], im-
munotoxicity [7] and carcinogenicity [8]. The toxic mechanism of FB1 is related to oxidative
stress, apoptosis and autophagy [9,10]. In recent years, the reproductive toxicity of FB1 has
also caused great attention [11]. FB1 reportedly produces developmental toxicity in animal
embryogenesis and maternal FB1 toxicity could even adversely affect the embryonic or
fetal development, in turn leading to mortality [12,13]. Dietary FB1 could exert significant
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negative effects on sperm production and semen quality in rabbits [14] and boars [15].
Moreover, exposure to FB1 has adverse effects on granulosa cell proliferation and steroid
production in pigs [16].

Mammalian oocyte meiosis represents a specialized cell cycle that consists of two
consecutive M phases, without intervening S phase. During meiosis, the precise cytoskele-
ton dynamic distribution and correct cell cycle progression are crucial for the successful
maturation of oocytes [17,18]. As the abundant organelles and the main source of reactive
oxygen species (ROS) production, mitochondria play vital roles in energy production and
cell metabolism [19]. When the function of mitochondria is impaired, the permeability of
the inner mitochondrial membrane increases and excessive ROS are produced, leading to
oxidative stress and autophagy in oocytes [18,20,21]. Our previous study confirmed that
30 µM FB1 exerts toxic effects on the meiotic maturation of porcine oocytes by destroying
spindle dynamics and blocking cell cycle progression and its cytotoxicity was related to
mitochondrial dysfunction-induced oxidative stress and apoptosis [22]. However, little
information is available on the approaches to alleviate FB1 toxicity.

Proanthocyanidins (PACs), also known as condensed tannins, are one type of active
phenolic group with natural antioxidant qualities and exist in a wide variety of plants, in-
cluding fruits, seeds, flowers, nuts and bark [23]. Grape seeds are a rich source of PACs [24].
Grape seed proanthocyanidins (GSPs) have many advantages, such as low cost, high
bioavailability and rapid absorption upon oral administration [25]. Accumulating evidence
has shown that GSP, a natural antioxidant, exhibits powerful free radical scavenging ability
and superior performance to vitamin C, vitamin E and β-carotene and is widely used for
antioxidation or antiapoptosis [26,27]. Dietary supplementation with GSP can not only
alleviate aflatoxin B1-induced oxidative stress by decreasing lipid peroxidation and enhanc-
ing the activity of antioxidant-related enzymes, but can also suppress excessive apoptosis
by regulating the mitochondrial-mediated pathway in the spleen and bursa of Fabricius
of broilers [28]. Regarding the reproductive system, GSP can antagonize the testicular
toxicity caused by cisplatin [29], nickel sulfate [30], cadmium (Cd) [31] and diethylhexyl
phthalate (DEHP) [32] in a rat model. Furthermore, grape seed proanthocyanidin extract
(GSPE) could effectively prevent azathioprine-induced fetal malformations in rats and
the ovarian aging process by reducing oxidative stress in hens [33,34]. Moreover, grape
seed procyanidin B2 (GSPB2) exerted positive effects on reducing oxidative stress-induced
granulosa cell apoptosis [35]. Although previous studies have indicated the beneficial
effects of GSP on reproductive toxicity induced by different factors, it is unclear whether
GSP has protective effects on the toxicity of FB1 exposure in porcine oocytes.

In the present study, porcine oocytes were used to investigate the possible protective
effects of GSP on FB1-exposed oocyte maturation in vitro. Our results indicate that GSP
could abrogate FB1-mediated toxicity of meiotic defects in porcine oocytes by ameliorating
oxidative stress through alleviating mitochondrial dysfunction.

2. Results
2.1. GSP Ameliorated Meiotic Maturation Defects in FB1-Exposed Porcine Oocytes

As shown in Figure 1A,B, 30 µM FB1 exposure markedly decreased the rate of the
first polar body (PB1) extrusion to 49.96 ± 4.75% (p < 0.01) compared to that in the control
group (75.42 ± 3.07%). However, 200 µM GSP cotreatment significantly increased the PB1
extrusion rate of FB1-exposed oocytes (68.38 ± 0.76% vs. 49.96 ± 4.75%, p < 0.05, Figure 1B)
and showed no differences compared to the control group. These results indicate that FB1
exposure caused the failure of oocyte meiotic maturation and that GSP had a protective
effect against FB1-induced meiotic defects. According to the results, a concentration of
200 µM GSP was used in further experiments.



Toxins 2021, 13, 841 3 of 17

Figure 1. Effects of GSP on meiotic maturation and embryo developmental potential of FB1-exposed
oocytes. (A) Morphology of oocytes of the control, 30 µM FB1-exposed and FB1+200 µM GSP
cotreatment groups after having been cultured for 44 h. Scale bar, 100 µm; arrow, the first polar
body (PB1). (B) Effects of gradient concentrations of GSP on the PB1 extrusion rate of the 30 µM
FB1-exposed oocytes (n = 98 for control group; n = 98 for FB1 group; n = 100 for FB1+ 100 µM GSP
group; n = 98 for FB1+ 200 µM GSP group; n = 99 for FB1+ 100 µM GSP group). (C,D) Cleavage
rate and blastocyst rate in oocytes from the control (n = 110), 30 µM FB1-exposed (n = 112) and
FB1+200 µM GSP cotreatment (n = 108) groups at 48 h and 168 h post-activation. (E) The percentage
of oocytes arrested at different meiotic stages after 44 h of culture in vitro (n = 99 for control group;
n = 100 for FB1 group; n = 100 for FB1+ 200 µM GSP group). Three replicates were performed and
results are expressed as the mean ± standard error (SE). The letter “n” means the total number of
oocytes in each group of 3 independent replicates. Significant difference: * p < 0.05 was considered
significant; ** p < 0.01 was considered highly significant; *** p < 0.001 was considered very significant.
FB1, Fumonisin B1; GSP, Grape seed proanthocyanidin; GV, germinal vesicle; GVBD, germinal vesicle
breakdown; MI, metaphase I; ATI, anaphase–telophase I; MII, metaphase II.

We further detected the embryo development potential. As shown in Figure 1C, after
48 h of embryo culture, the cleavage rate in the FB1-exposed group (50.50 ± 3.85%) was
significantly lower than that in the GSP cotreatment group (68.93 ± 2.57%, p < 0.01) and
extremely significantly lower than that in the control group (78.91 ± 1.24%, p < 0.001), but
there was no significant difference between the GSP cotreatment group and the control
group. As expected, after 168 h of embryo culture, the quantification analysis of the
blastocyst rate showed a similar trend to the cleavage rate. As shown in Figure 1D, the
blastocyst rate of the FB1-exposed group was 11.45 ± 1.47%, which was observably lower
than that of the control group (29.10 ± 3.26%, p < 0.01). Conversely, the blastocyst rate was
significantly increased to 22.03 ± 1.14% (p < 0.05) after cotreatment with GSP. These results
revealed that GSP improved the embryo development potential of FB1-exposed oocytes.

2.2. GSP Protected the Cell Cycle Progression of FB1-Exposed Porcine Oocytes

As shown in Figure 1E, the proportion of metaphase II (MII) stage oocytes in the
control group (71.02 ± 3.22%) was prominently higher than that in the FB1-exposed group
(48.00 ± 3.16%, p < 0.01). Additionally, only 13.08 ± 3.25% of oocytes were arrested at the
germinal vesicle breakdown (GVBD) stage in the control group, while a higher percentage
of FB1-exposed oocytes was arrested at the GVBD stage (31.00± 2.18%, p < 0.01), leading to
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maturation failure. However, after GSP cotreatment, the percentage of oocytes arrested at
the GVBD stage was significantly reduced to 12.01 ± 2.45% (p < 0.01) and the proportion of
MII stage oocytes was increased to 66.09 ± 2.62% (p < 0.05). These results demonstrate that
GSP could salvage the harmful effects of FB1 on meiotic progression in porcine oocytes.

2.3. GSP Alleviated the Defects of Spindle Assembly and Actin Distribution in FB1-Exposed Oocytes

As shown in Figure 2, most oocytes in the control group showed regular α-tubulin
morphology and chromosome alignment along the metaphase plate to assemble into
typical metaphase spindles. In contrast, the proportion of oocytes with aberrant α-tubulin
and misaligned chromosomes in the FB1-exposed group (42.50 ± 2.59%) was prominently
higher than that in the control group (18.13 ± 2.15%, p < 0.001, Figure 2B). However,
GSP cotreatment observably reduced the proportion of FB1-exposed oocytes with spindle
assembly defects to 25.98 ± 2.17 (p < 0.01). Moreover, as shown in Figure 2C,D, the analysis
of relative average fluorescence intensity confirmed that the actin signals in FB1-exposed
oocytes were strikingly decreased compared with those in the control group (0.866 ± 0.027
vs. 1.000 ± 0.004, p < 0.05), while the actin signals were significantly enhanced after GSP
cotreatment (0.866 ± 0.027 vs. 0.980 ± 0.014, p < 0.05). There was no statistical difference in
spindle assembly and actin distribution between the control and GSP cotreatment groups.
These results demonstrate that GSP could rescue meiotic defects by protecting spindle
structure and actin distribution in FB1-exposed oocytes.

Figure 2. Effect of GSP on spindle assembly and actin distribution in FB1-exposed oocytes.
(A) Typical fluorescent images of spindle morphology and chromosome alignment of oocytes in
the control, 30 µM FB1-exposed and FB1+200 µM GSP cotreatment groups after cultured for 28 h.
Scale bar, 10 µm; green, α-tubulin; blue, DNA. (B) Spindle abnormal rate in oocytes from the con-
trol (n = 99), 30 µM FB1-exposed (n = 101) and FB1+200 µM GSP cotreatment (n = 100) groups.
(C) Typical fluorescent images of actin distribution in oocytes from the control, 30 µM FB1-exposed
and FB1+200 µM GSP cotreatment groups. Scale bar, 50 µm; red, actin. (D) Relative average flu-
orescence intensity of actin in oocytes from the control (n = 59), 30 µM FB1-exposed (n = 59) and
FB1+200 µM GSP cotreatment groups (n = 60). Three replicates were performed and results are
expressed as the mean ± SE. The letter “n” means the total number of oocytes in each group of
3 independent replicates. Significant difference: * p < 0.05 was considered significant; ** p < 0.01 was
considered highly significant; *** p < 0.001 was considered very significant.
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2.4. GSP Protected Mitochondrial Function in FB1-Exposed Oocytes

As shown in Figure 3A,B, most control oocytes exhibited homogeneous mitochondrial
distribution throughout the cytoplasm, while a higher percentage of FB1-exposed oocytes
(38.58± 3.72%) displayed irregular clusters and inhomogeneous mitochondrial distribution
compared with the control group (14.63 ± 2.22%, p < 0.01). However, the percentage of
oocytes with abnormal mitochondrial distribution in the GSP cotreatment group was
markedly decreased to 23.85 ± 1.69% (p < 0.05) compared with the FB1-exposed group.
Furthermore, we also assessed the alterations of the mitochondrial membrane potential
(MMP) by JC-1 staining and the results show that FB1 exposure significantly decreased the
ratio of red to green fluorescence intensity compared with the control group (Figure 3C,D;
0.670 ± 0.049 vs. 1.000 ± 0.056, p < 0.01), indicating the decline of the MMP, while GSP
cotreatment alleviated the trend of MMP decline in the FB1-exposed oocytes to some extent
(0.670 ± 0.049 vs. 0.884 ± 0.009, p < 0.05). These data demonstrate that GSP could protect
porcine oocytes from mitochondrial dysfunction with FB1 exposure.

Figure 3. Effect of GSP on mitochondrial function in FB1-exposed oocytes. (A) Typical fluores-
cent images of mitochondrial distribution in oocytes from the control, 30 µM FB1-exposed and
FB1+200 µM GSP cotreatment groups. Scale bar, 50 µm; green, MitoTracker Green. (B) The rate
of oocytes that exhibited aberrant mitochondrial distribution in the control (n = 100), 30 µM FB1-
exposed (n = 101) and FB1+200 µM GSP cotreatment groups (n = 100). (C) Typical fluorescent images
of JC-1-stained oocytes from the control, 30 µM FB1-exposed and FB1+200 µM GSP cotreatment
groups. Scale bar = 50 µm; green, JC-1 monomer; red, JC-1 aggregates. (D) The relative ratio of JC-1
red/green fluorescence signals in oocytes from the control, 30 µM FB1-exposed and FB1+200 µM GSP
cotreatment groups (n = 100 for all groups). Three replicates were performed and results are ex-
pressed as the mean ± SE. The letter “n” means the total number of oocytes in each group of
3 independent replicates. Significant difference: * p < 0.05 was considered significant; ** p < 0.01 was
considered highly significant.

2.5. GSP Alleviated Oxidative Stress in FB1-Exposed Oocytes

As shown in Figure 4A,B, the relative fluorescence intensity analysis indicated that
ROS signals were obviously increased in FB1-exposed oocytes compared with the control
group (1.640 ± 0.163 vs. 1.000 ± 0.092, p < 0.05), while, following cotreatment of GSP,
ROS generation was dramatically reduced (1.640 ± 0.163 vs. 0.684 ± 0.097, p < 0.01).
Additionally, we further investigated whether FB1 exposure influenced the mRNA expres-
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sion of antioxidant-related genes and significant decreases in CAT, SOD2 and GSH-PX
expression levels were observed in FB1-exposed oocytes compared with the control group
(0.208 ± 0.027 for CAT, 0.681 ± 0.038 for SOD2, 0.072 ± 0.018 for GSH-PX; p < 0.01). On the
other hand, GSP cotreatment upregulated the gene expressions of CAT, SOD2 and GSH-PX
(1.357 ± 0.109 for CAT, 0.905 ± 0.030 for SOD2, 0.666 ± 0.030 for GSH-PX; p < 0.05 for
SOD2 and GSH-PX, p < 0.001 for CAT; Figure 4C). There was no statistical difference in the
gene expression of SOD1 between the three groups. These data suggest that GSP allevi-
ated oxidative stress in FB1-exposed oocytes by reducing ROS production and enhancing
antioxidant enzyme activities.

Figure 4. Effect of GSP on oxidative stress in FB1-treated porcine oocytes. (A) Typical fluores-
cent images of ROS-stained oocytes from the control, 30 µM FB1-exposed and FB1+200 µM GSP
cotreatment groups. Scale bar, 100 µm; green, DCFHDA. (B) ROS levels in oocytes from the control,
30 µM FB1-exposed and FB1+200 µM GSP cotreatment groups (n = 100 for all groups). (C) The
mRNA expression levels of SOD1, SOD2, CAT and GSH-PX genes in oocytes from the control, 30 µM
FB1-exposed and FB1+200 µM GSP cotreatment groups. Three replicates were performed and results
are expressed as the mean ± SE. The letter “n” means the total number of oocytes in each group of
3 independent replicates. Significant difference: * p < 0.05 was considered significant; ** p < 0.01 was
considered highly significant; *** p < 0.001 was considered very significant.

2.6. GSP Reduced Early Apoptosis in FB1-Exposed Oocytes

As shown in Figure 5A,B, compared to the control group (19.85 ± 1.52%), 37.00 ± 3.28%
of FB1-exposed oocytes exhibited a stronger Annexin-V signal (p < 0.01). However, after
GSP cotreatment, the apoptotic rate of FB1-exposed oocytes was significantly reduced to
25.69±1.82% (p < 0.05). Additionally, relatively lower levels of BAX and CASPASE3 and
markedly higher levels of BCL2 transcription were observed in the GSP cotreatment group
than in the FB1-exposed group (2.944 ± 0.105 vs. 1.144 ± 0.261 for BAX, 4.124 ± 0.298
vs. 0.141 ± 0.010 for CASPASE3, 0.183 ± 0.027 vs. 7.650 ± 0.228 for BCL2; p < 0.01
for BAX, p < 0.001 for CASPASE3 and BCL2; Figure 5C). We also evaluated the effect of
GSP on the protein expression of BAX and BCL2 in FB1-exposed oocytes and the results
show a relatively lower BAX (6.337 ± 0.599 vs. 2.602 ± 0.325, p < 0.05) and higher BCL2
(0.472 ± 0.071 vs. 0.875 ± 0.021, p < 0.01) expression pattern in the GSP cotreatment group
(Figure 5D), which is in accord with the transcriptional findings above. These results
suggest that GSP inhibited apoptosis in FB1-exposed oocytes by upregulating BCL2 and
downregulating BAX.
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Figure 5. Effect of GSP on the early apoptosis in FB1-exposed oocytes. (A) Typical fluorescent images
of Annexin-V-FITC-stained oocytes from the control, 30 µM FB1-exposed and FB1+200 µM GSP
cotreatment groups. Scale bar, 50 µm; green, Annexin-V-FITC. (B) The rate of the oocytes that exhib-
ited apoptotic positive signals in control (n = 101), 30 µM FB1-exposed (n = 100) and FB1+200 µM GSP
cotreatment oocytes (n = 101). (C) The mRNA expression levels of BAX, BCL2 and CASPASE3 genes in
oocytes from the control, 30 µM FB1-treated and FB1+200 µM GSP groups. (D) The protein expression
of BAX and BCL2 in oocytes from the control, 30 µM FB1-exposed and FB1+200 µM GSP cotreatment
groups. Three replicates were performed and results are expressed as the mean ± SE. The letter “n”
means the total number of oocytes in each group of 3 independent replicates. Significant difference:
* p < 0.05 was considered significant; ** p < 0.01 was considered highly significant; *** p < 0.001 was
considered very significant.

2.7. GSP Decreased Autophagy Levels in FB1-Exposed Oocytes

As shown in Figure 6A,B, FB1-exposed oocytes exhibited more LC3A/B protein signal
dots (1.392 ± 0.085) than control (1.000 ± 0.046, p < 0.05) and GSP cotreatment oocytes
(1.083 ± 0.019, p < 0.05), indicating an increase in autophagy levels. Correspondingly,
Western blot analysis confirmed an increase in LC3A/B II protein expression in FB1-
exposed oocytes (1.718 ± 0.210 vs. 0.598 ± 0.137, p < 0.05), with a decrease in LC3A/B II
expression after GSP cotreatment (1.718 ± 0.210 vs. 0.589 ± 0.067, p < 0.05; Figure 6C,D).
Moreover, relatively lower levels of LC3 (0.568 ± 0.075 vs. 1.489 ± 0.068, p < 0.001)
and ATG5 (0.887 ± 0.062 vs. 1.502 ± 0.065, p < 0.05) and significantly higher levels of
mTOR (1.986 ± 0.095 vs. 0.354 ± 0.019, p < 0.001) transcription were observed in the GSP
cotreatment group compared with the FB1-exposed group (Figure 6E). The gene expression
of LAMP2 and ATG3 showed no differences among the three groups. These results suggest
that GSP could reduce autophagy levels in FB1-exposed oocytes by upregulating mTOR
and downregulating LC3 and ATG5.
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Figure 6. Effect of GSP on the autophagy of FB1-exposed oocytes. (A) Typical fluorescent images of
LC3A/B-staining in oocytes from the control, 30 µM FB1-exposed and FB1+200 µM GSP cotreatment
groups. Scale bar, 50 µm; red, LC3A/B. (B) Relative average fluorescence intensity of LC3A/B
in oocytes from the control (n = 57), 30 µM FB1-exposed (n = 59) and FB1+200 µM GSP cotreat-
ment groups (n = 58). (C) and (D) The protein expression of LC3A/B in oocytes from the control,
30 µM FB1-exposed and FB1+200 µM cotreatment GSP groups. (E) The mRNA expression levels of
LC3, LAMP, mTOR, ATG3 and ATG5 genes in oocytes from the control, 30 µM FB1-exposed and
FB1+200 µM GSP cotreatment groups. Three replicates were performed and results are expressed as
the mean ± SE. The letter “n” means the total number of oocytes in each group of 3 independent
replicates. Significant difference: * p < 0.05 was considered significant; ** p < 0.01 was considered
highly significant; *** p < 0.001 was considered very significant.

3. Discussion

FB1 is one of the most toxic fumonisins and has been shown to cause toxic effects in
humans and animals [10]. Recently, the reproductive toxicity of FB1 has attracted great
attention. Our previous studies reported the toxic effects of FB1 on porcine oocyte IVM and
its cytotoxicity was associated with the induction of oxidative stress and apoptosis [22].
GSP is a powerful antioxidant and previous studies have demonstrated a broad spectrum
of pharmacological and therapeutic benefits of GSP [24,27]. Herein, porcine oocytes were
used as a research model to investigate the beneficial effects of GSP on ameliorating FB1-
induced oocyte damage during meiotic maturation in vitro. Our results indicate that GSP
administration protected oocytes from FB1-induced maturation defects by protecting cell
cycle progression, protecting cytoskeletal structure and inhibiting apoptosis and autophagy.
Moreover, the protective effects of GSP on FB1-treated oocytes were related to reducing
oxidative stress by repairing FB1-induced mitochondrial dysfunction.

It has been reported that procyanidins to trimers can be absorbed from the digestive
tract and are present in rat blood and urine after oral administration of GSPE [36]. Dietary
GSPE could effectively prevent the azathioprine-induced ovarian aging process by reducing
oxidative stress in hens [34] and intragastric administration of GSPB2 exerted positive
effects on reducing oxidative stress-induced follicular granulosa cell apoptosis in mice [35].
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These results suggest that GSPE can be absorbed from the digestive tract and reach the
blood and ovaries, exerting its antioxidant effect. Herein, we demonstrated that GSP
could alleviate porcine oocyte meiotic defects caused by FB1 exposure. PB1 extrusion is
considered a marker event for oocyte maturation [37]. Our results show that 200 µM GSP
cotreatment significantly increased the PB1 extrusion rate, cleavage rate and blastocyst rate,
relieving the adverse effects of FB1 on oocyte meiotic maturation. However, further in vivo
studies are required to verify the specific concentration of GSP reaching the oocyte in pig
ovaries. This finding is in accord with a previous study showing that GSPE administration
markedly alleviated Cd-induced embryo toxic effects by upregulating meiosis-related gene
expression and restoring antioxidative levels [38]. Thus, we suggest that GSP is a potential
candidate to alleviate porcine oocyte meiotic defects caused by FB1.

We further explored the reasons for the protective effects of GSP by detecting the
meiotic progression and cytoskeleton dynamics of oocytes. A previous study showed
that FB1 treatment impeded swine peripheral blood mononuclear cell proliferation and
increased the percentage of cells blocked in G0/G1 phase of the cell cycle [39]. Another
study in human umbilical vein endothelial cells verified that FB1 could adversely affect the
cellular migration and cytoskeletal structure [40]. Our results indicate that FB1 disrupted
spindle organization and actin distribution during the GVBD-MI transition in porcine
oocytes and the failure of oocyte maturation might be caused by the dysfunctional cy-
toskeleton dynamics induced by FB1 exposure. Notably, GSP cotreatment restored cell
cycle progression by promoting the successful GVBD-MI transition, rescued the stability
of spindles and increased the actin distribution in FB1-exposed oocytes. Similarly, proan-
thocyanidin administration exerted effective effects on cisplatin-induced cycle arrest in
renal cells and reorganized the actin cytoskeleton in endothelial cells [41,42]. Therefore,
GSP might ameliorate cytoskeletal organization to rescue meiotic progression and promote
FB1-exposed oocyte maturation.

Mitochondria, as abundant organelles in oocytes, are essential for oocyte cytoplas-
mic maturation [19]. Mitochondrial distribution and MMP can be used as two indexes
to evaluate mitochondrial activity, which is related to the developmental potential of
oocytes [43]. Studies have found that FB1 causes cytotoxicity through the mitochondrial
signaling pathway [44]. An increased abnormal rate of mitochondrial distribution and
decreased MMP were observed in the oocytes, suggesting that FB1 exposure caused mi-
tochondrial dysfunction [45,46]. However, GSP administration alleviated mitochondrial
defects in FB1-exposed oocytes to a certain extent. This result was also in keeping with the
opinion that the bioactivity of GSP was linked to regulating mitochondrial function [47–49].
Therefore, repairing mitochondrial dysfunction might be an important way for GSP to
rescue the meiotic maturation of FB1-exposed oocytes.

Mitochondrial dysfunction is frequently associated with ROS overproduction and
excessive ROS production causes oxidative damage and early apoptosis in cells [50]. In-
creased ROS levels were associated with meiotic cell cycle arrest and cytoskeleton disor-
ganization [51,52]. Based on our results regarding the dysfunctional mitochondria and
meiotic injury caused by FB1 exposure, we next examined oxidative stress in FB1-exposed
oocytes. The results show that FB1 treatment dramatically increased ROS generation in
oocytes, in turn inducing oxidative stress, which might be due to the significant decrease
in antioxidant gene (SOD2, CAT, GSH-PX) mRNA levels. These results are in keeping with
previous studies that showed that the cytotoxicity of FB1 was associated with oxidative
stress [10,53]. Moreover, we observed that GSP administration, as a natural antioxidant,
could eliminate excessive ROS by upregulating the mRNA expression of SOD2, CAT and
GSH-PX. However, there was no significant difference in the gene expression of SOD1,
which indicates the specificity of FB1 and GSP towards SOD2. The ability of GSP to fight
oxidative stress has been confirmed in other cell lines [28,33,47]. Taken together, these
results suggest that GSP could prevent oxidative stress and the following meiotic defects
by rescuing mitochondrial dysfunction in FB1-exposed oocytes.
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Oxidative stress might exert negative effects on oocyte physiology by inducing apop-
tosis [52]. The oxidative stress-induced mitochondria-mediated pathway plays a crucial
role in oocyte apoptosis [52,54]. We found that FB1 exposure induced apoptosis of the
oocytes. Additionally, a decline in MMP, as an indicator of early cell apoptosis [20], was
also observed in FB1-exposed oocytes. These results support previous findings in that the
toxicity induced by FB1 is associated with apoptosis [9,10,55]. Intriguingly, our data further
reveal that GSP cotreatment rescued the early apoptosis triggered by FB1. A study in lym-
phocytes reported that GSPE could reduce apoptosis induced by extracellular histones by
upregulating BCL2 expression [56]. Collectively, our results indicate that the suppressive
effects of GSP on apoptosis might be another mechanism against FB1 toxicity in oocytes.

The overproduction of ROS is related to the induction of autophagy [57]. Autophagy,
a mechanism that acts as the bulk degradation of proteins and organelles [58], plays a vital
role in various physiological and pathological contexts [59]. The opinion that excessive
or prolonged autophagy induces cytotoxicity has been widely accepted [60]. Our data
suggest that FB1 induced autophagy in porcine oocytes, which was further confirmed by the
increased expression of autophagy-related genes (LC3 and ATG5) and proteins (LC3A/B II).
Previous studies have shown that FB1 causes colonic damage through oxidative stress-
associated apoptosis and autophagy in a murine model [55] and induced autophagy-
mediated cell death in MARC-145 kidney cells [61]. Therefore, these data strongly suggest
that FB1-induced autophagy is another factor contributing to the maturation failure of
porcine oocytes. Alternatively, GSP administration markedly reduced autophagy in FB1-
exposed oocytes by downregulating the expression of LC3 and ATG5 and upregulating the
expression of mTOR. This effect of procyanidins modulating autophagy has been proposed
in other models. A study reported that procyanidin could reduce the autophagy induced
by influenza A virus by inhibiting the accumulation of LC3II [62]. Our results indicate that
the protective effects of GSP on FB1-exposed oocytes might be related to the weakening of
autophagy-induced cytotoxicity.

4. Conclusions

In summary, our data manifest that FB1 exposure disrupted oocyte maturation by im-
peding meiotic progression, disrupting cytoskeletal integrity and impairing mitochondrial
function. In contrast, GSP cotreatment effectively antagonized the FB1 mediated toxicity
to oocytes and its protective effect was related to reducing oxidative stress by repairing
mitochondrial dysfunction. These data will improve our knowledge of the protective effect
of GSP against FB1-induced oocyte toxic damage and provide new strategies for effective
control of other reproductive toxicities of FB1.

5. Materials and Methods
5.1. Antibodies and Chemicals

FB1 (purity > 98%) was purchased from Sigma-Aldrich (St. Louis, MO, USA). GSP
(purity ≥ 95%) was purchased from JF-NATURAL (Tianjin, China). Antibodies against
α-tubulin (Abcam, London, UK), GAPDH (Cell Signaling Technology, Danvers, MA,
USA), BCL2 (Proteintech Group, Chicago, USA), BAX (Bioss, Beijing, China), LC3 A/B
(Cell Signaling Technology, Danvers, MA, USA), TRITC-labeled phalloidin (YEASEN,
Shanghai, China), TRITC-labeled goat anti-rabbit IgG H+L (HUABio, Hangzhou, China)
and HRP-labeled goat anti-rabbit IgG (H+L) (Beyotime Biotechnology, Shanghai, China)
were purchased. MitoTracker Green fluorescent probe, JC-1 fluorescent probe and DCFHDA
probe were purchased from Beyotime Biotechnology (Shanghai, China). Annexin-V-FITC
fluorescent probe was purchased from Vazyme (Jiangsu, China).

5.2. Ethics Statement and Porcine Oocyte In Vitro Maturation

The experimental protocols were conducted according to the requirements of the
Animal Research Ethics Committee of Nanjing Agricultural University (Permit Number:
IACUC2020132, date of approval 4 March 2020.), China. Porcine oocytes collection and
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in vitro maturation were performed as previously described [63]. Briefly, porcine ovaries
were obtained from a local slaughterhouse (SU SHI Meat Co., Ltd, Nanjing, China) and
transported to the laboratory within 2 h. All oocytes in each experiment were from the
same batch of ovaries. The COCs from 3 to 6 mm diameter follicles were collected and a
group of approximately 25 COCs were selected and transferred into TCM-199 medium
supplemented with 3.05 mM D-glucose, 0.57 mM L-cysteine, 0.91 mM sodium pyruvate,
10 IU/mL PMSG and hCG, 10 ng/mL of EGF, 0.1% (w/v) polyvinyl alcohol, 10% (v/v)
porcine follicular fluid, 7.5 mg/mL of penicillin and 5.0 mg/mL of streptomycin for IVM at
38.5 ◦C and 5% CO2 with saturated humidity. After 28 or 44 h of culture, the time at which
oocytes were supposed to reach metaphase I (MI) and MII stages [64], cumulus cells were
removed with 0.1% (w/v) hyaluronidase. Eventually, the denuded oocytes were collected
for subsequent experiments.

5.3. FB1 Exposure and GSP Treatment

Both FB1 and GSP were dissolved in dimethyl sulfoxide (DMSO) to 10 mM and
60 mM as stock solutions, respectively, and were stored at −20 ◦C. The stock solution
of FB1 was diluted in IVM medium to produce a final concentration of 30 µM for FB1
treatment during in vitro oocyte culture as previously reported [22]. Based on previously
reported results on effective protective concentrations of GSP in EA.hy926 cells, human
epidermal keratinocytes and human granulosa cells [47,65,66], the GSP stock solution was
diluted in IVM medium (supplemented with 30 µM FB1) to final concentrations of 100,
200 and 300 µM for the cotreatment of GSP with FB1 during IVM. The control group was
supplemented with an identical concentration of DMSO.

5.4. Oocyte Parthenogenetic Activation and Early Embryo Culture In Vitro

Porcine oocyte parthenogenetic activation (PA) and embryo culture in vitro were
performed as described in previous reports [67,68]. After washing three times in electric
activation medium (1 mM CaCl2, 0.1 mM MgCl2, 0.3 M mannitol and 0.1% BSA), MII
oocytes were activated using a CRY-3 Cell Fusion-Activation System (Xinzhi Biotechnology,
Ningbo, China) under the following conditions: a single direct current pulse of 1.5 kV/cm
for 80 µs. Then, oocytes were incubated for 4 h in a chemically assisted activation medium
(PZM-3 supplemented with 2 mM 6-dimethylaminopurine and 5 µg/mL of cytochalasin B).
Activated embryos were washed three times and cultured in PZM-3 supplemented with
0.4% (w/v) BSA at 38.5 ◦C and 5% CO2 with humidified air. The cleavage and blastocyst
rates were examined under an inverted microscope (Olympus, Tokyo, Japan) at 48 h and
168 h post-activation [18,69].

5.5. Immunofluorescence Staining

The oocytes were fixed with 4% (w/v) paraformaldehyde (PFA) in phosphate buffered
saline (PBS) at room temperature (RT) for 30 min, permeabilized with 1% (w/v) Triton
X-100 in PBS at RT for 8 h and then blocked in 1% (w/v) BSA at RT for 1 h. For LC3A/B
staining, the oocytes were incubated with anti-LC3A/B antibody (1:100) at 4 ◦C for 12 h
and then incubated with TRITC-labeled goat anti-rabbit IgG H+L (1:200) at 37 ◦C for 1 h.
For α-tubulin-FITC staining, the oocytes were incubated with anti-α-tubulin-FITC antibody
(1:200) at 37 ◦C for 2 h. For actin staining, the oocytes were stained with phalloidin-TRITC
(100 nM) at 37 ◦C for 1 h. Finally, oocytes were incubated with Hoechst 33,342 (10 µg/mL)
at 37 ◦C for 15 min, then mounted on glass slides with glycerol and examined with a
confocal laser scanning microscope (Zeiss LSM700 meta, Oberkochen, Germany). The
fluorescence intensity was quantified and analyzed with the ImageJ 1.5 software (Bethesda,
Maryland, USA).

5.6. Mitochondrial Function Evaluation

For mitochondria distribution detection, oocytes were loaded with MitoTracker Green
fluorescent probe (100 nM) for 30 min at 37 ◦C and immediately fixed in 4% PFA for 30 min
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at RT [22]. After washing, the oocyte samples were mounted on glass slides with glycerol
to analyze the abnormal rate of mitochondrial distribution by confocal microscopy.

For MMP detection, oocytes were loaded with JC-1 fluorescent probe for 30 min at
37 ◦C following the kit’s instructions. After washing, the oocyte samples were mounted
on glass slides with PBS and examined with confocal microscopy [21]. The ratio of JC-1
red/green fluorescence intensity was analyzed with the ImageJ 1.5 software.

5.7. Measurement of ROS

To measure the intracellular ROS level, oocytes were loaded with 10 µM DCFHDA
probe at 37 ◦C for 30 min. After washing, the oocyte samples were mounted on glass slides
with PBS to measure the ROS levels by confocal microscopy [63]. The fluorescence intensity
of the ROS signals was calculated with the ImageJ 1.5 software.

5.8. Annexin-V Staining

For the detection of early apoptosis, oocytes were incubated with 10 µL of Annexin-
V-FITC probe in 90 µL of binding buffer at 37 ◦C for 20 min and immediately fixed in 4%
PFA for 30 min at RT [70]. After washing, the oocyte samples were mounted on glass slides
with glycerol to analyze the rate of apoptotic positive oocytes with a confocal microscope.

5.9. Fluorescence Intensity Analysis

The same immunostaining procedure and confocal microscope parameters were
adopted for each group to optimize the acquired signals and the ImageJ 1.5 software was
used to calculate fluorescence intensity. The average fluorescence intensity per unit area
within the region of interest (ROI) was detected and the mean values of all measured values
were used for the statistical data analyses. The fluorescence intensity of the control group
was set as “1”.

5.10. Western Blotting

A total of 100 porcine oocytes in each group were lysed in Laemmli sample buffer and
subsequently boiled at 100 ◦C for 10 min. The denatured proteins were separated by SDS-
PAGE using 12% (w/v) gel and transferred to polyvinylidene fluoride (PVDF) membranes
(Millipore, Billerica, MA, USA). After being blocked with 5% (w/v) low-fat dry milk at
RT for 1 h, the membranes were incubated with primary antibodies (1:1000 for LC3A/B,
BCL-2, GAPDH and α-tubulin, 1:2000 for BAX) at 4 ◦C for 12 h and, after five washes in
TBST (Tris-buffered saline containing 0.1% (v/v) Tween 20), the PVDF membranes were
incubated with an HRP-labeled secondary antibody (1:1000) at 37 ◦C for 1 h. After five
washes in TBST, the protein bands were visualized with enhanced chemiluminescence
solution (Biosharp, Hefei, China) and analyzed with the ImageJ 1.5 software.

5.11. Quantitative Real-Time PCR (qRT-PCR)

A total of 100 porcine oocytes in each group was collected to extract total RNA using
TRIzol™ Reagent (Invitrogen, Carlsbad, CA, USA). The cDNA was synthesized with
the PrimeScript™ RT Master Mix (TaKaRa, Tokyo, Japan) using a 20 µL reaction system
(consisting of 16 µL of RNA and 4 µL of 5X Prime Script RT Master Mix) in accordance with
the manufacturer’s instructions. Then, qRT-PCR was conducted with the TB Green®Premix
Ex Taq™ kit (TaKaRa, Tokyo, Japan) using a 20 µL reaction system (consisting of 2 µL
of cDNA, 0.4 µL of each forward and reverse primer, 10 µL of SYBR Premix Ex Taq II,
0.4 µL of ROX Reference Dye II and 6.8 µL of dd H2O) on a Real-time PCR instrument
(Life Technologies, Gaitherburg, MD, USA). GAPDH was used as the internal control to
calculate the relative mRNA expression of the target genes by the 2−∆∆Ct method. The
primer sequences are listed in Table 1.
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Table 1. Primer sequences used for quantitative real-time PCR.

Gene Primer Sequence (5′-3′) Fragment Size (bp)

GAPDH F-5’-CGTCCCTGAGACACGATGGT-3’
R-5’-GCCTTGACTGTGCCGTGGAAT-3’ 194

CAT F-5’-AACTGTCCCTTCCGTGCTA-3’
R-5’-CCTGGGTGACATTATCTTCG-3’ 195

GSH-PX F-5’-CAAGTCCTTCTACGACCTCA-3’
R-5’-GAAGCCAAGAACCACCAG-3’ 210

SOD1 F-5’-ACCTGGGCAATGTGACTG-3’
R-5’-TCCAGCATTTCCCGTCT-3’ 197

SOD2 F-5’-GGACAAATCTGAGCCCTAACG-3’
R-5’-CCTTGTTGAAACCGAGCC-3’ 184

BAX F-5’-CCAGGATCGAGCAGGGCGAAT-3’
R-5’-CACAGGGCCTTGAGCACCAGTTT-3’ 285

BCL-2 F-5’-CAGGGACAGCGTATCAGAGC-3’
R-5’-TTGCGATCCGACTCACCAAT-3 156

CASPASE-3 F-5’-GAACTCTAACTGGCAAACCCAA-3’
R-5’-GCATACAAGAAGTCTGCCTCAA-3’ 142

LC3
F-5’-CCGAACCTTCGAACAGAGAG-3’

206R-5’-AGGCTTGGTTAGCATTGAGC-3’

LAMP2
F-5’-GCTTTTGCAGCGTTGTGG-3’

169R-5’-GACGAGGCAGAGCATAAGGAG-3’

mTOR
F-5’-GCACAAGGACGGATTCCTAC-3’

248R-5’-CACTTGCGTTGGGAGATC-3’

ATG3
F-5’-CACGACTATGGTTGTTTGGCTATG-3’

127R-5’-GGTGGAAGGTGAGGGTGATTT-3’

ATG5
F-5’-CCTGAAGATGGGGAAAGAAAGA-3’

140R-5’-TCTGTTGGTTGCGGGATG-3’

5.12. Experimental Design
5.12.1. Effects of GSP on the Meiotic Maturation of FB1-Exposed Porcine Oocytes

Previous reports have demonstrated that exposure to 30 µM FB1 causes meiotic defects
in porcine oocytes during IVM [22]. In this experiment, to investigate whether GSP could
alleviate the meiotic maturation defects caused by FB1 exposure, GSP was supplemented
with IVM culture medium containing 30 µM FB1. The COCs were randomly allocated to
five groups and 98, 98, 100, 98 and 99 oocytes were treated with 0, 30 µM FB1 and 30 µM
FB1 + GSP (100 µM, 200 µM and 300 µM). After having been cultured for 44 h, the PB1
extrusion of the oocytes was examined. According to the above PB1 extrusion results, a
concentration of 200 µM GSP, which significantly promoted the maturation of FB1-exposed
oocytes, was used for further exploration.

5.12.2. Effects of GSP on the Embryo Developmental Potential of FB1-Exposed Porcine
Oocytes

To further evaluate oocytes’ developmental capacity, a total of 110, 112 and 108 MII
stage oocytes in the 0, 30 µM FB1 and 30 µM FB1 + 200 µM GSP groups were activated and
cultured in PZM-3 supplemented with 0.4% (w/v) BSA. After 48 h and 168 h of culture, the
cleavage and blastocyst developmental rates were evaluated.

5.12.3. Effects of GSP on the Cell Cycle Progression of FB1-Exposed Porcine Oocytes

To explore the reasons why GSP administration could promote porcine oocytes to
extrude PB1, a total of 99, 100 and 100 oocytes were treated with 0, 30 µM FB1 and 30 µM
FB1 + 200 µM GSP for 44 h. Based on the characteristics of meiotic stages as described
in previous reports [63], the percentages of oocytes arrested at the GV (germinal vesicle),
GVBD, MI, ATI (anaphase-telophase I) and MII stages were assessed by immunofluorescent
staining.
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5.12.4. Effects of GSP on Spindle Assembly and Actin Distribution in FB1-Exposed
Porcine Oocytes

To investigate the reasons why GSP administration restored cell cycle progression in
FB1-exposed oocytes that were arrested at the GVBD stage and failed to progress to the MI
stage, the cytoskeletal structure of oocytes was further examined after 28 h of culture when
most oocytes were supposed to reach the MI stage. For spindle assembly evaluation, 99,
101 and 100 oocytes were treated with 0, 30 µM FB1 and 30 µM FB1 + 200 µM GSP and the
spindle morphology was assessed by immunofluorescent staining of α-tubulin and DNA.
For actin distribution detection, 59, 59 and 60 oocytes were treated with 0, 30 µM FB1 and
30 µM FB1 + 200 µM GSP and the actin distribution was assessed by phalloidin-TRITC
staining.

5.12.5. Effects of GSP on Mitochondrial Function in FB1-Exposed Porcine Oocytes

To investigate the protective effect of GSP on mitochondrial function in FB1-exposed
oocytes, the mitochondrial distribution and MMP were assessed. For mitochondrial distri-
bution detection, a total of 100, 101 and 100 oocytes were treated with 0, 30 µM FB1 and
30 µM FB1 + 200 µM GSP for 44 h, then the mitochondrial distribution in the oocytes was
examined with MitoTracker Green staining. For MMP detection, a total of 100 oocytes in
each group was cultured with 0, 30 µM FB1 and 30 µM FB1 + 200 µM GSP and the MMP of
the oocytes was evaluated with JC-1 staining after 44 h of culture.

5.12.6. Effects of GSP on Oxidative Stress in FB1-Exposed Porcine Oocytes

To further determine whether GSP could alleviate oxidative stress damage in FB1-
exposed porcine oocytes, 100 oocytes in each group were treated with 0, 30 µM FB1 and
30 µM FB1 + 200 µM GSP for 44 h, ROS generation was evaluated by DCFH-DA staining.
In addition, the transcriptional levels of CAT, SOD1, SOD2 and GSH-PX genes were
analyzed by qRT-PCR.

5.12.7. Effects of GSP on Apoptosis in FB1-Exposed Porcine Oocytes

To further determine whether GSP could inhibit apoptosis in FB1-exposed porcine oocytes,
101, 100 and 101 oocytes were treated with 0, 30 µM FB1 and 30 µM FB1 + 200 µM GSP for
44 h, then the percentage of apoptotic oocytes was evaluated by Annexin-V staining. In
addition, the transcriptional level of BAX, BCL2 and CASPASE3 genes were analyzed by
qRT-PCR and the protein expression of BAX and BCL2 were analyzed by Western blotting.

5.12.8. Effects of GSP on Autophagy Levels in FB1-Exposed Porcine Oocytes

To further explore the impact of FB1 exposure and GSP cotreatment on autophagy level of
oocytes, 57, 59 and 58 oocytes were treated with 0, 30 µM FB1 and 30 µM FB1 + 200 µM GSP for
44 h, then the autophagosomes were evaluated by immunofluorescent staining of LC3A/B.
Additionally, the transcriptional level of LC3, LAMP2, mTOR, ATG3 and ATG5 genes were
analyzed by qRT-PCR and the protein expression of LC3A/B was analyzed by Western
blotting.

5.13. Statistical Analyses

Data from at least 3 independent replicates were analyzed for each experiment using
one-way ANOVA followed by Duncan’s multiple comparisons with the GraphPad Prism
5.0 software (GraphPad Software Inc., San Diego, CA, USA). The results are presented as
mean ± standard error (SE) values. p < 0.05 was considered statistically significant.
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supervision and writing—review and editing. All authors have read and agreed to the published
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Toxins 2021, 13, 841 15 of 17

Funding: This work was supported by the National Natural Science Foundation of China (31972759
and 31572589), Nanjing Agricultural University College Students Innovation and Entrepreneurship
Training Special Plan (S20190021) and the Priority Academic Program Development of Jiangsu Higher
Education Institutions (PAPD).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Nanjing and approved by the Animal Research Institute Committee of Nanjing
Agricultural University (Permit Number: IACUC2020132, date of approval 4 March 2020), China.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available in a publicly accessible repository.

Acknowledgments: We also express our appreciation to Guoqing Huang for his kind help with
using confocal laser scanning microscopy.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. Kamle, M.; Mahato, D.K.; Devi, S.; Lee, K.E.; Kang, S.G.; Kumar, P. Fumonisins: Impact on agriculture, food, and human health

and their management strategies. Toxins 2019, 11, 328. [CrossRef]
2. Ponce-Garcia, N.; Serna-Saldivar, S.O.; Garcia-Lara, S. Fumonisins and their analogues in contaminated corn and its processed

foods—A review. Food Addit. Contam. Part A Chem. Anal. Control Expo. Risk Assess. 2018, 35, 2183–2203. [CrossRef] [PubMed]
3. Liu, Y.; Jiang, Y.; Li, R.; Pang, M.; Liu, Y.; Dong, J. Natural occurrence of fumonisins B1 and B2 in maize from eight provinces of

China in 2014. Food Addit. Contam. Part B Surveill. 2017, 10, 113–117. [CrossRef]
4. Régnier, M.; Polizzi, A.; Lukowicz, C.; Smati, S.; Lasserre, F.; Lippi, Y.; Naylies, C.; Laffitte, J.; Bétoulières, C.; Montagner, A.;

et al. The protective role of liver X receptor (LXR) during fumonisin B1-induced hepato-toxicity. Arch. Toxicol. 2019, 93, 505–517.
[CrossRef]

5. Müller, S.; Dekant, W.; Mally, A. Fumonisin B1 and the kidney: Modes of action for renal tumor formation by fumonisin B1 in
rodents. Food Chem. Toxicol. 2012, 50, 3833–3846. [CrossRef]

6. Domijan, A.M. Fumonisin B (1): A neurotoxic mycotoxin. Arch. Ind. Hyg. Toxicol. 2012, 63, 531. [CrossRef]
7. Li, Y.; Fan, Y.; Xia, B.; Xiao, Q.; Wang, Q.; Sun, W.; Zhang, H.; He, C. The immunosuppressive characteristics of FB1 by inhibition

of maturation and function of BMDCs. Int. Immunopharmacol. 2017, 47, 206–211. [CrossRef] [PubMed]
8. IARC. Some traditional herbal medicines, some mycotoxins, naphthalene and styrene. IARC Monogr. Eval. Carcinog. Risks Hum.

2002, 82, 1–556.
9. Desai, K.; Sullards, M.C.; Allegood, J.; Wang, E.; Schmelz, E.M.; Hartl, M.; Humpf, H.U.; Liotta, D.C.; Peng, Q.; Jr, M.A.H.

Fumonisins and fumonisin analogs as inhibitors of ceramide synthase and inducers of apoptosis. Biochim. Biophys. Acta 2002,
1585, 188–192. [CrossRef]

10. Liu, X.; Fan, L.; Yin, S.; Chen, H.; Hu, H. Molecular mechanisms of fumonisin B1-induced toxicities and its applications in the
mechanism-based interventions. Toxicon 2019, 167, 1–5. [CrossRef] [PubMed]

11. Cortinovis, C.; Pizzo, F.; Spicer, L.J.; Caloni, F. Fusarium mycotoxins: Effects on reproductive function in domestic animals–a
review. Theriogenology 2013, 80, 557–564. [CrossRef] [PubMed]

12. Lumsangkul, C.; Chiang, H.I.; Lo, N.W.; Fan, Y.K.; Ju, J.C. Developmental toxicity of mycotoxin fumonisin B1 in animal
embryogenesis: An overview. Toxins 2019, 11, 114. [CrossRef] [PubMed]

13. Gelineau-van Waes, J.; Starr, L.; Maddox, J.; Aleman, F.; Voss, K.A.; Wilberding, J.; Riley, R.T. Maternal fumonisin exposure and
risk for neural tube defects: Mechanisms in an in vivo mouse model. Birth Defects Res. A Clin. Mol. Teratol. 2005, 73, 487–497.
[CrossRef]

14. Ewuola, E.O.; Egbunike, G.N. Gonadal and extra-gonadal sperm reserves and sperm production of pubertal rabbits fed dietary
fumonisin B1. Anim. Reprod. Sci. 2010, 119, 282–286. [CrossRef] [PubMed]

15. Gbore, F.A.; Egbunike, G.N. Testicular and epididymal sperm reserves and sperm production of pubertal boars fed dietary
fumonisin B(1). Anim. Reprod. Sci. 2008, 105, 392–397. [CrossRef] [PubMed]

16. Cortinovis, C.; Caloni, F.; Schreiber, N.B.; Spicer, L.J. Effects of fumonisin B1 alone and combined with deoxynivalenol or
zearalenone on porcine granulosa cell proliferation and steroid production. Theriogenology 2014, 81, 1042–1049. [CrossRef]
[PubMed]

17. Brunet, S.; Maro, B. Cytoskeleton and cell cycle control during meiotic maturation of the mouse oocyte: Integrating time and
space. Reproduction 2005, 130, 801–811. [CrossRef]

18. Luo, Y.; Che, M.; Liu, C.; Liu, H.; Fu, X.; Hou, Y. Toxicity and related mechanisms of dihydroartemisinin on porcine oocyte
maturation in vitro. Toxicol. Appl. Pharmacol. 2018, 341, 8–15. [CrossRef]

19. Tarazona, A.M.; Rodriguez, J.I.; Restrepo, L.F.; Olivera-Angel, M. Mitochondrial activity, distribution and segregation in bovine
oocytes and in embryos produced in vitro. Reprod. Domest. Anim. 2006, 41, 5–11. [CrossRef]

http://doi.org/10.3390/toxins11060328
http://doi.org/10.1080/19440049.2018.1502476
http://www.ncbi.nlm.nih.gov/pubmed/30028638
http://doi.org/10.1080/19393210.2017.1280541
http://doi.org/10.1007/s00204-018-2345-2
http://doi.org/10.1016/j.fct.2012.06.053
http://doi.org/10.2478/10004-1254-63-2012-2239
http://doi.org/10.1016/j.intimp.2017.03.031
http://www.ncbi.nlm.nih.gov/pubmed/28432936
http://doi.org/10.1016/S1388-1981(02)00340-2
http://doi.org/10.1016/j.toxicon.2019.06.009
http://www.ncbi.nlm.nih.gov/pubmed/31173793
http://doi.org/10.1016/j.theriogenology.2013.06.018
http://www.ncbi.nlm.nih.gov/pubmed/23916251
http://doi.org/10.3390/toxins11020114
http://www.ncbi.nlm.nih.gov/pubmed/30781891
http://doi.org/10.1002/bdra.20148
http://doi.org/10.1016/j.anireprosci.2009.12.001
http://www.ncbi.nlm.nih.gov/pubmed/20079583
http://doi.org/10.1016/j.anireprosci.2007.11.006
http://www.ncbi.nlm.nih.gov/pubmed/18155863
http://doi.org/10.1016/j.theriogenology.2014.01.027
http://www.ncbi.nlm.nih.gov/pubmed/24576714
http://doi.org/10.1530/rep.1.00364
http://doi.org/10.1016/j.taap.2018.01.002
http://doi.org/10.1111/j.1439-0531.2006.00615.x


Toxins 2021, 13, 841 16 of 17

20. Abate, M.; Festa, A.; Falco, M.; Lombardi, A.; Luce, A.; Grimaldi, A.; Zappavigna, S.; Sperlongano, P.; Irace, C.; Caraglia, M.;
et al. Mitochondria as playmakers of apoptosis, autophagy and senescence. Semin. Cell Dev. Biol. 2020, 98, 139–153. [CrossRef]
[PubMed]

21. Ding, Z.M.; Ahmad, M.J.; Meng, F.; Chen, F.; Wang, Y.S.; Zhao, X.Z.; Zhang, S.X.; Miao, Y.L.; Xiong, J.J.; Huo, L.J. Triclocarban ex-
posure affects mouse oocyte in vitro maturation through inducing mitochondrial dysfunction and oxidative stress. Environ. Pollut.
2020, 262, 114271. [CrossRef] [PubMed]

22. Li, W.; Zhao, H.; Zhuang, R.; Wang, Y.; Cao, W.; He, Y.; Jiang, Y.; Rui, R.; Ju, S.J.T. Fumonisin B exposure adversely affects porcine
oocyte maturation in vitro by inducing mitochondrial dysfunction and oxidative stress. Theriogenology 2021, 164, 1–11. [CrossRef]

23. Zhang, L.; Wang, Y.; Li, D.; Ho, C.T.; Li, J.; Wan, X. The absorption, distribution, metabolism and excretion of procyanidins.
Food Funct. 2016, 7, 1273–1281. [CrossRef] [PubMed]

24. Rodríguez-Pérez, C.; García-Villanova, B.; Guerra-Hernández, E.; Verardo, V. Grape seeds proanthocyanidins: An overview of
in vivo bioactivity in animal models. Nutrients 2019, 11, 2435. [CrossRef] [PubMed]

25. Zeng, Y.X.; Wang, S.; Wei, L.; Cui, Y.Y.; Chen, Y.H. Proanthocyanidins: Components, pharmacokinetics and biomedical properties.
Am. J. Chin. Med. 2020, 48, 813–869. [CrossRef]

26. Bagchi, D.; Swaroop, A.; Preuss, H.G.; Bagchi, M. Free radical scavenging, antioxidant and cancer chemoprevention by grape
seed proanthocyanidin: An overview. Mutat. Res. 2014, 768, 69–73. [CrossRef] [PubMed]

27. Bladé, C.; Aragonès, G.; Arola-Arnal, A.; Muguerza, B.; Bravo, F.I.; Salvadó, M.J.; Arola, L.; Suárez, M. Proanthocyanidins in
health and disease. BioFactors 2016, 42, 5–12. [CrossRef] [PubMed]

28. Rajput, S.A.; Zhang, C.; Feng, Y.; Wei, X.T.; Khalil, M.M.; Rajput, I.R.; Baloch, D.M.; Shaukat, A.; Rajput, N.; Qamar, H.; et al.
Proanthocyanidins alleviates aflatoxinB1-induced oxidative stress and apoptosis through mitochondrial pathway in the bursa of
fabricius of broilers. Toxins 2019, 11, 157. [CrossRef] [PubMed]

29. Zhao, Y.; Gao, L.P.; Zhang, H.L.; Guo, J.X.; Guo, P.P. Grape seed proanthocyanidin extract prevents DDP-induced testicular
toxicity in rats. Food Funct. 2014, 5, 605–611. [CrossRef] [PubMed]

30. Su, L.; Deng, Y.; Zhang, Y.; Li, C.; Zhang, R.; Sun, Y.; Zhang, K.; Li, J.; Yao, S. Protective effects of grape seed pro-cyanidin extract
against nickel sulfate-induced apoptosis and oxidative stress in rat testes. Toxicol. Mech. Methods 2011, 21, 487–494. [CrossRef]

31. Bashir, N.; Shagirtha, K.; Manoharan, V.; Miltonprabu, S. The molecular and biochemical insight view of grape seed proan-
thocyanidins in ameliorating cadmium-induced testes-toxicity in rat model: Implication of PI3K/Akt/Nrf-2 signaling. Biosci. Rep.
2019, 39, BSR20180515. [CrossRef] [PubMed]

32. Abdel-Kawi, S.H.; Hashem, K.S.; Abd-Allah, S. Mechanism of diethylhexylphthalate (DEHP) induced testicular damage and of
grape seed extract-induced protection in the rat. Food Chem. Toxicol. 2016, 90, 64–75. [CrossRef] [PubMed]

33. Liu, X.; Lin, X.; Mi, Y.; Li, J.; Zhang, C. Grape seed proanthocyanidin extract prevents ovarian aging by inhibiting ox-idative stress
in the hens. Oxid. Med. Cell. Longev. 2018, 2018, 9390810. [CrossRef] [PubMed]

34. El-Ashmawy, I.M.; Bayad, A.E. Folic acid and grape seed extract prevent azathioprine-induced fetal malformations and renal
toxicity in rats. Phytother. Res. PTR 2016, 30, 2027–2035. [CrossRef] [PubMed]

35. Zhang, J.; Gao, B.; Wang, J.; Ren, Q.; Chen, J.; Ma, Q.; Zhang, Z.; Xing, B. Critical role of foxO1 in granulosa cell apoptosis caused
by oxidative stress and protective effects of grape seed procyanidin B2. Oxid. Med. Cell. Longev. 2016, 2016, 6147345. [CrossRef]

36. Prasain, J.K.; Peng, N.; Dai, Y.; Moore, R.; Arabshahi, A.; Wilson, L.; Barnes, S.; Michael Wyss, J.; Kim, H.; Watts, R.L. Liquid
chromatography tandem mass spectrometry identification of proanthocyanidins in rat plasma after oral administration of grape
seed extract. Phytomedicine 2009, 16, 233–243. [CrossRef] [PubMed]

37. Sharma, A.; Tiwari, M.; Gupta, A.; Pandey, A.N.; Yadav, P.K.; Chaube, S.K. Journey of oocyte from metaphase-I to metaphase-II
stage in mammals. J. Cell. Physiol. 2018, 233, 5530–5536. [CrossRef]

38. Hou, F.; Xiao, M.; Li, J.; Cook, D.; Zeng, W.; Zhang, C.; Mi, Y. Ameliorative effect of grape seed proanthocyanidin extract on
cadmium-induced meiosis inhibition during oogenesis in chicken embryos. Anat. Rec. 2016, 299, 450–460. [CrossRef]

39. Marin, D.E.; Gouze, M.E.; Taranu, I.; Oswald, I.P. Fumonisin B1 alters cell cycle progression and interleukin-2 synthesis in swine
peripheral blood mononuclear cells. Mol. Nutr. Food Res. 2007, 51, 1406–1412. [CrossRef]

40. Zhao, X.; Wang, Y.; Liu, J.L.; Zhang, J.H.; Zhang, S.C.; Ouyang, Y.; Huang, J.T.; Peng, X.Y.; Zeng, Z.; Hu, Z.Q. Fumonisin B1 affects
the biophysical properties, migration and cytoskeletal structure of human umbilical vein endothelial cells. Cell Biochem. Biophys.
2020, 78, 375–382. [CrossRef]

41. Hassan, H.A.; Edrees, G.M.; El-Gamel, E.M.; El-Sayed, E.A. Proanthocyanidin and fish oil potent activity against cispla-tin-
induced renal cell cycle arrest and apoptosis in rats. Ren. Fail. 2015, 37, 1356–1362. [CrossRef] [PubMed]

42. Caton, P.W.; Pothecary, M.R.; Lees, D.M.; Khan, N.Q.; Wood, E.G.; Shoji, T.; Kanda, T.; Rull, G.; Corder, R. Regulation of vascular
endothelial function by procyanidin-rich foods and beverages. J. Agric. Food Chem. 2010, 58, 4008–4013. [CrossRef] [PubMed]

43. Romek, M.; Gajda, B.; Rolka, M.; Smorag, Z. Mitochondrial activity and morphology in developing porcine oocytes and
pre-implantation non-cultured and cultured embryos. Reprod. Domest. Anim. 2011, 46, 471–480. [CrossRef] [PubMed]

44. Domijan, A.; Abramov, A. Fumonisin B1 inhibits mitochondrial respiration and deregulates calcium homeosta-sis–implication to
mechanism of cell toxicity. J. Biochem. Cell Biol. 2011, 43, 897–904. [CrossRef]

45. Al-Zubaidi, U.; Liu, J.; Cinar, Q.; Robker, R.L.; Adhikari, D.; Carroll, J. The spatio-temporal dynamics of mitochondrial membrane
potential during oocyte maturation. Mol. Hum. Reprod. 2019, 25, 695–705. [CrossRef]

http://doi.org/10.1016/j.semcdb.2019.05.022
http://www.ncbi.nlm.nih.gov/pubmed/31154010
http://doi.org/10.1016/j.envpol.2020.114271
http://www.ncbi.nlm.nih.gov/pubmed/32135433
http://doi.org/10.1016/j.theriogenology.2021.01.011
http://doi.org/10.1039/C5FO01244A
http://www.ncbi.nlm.nih.gov/pubmed/26814915
http://doi.org/10.3390/nu11102435
http://www.ncbi.nlm.nih.gov/pubmed/31614852
http://doi.org/10.1142/S0192415X2050041X
http://doi.org/10.1016/j.mrfmmm.2014.04.004
http://www.ncbi.nlm.nih.gov/pubmed/24751946
http://doi.org/10.1002/biof.1249
http://www.ncbi.nlm.nih.gov/pubmed/26762288
http://doi.org/10.3390/toxins11030157
http://www.ncbi.nlm.nih.gov/pubmed/30857375
http://doi.org/10.1039/C3FO60486A
http://www.ncbi.nlm.nih.gov/pubmed/24504493
http://doi.org/10.3109/15376516.2011.556156
http://doi.org/10.1042/BSR20180515
http://www.ncbi.nlm.nih.gov/pubmed/30355647
http://doi.org/10.1016/j.fct.2016.02.003
http://www.ncbi.nlm.nih.gov/pubmed/26854921
http://doi.org/10.1155/2018/9390810
http://www.ncbi.nlm.nih.gov/pubmed/29541349
http://doi.org/10.1002/ptr.5709
http://www.ncbi.nlm.nih.gov/pubmed/27561814
http://doi.org/10.1155/2016/6147345
http://doi.org/10.1016/j.phymed.2008.08.006
http://www.ncbi.nlm.nih.gov/pubmed/19095430
http://doi.org/10.1002/jcp.26467
http://doi.org/10.1002/ar.23320
http://doi.org/10.1002/mnfr.200700131
http://doi.org/10.1007/s12013-020-00923-4
http://doi.org/10.3109/0886022X.2015.1073528
http://www.ncbi.nlm.nih.gov/pubmed/26335061
http://doi.org/10.1021/jf9031876
http://www.ncbi.nlm.nih.gov/pubmed/20108902
http://doi.org/10.1111/j.1439-0531.2010.01691.x
http://www.ncbi.nlm.nih.gov/pubmed/20955375
http://doi.org/10.1016/j.biocel.2011.03.003
http://doi.org/10.1093/molehr/gaz055


Toxins 2021, 13, 841 17 of 17

46. Sun, M.; Li, X.; Xu, Y.; Xu, Y.; Pan, Z.; Sun, S. Citrinin exposure disrupts organelle distribution and functions in mouse oocytes.
Environ. Res. 2020, 185, 109476. [CrossRef]

47. Cerbaro, A.F.; Rodrigues, V.S.B.; Rigotti, M.; Branco, C.S.; Rech, G.; de Oliveira, D.L.; Salvador, M. Grape seed proanthocya-nidins
improves mitochondrial function and reduces oxidative stress through an increase in sirtuin 3 expression in EA. hy926 cells in
high glucose condition. Mol. Biol. Rep. 2020, 47, 3319–3330. [CrossRef]

48. Li, L.; Geng, X.; Tian, L.; Wang, D.; Wang, Q. Grape seed proanthocyanidins protect retinal ganglion cells by inhibiting oxidative
stress and mitochondrial alteration. Arch. Pharm. Res. 2020, 43, 1056–1066. [CrossRef]

49. Pajuelo, D.; Quesada, H.; Díaz, S.; Fernández-Iglesias, A.; Arola-Arnal, A.; Bladé, C.; Salvadó, J.; Arola, L. Chronic dietary
supplementation of proanthocyanidins corrects the mitochondrial dysfunction of brown adipose tissue caused by diet-induced
obesity in Wistar rats. Br. J. Nutr. 2012, 107, 170–178. [CrossRef]

50. Roth, Z. Symposium review: Reduction in oocyte developmental competence by stress is associated with alterations in mi-
tochondrial function. J. Dairy Sci. 2018, 101, 3642–3654. [CrossRef] [PubMed]

51. Zhang, X.; Zhou, C.; Li, W.; Li, J.; Wu, W.; Tao, J.; Liu, H. Vitamin C protects porcine oocytes from microcystin-LR toxicity during
maturation. Front. Cell Dev. Biol. 2020, 8, 582715. [CrossRef]

52. Prasad, S.; Tiwari, M.; Pandey, A.; Shrivastav, T.; Chaube, S. Impact of stress on oocyte quality and reproductive outcome.
J. Biomed. Sci. 2016, 23, 36. [CrossRef]

53. Stockmann-Juvala, H.; Savolainen, K. A review of the toxic effects and mechanisms of action of fumonisin B1. Hum. Exp. Toxicol.
2008, 27, 799–809. [CrossRef]

54. Tiwari, M.; Prasad, S.; Tripathi, A.; Pandey, A.N.; Ali, I.; Singh, A.K.; Shrivastav, T.S.; Chaube, S.K. Apoptosis in mammalian
oocytes: A review. Apoptosis 2015, 20, 1019–1025. [CrossRef]

55. Kim, S.H.; Singh, M.P.; Sharma, C.; Kang, S.C. Fumonisin B1 actuates oxidative stress-associated colonic damage via apoptosis
and autophagy activation in murine model. J. Biochem. Mol. Toxicol. 2018, e22161. [CrossRef]

56. Chang, P.; Mo, B.; Cauvi, D.M.; Yu, Y.; Guo, Z.H.; Zhou, J.; Huang, Q.; Yan, Q.; Chen, G.M.; Liu, Z.G. Grape seed proantho-cyanidin
extract protects lymphocytes against histone-induced apoptosis. PeerJ 2017, 5, e3108. [CrossRef]

57. Chen, Y.; McMillan-Ward, E.; Kong, J.; Israels, S.J.; Gibson, S.B. Oxidative stress induces autophagic cell death independent of
apoptosis in transformed and cancer cells. Cell Death Differ. 2008, 15, 171–182. [CrossRef]

58. Parzych, K.; Klionsky, D. An overview of autophagy: Morphology, mechanism, and regulation. Antioxid. Redox Signal. 2014, 20,
460–473. [CrossRef]

59. Zhou, J.; Peng, X.; Mei, S. Autophagy in ovarian follicular development and atresia. Int. J. Biol. Sci. 2019, 15, 726–737. [CrossRef]
60. Fulda, S.; Kögel, D. Cell death by autophagy: Emerging molecular mechanisms and implications for cancer therapy. Oncogene

2015, 34, 5105–5113. [CrossRef]
61. Yin, S.; Guo, X.; Li, J.; Fan, L.; Hu, H. Fumonisin B1 induces autophagic cell death via activation of ERN1-MAPK8/9/10 pathway

in monkey kidney MARC-145 cells. Arch. Toxicol. 2016, 90, 985–996. [CrossRef] [PubMed]
62. Dai, J.P.; Wang, G.F.; Li, W.Z.; Zhang, L.; Yang, J.C.; Zhao, X.F.; Chen, X.X.; Xu, Y.X.; Li, K.S. High-throughput screening for anti-

influenza A virus drugs and study of the mechanism of procyanidin on influenza A virus-induced autophagy. J. Biomol. Screen.
2012, 17, 605–617. [CrossRef] [PubMed]

63. Shi, F.; Li, W.; Zhao, H.; He, Y.; Jiang, Y.; Ni, J.; Abbasi, B.; Rui, R.; Ju, S. Microcystin-LR exposure results in aberrant spindles and
induces apoptosis in porcine oocytes. Theriogenology 2020, 158, 358–367. [CrossRef] [PubMed]

64. Cui, Z.; Yu, L.; Shi Yang, X.; Zhang, Y.; Shi, X.; Li, Y.; Chen, Q.; Xiong, B. Brefeldin A impairs porcine oocyte meiotic maturation
via interruption of organelle dynamics. J. Cell. Physiol. 2019, 234, 20111–20117. [CrossRef] [PubMed]

65. Mantena, S.K.; Katiyar, S.K. Grape seed proanthocyanidins inhibit UV-radiation-induced oxidative stress and activation of MAPK
and NF-kappaB signaling in human epidermal keratinocytes. Free Radic. Biol. Med. 2006, 40, 1603–1614. [CrossRef] [PubMed]

66. Barbe, A.; Ramé, C.; Mellouk, N.; Estienne, A.; Bongrani, A.; Brossaud, A.; Riva, A.; Guérif, F.; Froment, P.; Dupont, J. Effects of
grape seed extract and proanthocyanidin b2 on in vitro proliferation, viability, steroidogenesis, oxidative stress, and cell signaling
in human granulosa cells. Int. J. Mol. Sci. 2019, 20, 4215. [CrossRef] [PubMed]

67. Yang, C.; Wang, P.; Liu, S.; Miao, J.; Liu, X.; Miao, Y.; Du, Z. Long noncoding RNA 2193 regulates meiosis through global
epigenetic modification and cytoskeleton organization in pig oocytes. J. Cell. Physiol. 2020, 235, 8304–8318. [CrossRef]

68. Ju, S.; Peng, X.; Yang, X.; Sozar, S.; Muneri, C.; Xu, Y.; Chen, C.; Cui, P.; Xu, W.; Rui, R.J.T. Aurora B inhibitor barasertib prevents
meiotic maturation and subsequent embryo development in pig oocytes. Theriogenology 2016, 86, 503–515. [CrossRef]

69. Almubarak, A.; Kim, E.; Yu, I.; Jeon, Y. Supplementation with Niacin during in vitro maturation improves the quality of porcine
embryos. Theriogenology 2021, 169, 36–46. [CrossRef]

70. Zhang, Y.; Wang, T.; Lan, M.; Zang, X.W.; Li, Y.L.; Cui, X.S.; Kim, N.H.; Sun, S.C. Melatonin protects oocytes from MEHP
exposure-induced meiosis defects in porcine. Biol. Reprod. 2018, 98, 286–298. [CrossRef]

http://doi.org/10.1016/j.envres.2020.109476
http://doi.org/10.1007/s11033-020-05401-x
http://doi.org/10.1007/s12272-020-01272-9
http://doi.org/10.1017/S0007114511002728
http://doi.org/10.3168/jds.2017-13389
http://www.ncbi.nlm.nih.gov/pubmed/29395145
http://doi.org/10.3389/fcell.2020.582715
http://doi.org/10.1186/s12929-016-0253-4
http://doi.org/10.1177/0960327108099525
http://doi.org/10.1007/s10495-015-1136-y
http://doi.org/10.1002/jbt.22161
http://doi.org/10.7717/peerj.3108
http://doi.org/10.1038/sj.cdd.4402233
http://doi.org/10.1089/ars.2013.5371
http://doi.org/10.7150/ijbs.30369
http://doi.org/10.1038/onc.2014.458
http://doi.org/10.1007/s00204-015-1514-9
http://www.ncbi.nlm.nih.gov/pubmed/25925693
http://doi.org/10.1177/1087057111435236
http://www.ncbi.nlm.nih.gov/pubmed/22286278
http://doi.org/10.1016/j.theriogenology.2020.09.031
http://www.ncbi.nlm.nih.gov/pubmed/33038821
http://doi.org/10.1002/jcp.28611
http://www.ncbi.nlm.nih.gov/pubmed/30950061
http://doi.org/10.1016/j.freeradbiomed.2005.12.032
http://www.ncbi.nlm.nih.gov/pubmed/16632120
http://doi.org/10.3390/ijms20174215
http://www.ncbi.nlm.nih.gov/pubmed/31466336
http://doi.org/10.1002/jcp.29675
http://doi.org/10.1016/j.theriogenology.2016.01.030
http://doi.org/10.1016/j.theriogenology.2021.04.005
http://doi.org/10.1093/biolre/iox185

	Introduction 
	Results 
	GSP Ameliorated Meiotic Maturation Defects in FB1-Exposed Porcine Oocytes 
	GSP Protected the Cell Cycle Progression of FB1-Exposed Porcine Oocytes 
	GSP Alleviated the Defects of Spindle Assembly and Actin Distribution in FB1-Exposed Oocytes 
	GSP Protected Mitochondrial Function in FB1-Exposed Oocytes 
	GSP Alleviated Oxidative Stress in FB1-Exposed Oocytes 
	GSP Reduced Early Apoptosis in FB1-Exposed Oocytes 
	GSP Decreased Autophagy Levels in FB1-Exposed Oocytes 

	Discussion 
	Conclusions 
	Materials and Methods 
	Antibodies and Chemicals 
	Ethics Statement and Porcine Oocyte In Vitro Maturation 
	FB1 Exposure and GSP Treatment 
	Oocyte Parthenogenetic Activation and Early Embryo Culture In Vitro 
	Immunofluorescence Staining 
	Mitochondrial Function Evaluation 
	Measurement of ROS 
	Annexin-V Staining 
	Fluorescence Intensity Analysis 
	Western Blotting 
	Quantitative Real-Time PCR (qRT-PCR) 
	Experimental Design 
	Effects of GSP on the Meiotic Maturation of FB1-Exposed Porcine Oocytes 
	Effects of GSP on the Embryo Developmental Potential of FB1-Exposed Porcine Oocytes 
	Effects of GSP on the Cell Cycle Progression of FB1-Exposed Porcine Oocytes 
	Effects of GSP on Spindle Assembly and Actin Distribution in FB1-Exposed Porcine Oocytes 
	Effects of GSP on Mitochondrial Function in FB1-Exposed Porcine Oocytes 
	Effects of GSP on Oxidative Stress in FB1-Exposed Porcine Oocytes 
	Effects of GSP on Apoptosis in FB1-Exposed Porcine Oocytes 
	Effects of GSP on Autophagy Levels in FB1-Exposed Porcine Oocytes 

	Statistical Analyses 

	References

