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Abstract: While triclosan (TCS) exerts detrimental effects on female reproduction, the effect of TCS-
derived toxins on porcine oocytes during in vitro maturation (IVM) is unclear. This study
investigated the effects of TCS on mitochondrion-derived reactive oxygen species (ROS) production
and apoptosis pathways during porcine oocyte maturation. Porcine oocytes were treated with TCS
(1, 10, and 100 uM) and triphenylphosphonium chloride (Mito-TEMPO; 0.1 uM), and matured
cumulus oocyte complexes (COCs) were stained with orcein, dichlorofluorescein diacetate (DCEF-
DA), and Mito-SOX. Proteins and mRNA levels of factors related to cumulus expansion and
mitochondrion-mediated apoptosis and antioxidant enzymes were analyzed by western blotting
and reverse-transcription polymerase chain reaction (RT-PCR), respectively. Meiotic maturation
and cumulus cell expansion significantly decreased for COCs after TCS treatment along with an
increase in mitochondrial superoxide levels at 44 h of IVM. Further, mitochondrion-related
antioxidant enzymes and apoptosis markers were significantly elevated in porcine COCs following
TCS-mediated oxidative damage. The protective effect of Mito-TEMPO as a specific superoxide
scavenger from TCS toxin improved the maturation capacity of porcine COCs. Mito-TEMPO
downregulated the mitochondrial apoptosis of TCS-exposed porcine COCs by reducing superoxide
level. In conclusion, our data demonstrate that TCS mediates toxicity during porcine oocyte
maturation through superoxide production and mitochondrion-mediated apoptosis.

Keywords: triclosan; superoxide; Mito-TEMPO; cumulus cell expansion; apoptosis; porcine oocyte
maturation

1. Introduction

Triclosan (TCS) is a broad-spectrum antimicrobial agent widely used in pharmaceuticals and
personal-care products at concentrations of 0.1%-0.3% (w/w) [1]. TCS has been detected in human
urine, blood serum, breast milk, liver, and adipose tissue [2]. Previous studies have shown that the
molecular structure of TCS is similar to that of anthropogenic estrogen, and increasing attention has
been directed toward its potential toxicity to the reproduction system [1,3]. In addition, TCS may be
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a potential endocrine disrupter targeting the estrogen receptor (ER) [3] and is thought to impair lipid
metabolism in zebrafish [4]. Although the effects of TCS have been reported in female rats [5], its
impact on female fertility has not been investigated.

TCS-mediated production of reactive oxygen species (ROS) causes oxidative stress and may lead
to DNA damage. TCS was found to induce oxidative stress and genotoxic response in goldfish [6],
was associated with oxidative stress, and activated the antioxidant system in Trissolcus japonicas [7].
Further, TCS is thought to exert potential biochemical and genetic toxicities in Eisenia fetida [8]. In
particular, it stimulates the release of superoxide radicals from the mitochondrion and interferes with
mitochondrial respiration in the human epithelial cell line HaCaT [9]. These responses following TCS
exposure may cause reproductive defects and embryo implantation failure in females. Many studies
have shown that regulation of the mitochondrial antioxidant system is important in protecting
oocytes from oxidative stress and plays an important role in oocyte maturation, follicle development,
fertilization, and blastocyst development in mammals [10-13]. Although toxic effects of TCS in the
form of oxidative stress and mitochondrial dysfunction have been reported, information on the effect
of TCS-mediated production of mitochondrial superoxide on meiotic maturation and cumulus
expansion of porcine cumulus oocyte complexes (COCs) is incomplete.

Bisphenol A (BPA) and TCS are endocrine-disrupting chemicals with structural similarity to
17B-estradiol, an estrogen hormone [14]. BPA is reported to interfere with the coordinated actions of
progesterone/estrogen and impairs the receptivity of uterus and embryo migration [15]. In addition,
exposure of mouse oocytes to BPA produced defects in embryo transition and uterine receptivity and
caused preimplantation embryo development in mice [15]. Our previous study demonstrated the
important role of BPA-induced ROS and superoxide production in mitochondrial functions and
mitochondrion-mediated apoptosis activation during in vitro porcine oocyte maturation [16].
Although several studies have demonstrated the mechanism underlying the oxidative damage
induced by BPA and preimplantation embryo development, the effects of TCS on oocyte maturation
in pigs have not been reported.

To investigate the oxidative stress and superoxide production upon exposure to TCS, we
evaluated meiotic maturation of porcine oocyte and cumulus cell expansion of porcine COCs after 44
h of in vitro maturation (IVM). We confirmed the changes in intracellular ROS and mitochondrion-
derived superoxide production in porcine COCs during IVM following TCS exposure. In addition,
we determined the protective effects of triphenylphosphonium chloride (Mito-TEMPO), a specific
superoxide scavenger, against TCS-induced superoxide production by evaluating alterations in
mitochondrion-related antioxidant enzymes and apoptosis of porcine COCs.

2. Results

2.1. Effects of TCS on Meiotic Maturation and Cumulus Expansion of Porcine Cocs

As shown in Table 1 and Figure 1a,b, we investigated the effects of different concentrations (1,
10, and 100 uM) of TCS on cumulus cell expansion for porcine COCs during IVM, as previously
described [16]. As expected, changes in the morphology of cumulus cells significantly reduced (p <
0.001) following exposure to 100 uM TCS as compared with that reported for non-treated matured
COCs. mRNA levels of the factors related to cumulus cell expansion (Ptx3, Tnfaip6, and Has2) were
significantly lower in porcine-matured COCs treated with 10 and 100 uM TCS (p < 0.01 for Has2 and
PTX3 and p < 0.001 for Tnfaip6; Figure 1b) than in non-treated COCs.

Table 1. Effect of triclosan (TCS) treatment on cumulus cells expansion patterns of porcine cumulus
oocyte complexes (COCs).

TCS No. of COCs % of Cumulus Cells Expansion (n)
(uM) Examined 3 step 2 step 1 step 0 step
Non- 130 72126603 155.41(016) 89:41(12) 68+14(9)°

treated a
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100 146 115409 (17)¢ 268+6.4(38) 30.1+2.8(44) 31.5+53(47)¢

Data are expressed as means + SD of three independent experiments. Different superscript letters
denote significant differences (p < 0.05).
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Figure 1. TCS-affected porcine oocyte maturation in vitro. (a) Changes in the percentage of cumulus
cell expansion for matured porcine COCs after TCS treatment at different concentrations (1, 10, and
100 uM), as described in Supplementary Figure Sla. Scale bars = 200 pM. (b) The mRNA levels of
cumulus cell expansion factors such as Ptx3, Tnfaip6, and Has2 in maturing porcine COCs were
measured using RT-PCR. Relative fold changes in gene levels were determined after normalization
to Gapdh level. Histogram values of densitometry analysis were obtained using Image] software. All
experiments were performed in triplicates, and all values are presented as the mean + standard error
of the mean (S.E.M). Data were analyzed using one-way ANOVA, followed by Bonferroni’s multiple
comparison test. Differences were considered significant at * p < 0.05, ** p < 0.01, and *** p < 0.001
compared with the non-treated group (c) Meiotic stages were classified as Gernimal vesicle (GV),
GVBD, Metaphase I (M I), and M II using orcein staining. We observed the orcein stained oocytes per
stage of IVM (Enlarged image, Lower left). (d) Diagram of meiotic maturation of porcine oocyte
following TCS treatment (1, 10, and 100 uM) after 44 h, as analyzed using orcein staining. Summarized
table of porcine oocyte meiotic maturation. Data are presented as the mean + SD. Different superscript
letters indicate significant differences (p < 0.05).

We first examined the effect of three different concentrations of TCS (1, 10, and 100 uM) on
porcine oocyte maturation after 44 h of IVM. The changes in meiotic maturation were observed by
staining of porcine oocytes with orcein (Table 2, Figure 1c,d). Meiotic maturation of oocytes
significantly decreased when treated with 10 and 100 uM TCS in a concentration-dependent manner
compared with that of non-treated oocytes (non-treated groups; 77.5% * 6.6% vs 1 uM TCS-treated
oocytes 66.1% + 2.7% nonsignificant difference; vs 10 uM TCS-treated oocytes 55.1% * 8.5%; vs 100
UM TCS-treated oocytes, 39.8% =+ 8.0%; p < 0.001). Thus, TCS exposure affected the in vitro meiotic
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maturation of porcine oocytes. These results indicate that exposure to TCS results in the inhibition of
cumulus cell expansion in a TCS concentration-dependent manner.

Table 2. Effect of TCS treatment on meiotic maturation of porcine oocytes.

TCS No. of Oocytes % of Oocytes (1)
(UM) Examined GV GVBD MI M II
Non-treated 142 43+33(5)° 40+65(4)2 17.7+4.6(24)* 77.5%6.6 (109)°
1 136 81+08(11)° 46+1.6(6)* 191+53(27)° 66.1+2.7(92)°
10 149 91+50(12) 11.8+54(16) 252+10.7 (38)® 55.1 +8.5(83)¢
100 151 183+53(28)® 17.2+62(25)" 24.6+5.6(36)2 39.8 8.0 (62)¢

Data are expressed as means + SD of three independent experiments. Different superscript letters
denote significant differences (p < 0.05).

2.2. Effects of TCS on ROS Production and Antioxidant Enzyme Activity of Porcine Cocs

We investigated intracellular ROS and mitochondrial superoxide levels in porcine COCs using
dichlorofluorescein diacetate (DCF-DA; green fluorescence) and Mito-SOX (red fluorescence)
staining after treatment with TCS (1, 10, and 100 uM) during IVM. The green fluorescence
corresponding to intracellular ROS level significantly increased in a TCS concentration-dependent
manner (p < 0.05 for 10 and 100 pM TCS groups versus non-treated group; Figure 2a). The red
fluorescence intensity of Mito-SOX as a mitochondrial ROS-specific dye was significantly higher (p <
0.05) for 100 uM TCS-treated porcine COCs than that reported for other groups (Figure 2b). Further,
reverse-transcription polymerase chain reaction (RT-PCR) was performed to evaluate the mRNA
expression of mitochondrion-related antioxidative enzymes (Prdx3, Prdx5, and Sod2) in porcine COCs
after TCS treatment (Figure 2c). As a result, the mRNA levels of Prdx3, Prdx5, and Sod2 were
significantly higher (Prdx3, p <0.05; Prdx5, p <0.05; and Sod2, p < 0.001) in porcine COCs treated with
100 uM TCS than in those from other groups. Thus, porcine COCs exposed to TCS showed an increase
in intracellular ROS and mitochondrial superoxide production after 44 h of [IVM.
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Figure 2. TCS induced reactive oxygen species (ROS) and superoxide production and activated
mitochondrion-related antioxidant enzymes in matured porcine COCs. (a) Detection of intracellular
ROS levels in porcine COCs after TCS treatment at different concentrations (1, 10, and 100 uM) using
dichlorofluorescein diacetate (DCF-DA) (green fluorescence) staining. Scale bar = 100 pm. (b)
Identification of mitochondrion-specific superoxides using Mito-SOX staining (red fluorescence)
following exposure of COCs to TCS. Mito-SOX (red)-stained cytoplasm was examined using the
iRiS™ Digital Cell Image System. Scale bar = 100 pm. (¢) mRNA levels of mitochondrion-related
antioxidant enzymes (Sod2, Prdx3, and Prdx5) in maturing porcine COCs were measured using RT-
PCR, and Gapdh was used as an internal control. Histograms represent the values of densitometry
analysis obtained using Image] software. Data in the bar graph are presented as the mean + SEM of
three independent experiments (per 30 COCs). Differences were considered significant at * p < 0.05,
**p<0.01, and *** p <0.001 compared with the non-treated group.

2.3. Effects of TCS on ROS-Derived Mitochondria Mediated Apoptosis in Porcine Cocs

Previous study demonstrated that the activation of apoptosis from mitochondria is associated
with generation of ROS and superoxide [17]. We performed RT-PCR and Western blot analysis of
mitochondrial mediated apoptosis factors (genes: Bax, Bcl-xI, and Caspase-3 and proteins: Apoptosis-
inducing factor (AIF), Cyto C, cleaved Caspase-3, and cleaved Parpl) in TCS-treated COCs. A
significant increase of Bax and Caspase-3 mRNA expression was found at 100 uM TCS for 44 h of IVM
(Figure 3A). As shown in Figure 3B, compared with the non-treated group, the protein levels of AIF,
Cyto C, and cleaved Caspase-3 were significantly upregulated (AIF: p < 0.01 and Cyto C, cleaved
Caspase-3, and cleaved Parp1l: p <0.001) in 100 uM TCS group. Based on the results above, we selected
100 uM TCS as the exposure level for the subsequent experiment.
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Figure 3. Effect of TCS exposure on mitochondrion-mediated apoptosis of porcine COCs: (a) The
mRNA levels of mitochondrion-mediated apoptosis genes (Bax, Bcl-xl, and caspase-3) were
investigated in TCS-treated COCs using RT-PCR; Gapdh served as an internal control. (b) Western
blotting results for AIF, Cyto C, cleaved caspase-3, and cleaved PARP1 in porcine COCs. Relative fold
changes in the levels of proteins related to mitochondrial apoptosis were obtained after normalization
of signals to B-actin levels. Histograms represent the values of densitometry analysis obtained using
Image] software. Data in the bar graph are presented as the mean + SEM of three independent



Int. . Mol. Sci. 2020, 21, 3050 6 of 16

experiments (30 COCs). Differences were considered significant at * p < 0.05, ** p < 0.01, and *** p <

0.001 compared with the non-treated group.

2.4. Restoration of Impaired Meiotic Maturation and Cumulus Expansion in TCS-Exposed Porcine Cocs
Using Mito-TEMPO, a Specific Superoxide Scavenger

Previous studies have highlighted the protective effects of Mito-TEMPO (0.1 uM) as a
superoxide scavenger against BPA-induced ROS, as evident from the improvement in oocyte
maturation and blastocyst development in pigs [16,18]. To evaluate the protective effects of Mito-
TEMPO against TCS-induced impairment of porcine oocyte maturation, we investigated changes in
meiotic maturation and cumulus cell expansion in Mito-TEMPO-treated COCs subjected to TCS
pretreatment. As shown in Table 3 and Figure 4a, the TCS-mediated decrease in meiotic maturation
was ameliorated in porcine COCs exposed to 0.1 uM of Mito-TEMPO (non-treated group, 74.5% +
3.0%; 100 uM TCS group, 38.8% = 5.2% p < 0.001; 0.1 uM Mito-TEMPO group, 76.2% =+ 9.7%; TCS +
Mito-TEMPO group, 63.8% * 1.3%; nonsignificant difference). The reduction in cumulus expansion
following TCS treatment was also rescued after exposure to 0.1 uM Mito-TEMPO (only TCS versus
TCS + Mito-TEMPO, p < 0.001; Table 4 and Figure 4b,c).

Table 3. Changes in meiotic maturation rate in porcine COCs of TCS and/or Mito-TEMPO treated

groups.
TCS  Mito-TEMPO No. of Oocytes % of Oocytes (1)
(100 pM) (0.1 uM) Examined GV GVBD MI MII
- - 110 78+32(8)* 50+25(5)° 16.0+52(18)* 745+3.0(79)*
+ - 139 64+18(9)° 25.6+11.6(36)" 29.3+11.8 (40)c 38.8+52 (54)¢
- + 106 6.8+28(8)* 7.9+70(10)* 9.0+4.8(10)* 762+9.7(78)*
+ + 134 52+04(7)* 78+28(11)» 231+15(31)" 63.8+1.3(85)°

Data are expressed as means + SD of three independent experiments. Different superscript letters
denote significant differences (p < 0.05).

Table 4. Changes in cumulus cells expansion patterns in porcine COCs of TCS and/or Mito-TEMPO-
treated groups.

0 .
TCS  Mito-TEMPO 12?) ((:)Sf %o of Cumulus Cells Expansion (1)
(100 pM) 0.1 pM) Examined 3 step 2 step 1step 0 step

- - 145 71.8+82(104)* 137+50(25)2 9.7+6.1(18)» 4.8+24(11)°

+ - 163 145+8.6(24)4 27.1+47 (54)° 24.6+4.9(49)" 33.8+57 (69) ¢
- + 154 747+9.1(115)2 89+24(17)° 10.1+7.5(18)> 57+4.8(11)>
+ + 154 55.7+5.3 (86) 15.6+3.8(30) 15.0+4.8(27) 13.6+2.9(29)°

Data are expressed as means + SD of three independent experiments. Different superscript letters

denote significant differences (p < 0.05).
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Figure 4. Mito-TEMPO ameliorated TCS-induced oxidative stress in porcine oocytes during in vitro
maturation (IVM). Oocyte meiotic maturation was investigated by orcein staining of porcine oocytes
treated with only 100 uM TCS, only 0.1 uM Mito-TEMPO (MT), and Mito-TEMPO after TCS
pretreatment (TCS + MT) (Supplementary Figure S1b). (a) Summarized table of porcine oocyte meiotic
maturation after TCS and/or Mito-TEMPO treatment. Data are presented as the mean + SD. Different
superscript letters indicate significant differences (p < 0.05). (b) Changes in cumulus cell expansion
percentage in matured porcine COCs following TCS- and/or Mito-TEMPO treatment. Scale bars =200
pUM. () mRNA levels of cumulus cell expansion factors such as Ptx3, Tnfaip6, and Has2 in maturing
porcine COCs after Mito-TEMPO and/or TCS treatment (non-treated, only TCS, only Mito-TEMPO:
MT and TCS + MT) were measured using RT-PCR. Relative fold changes in the levels of genes were
detected after normalization to Gapdh level. Data were analyzed using one-way ANOVA followed
by Bonferroni’s multiple comparison test. Differences were considered significant at * p <0.05, ** p <
0.01, and *** p <0.001 compared with the control group.

2.5. TCS-Induced ROS and Superoxide Production in Porcine Cocs Was Reduced by the Protective Effect of
Mito-TEMPO

The results observed for TCS-induced ROS production using DCF-DA and Mito-SOX staining
highlighted the protective effects of 0.1 uM Mito-TEMPO treatment on porcine oocyte maturation. In
comparison with TCS-treated COCs, those treated with Mito-TEMP (0.1 uM) following TCS
pretreatment showed significant amelioration in intracellular ROS and superoxide production (p <
0.05) (Figure 5a,b). In case of Mito-TEMPO-treated porcine COCs following TCS pretreatment, the
expression levels of Prdx3, Prdx5, and Sod2 mRNAs were significantly recovered (Prdx3: p < 0.05;
Prdx5 and Sod2: p < 0.001) (Figure 5C). These results suggest that the antioxidative effects of Mito-
TEMPO regulated the TCS-induced mitochondrial ROS production and improved porcine oocyte
maturation during IVM.
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Figure 5. The antioxidative property of Mito-TEMPO protected porcine COCs from TCS-induced
oxidative stress and superoxide production. (a,b) Detection of intracellular ROS levels and
mitochondrion-specific superoxides by Mito-SOX and DCF-DA staining in porcine COCs treated with
TCS (100 uM) and/or Mito-TEMPO (MT; 0.1 uM) using the iRiS™ Digital Cell Image System. Scale
bar = 100 um. Histograms represent the values of densitometry analysis obtained using Image]
software. Data in the bar graph are presented as the mean + SEM of three independent experiments
(per 30 COCs). Differences were considered significant at * p < 0.05, ** p < 0.01, and *** p < 0.001
compared with the control group. (c) mRNA levels of mitochondrion-related antioxidant enzymes
(Sod2, Prdx3, and Prdx5) in maturing porcine COCs after TCS (100 uM) and/or MT (0.1 uM) treatment
were measured using RT-PCR, and Gapdh was used as an internal control. Histograms represent the
values of densitometry analysis obtained using Image] software. Data in the bar graph are presented
as the mean = SEM of three independent experiments (per 30 COCs). Differences were considered
significant at * p < 0.05, ** p <0.01, and ** p <0.001 compared with the non-treated group.

2.6. Mito-TEMPO Inhibited the Mitochondrion-Mediated Apoptosis Induced by TCS in Porcine Cocs
During IVM

To confirm the protective effect of Mito-TEMPO against TCS-mediated damage, porcine COCs
were exposed to 0.1 uM Mito-TEMPO after TCS pretreatment and the activities of mitochondrion-
derived apoptosis pathways were determined by RT-PCR and western blot analyses. As shown in
Figure 6a, the mRNA levels of Bax following Mito-TEMPO treatment (TCS + Mito-TEMPO)
significantly reduced (p < 0.05; compared to only TCS treated group) in porcine COCs. Mito-TEMPO
treatment significantly increased (p < 0.01) the mRNA expression of Bcl-xI (Figure 6a). Further, the
mRNA level of caspase-3 significantly decreased (p < 0.01) in the Mito-TEMPO-treated group as
compared with that observed in only TCS-treated group. As expected, the protein levels of
mitochondrion-mediated apoptosis factors AIF and Cyto C increased in porcine COCs exposed to
TCS, and these levels were significantly restored (p < 0.05; compared to only TCS-treated group) after
Mito-TEMPO treatment. Western blotting data revealed that the increased levels of cleaved caspase-
3 and cleaved PARP1 in TCS-treated COCs were dramatically downregulated (p < 0.001) by Mito-
TEMPO treatment during IVM II. Thus, the increase in mitochondrion-mediated apoptosis following
TCS-induced damage was ameliorated by Mito-TEMPO during the IVM of porcine oocytes.
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Figure 6. TCS-mediated mitochondrial apoptosis of porcine COCs was ameliorated by Mito-TEMPO.
(a) The mRNA levels of mitochondrion-mediated apoptosis genes (Bax, Bcl-xl, and caspase-3) were
investigated in TCS or Mito-TEMPO-treated COCs using RT-PCR. Gapdh was used as an internal
control. (b) Western blotting results for AIF, Cyto C, cleaved caspase-3, and cleaved PARP1 in porcine
COCs after TCS and/or Mito-TEMPO treatment: Relative fold changes in the levels of proteins related
to mitochondrial apoptosis were calculated following normalization to (-actin level. Histograms
represent the values of densitometry analysis obtained using Image] software. Data in the bar graph
are presented as the mean + SEM of three independent experiments (per 30 COCs). Differences were
considered significant at * p <0.05, ** p < 0.01, and *** p <0.001 as compared to the non-treated group.

3. Discussion

This is the first study to elucidate the toxicological effects of TCS on meiotic maturation and
cumulus cell expansion in porcine oocytes during IVM through evaluation of oxidative stress and
mitochondrion-specific superoxide (O2") production. We found that the treatment of porcine COCs
with a relatively high concentration of TCS (100 uM) resulted in a significant decrease in meiotic
maturation and cumulus cell expansion (Figure 1 and Tables 2 and 3). This observation was consistent
with the significant increase in intracellular ROS and mitochondrion-specific superoxide production
in a TCS dose-dependent manner (Figure 2).

TCS is a common ingredient of several personal-care products such as shampoo, toothpaste and
soaps, textiles, and infant toys [19]. In previous study, the daily of human exposure to TCS exposure
concentration varies between 0.047 and 0.073 mg/kg/day [20]. TCS is known as an endocrine-
disrupting chemical and is widely detected in the human urine, blood, and breast milk [3,21]. TCS is
not acutely toxic to mammals, but previous studies have suggested the estrogenic properties and
endocrine-disrupting effects of TCS [3]. The exposure of female yellow river carp to TCS was found
to enhance the synthesis and secretion of ER and active 173-estradiol (E2) via ER-mediated and non-
ER-mediated pathways [22]. While E2 had no effect on meiotic maturation, it significantly decreased
germinal vesicle breakdown (GVBD) percentage in the presence of follicle-stimulating hormone
(FSH). This result suggested that E2 may have a potential differing role in oocyte maturation as a part
of an intricate system during follicular development in vivo [23]. On the other hand, a previous study
suggested that the transient E2 supplementation could improve the metaphase II (M II) oocyte
production rate and further blastocyst developmental competence in pigs [24]. Thus, estrogen may
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be necessary for improving meiotic maturation during IVM. However, the toxic effects of TCS on
oocyte maturation and cumulus cell expansion-mediated via oxidative stress or superoxide
production in the female reproduction system are poorly understood. Therefore, the purpose of the
present study was to characterize the toxicological influence of TCS on the IVM of porcine oocytes
by the analysis of mitochondrion-related superoxide production.

The enzymatic antioxidant system plays a crucial role in the elimination of ROS to maintain the
balance between its production and removal [25]. In addition, ROS generation from embryo
metabolism and oocyte maturation has been confirmed via various antioxidative enzymatic
mechanisms in bovine [26], pigs [27], and humans [28]. As shown in Figure 2, TCS induced the
expression of mRNAs related to the production of mitochondrial ROS and mitochondrion-related
antioxidative enzymes in porcine COC after IVM. TCS potentiates the cytotoxicity of hydrogen
peroxide (H202) and may induce oxidative stress in rat thymocytes [29]. As one of the antioxidative
enzymes in the mitochondria, superoxide dismutase may prevent the accumulation of superoxides
[30]. The mitochondrial antioxidant system, including peroxiredoxin (Prdx) 3, Prdx5, and Mn SOD,
is modulated by the mitochondrion-derived ROS [31]. In the current study, the transcripts levels of
mitochondrion-related antioxidant enzymes (Sod2, Prdx3, and Prdx5) and Mito-SOX staining
intensity increased following treatment of porcine COCs with TCS during IVM. These results indicate
that TCS may disrupt the mitochondrion-related antioxidant system during porcine oocyte
maturation.

We observed an increase in the mitochondrial apoptosis rate via superoxide production in TCS-
exposed porcine COCs (Figure 3). The detrimental effects of TCS on mitochondrion-related
mechanisms have been previously reported. Evaluation of rat liver mitochondria exposed to TCS
revealed impaired oxidative phosphorylation, reduced ATP synthesis, and excessive oxygen uptake
[32]. Short exposure to low concentrations of TCS paralyzed the progressive motility of spermatozoa
[32]. Phagocyte NAD(P)H oxidase inhibitors could induce mitochondrion-mediated apoptosis
pathways through mitochondrial superoxides [33]. Excessive accumulation of superoxide and ROS
interferes with the maturation of the nucleus and cytoplasm, consequently inducing cellular
apoptosis. In our results, TCS-induced mitochondrial superoxide production in matured porcine
COCs activated the signaling pathways related to mitochondrion-mediated apoptosis. Based on these
results, we conclude that TCS exposure exerted negative effects on meiotic maturation or cumulus
cell expansion through oxidative stress and mitochondrial apoptosis.

Mito-TEMPO is a specific mitochondrial superoxide scavenger that mimics the activity of
superoxide dismutase [34]. Our previous study demonstrated the positive effects of Mito-TEMPO on
porcine embryo development that were mediated by improving mitochondrial functions [18] and by
protecting BPA-induced oxidative stress during porcine oocyte maturation [16]. Although the
protective effects of Mito-TEMPO against BPA toxicity on meiotic maturation and cumulus cell
expansion have been investigated, its recovery effects as a superoxide scavenger on ROS produced
after TCS exposure during porcine oocyte maturation have not been reported. We speculated that the
toxic effects of TCS were mediated through the generation of excessive ROS and mitochondrial
superoxides; this may induce oxidative stress, as observed with BPA. As expected, the TCS-exposed
oocytes showed defects in maturation capacity owing to increased superoxide and ROS production,
and these effects were ameliorated by Mito-TEMPO (Figure 5 and Tables 4 and 5).

Studies with mouse models have suggested that exposure to BPA during preimplantation may
lead to implantation failure and preimplantation embryo development [15]. Moreover, a positive
association was reported between BPA exposure and implantation failure in patients undergoing in
vitro fertilization [2]. Overall, our findings are similar to the previously reported negative effects of
BPA-induced mitochondrial ROS production and mitochondrion-mediated apoptosis on porcine
oocyte maturation and cumulus cells [16]. TCS-exposed COCs showed an increase in the level of
mitochondrion-mediated apoptosis. As shown in Figure 6, RT-PCR and western blotting showed
similar results related to the toxicity of BPA on porcine oocytes, as previously described [16].
However, the correlation between TCS exposure and female infertility via dysfunction or defects of
mitochondrion-related mechanism 1is still unknown. Furthermore, whether TCS-mediated
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mitochondrial superoxide production, induction of oxidative stress, and mitochondrial apoptosis
affect implantation or fertilization capacity during IVM and in vitro fertilization (IVF) has not been
investigated. Our results provide valuable information that porcine oocyte maturation during [IVM
was adversely affected with TCS exposure via the mitochondrial superoxide production. However,
in the study, the Triclosan concentration of 100 uM was never physiologically observed in the body,
although to date, there are insufficient reports of detection of TCS in female reproduction system
such as ovaries, uterus, and vagina. The present study demonstrates that TCS exposure exerts a
negative impact on the meiotic maturation and cumulus expansion of porcine COCs during IVM and
alters mitochondrial superoxide-induced apoptosis activity (Figure 7, graphical summary).
Therefore, TCS-induced superoxide production affects porcine oocyte maturation and cumulus cell
expansion by damaging the mitochondrial antioxidant enzyme system.
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Figure 7. Protective effects of Mito-TEMPO against TCS-induced superoxide production on porcine
oocyte maturation: TCS-derived superoxides affected the meiotic maturation of porcine oocytes via
mitochondrial apoptosis in vitro. Graphical summary. Red part: Mitochondrial ROS production and
oxidative stress in response to TCS exposure during porcine oocyte maturation resulted in a decrease
in meiotic maturation and cumulus cell expansion and an increase in mitochondrion-mediated
apoptosis in maturing porcine COCs. Green part: The toxic effects of TCS-induced oxidative stress
during the IVM of porcine oocytes were recovered by the protective functions of Mito-TEMPO.

4. Materials and Methods

4.1. Chemicals

All chemicals used in this study were purchased from Sigma Chemical Co. (St. Louis, MO, USA),
unless otherwise stated.
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4.2.1IVM

Porcine ovaries were obtained from 6-month-old female pigs (Yorkshire/Landrace () x Duroc
(&), 100 kg) from local abattoirs (Gyeongsan and Daegu City) and transported to the laboratory in
0.9% saline (w/v) supplemented with 75 pg/mL potassium penicillin G at around 30-35 °C. Immature
COCs were aspirated from follicles (3-6 mm in diameter) using a 10-mL syringe and an 18-gauge
needle. The undamaged COCs with similar quality of cytoplasm and surrounding cumulus cells were
selected by mouth pipetting and washed thrice with Tyrode’s lactate-N-2-hydroxyethylpiperazine-
N’-2-ethanesulfonic acid (TL-HEPES) medium. Immature COCs were selected under an optical
microscope, as previously described [16]. Approximately 50-60 immature COCs were subjected to
maturation in 500 pL of IVM medium at 38.5 °C and 5% CO2. North Carolina State University-23
(NCSU-23) medium supplemented with 10% follicular fluid (v/v), 0.57 mM cysteine, 10 ng/mL f3-
mercaptoethanol, 10 ng/mL epidermal growth factor, 10 IU/mL pregnant mare’s serum gonadotropin
(PMSG), and 10 IU/mL human chorionic gonadotropin (hCG) was used for oocyte maturation. After
cultivation for 22 h (IVM I), the oocytes were matured in the same medium without PMSG/hCG for
22 to 44 h (IVM 1I). TCS was prepared in dimethyl sulfoxide (DMSO). During maturation, the cells
were exposed to TCS (concentrations of 1, 10, and 100 uM) added to the maturation medium NCSU-
23 for 44 h as previously described [35]. Mito-TEMPO (0.1 uM) was added during IVM II to reduce
TCS-induced mitochondrial ROS production following pretreatment with 100 uM TCS for 22 h
(Supplementary Figure S1).

4.3. Assessment of Cumulus Cell Expansion and Acetic-Orcein Staining

Cumulus expansion in porcine COCs was evaluated under a microscope (Leica, Solms,
Germany) after 44 h of IVM in the presence or absence of TCS and Mito-TEMPO. The process was
divided into three steps as previously described [16,36]. After 44 h, meiotic maturation was
distinguished based on nuclear stages. Oocytes denuded by pipetting in TL-HEPES medium
supplemented with 0.1% hyaluronidase were rinsed with 0.1% polyvinyl alcohol (PVA) in
phosphate-buffered saline (PVA-PBS) and mounted on microscope slides. The samples were fixed
for 3 days in acetic acid/ethanol (1:3, v/v) and then stained with 1% acetic-orcein (v/v) for 5 min.
Meiotic stages of samples were investigated under a microscope (Leica, Solms, Germany).

4.4. RNA Extraction and RT-PCR

Total RNA was isolated using the Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s instructions. RNA concentration and purity were measured using OPTIZEN
NanoQ (Mecasys, Daejeon, Korea), and 1 pg/pL of total RNA was used to synthesize cDNA using
AccuPower® RT-PCR Premix (Bioneer Inc., Daejeon, Korea). Specific primers for the sequences of
interest (Table 5) were designed using the National Center for Biotechnology Information (NCBI)
database. PCR was performed as follows: 95 °C for 5 min, followed by 30-35 cycles at 95 °C for 30 s,
55 to 61 °C for 30 s, 72 °C for 30 s, and 72 °C for 5 min. The PCR products were separated by
electrophoresis on a 2% agarose gel, stained with ethidium bromide, and photographed under UV
illumination. Band intensities were quantified using Image]J (National Institutes of Health, MD, USA).

Table 5. Primer sequences of cumulus expansion factors, mitochondria-related antioxidant enzymes,
and apoptosis factors from matured COCs for RT-PCR.

Gene Bank Base

Genes Primer Sequences Tm C . .
9 Accession No. Pairs

F(5'-3"): TGGCTGTACAATGCGATGTG

Has2 p5-3): TGGGTGGTGTGATTTTCACC >0 (NM.214053.1) 402
. F(5'-3"): TCTTCCTGTGGGAAGAGGCT

Tnfaips R(5-3): GTCCGTCTGAACAGAAGCGA 0 (NM_001159607.1) 337
F(5'-3'): TCAGTGCCTGCATTTGGGTC

Ptx3 (5=3) 58 (NM_001244783.1) 225

R(5'-3"): TTCTGAACAAGGGCATGTAG
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F(5'-3"): GCAGCTCGAGCAGGAATCTGG

B RE-3) ACGCGGCCTACGTGAACAA 77 (W22 63
P9 K59y AACCCATGGAGAAGTCTGCC 1 (NWLODZUSSLD) 290
TS g5y COIGAATGTGOAGECAGATG 0 (NML214Iadn) 255
B 59y CTGGACTICCTICoAGATCG %0 OOLUBIZ0g 251
B ) CACCTAGAGCCTTGGATCC, 0 (M4 i
ComS gy TrceATOTATIGIOTCCATGE 0 (ML2MILD 2%
Gapdh F(5'-3): TCCCGAGTGAACGGATITC 53.7 (NM_001206359.1) 230

R(5'-3"): CCTGGAAGATGGTGATGG
Has2; HA synthase 2, Tnfaip6; TNF-a-induced protein 6, Ptx3; Pentraxin 3, Sod2; Superoxide
dismutase 2, Prdx3; Peroxiredoxin 3, Prdx5; Peroxiredoxin 5, Bax; Bcl2-associated X protein, Bcl-
x1; B-cell lymphoma-extra large, Gapdh; Glyceraldehyde-3-Phosphate Dehydrogenase, Tm; Meting
Temperature, F; Forward, R; Reverse.

4.5. DCF-DA and Mito-SOX Staining

The levels of intracellular ROS in porcine COCs were measured using the DCF-DA method
(Molecular Probes, Eugene, OR, USA), as previously described [37]. After washing thrice with PVA-
PBS medium, mature COCs were incubated in IVM II medium containing 5 uM DCF-DA for 20 min
at 38.5°C and 5% CO:z. Following incubation, the COCs were washed thrice with 0.1% PVA-PBS, and
their fluorescence was recorded using an Olympus DP 70 camera (Olympus, Tokyo, Japan). Mito-
SOX (red)-stained cytoplasm was examined using the iRiS™ Digital Cell Image System (Logos
Biosystems, Inc., Anyang, Korea). Porcine COCs were washed thrice in PBS-PVA and cultured in 300
pL of IVM II medium mixed with Mito-SOX (500:1, Invitrogen) at 37 °C for 30 min. The COCs were
then fixed with 2.5% glutaraldehyde/PBS (v/v) for 1 h and permeabilized with 0.1% Triton X-100 (v/v)
for 30 min, followed by staining with Hoechst 33342 (2 mg/mL). The COCs were covered with a cover
glass after mounting on glass slides using a mounting solution.

4.6. Protein Extraction and Western Blot Analysis

Matured COCs (30 per sample) were lysed using PRO-PREP protein lysis buffer (iNtRON,
Daejeon, Korea), and the lysates were separated on 12% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) gels. The separated protein bands were transferred onto nitrocellulose
membranes (Pall Life Sciences, Port Washington, NY, USA), and the membranes were incubated with
anti-cleaved caspase-3 (1:3000; #9664; Cell Signaling, MA, USA), anti-PARP1/cleaved PARP1 (1:4000;
Santa Cruz, CA, USA), anti-AlIF (1:3000; Santa Cruz), anti-Cyto C (Cyto C; 1:3000; Abcam, Cambridge,
MA, USA), and anti-p-actin (1:3000; Santa Cruz) antibodies. The membranes were then probed with
a secondary horseradish peroxidase (HRP)-conjugated anti-mouse/rabbit IgG (Thermo, Rockford, IL,
USA) or an anti-goat IgG (AbFrontier, Seoul, Korea) secondary antibody overnight. Blots were
developed using an enhanced chemiluminescence (ECL) kit (Advansta, Menlo Park, CA, USA)
according to the manufacturer’s instructions. The amount of protein was calculated depending on
band densities using Fusion Solo software (Vilber Lourmat, Collégien, France), and the bands were
scanned using Image]J software (NIH).

4.7. Statistical Analysis

All percentage data and data sets were subjected to arcsine transformation and expressed as the
mean + standard deviation (SD). All values from western blot and RT-PCR experiments are presented
as the mean + standard error of the mean (SEM). The results were analyzed using one-way analysis
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of variance (ANOVA) followed by Bonferroni’s and Tukey’s multiple comparison test and t-test.
Histograms for densitometry analysis were obtained using Image] (NIH). All data were plotted using
GraphPad Prism 5.0 (San Diego, CA, USA). Differences were considered significant at * p <0.05, ** p
<0.01, and *** p < 0.001.

5. Conclusions

In summary, our study provides the first evidence of the toxic effects of TCS on porcine oocyte
maturation and cumulus cells in vitro. This report not only reveals the mechanism underlying the
toxic effects of TCS on matured porcine COCs after IVM but also highlights the preventive effects of
Mito-TEMPO against TCS-induced damage to oocytes.

Supplementary Materials: The following are available online at www.mdpi.com/1422-0067/21/9/3050/s1.

Author Contributions: H.-].P. and B.-S.S.: performing in vitro culture of pig oocyte, study conception, data
collection, Western analysis, RT-PCR, IHC analysis, and interpretation. J.-W.K. and S.-G.Y.: data collection,
analysis, and interpretation. S.-U.K. and D.-B.K.: study conception and design, financial support, data analysis,
interpretation, manuscript writing, and final approval of manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by the Basic Science Research Program through the National Research
Foundation of Korea (NRF-2018R1D1A1B07044173, NRF-2018R1C1B002922 and NRF-2019R1A2C1085199)
funded by the Ministry of Education and the Ministry of Science and ICT, Republic of Korea.

Conflicts of Interest: None of the authors have any conflict of interest to declare.

Abbreviations
triclosan (TCS)
in vitro maturation Ivm)
reactive oxygen species (ROS)

triphenylphosphonium chloride

(Mito-TEMPO)

cumulus oocyte complexes (COCs)
dichlorofluorescein diacetate (DCEF-DA)
reverse-transcription polymerase chain reaction (RT-PCR)
estrogen receptor (ER)
Bisphenol A (BPA)
173-estradiol (E2)
germinal vesicle breakdown (GVBD)
follicle-stimulating hormone (FSH)
metaphase II M 1)
hydrogen peroxide (H202)
Tyrode’s lactate-N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid  (TL-HEPES)
North Carolina State University-23 (NCSU-23)
pregnant mare’s serum gonadotropin (PMSG)
human chorionic gonadotropin (hCG)
dimethyl sulfoxide (DMSO)
polyvinyl alcohol (PVA)
phosphate-buffered saline (PBS)
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
enhanced chemiluminescence (ECL)
one-way analysis of variance (ANOVA)
standard deviation (SD)

standard error of the mean

(SEM)



Int. . Mol. Sci. 2020, 21, 3050 15 of 16

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Dhillon, G.S.; Kaur, S,; Pulicharla, R.; Brar, S.K.; Cledon, M.; Verma, M.; Surampealli, R.Y. Triclosan: current
status, occurrence, environmental risks and bioaccumulation potential. Int. ]. Environ. Res. Public Health
2015, 12, 5657-5684.

Yuan, M.; Bai, M.Z.; Huang, X.F.; Zhang, Y.; Liu, J.; Hu, M.H.; Zheng, W.Q,; Jin, F. Preimplantation
Exposure to Bisphenol A and Triclosan May Lead to Implantation Failure in Humans. Biomed. Res. Int. 2015,
2015, 184845.

Wang, C.F.; Tian, Y. Reproductive endocrine-disrupting effects of triclosan: Population exposure, present
evidence and potential mechanisms. Environ. Pollut. 2015, 206, 195-201.

Ho, ].C.H,; Hsiao, C.D.; Kawakami, K.; Tse, W.K.F. Triclosan (TCS) exposure impairs lipid metabolism in
zebrafish embryos. Aquat. Toxicol. 2016, 173, 29-35.

Stoker, T.E.; Gibson, E.K.; Zorrilla, L.M. Triclosan exposure modulates estrogen-dependent responses in
the female wistar rat. Toxicol. Sci.: Off. ]. Soc. Toxicol. 2010, 117, 45-53.

Wang, F.; Xu, R; Zheng, F.; Liu, H. Effects of triclosan on acute toxicity, genetic toxicity and oxidative stress
in goldfish (Carassius auratus). Exp. Anim. 2018, 67, 219-227.

Park, J.C,; Han, J.; Lee, M.C,; Seo, ].S.; Lee, J.S. Effects of triclosan (TCS) on fecundity, the antioxidant
system, and oxidative stress-mediated gene expression in the copepod Tigriopus japonicus. Aquat. Toxicol.
2017, 189, 16-24.

Lin, D.; Xie, X.; Zhou, Q.; Liu, Y. Biochemical and genotoxic effect of triclosan on earthworms (Eisenia
fetida) using contact and soil tests. Environ. Toxicol. 2012, 27, 385-392.

Teplova, V.V.; Belosludtsev, K.N.; Kruglov, A.G. Mechanism of triclosan toxicity: Mitochondrial
dysfunction including complex II inhibition, superoxide release and uncoupling of oxidative
phosphorylation. Toxicol. Lett. 2017, 275, 108-117.

Dumollard, R.; Duchen, M.; Carroll, J. The role of mitochondrial function in the oocyte and embryo. Curr.
Top. Dev. Biol. 2007, 77, 21-49.

Van Blerkom, ]. Mitochondrial function in the human oocyte and embryo and their role in developmental
competence. Mitochondrion 2011, 11, 797-813.

Dumollard, R.; Carroll, J.; Duchen, M.R.; Campbell, K.; Swann, K. Mitochondrial function and redox state
in mammalian embryos. Semin. Cell Dev. Biol. 2009, 20, 346-353.

Hamanaka, R.B.; Glasauer, A.; Hoover, P.; Yang, S.; Blatt, H.; Mullen, A.R; Getsios, S.; Gottardi, C.J.;
DeBerardinis, R.J.; Lavker, R.M.; et al. Mitochondrial reactive oxygen species promote epidermal
differentiation and hair follicle development. Sci. Signal. 2013, 6, ra8.

Wolstenholme, J.T.; Rissman, E.F.; Connelly, J.J. The role of Bisphenol A in shaping the brain, epigenome
and behavior. Horm. Behav. 2011, 59, 296-305.

Xiao, S.; Diao, H.; Smith, M.A.; Song, X.; Ye, X. Preimplantation exposure to bisphenol A (BPA) affects
embryo transport, preimplantation embryo development, and uterine receptivity in mice. Reprod. Toxicol.
2011, 32, 434-441.

Park, H.J.; Park, S.Y.; Kim, J.W.; Yang, S.G.; Kim, M.].; Jegal, H.G.; Kim, L.S.; Choo, Y.K.; Koo, D.B. Melatonin
Improves Oocyte Maturation and Mitochondrial Functions by Reducing Bisphenol A-Derived Superoxide
in Porcine Oocytes In Vitro. Int. J. Mol. Sci. 2018, 19, E3422.

Cai, J.; Jones, D.P. Superoxide in apoptosis. Mitochondrial generation triggered by cytochrome c loss. J.
Biol. Chem. 1998, 273, 11401-11404.

Yang, S.G,; Park, H],; Kim, JW,; Jung, ] M.; Kim, M.].; Jegal, H.G.; Kim, 1.S.; Kang, M.].; Wee, G.; Yang,
H.Y; et al. Mito-TEMPO improves development competence by reducing superoxide in preimplantation
porcine embryos. Sci Rep. 2018, 8, 10130.

Parolini, M.; Magni, S.; Binelli, A. Environmental concentrations of 3,4-methylenedioxymethamphetamine
(MDMA)-induced cellular stress and modulated antioxidant enzyme activity in the zebra mussel. Environ.
Sci. Pollut. Res. Int. 2014, 21, 11099-11106.

Rodricks, JV,; Swenberg, JA.; Borzelleca, JF.; Maronpot, RR.; Shipp, AM. Triclosan: a critical review of the
experimental data and development of margins of safety for consumer products. Critical Reviews in
Toxicology 2010, 40, 422-484.

Azzouz, A.; Rascon, A.].; Ballesteros, E. Simultaneous determination of parabens, alkylphenols,
phenylphenols, bisphenol A and triclosan in human urine, blood and breast milk by continuous solid-
phase extraction and gas chromatography-mass spectrometry. J. Pharm. Biomed. Anal. 2016, 119, 16-26.



Int. ]. Mol. Sci. 2020, 21, 3050 16 of 16

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Wang, F.; Guo, X.; Chen, W.; Sun, Y.; Fan, C. Effects of triclosan on hormones and reproductive axis in
female Yellow River carp (Cyprinus carpio): Potential mechanisms underlying estrogen effect. Toxicol.
Appl. Pharmacol. 2017, 336, 49-54.

Singh, B.; Barbe, G.J.; Armstrong, D.T. Factors influencing resumption of meiotic maturation and cumulus
expansion of porcine oocyte-cumulus cell complexes in vitro. Mol. Reprod. Dev. 1993, 36, 113-119.

Kim, J.S.; Song, B.S.; Lee, S.R.; Yoon, S.B.; Huh, J W.; Kim, S.U.; Kim, E.; Kim, S.H.; Choo, Y.K.; Koo, D.B,;
et al. Supplementation with estradiol-17beta improves porcine oocyte maturation and subsequent embryo
development. Fertil. Steril. 2011, 95, 2582-2584.

Khazaei, M.; Aghaz, F. Reactive Oxygen Species Generation and Use of Antioxidants during In Vitro
Maturation of Oocytes. Int. J. Fertil. Steril. 2017, 11, 63-70.

Dalvit, G.C.; Cetica, P.D.; Pintos, L.N.; Beconi, M.T. Reactive oxygen species in bovine embryo in vitro
production. Biocell. 2005, 29, 209-212.

Whitaker, B.D.; Knight, ].W. Mechanisms of oxidative stress in porcine oocytes and the role of anti-
oxidants. Reprod. Fertil. Dev. 2008, 20, 694-702.

Oyawoye, O.; Abdel Gadir, A.; Garner, A.; Constantinovici, N.; Perrett, C.; Hardiman, P. Antioxidants and
reactive oxygen species in follicular fluid of women undergoing IVF: relationship to outcome. Hum. Reprod.
2003, 18, 2270-2274.

Tamura, I.; Kanbara, Y.; Saito, M.; Horimoto, K.; Satoh, M.; Yamamoto, H.; Oyama, Y. Triclosan, an
antibacterial agent, increases intracellular Zn(2+) concentration in rat thymocytes: its relation to oxidative
stress. Chemosphere 2012, 86, 70-75.

Schieber, M.; Chandel, N.S. ROS function in redox signaling and oxidative stress. Curr. Biol. 2014, 24, R453—
R462.

Zhu, L, Liu, Z,; Feng, Z.; Hao, J.; Shen, W.; Li, X,; Sun, L.; Sharman, E.; Wang, Y.; Wertz, K; et al.
Hydroxytyrosol protects against oxidative damage by simultaneous activation of mitochondrial biogenesis
and phase II detoxifying enzyme systems in retinal pigment epithelial cells. J. Nutr. Biochem. 2010, 21, 1089-
1098.

Ajao, C.; Andersson, M.A.; Teplova, V.V.; Nagy, S.; Gahmberg, C.G.; Andersson, L.C.; Hautaniemi, M.;
Kakasi, B.; Roivainen, M.; Salkinoja-Salonen, M. Mitochondrial toxicity of triclosan on mammalian cells.
Toxicol. Rep. 2015, 2, 624-637.

Li, N.; Ragheb, K.; Lawler, G.; Sturgis, J.; Rajwa, B.; Melendez, J.A.; Robinson, J.P. DPI induces
mitochondrial superoxide-mediated apoptosis. Free Radic. Biol. Med. 2003, 34, 465—477.

Ni, R,; Cao, T; Xiong, S.; Ma, J.; Fan, G.C,; Lacefield, J.C.; Lu, Y.; Le Tissier, S.; Peng, T. Therapeutic
inhibition of mitochondrial reactive oxygen species with mito-TEMPO reduces diabetic cardiomyopathy.
Free Radic Biol Med. 2016, 90, 12-23.

35. Chen, X,; Xu, B.; Han, X.; Mao, Z.; Chen, M.; Du, G,; Talbot, P.; Wang, X.; Xia, Y., The effects of triclosan
on pluripotency factors and development of mouse embryonic stem cells and zebrafish. Arch. Toxicol. 2015,
89, 635-646.

Mlynarcikova, A.; Nagyova, E.; Fickova, M.; Scsukova, S. Effects of selected endocrine disruptors on
meiotic maturation, cumulus expansion, synthesis of hyaluronan and progesterone by porcine oocyte-
cumulus complexes. Toxicol Vitr. 2009, 23, 371-377.

Salavati, M.; Ghafari, F.; Zhang, T.; Fouladi-Nashta, A.A. Effects of oxygen concentration on in vitro
maturation of canine oocytes in a chemically defined serum-free medium. Reproduction 2012, 144, 547-556.

© 2020 by the authors. Licensee MDP], Basel, Switzerland. This article is an open access
@ @ \ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



