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ARTICLE INFO ABSTRACT

Keywords: Decabromodiphenyl ethane (DBDPE), a widely used new brominated flame retardant, is added into flammable

Decabromodiphenyl ethane materials to achieve fire retardation. As it is continuously detected in the environment, it has become an

I?A‘?Cyt}el " emerging environmental pollutant. However, the effects of DBDPE exposure on oocyte maturation and its un-
IFOC ondrion derlying mechanisms remain unknown. This study found that DBDPE exposure inhibited the rate of germinal

Oxidative stress . . . s

Autophagy vesicle breakdown (GVBD), first polar body extrusion (PBE) and fertilization of mouse oocytes. After 14 h of

Apoptosis exposure to DBDPE, metaphase II (MII) oocytes showed that the hardness of zona pellucida (ZP) markedly

increased and that the spindle morphology was abnormal. Moreover, DBDPE exposure induced abnormal
mitochondrial distribution, mitochondrial dysfunction, and ATP deficiency. Simultaneously, DBDPE exposure
down-regulated the expression of antioxidant-related genes (Sod2, Gpx1) and increased the level of reactive
oxygen species (ROS) in oocytes. The results of immunofluorescence and qRT-PCR revealed that autophagy
occurred in DBDPE-treated oocytes with high expression of autophagy-related protein (LC3) and genes (Lc3,
Beclinl). Meanwhile, DBDPE significantly up-regulated the protein (Bax) and mRNA (Bax, Caspase3) levels of
pro-apoptosis genes. However, the protein and mRNA expression of anti-apoptosis genes Bcl-2 was dramatically
down-regulated in DBDPE-exposed oocytes. Collectively, DBDPE exposure impaired mitochondrial function,
causing oxidative damage, autophagy and apoptosis in oocytes.

the environment (Chen et al., 2019). DBDPE has been detected in a
variety of environmental samples, including dust, air (de la Torre et al.,

1. Introduction

Decabromodiphenyl ethane (DBDPE) is presently used worldwide as
a brominated flame retardant (Wang et al., 2019a). Because of excellent
flame retardant properties, DBDPE is extensively added to plastic,
electronic products, furniture, building materials, textiles, children’s
toys and other flammable products (Kalachova et al., 2012). Although
the global annual output of DBDPE has reached hundreds of thousands
of tons, its production and use are still growing rapidly (Besis et al.,
2017). In China, DBDPE has become the most widely used flame retar-
dant, and the annual output of DBDPE has reached 31,000 tons in 2016
(Shen et al., 2019). It may release to the surrounding environment
continuously from products because DBDPE does not chemically bind to
the host substance, which caused the ubiquitous occurrence of DBDPE in

2018; Liu et al., 2016), water (Moller et al., 2011; Zhang et al., 2015),
soil sediment (Hu et al., 2010), and sludge (Venkatesan and Halden,
2014). In addition, DBDPE was also detected in human food (aquatic
food, egg/egg products) (Shi et al., 2016). The widespread distribution
of DBDPE suggests that everyone may be exposed to DBDPE daily, and
easily intake DBDPE by eating, drinking and breathing. DBDPE has been
detected in human blood, fish, birds and other organisms (Chen et al.,
2019; He et al., 2012). More seriously, the research showed that DBDPE
is bioaccumulative (Zheng et al., 2014), which may lead to the
increasing accumulation of DBDPE in human and other organisms.
Therefore, a comprehensive study on the toxicity of DBDPE is urgent.
Four (4) studies have been proved that DBDPE is a thyroid hormone
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disruptor, as DBDPE exposure altered the levels of thyroid-stimulating
hormone (TSH), total thyroxine (TT4) and total triiodothyronine
(TT3) (Chen et al., 2019; Smythe et al., 2017; Wang et al., 2019a,
2019b). In another study, DBDPE was reported to be neurotoxic to
zebrafish (Jin et al., 2018). Moreover, DBDPE induced oxidative stress
and eventually damaged cardiovascular functionality in
Sprague-Dawley rats (Jing et al., 2019). DBDPE has been shown to
damage the liver function of rats (Sun et al., 2019). However, little is
known about the toxic effects of DBDPE on female reproduction.

Oocyte meiotic maturation and the quality of metaphase II (MII)
oocytes are two key factors affecting pregnancy outcomes. Germinal
vesicle (GV) oocytes undergo germinal vesicle breakdown (GVBD) and
first polar body exhaustion (PBE) to complete meiotic maturation. Thus,
GVBD and PBE are signs of oocyte meiotic maturation. Even if the oo-
cytes complete meiotic maturation and reach MII oocytes (mature
oocyte), fertilization may not be successfully completed, as the quality of
MII oocytes is also affected by the mechanical properties of the zona
pellucida (ZP) (Yanez et al., 2016), spindle assembly (Howe and Fitz-
Harris, 2013), and mitochondrial function (Babayev and Seli, 2015). In
addition, it is noteworthy that defects in oocyte quality have been
increasing in recent years, and it has been suggested that these adverse
phenomena may be related to exposure to certain environmental pol-
lutants (Kramer, 2003; Silbergeld and Patrick, 2005; Stillerman et al.,
2008). Therefore, in this study, the hypothesis that DBDPE may be toxic
to meiotic maturation or quality of oocytes was proposed.

To test the hypothesis, GV oocytes of mice were exposed to M16
medium containing different concentrations of DBDPE. The effect of
DBDPE on oocyte meiotic maturation was evaluated by measuring the
ratio of GVBD, PBE, and fertilization. The effect of DBDPE on MII oocyte
quality was investigated by detecting mechanical properties, mito-
chondrial function, spindle assembly, and ROS level. Furthermore, the
effects of DBDPE on oocyte autophagy and apoptosis were assessed.

2. Materials and methods
2.1. Chemicals and reagents

DBDPE (certificated standard > 96% pure) was sourced from Yuanye
Biotechnology Co., Ltd (Shanghai, China). Pregnant mare serum
gonadotropin (PMSG) was obtained from (Ningbo Sansheng Pharma-
ceutical Co, Ltd. (Ningbo, China). M2 medium and M16 medium were
sourced from Sigma-Aldrich (Saint Louis, MO, USA). HTF medium was
sourced from Nanjing Aibei Biotechnology Co., Ltd (Nanjing, China).
Rabbit polyclonal anti-b-actin, anti-LC3A/B (light chain 3, LC3) anti-
bodies, Mito Tracker Red were obtained from Cell Signaling Technology
(MO, USA). Mouse monoclonal anti-BAX, anti-a-tubulin, anti-Bcl2 an-
tibodies were brought from Santa Cruz Biotechnology (Dallas, TX, USA).
The dichlorofluorescein diacetate (DCFHDA) and JC-1 were obtained
from Beyotime Institute of Biotechnology (Jiangsu, China). DAPI
Fluoromount-G was obtained from SouthernBiotech (Birmingham, AL,
USA). Other unspecified reagents were sourced from Sigma-Aldrich
(Saint Louis, MO, USA).

2.2. Animals, oocyte collection, oocyte treatment and In vitro fertilization
(IVF)

6-8 week old female Kunming mice and 12 week old male Kunming
mice were sourced from the Institute of Zoology, Chinese Academy of
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Sciences. All mice were kept in a room with the temperature controlled
at 23 + 2 °C under a 12:12 light/dark cycle (light on at 07:00 a.m.), and
free access to food and water. All experimental animal protocols and
procedures were approved by the Animal Experimental Committee of
the Nankai University (No. 2008) and were performed in accordance
with the NIH Guide for the Care and Use of Laboratory Animals. To
obtain GV oocytes, female mice were injected with 5 IU of PMSG 48 h
prior to being euthanized by cervical dislocation and collection of
ovaries. Follicles were punctured with a syringe to obtain GV oocytes.

To test the effect of DBDPE on oocyte maturation, a total of 1986 GV
oocytes were randomly divided into the drops of M16 medium with
different concentrations of DBDPE (0, 10 pM, 20 pM, 50 pM, 100 pM)
(Sun et al., 2012). 30-50 oocytes were placed into one drop of 50 pL
M16, covered with mineral oil, and cultured in an incubator (5% COa,
37.5°C, and 100% humidity). The rate of GVBD and PBE were recorded
after 2 h and 14 h of culture, respectively. DBDPE was dissolved into
dimethyl sulfoxide (DMSO), with a dilution concentration of DMSO
being less than one thousandth.

In order to test the effect of DBDPE on the quality of MII oocytes, a
total of 600 MII oocytes were used to IVF. Spermatozoa were collected
from the cauda epididymidis of male mice and immediately placed in
400 pL warm HTF medium. Then, spermatozoa were capacitated in the
incubator (5% CO2, 37.5 °C, and 100% humidity) for 1 h. Spermatozoa
(2 x 10° mL™") were added into the drop of 30 pL HTF medium con-
taining 30 DBDPE-exposed MII oocytes. After 10 h of fertilization,
fertilization rates were recorded (oocytes with two pronuclei or two
polar bodies were determined to be fertilized oocytes) (Kaneko et al.,
2019).

2.3. Measurement of mechanical parameters of MII oocytes

In order to detect the changes of mechanical properties of ZP of MIL
oocytes after DBDPE exposure, a micro-operating robot system (Fig. S3)
was used. To acquire the images of aspiration, the computer controlled
the micropipette (outside diameter 28 pum; internal diameter: 25.2 pm)
close to the oocyte placed in a 35 mm Petri dish (Falcon, Franklin Lakes,
NJ). The ZP of oocyte was inhaled into the micropipette, whilst the
aspiration pressure values and the pictures of the elongation of ZP in the
micropipette were collected. To estimate the elastic modulus of ZP of
oocytes, the current universal shell model was used (Alexopoulos et al.,
2005). According to this model, the Young’s modulus E of the ZP can be
obtained from the following formula:

E=2C(h*)(1-v) (ALA/I;?17>

where, h* is the dimensionless thickness of oocyte, which is defined as
the ratio of ZP thickness (h) to micropipette radius (Rp); v, assuming
incompressibility (v = 0.5), was evaluated. C is a function of h*, which
can be expressed by the following formula according to reference
(Khalilian et al., 2010).

a = 1.070275412, b = 0.592405186, ¢ = —0.44373788, d =
0.126723221, e = 0.721290633

f = 0.074985305, g = —0.14390482, h = 0.027220129, i =
0.040156098, j = 0.00132358.
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2.4. Mitochondrial distribution and function analysis

2.4.1. Mitochondrial staining

To monitor the number and distribution of mitochondria in oocytes,
a total of 67 MII oocytes (33 oocytes in the control; 34 oocytes in the 50
pM DBDPE group) were dyed in 200 nM Mito Tracker Red CMXRos in
M16 medium for 20 min in the dark. After washing three (3) times with
PBS, the oocytes were fixed with 4% paraformaldehyde for 1 h and
penetrated with membrane permeabilization solution containing 0.5%
Triton X-100 for 20 min. Then the oocytes were washed three (3) times
and stained with DAPI Fluoromount-G. The red fluorescence was
measured by confocal laser-scanning microscope (LSM710, Carl Zeiss,
Oberkochen, Germany).

2.4.2. Mitochondrial membrane potential detection

According to the previous method (Marei et al., 2017; Niu et al.,
2020; Zand et al., 2018), JC-1 probe was used to detect the mitochondria
membrane potential (MMP). Briefly, a total of 34 MII oocytes (16 oo-
cytes in the control; 18 oocytes in the 50 pM DBDPE group) were treated
with 1 x JC-1 probe at 37 °C for 20 min in the dark, then washed three
(3) times with JC-1 buffer. The fluorescent images were captured using
fluorescence microscope (Nikon, Japan). MMP was quantified as the
ratio of red to green fluorescence using the Image J software (Version
1.40, National Institutes of Health, Bethesda, MD).

2.4.3. ATP assessment

ATP relative level was evaluated using the ATP Assay Kit. According
to the method, 200 MII oocytes from the control group or DBDPE-
exposed group were lysed in lysate on ice for 25 min, and centrifuged.
The supernatant was used to detect the concentration of ATP. According
to the standard curve, ATP concentration was calculated in the control
group and DBDPE-exposed group.

2.5. ROS determination in MII oocytes

To determine levels of ROS, a total of 40 MII oocytes (20 oocytes in
the control; 20 oocytes in the 50 yM DBDPE group) were incubated in
M16 containing 10 mM dichlorofluorescein diacetate (DCFHDA) for 20
min at 37 °C in the dark and then washed three (3) times with PBS. The
green fluorescence was measured using fluorescence microscope
(Nikon, Japan).

2.6. Immunofluorescence

In order to detect the spindle and autophagy of MII oocytes, the
expression of a-tubulin (36 oocytes were used in the control; 32 oocytes
were used in the 50 pM DBDPE group) and LC3 (32 oocytes were used in
the control; 32 oocytes were used in the 50 pM DBDPE group) were
detected. Briefly, MII oocytes were fixed in 4% paraformaldehyde for 1 h
and then permeabilized with 0.5% Triton X-100 for 30 min. Nonspecific
binding of antibodies was blocked by 1% BSA/PBS for 1 h at room
temperature. Then, MII oocytes were incubated with anti-LC3 antibody
or anti-a-tubulin antibody for 2 h at room temperature, washed in PBS
three (3) times, subsequently incubated with secondary antibody for 1 h
at room temperature. Next, the samples were washed and stained with
DAPI Fluoromount-G to visualize nuclei. Finally, the oocytes were
examined using confocal laser-scanning microscope (LSM710, Carl
Zeiss, Oberkochen, Germany).

2.7. RNA isolation and quantitative real time PCR

200 MII oocytes in the control or in 50 pM DBDPE-treated group
were used to extract total RNA using the TRNpure Total RNA Kit
(Nobelab, Beijing, China). Total RNA is used to reverse cDNA with Pri-
meScript RT Reagent Kit (TaKaRa, Dalian, China). Real-time polymerase
chain reaction (PCR) was performed using SYBR green master mix on

Ecotoxicology and Environmental Safety 207 (2021) 111290

LightCycler 96 System (Roche Diagnostics Ltd, Basel, Switzerland). The
sequences of the primers used are presented in Table S1. PCR was per-
formed in triplicate and was presented relative to the abundance of
endogenous GAPDH in the same sample. The gene expression levels
were computed according to the 284Ct method (Jia et al., 2019).

2.8. Western blot

To extract protein, 300 MII oocytes in the control or in 50 pM
DBDPE-treated group were lysed with SDS sample buffer containing 1 x
protease inhibitor Cocktail (cwbio-tech) on ice for 10 min. Protein
samples were then boiled at 100 °C for 5 min, and separated with 12%
SDS-PAGE. After electrophoretic separation, separated proteins were
electrically transferred into a PVDF membrane (Immobilon-P; Millipore,
Bedford, MA). The PVDF membrane with protein was blocked for 2 h
with 5% nonfat milk, and incubated with primary antibody for 2 h at
room temperature (anti-BAX antibody, 1:500; anti-Bcl2 antibody,
1:1000; anti-B-actin antibody, 1:1000). Washing three (3) times with
TBST (5 min each), PVDF membrane were incubated for 1 h with
appropriate secondary antibodies. After washing, the protein bands
were visualized and the images were quantified using Image J software
(Version 1.40, National Institutes of Health, Bethesda, MD).

2.9. Statistical analysis

All data were analyzed using GraphPad Prism 8.0 software. Differ-
ences between the two (2) groups (10 pM DBDPE vs Control, 20 pM
DBDPE vs Control, 50 pM DBDPE vs Control, and 100 pM DBDPE vs
Control) were analyzed by the Student’s unpaired two-tailed t-test. P
value < 0.05 was considered statistically significant. In all figures, one
(1), two (2), and three (3) asterisks indicate *p < 0.05, **p < 0.01 and
***p < 0.001, respectively. Data in bar plots are shown as the mean +
SEM. The boxplot represents the median, the first quartile and the third
quartile of values. Experiments were conducted in triplicate.

3. Results

3.1. DBDPE exposure inhibited the maturation and fertilization of mouse
oocyte

In order to detect the toxic effect of DBDPE on oocytes, 1968 GV
oocytes were used for in vitro maturation. Then, the ratio of GVBD and
PBE oocytes were recorded in different concentrations of DBDPE (0, 10
pM, 20 pM, 50 pM, 100 pM). Compared with the control group, DBDPE
exposure significantly reduced the ratio of GVBD and PBE in a dose-
dependent manner (GVBD, control: 84.3 + 2.3%, 20 pM: 71.3 £ 2.4%,
50 pM: 62.0 + 3.5%, 100 pM: 55.7 + 1.8%; PBE, control: 74.3 £+ 1.5%,
20 pM: 62.7 £ 1.5%, 50 pM: 51.0 £ 2.0%, 100 pM: 28.0 + 2.6%, Fig. 1A
and B, Fig. S1). The result indicated that DBDPE exposure inhibited
oocyte maturation. For subsequent experiments, 50 pM was used as the
treatment concentration. Fertilization rate was considered the endpoint
of evaluating maturation and quality of oocyte. 600 MII oocytes were
used for IVF, and the results showed that the rate of fertilization of MII
oocytes exposed to 50 pM DBDPE was significantly lower than that of the
control group (77.3 £+ 2.9% versus 52.7 + 2.9%, Fig. 1C, Fig. S2). The
representative pictures of the three (3) stages of GVBD, PBE and fertil-
ization were shown in Fig. 1D. Thus, these results indicated that DBDPE
exposure affected oocyte maturation and fertilization.

3.2. DBDPE exposure caused ZP to harden in mouse MII oocyte

The hardness of ZP affects the fertilization of oocyte. To investigate
whether DBDPE inhibited fertilization by changing the hardness of ZP,
the mechanical parameters of ZP of oocytes were measured by the
micropipette aspiration technique using a mechanical detection system
(Fig. $3). Images of MII oocytes in the control and DBDPE treated group
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Fig. 1. DBDPE exposure inhibited the maturation and fertilization of mouse oocyte. A, Percentage of germinal vesicle breakdown (GVBD) of oocytes in
different DBDPE-exposed groups. B, Percentage of first polar body exhaustion (PBE) of oocytes in different DBDPE-treated groups. C, The rate of fertilization of oocyte
in the control and the 50 pM DBDPE-treated group. D, Representative images of oocytes at different development stages (GVBD: germinal vesicle breakdown; PBE:
first polar body extrusion). All data were shown as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (Student’s unpaired two-tailed t-test).
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Fig. 2. DBDPE exposure caused ZP to harden in mouse MII oocyte. A, Images of elongation of ZP by micropipette aspiration at the same differential pressure in
different groups, white arrows indicated ZP sucked into the micropipette and white box showed partially enlarged image. B, The shell model of oocyte for estimation
of Young’s modulus; Rp: the radius of micropipette. AL: elongation of the ZP sucked into the micropipette, AP: pressure difference. C, The relationship between the
pressure and elongation of the ZP. D, The Young’s modulus of the ZP of oocytes in the control and 50 pM DBDPE-exposed group, data were shown as mean + SEM.
**p < 0.01 (Student’s unpaired two-tailed t-test).
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were shown in Fig. 2A, and the results showed that the ZP elongation of
50 pM DBDPE-treated oocytes was lower than that of the control group
under the same holding pressure difference. In this experiment, the
Young’s modulus was used to represent the hardness of the ZP, and the
current universal shell model was used to calculate the young’s modulus
of the ZP (Fig. 2B). The relationship between pressure and ZP elongation
was shown in Fig. 2C. The results showed that the Young’s modulus of
the ZP of the oocytes in the control group was 14.3 + 2.1 kPa, however,
the Young’s modulus of the ZP of oocytes was significantly increased
(29.5 + 1.3 kPa) in 50 pM DBDPE treated group (p < 0.01, Fig. 2D).
Therefore, DBDPE led to ZP hardening, which inhibited the fertilization.

3.3. DBDPE exposure induced mitochondrial dysfunction, and ATP
deficiency

Then, to further explore the effect of DBDPE on mitochondria, the
mitochondria distribution and function were examined in MII oocytes.
The MitoTracker Red was used to label mitochondria in MII oocytes, and
the results showed that mitochondria were uniformly distributed among
the whole oocyte cytoplasm in the control. However, the mitochondrial
distribution was marginalized in the 50 pM DBDPE-exposed oocyte
cytoplasm (Fig. 3A). Moreover, it was also observed that the number of
mitochondria in oocytes treated with 50 pM DBDPE was lower than that
in the control group by MitoTracker Red fluorescence intensity statistics
(p < 0.01, Fig. 3B). Next, mitochondrial membrane potential (MMP) of
MII oocytes was detected by JC-1 (Fig. 3C). The ratio of fluorescence
intensity (red/green) decreased significantly in the 50 pM DBDPE-
treated group as compared to that in the control group (p < 0.001,
Fig. 3 D), suggesting that DBDPE exposure resulted in a loss of mito-
chondrial membrane potential. Moreover, ATP production markedly
decreased in the DBDPE-treated oocytes compared with control (p <
0.0001, Fig. 3E). Therefore, DBDPE exposure injured the mitochondria,
which is the vital factor affecting oocyte maturation and fertilization.

3.4. DBDPE exposure induced oxidative stress and spindle defects in
mouse MII oocyte

ROS is a by-product of mitochondria and mitochondrial dysfunction
leads to the increase of ROS in cell. ROS in MII oocytes were further
evaluated in this study. The ROS fluorescence image of oocytes in the
control and 50 pM DBDPE group were shown in Fig. 4A, and the fluo-
rescence intensity of ROS was dramatically higher in the 50 pM DBDPE
treatment group than in the control (p < 0.001, Fig. 4B). Furthermore,
the results of the relative mRNA expression of anti-oxidative genes
showed that Gpx1 and Sod2 down-regulated in the 50 pM DBDPE treated
group (Fig. 4C). The result indicated that DBDPE exposure induced
oxidative stress of oocyte. Complete spindle structure is essential for
meiosis and fertilization. As shown in Fig. 4D, the MII oocytes showed
regular spindle assembly in the control group. However, spindle as-
sembly was disrupted severely in MII oocytes treated with 50 pM DBDPE
(Fig. 4D). The abnormal rate of spindle of MII oocytes in 50 pM DBDPE
treated group increased (36.5 + 2.2%), compared with the control group
(18.5 £ 3.1%, Fig. 4E).

3.5. DBDPE exposure caused autophagy and apoptosis in mouse MII
oocytes

The levels of autophagy and apoptosis in MII oocytes were measured
finally, qPCR results showed that compared with the control group, the
mRNA expression levels of autophagy-related genes Lc3, Beclinl signif-
icantly increased and the mRNA expression levels of mTOR significantly
decreased in 50 pM DBDPE-exposed MII oocytes (Fig. 5A). Immunoflu-
orescence results showed that autophagy-related protein LC3 expression
increased in the oocytes treated with 50 pM DBDPE (Fig. 5B and C).
Moreover, the mRNA levels of pro-apoptosis genes Caspase3 and Bax
were markedly up-regulated in DBDPE-treated oocytes than in the
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control, whereas the relative quantification of anti-apoptosis gene Bcl-xl
was dramatically down-regulated in DBDPE-treated samples than in
controls (Fig. 5D). The Western blot results also suggested that the
protein expression level of BAX in the DBDPE-treated group was
significantly higher than that in the control group, however, the protein
expression level of Bcl2 in the DBDPE-treated group was lower than that
in the control group (Fig. 5E and F). The results indicated that DBDPE
exposure led to the autophagy and apoptosis of oocyte.

4. Discussion

This study detected the toxic effect of DBDPE exposure on mouse
oocyte. The results showed that exposure to DBDPE significantly
inhibited oocyte meiotic maturation and resulted in damage to MII oo-
cytes. The potential toxic mechanism of DBDPE is that DBDPE induced
mitochondrial disorders, resulting in ATP deficiency and excessive ROS
generation. Excessive ROS further caused damage of the spindle and ZP,
ultimately leading to oocyte autophagy and apoptosis.

GVBD and PBE are important markers of oocyte meiotic maturation
(Reyes and Ross, 2016). The results of this study showed that compared
with the control group, the rate of GVBD and PBE of oocytes treated with
DBDPE were reduced, which indicated DBDPE was toxic to meiotic
maturation of oocytes. The effect of DBDPE on the quality of MII oocytes
by IVF was further verified. The results showed that the IVF of MII oo-
cytes exposed to DBDPE decreased markedly, suggesting that DBDPE
lead to defects in oocyte quality.

The mechanical properties of oocytes determine the developmental
potential of oocytes (Yanez et al., 2016). The change of mechanical
properties affects oocytes fertilization. However, little attention has
been paid to the changes of mechanical properties of oocytes caused by
the compounds. Therefore, the effect of DBDPE exposure on the me-
chanical properties of ZP was explored and the results found that after
DBDPE exposure, the elongation rate of ZP decreased and the Young’s
modulus markedly increased. These results indicated that DBDPE
exposure caused the ZP to harden. Previous studies reported that DBDPE
can be embedded in cell membranes, resulting in reduced cell membrane
fluidity (Liu et al., 2019). DBDPE may be embedded in the ZP to cause
the ZP to harden. Hardened ZP significantly reduced the fertilization
ability of oocytes (Wassarman and Litscher, 2018). Therefore, the
hardened ZP caused by DBDPE exposure led to the decreased rate of
fertilization.

In oocytes, mitochondria are involved in the regulation of ATP
production, cytoplasmic redox, signal transduction and apoptosis (Roth,
2018), therefore it was used as a valuable marker to reflect the quality of
oocytes (Roth, 2018). After the oocyte maturation, mitochondria
migrate from the cortex to the entire cytoplasm, and the number in-
creases (Bavister and Squirrell, 2000; Brevini et al., 2005). Oocytes with
more mitochondria have high developmental potential (Van Blerkom
and Davis, 2007). The increase of mitochondria produces more ATP and
provides the oocytes with enough energy. The decrease of ATP level
affected the process of mouse oocyte maturation and preimplantation
embryo development (Yu et al, 2010). Reduction of mitochondrial
membrane potential also led to failure of oocyte maturation (Lee et al.,
2014). In this study, it was observed that DBDPE exposure reduced the
number of mitochondria and affected the migration of mitochondria
from cortex to cytoplasm. Moreover, both the mitochondrial membrane
potential and ATP level decreased obviously in oocytes after DBDPE
treatment. Previous study found that DBDPE exposure interfered with
thyroid hormone (Chen et al., 2019), and thyroid hormone disorder
affected the organization of respiratory chain, oxidative phosphoryla-
tion and ATP production, leading to mitochondrial function damage in
human pre-implantation embryos (Noli et al., 2020). Therefore, based
on previous studies and the results of this study, mitochondrial
dysfunction induced by DBDPE exposure is the main factor leading to
oocyte toxicity.

Impaired mitochondrial function caused abnormal levels of ROS in
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Fig. 3. DBDPE exposure induced mitochondrial dysfunction, and ATP deficiency A, The distribution of mitochondria in MII oocytes. Red: Mitochondrial
Tracker; blue, DNA; B, MitoTracker Red fluorescence level of MII oocytes in control group and in 50 pM DBDPE exposure group, data were shown as mean + SEM,
**p < 0.01 (Student’s unpaired two-tailed t-test). C, Representative images of JC-1 staining. D, The fluorescence intensity (red/green) of mitochondrial membrane
potential (MMP) of oocytes. The box plots shows median, 25th and 75th percentiles, and whiskers extending to maximum and minimum data points, ***p < 0.001
(Student’s unpaired two-tailed t-test). E, ATP levels of MII oocytes in different groups, data were shown as mean + SEM, ****p < 0.0001 (Student’s unpaired two-
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oocytes (Gurung et al., 2015). Consistent with the previous study
(Gurung et al., 2015), the results of this study showed a significant in-
crease of ROS in oocytes, with mitochondrial dysfunction caused by
DBDPE. In redox homeostasis, antioxidant enzymes can scavenge
excessive ROS. However, when the expression of antioxidant enzyme
decreased, the level of oxidative stress would be increased (Zhang et al.,
2019). The result of qPCR showed antioxidant gene expression of Sod2
and Gpx-2 down-regulated after DBDPE exposure, which further caused
the production of excessive ROS. Excessive ROS could damage DNA,
protein, lipid and other cell components (Filomeni et al., 2015). The
results of immunofluorescence showed the structural damage of spindle
in MII oocytes after DBDPE exposure. Therefore, excessive ROS induced
spindle defect in DBDPE exposed oocyte. Spindle in meiotic cells is
responsible for the separation of homologous chromosomes in meiosis I
and sister chromatids in meiosis II, spindle assembly errors led to oocyte
development retardation and aneuploidy (Howe and FitzHarris, 2013).
Moreover, abnormal spindle morphology led to IVF failure and
abnormal division (Keefe et al., 2003). Therefore, ROS-induced spindle
defect inhibited maturation and fertilization of oocyte treated with
DBDPE.

Oxidative stress and other adverse conditions caused oocytes auto-
phagy and apoptosis (Jia et al., 2019). Therefore, the autophagy level
after DBDPE exposure was detected. Inhibition of mammalian target of
rapamycin (mTOR) induced autophagy (Sarbassov et al., 2005). Beclinl
mediated the formation of proautophagy and recruited
microtubule-associated light chain protein (LC3) to promote the
expansion of phagocytic vesicles (Han et al., 2016). Thus, LC3, Beclinl,
and mTOR are recognized markers of autophagy and the results showed
that the mRNA expression of Lc3, Beclinl up-regulated, the mRNA
expression of mTOR down-regulated, and the expression of LC3 protein
increased in oocytes treated with DBDPE. The results suggested that
DBDPE activated the autophagy in oocytes. Moreover, abnormal intra-
cellular signals led to the activation of Bax, inhibited the expression of

Bcl-2, induced mitochondria release of cytochrome c, and then led to the
occurrence of apoptosis mediated by mitochondria (Wang et al., 2019c).
The results of qRT-PCR analysis showed that the expression of Bax and
Caspase3 increased and the expression of Bcl-xI decreased in
DBDPE-treated oocytes. By Western blot analysis, the results showed
that the protein expression of Bax increased and the protein expression
of Bcl-2 decreased. Thus, DBDPE exposure induced autophagy and
apoptosis.

5. Conclusion

In summary, this study confirmed that DBDPE exposure inhibited
maturation and fertilization of mouse oocyte, therefore DBDPE is toxic
for the development of mouse oocyte. The possible mechanism of
toxicity is that DBDPE interferes with mitochondrial function, which
leads to ATP deficiency and excessive production of ROS. Excessive ROS
leads to the damage of ZP and spindle, finally inducing autophagy and
apoptosis of oocytes. This study provides evidence and potential
mechanism for DBDPE toxicity in oocytes.
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