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A B S T R A C T

Fluorene-9-bisphenol (BHPF), a substitute for bisphenol A, is a chemical component of plastics for industrial
production. There is evidence that BHPF exerts an antioestrogenic effect on mice, induces endometrial atrophy
and leads to adverse pregnancy outcomes. However, the effects of BHPF on oocyte maturation and ovary de-
velopment as well as its possible mechanisms remain unclear. The objective of this study was to investigate the
toxicity and mechanism of BHPF exposure in mouse oocytes in vitro and in vivo. Our results showed that BHPF
could inhibit the maturation of oocytes in vitro by reducing the protein level of p-MAPK and destroying the
meiotic spindle. We found that in vitro, BHPF-treated oocytes showed increased ROS levels, DNA damage, mi-
tochondrial dysfunction, and expression of apoptosis- and autophagy-related genes, such as Bax, cleaved-caspase
3, LC 3 and Atg 12. In addition, in vivo experiments showed that BHPF exposure could induce the expression of
oxidative stress genes (Cat, Gpx 3 and Sod 2) and apoptosis genes (Bax, Bcl-2 and Cleaved-caspase 3) and
increase the number of atresia follicles in the ovaries. Our data showed that BHPF exposure affected the first
polar body extrusion of oocytes, increased oxidative stress, destroyed spindle assembly, caused DNA damage,
altered mitochondrial membrane potentials, induced apoptosis and autophagy, and affected ovarian develop-
ment.

1. Introduction

Endocrine-disrupting chemicals (EDCs) are chemical substances that
interfere with human and animal reproduction and development
(Patisaul and Adewale, 2009; Vandenberg et al., 2009). In recent years,
bisphenol A (BPA) has been widely used in the manufacturing of
polycarbonate plastic and epoxy resins and become one of the most
extensively used EDCs (Ding et al., 2017; Geens et al., 2012). BPA was
shown to exhibit oestrogenic activity and could affect preimplantation
embryo development (Xiao et al., 2011), decrease fertility and fe-
cundity (Cabaton et al., 2011), cause metabolic abnormalities (Susiarjo
et al., 2015, 2017), and induce the apoptosis of germ cells (Wang et al.,
2017). With the negative impact of BPA on reproduction and

development, BPA substitutes are often used in industrial production.
BHPF is a bisphenol compound containing a fluorenyl group that can be
used as a substitute for BPA (Dai et al., 2009; Korshak et al., 1971; Liu
et al., 2008; Wang and Zhang, 2015). Because of its exceptional heat
resistance, high refractive index, high transparency and low linear
coefficient of expansion (Dai et al., 2009), BHPF is commonly utilized
in the synthesis of polyester polymers (Korshak et al., 1971). The
thermal stability of fluorene epoxy resin was shown to be higher than
that of BPA resin (Dai et al., 2009). As the fluorene content increases,
the decomposition activation energy of the resin increases (BPA/4,4-(9-
fluorenylidene)-dianiline (FDA) resin: 181.97 kJ/mol; BHPF/FDA resin:
249.40 kJ/mol) (Dai et al., 2009).

Previous research has shown that BHPF possesses antioestrogenic
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activity, which leads to atrophy of the endometrium and adverse effects
on pregnancy in mice (Zhang et al., 2017). As a substitute for BPA,
BHPF exerts a strong antioestrogenic effect, although it exerts no oes-
trogenic effect. With the popularization of BHPF, it is important to
explore the effects of BHPF on oocyte maturation and development.

Oocyte maturation influences the quality of oocytes, which is cri-
tical for fertilization and embryonic development (Rizos et al., 2002).
Several important factors, including oxidative stress, DNA damage, cell
apoptosis and autophagy, exert a strong influence on the oocyte ma-
turation process (Yue et al., 2016). Considerable evidence suggests that
oxidative stress can damage DNA repair processes, cause meiotic seg-
regation errors (Perkins et al., 2016), induce apoptosis and autophagy
(Liu et al., 2015; Tang et al., 2015), and thus affect different biological
processes.

We assumed that BHPF influences oocyte maturation by causing
DNA damage, injuring the subcellular structure，and inducing oxida-
tive stress, autophagy, apoptosis and ovarian damage. Therefore, we
investigated the toxic effects of BHPF on mouse oocyte maturation
progression and ovarian development as well as its possible mechan-
isms.

2. Materials and methods

2.1. Animals and reagents

All experimental procedures involving mice were approved by the
Committee for Animal Experimentation of the College of Life Sciences
at Nankai University (No. 2008) and performed in accordance with the
NIH Guide for the Care and Use of Laboratory Animals (National
Research Council, 2011). Female CD-1 mice (8-weeks old) and specific
pathogen free (SPF) mouse food were obtained from the Institute of
Zoology of the Chinese Academy of Sciences (Beijing, China). The mice
were housed in cages at 22 ± 2 °C with proper light/dark cycles and
fed a regular diet. The lights were turned on at 8 a.m. and turned off at
8 p.m. to maintain a 12/12 h light/dark cycle. The mice were allowed
to adapt to the abovementioned experimental conditions for at least 7
days and then randomly divided into control and experimental groups.

BHPF was purchased from Sigma-Aldrich (Saint Louis, MO, USA,
purity 97%, CAS: 3236-71-3). Pregnant mare serum gonadotropin
(PMSG), human chorionic gonadotropin (hCG) and other chemicals
used in the following experiments were obtained from the Ningbo
Second Hormone Factory (China).

2.2. BHPF treatment

During the in vitro experiment, BHPF was dissolved in DMSO
(Sigma-Aldrich, MO, Saint Louis, USA, purity≥99.5%, CAS: 67-68-5)
and then diluted with M16 medium (Sigma-Aldrich, MO, Saint Louis,
USA, M7292) to concentrations of 50, 100, 200 and 400 μM (Ding et al.,
2017; Jiao et al., 2019); the final concentration of DMSO in the culture
medium was 0.1%. The control group was cultured under the same
culture conditions with the same concentration of DMSO. At different
time points after culturing, oocytes were collected for subsequent
analysis.

During the in vivo experiment, BHPF was dissolved in peanut oil to
the appropriate concentrations. Mice in the experimental groups were
treated with BHPF (daily dose of 2, 10, 50mg/kg of body weight
(Zhang et al., 2017), administered by gastric cannula, once per day for
12 days, while mice in the control group were treated with the same
volume of peanut oil in the same manner.

2.3. Oocyte collection and culture

During the in vitro experiment, superovulation was induced in the
mice by intraperitoneal injection of 10 IU PMSG. Germinal vesicle stage
oocytes from the ovary were further cultured in M16 medium

containing 0.1% DMSO with or without BHPF to final concentrations of
50, 100, 200 and 400 μM. The oocytes were cultured with liquid par-
affin oil in an incubator at 5% CO2 and 37 °C. Then, after 14 h of cul-
turing, the oocytes were collected for Western blot analysis (cell
number: 150) and a separate series of immunofluorescence experi-
ments.

During the in vivo experiment, the mice were superovulated by in-
traperitoneal injection of 10 IU PMSG followed by 10 IU hCG after 48 h.
Approximately 14 h after the hCG injection, the mice were sacrificed
via cervical dislocation, and metaphase II (MII) oocytes were collected
from fallopian tube ampullae in M2 medium (Sigma-Aldrich, MO, Saint
Louis, USA, M7167) after BHPF treatment (Meng et al., 2016).

2.4. Immunofluorescence and confocal microscopy

To determine the amount of ROS generation, oocytes were in-
cubated with the oxidation-sensitive fluorescent probe 5-(and-6)-
chloromethyl-2′, 7′-dichlorodihydrofluorescein diacetate (DCFH-DA,
Solarbio Science ＆ Technology Company, Beijing, China, CSA: 4091-
99-0, 1 μM) for 30min and washed twice in PBS buffer. Then, the
fluorescence was detected using confocal microscopy (measured at
525 nm and excited at 488 nm), and the fluorescence intensity of each
oocyte was analysed by ImageJ software.

For analyses of spindle morphology and chromosomal arrangement,
oocytes were collected and fixed in PFA for 30min. Then, the fixed
samples were permeabilized in 0.5% Triton X-100 for 20min at room
temperature. After washing twice in PBS, the samples were incubated in
PBS containing 1% BSA (block solution) for 1 h. Then, the oocytes were
incubated with α-tubulin antibody (Cell Signaling Technology, Beverly,
MA, USA, 3783S, mouse antibody), which was diluted 1:200 in
blocking solution overnight at 4 °C in the dark. The anti-mouse IgG
Fab2 fragment (Cell Signaling Technology, Beverly, MA, USA, 4408,
1:100 dilution) was added, and the mixture was incubated for 30min in
the dark at room temperature. Chromosomes were counterstained with
10 μg/ml DAPI for 5min. Finally, the oocytes were observed by laser
scanning confocal microscopy. The fluorescence intensity of each oo-
cyte was analysed by ImageJ software.

To determine the amount of DNA damage, GV oocytes were cul-
tured with IBMX (Beyotime Biotechnology Company, Shanghai, China,
SC0195) and treated with100 μM BHPF for 8 h. The rabbit anti-γ-H2AX
antibody (Cell Signaling Technology, Beverly, MA, USA, 9718S, 1:200
dilution) was used for immunofluorescence labelling to observe DNA
double-strand breakage. Then, the oocytes were measured using a
confocal microscope. At least 50 oocytes were analysed for each group.
The fluorescence intensity of each oocyte was analysed by ImageJ
software.

The oocyte mitochondrial membrane potential was determined by
staining with the JC-1 probe (Beyotime Biotechnology Company,
Shanghai, China, C2006) to evaluate oocyte mitochondrial function.
Briefly, the oocytes were incubated with a JC-1 buffer solution sup-
plemented with 10 μg/ml probes for 30min. The oocytes were observed
by laser scanning confocal microscopy, and the fluorescence intensity of
the oocytes was analysed by ImageJ software.

To assess the levels of autophagy and apoptosis, oocytes were cul-
tured with 100 μM BHPF, a mouse anti-annexin-V antibody (Santa Cruz
Biotechnology, Santa Cruz, CA, sc-74438, 1:200) and a rabbit anti-LC3
antibody (Cell Signaling Technology, Beverly, MA, USA, 2775, 1:200
dilution) for 14 h and then observed by confocal microscopy. The
fluorescence intensity of each oocyte was analysed by ImageJ software.

2.5. Analysis of ovary biopsy

The ovaries were immediately removed, fixed in paraformaldehyde
solution and dehydrated in alcohol. Then, the ovaries were cleared in
xylene and embedded in paraffin. The cortical region of each ovary was
cut into serial sections (5 μm thick). The slices were stained with
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haematoxylin and eosin, dehydrated with serial dilutions of alcohol and
cleared in xylene. The corpora lutea and follicles of each ovary from
each mouse were observed under a light microscope.

2.6. Western blot analysis

Approximately 200 mouse oocytes were collected at the MI stage,
lysed in buffer (SDS sample buffer with 2-mercaptoethanol), heated at
100 °C for 5min and immediately frozen at −20 °C until use. Protein
was separated by SDS-polyacrylamide gel electrophoresis (PAGE) using
12% gels. After electrophoretic separation, proteins were electrically
transferred to a PVDF membrane (Immobilon-P; Millipore, Bedford,
MA), which was pretreated with methanol. To avoid nonspecific
binding, the membranes were blocked in TBS (25mM Tris, 150mM
NaCl, pH 8.0) containing 0.01% Tween-20 (TBST) and 5% BSA at room
temperature for 1 h. After washing with TBST, the membrane was in-
cubated overnight at 4 °C with the following primary antibodies: rabbit
monoclonal p-MAPK antibody (Cell Signaling Technology, Beverly, MA,
USA, 4370, 1:1000 diluted), rabbit monoclonal Bax antibody (Santa
Cruz Biotechnology, Santa Cruz, CA, sc-7480, 1:1000), rabbit mono-
clonal Bcl-2 antibody (Santa Cruz Biotechnology, Santa Cruz, CA, sc-
7382, 1:1000), rabbit monoclonal cleaved caspase 3 antibody (Santa
Cruz Biotechnology, Santa Cruz, CA, sc-271028, 1:100), rabbit mono-
clonal LC3 antibody (Cell Signaling Technology, Beverly, MA, USA,
2775, 1:1000), rabbit polyclonal atg12 antibody (Santa Cruz
Biotechnology, Santa Cruz, CA, sc-271688, 1:100) and mouse α-tubulin
antibody (Cell Signaling Technology, Beverly, MA, USA, 3783S,
1:1000). After three washes with TBST, the membrane was incubated
for 1 h with the secondary peroxidase-conjugated goat anti-mouse or
anti-rabbit IgG antibodies (Zhongshan Golden Bridge, Beijing, China,
ZDR-5307 or ZDR-5306, 1:1000) in TBST/5% BSA. The protein bands
were visualized using a SuperSignal West Femto Maximum Sensitivity
Substrate (Thermo Fisher Scientific, Rockford, IL, USA). The relative
signal intensity was measured by ImageJ software.

2.7. Real-time quantitative PCR (RT-qPCR) analysis

Total RNA was isolated from oocytes using a TRNpure Total RNA
Extraction Kit (Nobelab， Beijing，China) according to the manufac-
turer's instructions. The RNA content in each sample (150 mouse oo-
cytes) was quantified by a NanoDrop 2000 nucleic acid quantifier
(A260/280 nm). PrimeScript RT Reagent Kit (TaKaRa, Dalian, China)
was used to reverse transcribe mRNA into cDNA. Each group of reverse
transcription products, analysed in triplicate, was mixed with FastStart
Universal SYBR Green Master (Roche, Switzerland）to evaluate the
expression of the target gene. The PCR product was detected and ana-
lysed by CFX Manager (Bio-Rad, America). The primers are given in
Table S1. The 2−ΔΔCT method was used to calculate the gene expression
level using GAPDH as a reference gene.

2.8. Mechanical measurement

A pair of three-degrees-of-freedom micromanipulators was used to
control the micropipette with a travel distance of 50mm and a position
resolution of 1 μm along each axis. A camera was connected to the
microscope for visual detection, and the image was collected at 20
frames/s. Independently developed pneumatic syringes were connected
to the micropipettes to provide negative pressure. A motorized XY stage
was used to position the cell samples, which were placed in a 35mm
Petri dish.

The mechanical properties of the oocytes were characterized by
measuring the hardness of the zona pellucida (ZP). Young's modulus
was used to represent the ZP hardness. Here, we used the current
general shell model (Khalilian et al., 2010) to estimate the Young's
modulus of the mouse ZP, as shown in Fig. 2b. Young's modulus of the
ZP was estimated by the following equation:
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2.9. Statistical analysis

Data were analysed by ANOVA using GraphPad Prism software and
expressed as the mean ± SEM. Values of p < 0.05 were considered
statistically significant. The fluorescence intensity of each oocyte was
analysed by ImageJ software.

3. Results

3.1. Characterization of BHPF

The structure of BHPF was analysed by FTIR (Fig. S1b). For BHPF,
the adsorption peaks at 1284.71 cm−1 and 3463.40 cm−1 corre-
sponding to C-O and O-H in the phenolic hydroxyl group, respectively.
The vibration absorption peaked in the benzene ring at 1592.38 cm−1

and 1607.75 cm−1. Based on dynamic light scattering (DLS), Figs. S1c
and d shows the particle size distribution of M16 medium and BHPF in
M16 medium. Quantitative analysis showed that the aggregation size of
M16 medium was 95.95 ± 8.13 nm and that the aggregation size of
BHPF in M16 medium was 402.1 ± 6.36 nm (Fig. S1e, Table S2). The
zeta potential of BHPF in M16 medium (−29.93 ± 8.29mV) was in-
creased compared to that of control M16 medium
(−22.01 ± 5.70mV, Fig. S1f, Table S2). Then, we investigated the
effects of BHPF on the maturation of mouse oocytes. Mouse oocyte
collection and in vitro culturing to different stages of the time axis are
shown in Fig. S1g.

3.2. The effect of BHPF exposure on mouse oocyte maturation in vitro

The oocytes were harvested from the ovaries and cultured for 14 h
in vitro with different concentrations (0, 50, 100, 200 and 400 μM) of
BHPF. Our results showed that BHPF exposure exerted toxic effects on
oocyte maturation and that the effect of BHPF was concentration de-
pendent (Fig. 1a). As the concentration of BHPF increased, the polar
body extrusion (PBE) rate of the mouse oocytes also decreased sig-
nificantly (Fig. 1b). We found that 200 μM BHPF treatment increased
cytoplasmic abnormalities in mouse oocytes. Cytoplasmic shrinkage
and the cytoplasmic granulation of oocytes were observed after treat-
ment with high concentrations of BHPF (400 μM).

We next examined the spindle assembly and chromosome alignment
in mouse oocytes after BHPF exposure. Control oocytes at MII had a
typical barrel-shaped spindle structure and arranged chromosomes
(Fig. 1c). Conversely, BHPF exposure caused the spindle to exhibit an
irregular microtubule distribution and a defective chromosome align-
ment in mouse oocytes in vitro (Fig. 1c). The proportion of abnormal
spindles in the treatment group was significantly higher than that in the
control group (Fig. 1d and e). The chromosome alignment was also
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examined. For subsequent experiments, we chose 100 μM BHPF as the
treatment concentration. To confirm spindle assembly disruption, p-
MAPK, an important protein of microtubule organizing centres
(MTOCs), was analysed in our study. After 100 μM BHPF exposure, the
protein expression level of p-MAPK was significantly reduced (Fig. 1f
and g).

3.3. BHPF exposure induced mechanical property changes in mouse oocytes

In this experiment, the average Rp value for all micropipettes em-
ployed was 11.2 ± 1.3 μm, and the average h value was 7.3 ± 0.9 μm.
Fig. 2b shows the cell morphology at different BHPF concentrations.
The cells showed obvious cytoplasmic shrinkage and cytoplasmic

Fig. 1. Effects of BHPF on oocyte maturation in vitro. (a) The morphology of MII oocytes after 14 h of culture in the control and BHPF-treated groups. GV stage
oocytes were harvested and cultured for 14 h. Bar: 100 μm. (b) Polar body extrusion (PBE) rates of mouse oocytes treated with 50, 100, 200 and 400 μM BHPF. (c)
BHPF exposure caused spindle and chromosomal abnormalities in mouse oocytes. Oocytes were stained with α-tubulin antibody (green) and double-labelled with
DAPI (blue). Bar: 10 μm. (d, e) Proportion of abnormal spindle and chromosome from the control and BHPF-treated groups. (f, g) The Western blot results showed
that the expression of p-MAPK was significantly decreased after BHPF exposure. Data are shown as the means± standard errors. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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granulation at a BHPF concentration of 400 μM. A pressure sensor was
used to record the pressure. The relationship between pressure and ZP
elongation is shown in Fig. 2c. Five groups of pressure-length data from
each mouse oocyte were used for linear regression to obtain Young's
modulus. The reported Young's modulus of the ZP, which was measured
by various experimental techniques, ranged from 8.26 to 17.9 kPa
(Murayama et al., 2008; Sun et al., 2003). Using the micropipette as-
piration technique, the Young's modulus of the control group was
8.2 ± 1.2 kPa. The Young's modulus of the ZP changed after BHPF
treatment. The Young's modulus of the ZP gradually increased when the
concentration of BHPF increased from 50 μM to 200 μM. The Young's
modulus of the ZP was significantly reduced by BHPF at a concentration
of 400 μM, as shown in Fig. 2d. The results demonstrate that BHPF
could cause ZP hardening. Excessive concentrations of BHPF cause
oocyte cytoplasmic shrinkage and cytoplasmic granulation.

3.4. BHPF exposure induced oxidative stress, resulting in DNA double-
strand breakage, and interfered with mitochondrial function in mouse
oocytes

We next investigated whether BHPF could cause oxidative stress in
mouse oocytes. The concentration of BHPF (0, 50, 100, and 200 μM)
was consistent with the previous set of experiments. As shown in
Fig. 3a, the ROS fluorescence intensity in BHPF-treated oocytes (100
and 200 μM) was significantly higher than that in control group oo-
cytes. However, there was no significant difference in the degrees of
oxidative stress in the low concentration (50 μM) and the control
groups. Furthermore, the increase in the oxidative stress level in oo-
cytes has a concentration dependence on BHPF. Quantitative analysis
showed that the relative fluorescence intensity increased as the BHPF

concentration increased, which was consistent with the staining results
(Fig. 3b and c).

Since reactive oxygen species are associated with DNA damage, we
next explored whether exposure to BHPF damaged mouse oocyte DNA.
As shown in Fig. 3d, γ-H2AX was stained as a marker to label DNA
double-strand breaks (DSBs) in oocytes. The γ-H2AX in the BHPF-
treated groups had brighter foci than that in the control group, which
implied the generation of DNA damage (Fig. 3d). Quantitative analysis
showed that the relative fluorescence intensity of γ-H2AX increased as
the BHPF concentration increased, which was consistent with the
staining results (Fig. 3e). Furthermore, mitochondrial function is asso-
ciated with ROS production, which can be used as an important in-
dicator of oocyte quality. We next explored whether BHPF exposure
adversely affects oocyte mitochondrial function. We used JC-1 to
evaluate the mitochondrial membrane potential, and the control oo-
cytes exhibited a high mitochondrial membrane potential, showing
strong red and weak green JC-1 fluorescence (Fig. 3f). Compared with
that of the control group, BHPF treatment decreased the mitochondrial
membrane potential, showing weak red and strong green JC-1 fluor-
escence in oocytes (Fig. 3f). Quantitative analysis showed that the ratio
of red to green JC-1 fluorescence decreased significantly after BHPF
exposure, which was consistent with the staining results (Fig. 3g).

3.5. BHPF in vitro exposure induced early apoptosis and autophagy in
mouse oocytes

We next assessed the levels of autophagy and apoptosis in oocytes
after BHPF exposure. As shown in Fig. 4a, annexin-V was stained as an
early apoptotic signal marker, and early apoptotic signals arose in BHPF
oocytes. Quantitative analysis indicated that apoptotic oocytes were

Fig. 2. Mechanical parameters were measured by a micromanipulation system. (a) The micromanipulation system for measuring the Young's modulus of the ZP. (b)
The shell model to estimate the Young's modulus of the ZP and the cell morphology at different BHPF concentrations. (c) The relationship between the pressure and
elongation of the ZP. (d) The Young's modulus of the ZP at different BHPF concentrations (50 μM, 100 μM, 200 μM and 400 μM). ****p < 0.0001.
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significantly increased after 14 h of BHPF exposure, which was con-
sistent with the staining results (Fig. 4b). We also assessed the LC3 le-
vels in oocytes by immunofluorescence staining (Fig. 4d), which
showed that the LC3 fluorescence levels were increased after 14 h of
BHPF exposure (Fig. 4e). The Western blot analyses showed that the
Bax, cleaved caspase-3, LC3 and Atg12 protein levels were significantly
increased in the BHPF treatment group; however the Bcl-2 protein le-
vels were decreased after BHPF exposure (Fig. 4g–j). qRT-PCR analyses
showed that the Bax, caspase-3, LC3, Atg14, and Beclin mRNA ex-
pression levels and the Bcl-xl and mTOR expression levels were changed
in the BHPF-treated oocytes (Fig. 4c, f). The increased expression levels
of Bax and Atg14 were significantly different. Thus, BHPF exposure
induced early apoptosis and autophagy in the mouse oocyte.

3.6. BHPF exposure affected ovarian and follicle development

To further explore the effects of BHPF on the development of mouse
oocytes, we conducted in vivo experiments to investigate the effects on
ovarian and follicle development. As shown in Fig. 5, the ovarian
morphology and ratio of ovarian weight to body weight were not sig-
nificantly different between the control and BHPF-treated groups
(Fig. 5a, c). Quantitative analysis showed that the percentage of atretic
follicles significantly increased as the BHPF concentration increased
(Fig. 5b, d). After BHPF exposure, the Bax and cleaved caspase-3 pro-
tein levels were significantly increased, as determined by Western blot;
however, the Bcl-2 protein levels were decreased (Fig. 5f). qRT-PCR
analyses showed that the CAT, GPX3 and SOD2 mRNA expression levels
were significantly increased in BHPF-treated oocytes compared to that
in control oocytes (Fig. 5g), indicating that exposure to BHPF in vivo
promotes apoptosis and oxidative stress in ovarian tissue (Sun et al.,
2012).

3.7. BHPF exposure induced significant oxidative stress and had no effect
on spindle assembly in mouse oocytes in vivo

We next investigated whether BHPF could induce oxidative stress in
mouse oocytes in vivo. As shown in Fig. 6a, the ROS fluorescence in-
tensity in BHPF-treated oocytes was significantly higher than that in
control group oocytes. Furthermore, the increase in the oxidative stress
level of oocytes had a concentration dependence on BHPF. Quantitative
analysis results were consistent with the staining results (Fig. 6c).
However, the oocytes had a typical barrel-shaped spindle structure and
arranged chromosomes at the equator of the spindle after BHPF ex-
posure in vivo (Fig. 6b). The proportion of abnormal spindles in the
treatment group was not significantly different from that in the control
group (Fig. 6d).

4. Discussion

Due to their adverse effects on human health, endocrine disruptors
chemicals have received widespread attention. BHPF is considered to be
a substitute for BPA and may impair female the reproductive capacity of
female mice. However, there are few studies on the toxicity of BHPF on
oocyte development and maturation. In this study, we hypothesized
that exposure to BHPF causes oocyte polar body extrusion failure in in
vitro maturation and inhibits cell cycle progression and oocyte ma-
turation. Then, we explored the toxicity of BHPF and its underlying
mechanisms in the following areas: oxidative stress, spindle assembly,
DNA damage, mitochondrial membrane potential, autophagy, apop-
tosis, and ovarian damage (Fig. 7).

To confirm our hypothesis, we first cultured oocytes in vitro for 14 h
and found that the rate of oocyte polar bodies was decreased in the
BHPF treatment group (Fig. 1). Cytoplasmic shrinkage and cytoplasmic
granulation of oocytes were observed in the high-concentration BHPF
treatment group (400 μM). This result suggests that BHPF has a nega-
tive influence on oocyte maturation. Next, we examined the spindle

Fig. 3. BHPF exposure caused oxidative stress, DNA damage and mitochondrial membrane potential reduction in mouse oocytes. (a) Fluorescently stained images of
oocytes in the control group and BHPF exposure groups at concentrations of 50, 100, and 200 μM. Scale bar indicates 25 μm. (b, c) Fluorescence intensity quan-
tification of the oxidative stress level (n = 50). (d) Fluorescently stained images of oocytes in the control group and BHPF exposure groups at 100 μM. DNA: blue. γ-
H2AX: red. Scale bar indicates 25 μm. (e) Fluorescence intensity quantification of the DNA damage level (n = 50). (f) Fluorescenly stained images of oocytes in the
control and 100 μM BHPF exposure groups. Scale bar indicates 100 μm. (g) Ratio of red to green JC-1 fluorescence intensity quantifying the mitochondrial membrane
potential (n = 50). **p < 0.01, ****p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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morphology and chromosome arrangement of BHPF-exposed oocytes to
study the factors underlying the decreased maturation rate of oocytes.
Our findings showed that most BHPF-treated oocytes had abnormal
meiosis spindle morphology and chromosome alignment. The MII oo-
cytes were exposed to toxic environmental components to not only
disrupt the symmetrical barrel structure but also to disrupt the equa-
torial chromosome for chromatid segregation (Khan et al., 2016). In
addition, excessive ROS production may be the cause of meiosis defects
in mouse oocytes (Han et al., 2017). The p-MAPK protein level in the
BHPF group was dramatically decreased compared with that in the
control group. p-MAPK is a microtubule-related protein involved in cell
differentiation and apoptosis and is necessary for stabilizing spindle
assembly in mouse oocytes (Zhang et al., 2016; Zhu et al., 2016). MTOC
dysfunction, caused by the abnormal expression of p-MAPK, is an im-
portant factor leading to defective spindle assembly in BHPF-treated

oocytes. Our results showed that BHPF exposure-induced MTOC dys-
function is the main factor underlying subsequent spindle defects.

It is also important to understand the physiological and pathological
processes of oocytes based on their mechanical properties. Our previous
studies have shown that the quality of oocytes affects the mechanical
properties of the zona pellucida (Jia et al., 2018). The mechanical
properties of oocytes are usually characterized by measuring the
hardness of the zona pellucida. In this study, the hardness of the oocyte
zona pellucida increased as the BHPF concentration increased
(0–200 μM). This phenomenon may have occurred because the number
of cross-linked protein (ZP1 between ZP2 and ZP3) units increased,
causing the zona pellucida to harden (Sun et al., 2005). However, when
the BHPF treatment concentration reached 400 μM, the hardness of the
oocyte zona pellucida was significantly decreased but remained higher
than that of the control group. We speculate that the cytoplasmic

Fig. 4. BHPF exposure induced early apoptosis and autophagy in mouse oocytes in vitro. (a) Fluorescently stained images of oocytes in the control and 100 μM BHPF
14 h exposure groups. Annexin-V: green. Scale bar indicates 10 μm. (b) Percentages of oocytes exhibiting early-stage apoptosis. (c) Relative mRNA expression of three
genes related to apoptosis in the control and BHPF exposure groups. (d) Immunofluorescence staining of LC3 in oocytes after 14 h of BHPF treatment. LC3: red. Bar:
25 μm. (e) The fluorescence intensity quantification of LC3 expression (n = 50). (f) The mRNA expression of LC3, Beclin, Atg14 and mTOR in mouse oocytes. (g, h)
Western blot showed the expression of apoptosis-related proteins and autophagy-related proteins in the control and BHPF-treated groups. (h, j) Relative intensity of
apoptosis-related protein expression and autophagy-related protein expression in mouse oocytes. **p < 0.01, ***p < 0.001, ****p < 0.0001. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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shrinkage of oocytes may be one factor underlying the decreased
hardness of the zona pellucida.

ROS are produced by oocyte metabolism or the oocyte environment
(Sugino, 2005), which is responsible for the poor quality of oocytes
(Tamura et al., 2010). In this study, increase ROS levels were observed
in the BHPF group compared with those in the control group. The level
of oxidative stress increased rapidly as the BHPF concentration in-
creased. Mitochondria are the main place of producing the ROS and the
most sensitive part of ROS (Chen et al., 2003). A previous study de-
monstrated that the accumulation of ROS leads to cells being in a redox
state, which plays a role in apoptosis induction (Lord and Aitken, 2013;
Tatemoto et al., 2000; Zhang et al., 2006). Mammalian oocytes and
embryos are exceptionally sensitive to ROS (Van, 2011). Our findings
indicate that BHPF exposure induces excess ROS in mouse oocytes,
indicating oxidative stress, which is the reason underlying the failure of
oocyte maturation (Yue et al., 2016). In addition, bisphenol AF (BPAF),
a fluorinated homolog of BPA, can be used as an endocrine disruptor by
acting as an oestrogen receptor agonist or antagonist (Ding et al.,
2017). BPAF exposure may negatively impact female fertility by in-
fluencing cytoskeleton kinetics, inducing oxidative stress, increasing
DNA damage and altering epigenetic modifications. Bisphenol S (BPS),
another alternative to BPA, has been shown to have negative effects on
the cell maturation of porcine oocytes (Žalmanová et al., 2017),

especially during the meiotic cell cycle, tubulin fibre formation, ma-
ternal mRNA generation and cumulus cell expansion. Recent evidence
has suggested that BPS is capable of inducing changes in embryonic
neural and endocrine systems (Kinch et al., 2015).

ROS, which are produced as a result of endogenous metabolism
and/or exposure to environmental poisons, constitute an important
type of DNA damage agent (Yang et al., 2011). In addition to destroying
DNA directly, ROS may also damage DNA indirectly by reacting to li-
pids, proteins, and other cellular components (Irina et al., 2009;
Marnett, 1999; Yang et al., 2011). Our results showed that the fluor-
escence intensity of γ-H2AX in BHPF-treated oocytes was higher than
that in the control oocytes. The histone H2A variant H2AX is phos-
phorylated at serine residue 139 (Fei et al., 2014; Rogakou et al., 1998)
after DNA damage. Because phosphorylation products can accumulate
at sites of DNA damage, they are used as a marker of DNA damage (Fei
et al., 2014). We speculate that increased DNA damage may be medi-
ated by BHPF-induced ROS generation (Halliwell, 1999). Moreover,
recent studies have confirmed that DNA damage induced meiosis
stagnation and apoptosis in mouse oocytes (Collins et al., 2015; Fei
et al., 2014; Shi et al., 2018). Mitochondria are the main energy-pro-
ducing organelles in oocytes, and their activity is closely related to the
quality of oocytes (Chen et al., 2003; Ou et al., 2012). The mitochondria
of oocytes were exposed to JC1 to determine the mitochondrial

Fig. 5. Effect on ovarian and follicle development after BHPF exposure in mice. (a) Images of ovarian morphology in control mice and in 2, 10, and 50 mg/kg BHPF-
treated mice. (b) Histological sections of ovaries from the control and BHPF exposure groups at different concentrations that were stained with haematoxylin and
eosin. Scale bar indicates 100 μm. (c, d) Quantitative analysis of follicles at different stages in ovarian sections based on the ratio of ovary weight to body weight and
the percentage of atretic follicles. (e, f) Western blot showing that Bax and Cleaved caspase 3 protein levels were increased, while the Bcl-2 protein levels were
decreased after BHPF exposure. (g) The expression of oxidative stress-related genes in mouse ovaries. Data are shown as the means ± standard errors.
***p < 0.001, ****p < 0.0001.

Z. Jia, et al. Ecotoxicology and Environmental Safety 180 (2019) 168–178

175



membrane potential; the dye emits a red fluorescence in active mi-
tochondria and a green fluorescence in inactive mitochondria. The re-
sults showed that the red and green fluorescence ratios in the exposed
group were significantly decreased, and the low values indicated that
the mitochondrial activity was decreased. The electron transfer chain in

the mitochondrial endometrium participates in the generation of en-
ergy (Gurung et al., 2015). With rupture of the electron transfer chain,
ROS are constantly produced to create cytotoxicity (Gurung et al.,
2015). Hence, we can infer that the increase in ROS in BHPF-exposed
oocytes is a major factor underlying the decreased mitochondrial

Fig. 6. BHPF exposure induced oxidative stress and had no
effect on spindle assembly in mouse oocytes. (a)
Fluorescently stained images of oocytes in the control group
and the 2, 10, and 50 mg/kg BHPF exposure groups. Scale
bar: 25 μm. (b) Images of spindle morphology in the control
and BHPF-treated groups. (c) Fluorescence intensity quan-
tification of the oxidative stress level (n = 50). (d)
Proportion of abnormal spindles in the control and BHPF-
treated groups. **p < 0.01, ****p < 0.0001.

Fig. 7. Potential mechanism of BHPF-induced cytotoxicity on mouse oocytes.
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activity.
Apoptosis in oocytes might be involved in the mechanism by which

oxidative stress mediates damage (Chaube et al., 2015). Thus, we ex-
plored early apoptosis in mouse oocytes treated with BHPF. Increasing
evidence indicates that oocytes exposed to endocrine disruptors can
induce early apoptosis due to elevated levels of oxidative stress (Guo
et al., 2017; Wang et al., 2016). The protein levels of apoptosis-related
factors (Bax and Bcl-2) confirmed the effect of BHPF on the apoptosis of
oocytes. The mRNA expression of Bax and Bcl-xl also verified that
apoptosis occurred in BHPF-treated oocytes. Previous studies have
shown that ROS promote autophagy activation and that the occurrence
of autophagy can reduce oxidative damage (Scherzshouval and Elazar,
2011). The increased expression levels of LC3 and Atg 14 and the
mRNA expression of autophagy-related genes validated the hypothesis
that BHPF induces oocyte autophagy. Increased autophagy levels may
be one of the reasons underlying the failure of oocytes to mature in
vitro.

The ovaries can produce reactive oxygen species in the stages of
follicle development and ovulation due to active metabolism (Chaube
et al., 2015). Excessive production of ROS in the ovary will cause oxi-
dative stress, which may affect the oocyte quality and assisted re-
productive technology (ART) outcome. Studies have shown that when
cells are compromised by a harmful environment, increase expression
of the associated antioxidant genes CAT, SOD2 and GPX3 can reduce
hydrogen peroxide and organic peroxides, protecting cells from oxi-
dative damage (Jian et al., 2008; Wang et al., 2018). The increased
CAT, GPX3 and SOD2 expression levels in the BHPF-treated group
herein indicated that BHPF induces oxidative stress in the ovary and
might further inhibit oocyte maturation and development. A recent
study showed that clomiphene citrate, an antioestrogenic drug, induces
ROS-mediated apoptosis in granulosa cells and oocytes to accelerate the
deterioration of oocyte quality (Chaube et al., 2015). Therefore, we
hypothesized that BHPF, which has antioestrogenic activity, induces
apoptosis by increasing ROS levels, thereby affecting oocyte matura-
tion. Our study found that BHPF in vivo exposure had no significant
effect on the ovarian/weight ratio in mice. However, quantitative
protein analysis indicated that in vivo exposure to BHPF increased the
apoptosis level in the ovary, especially in the high concentration group
(50mg/kg). This phenomenon specifically manifested as increased Bax
expression and downregulated Bcl-2 expression, suggesting that the in
vivo exposure to BHPF induced ovarian damage. Studies have shown
that Bcl-2 proteins play a key role in inhibiting apoptosis (Yang and
Rajamahendran, 2002), which could explain why the protein expres-
sion of Bcl-2 was decreased in BHPF-exposed oocytes in our study. Our
study found that the proportion of atresia follicles was increased after
BHPF exposure, which might be related to the increased levels of
ovarian cell apoptosis (Cui et al., 2011). These results suggest that
BHPF increases the percentage of atretic follicles, possibly by mod-
ulating the elements in the apoptosis signaling pathway (Moon et al.,
2009; Zhu et al., 2018).

In conclusion, we investigated the toxic effects of BHPF on the
maturation of mouse oocytes and the possible mechanisms in this study.
Our results show that the exposure of oocytes to BHPF reduces the
expression of p-MAPK and destroys the spindle morphology, thus af-
fecting the maturation of oocytes. After BHPF treatment, the level of
ROS in the oocytes increased, which induced oxidative stress. In addi-
tion, with the occurrence of oxidative stress, the mitochondrial function
and DNA of oocytes were impaired to a certain extent, inducing
apoptosis and autophagy. The exposure of mouse oocytes to BHPF has a
negative impact on oxidative stress, meiosis spindle morphology, DNA
damage, mitochondrial function, apoptosis, autophagy, and ovarian
development. Our research provides a potential mechanism for BHPF
toxicity in oocytes.
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