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KEYWORDS Abstract Bisphenol A (BPA) is a chemical substance used in large amounts in the production of
Bisphenol A; epoxy resins, phenolic resins and polycarbonate plastics. Although its toxicity to the female repro-
Bisphenol AF; ductive system has been extensively studied, little is known about the combined toxicity of BPA and
Co-exposure; its analogues. In this study, the human granulosa cell line KGN was co-exposed to BPA and bisphe-
Apoptosis; nol AF (BPAF), and we subsequently examined the effect of these chemicals on cell apoptosis and
Oxidative stress; their mechanism. We found that co-exposure to BPA and BPAF induced intracellular stress in
Granulosa cells KGN cells, including significantly elevated levels of reactive oxygen species (ROS) and calcium ions

(Ca®™). Then, apoptosis and its associated biological events, including increased caspase-3 activity,
and decreased Bcl-2/Bax protein expression ratio, were measured under the combined exposure.
Notably, we confirmed that the intracellular stress and activation of the signaling axis of the down-
stream ASK1-JNK signaling pathway involved in the apoptosis of KGN cells was induced by the
mixture of BPA and BPAF. In addition, we verified with pretreatment inhibitors that the BPA and
BPAF mixture promoted the co-induction of KGN cell apoptosis via this stress pathway. Our work
provides novel insights into the combined cytotoxicity and molecular toxicity mechanism of bisphe-
nol mixtures.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Bisphenol A (BPA) is used in the manufacture of epoxy resins,
phenolic resins, and polycarbonate plastics, and large quanti-
ties of this chemical are produced worldwide (Rubin, 2011;
Flint et al., 2012). Widespread use of BPA-containing products
leads to ubiquitous BPA exposure. Previous reports indicated
that BPA is present in various human body fluids (Kuruto-
Niwa et al., 2007; He et al., 2009; Minatoya et al., 2017). In
addition, elevated levels of BPA are closely related to the
occurrence of various diseases and health conditions
(Fenichel et al., 2013; Mirmira and Evans-Molina, 2014;
Rezg et al., 2014).

Considering the adverse health effects of BPA, its use is
being limited and gradually replaced by other bisphenols
(Rosenmai et al., 2014; Eladak et al., 2015). Bisphenol AF
(BPAF; fluorine-containing BPA) is one of the most important
substitutes for BPA and is widely used in industry and to man-
ufacture daily necessities (Chen et al., 2016). Although BPAF
is considered a safe alternative to BPA, studies have shown
that it has stronger female reproductive toxicity than BPA. It
has been established that it interferes with the synthesis of ster-
oid hormones, and also causes ovarian follicular atresia char-
acterized by granulosa cell apoptosis, which ultimately leads to
follicular development disorders (Shi et al., 2015; Yang et al.,
2016; Jones et al., 2018). Besides, BPAF also shows a stronger
ability to induce apoptosis as compared to BPA (Ding et al.,
2017; Macczak et al., 2017, Mokra et al., 2018; Meng et al.,
2019; Huang et al., 2020c).

Granulosa cells are the main component of the ovarian fol-
licle, and their survival or death plays a crucial role in deter-
mining whether the follicle develops normally or not
(Albertini et al., 2001; Buratini and Price, 2011). The primary
mechanism of follicular atresia and degeneration of the corpus
luteum involves the physiological apoptosis of granulosa cells
(Hughes and Gorospe, 1991; Matsuda et al., 2012; Regan
et al., 2018). Empirical studies have highlighted that under
pathological conditions, such as non-physiological apoptosis
of granulosa cells caused by exposure to exogenous chemicals,
follicular development disorders can occur (Jia et al., 2011; Lee
et al., 2013; Migliaccio et al., 2018). In our previous studies, we
have elucidated that BPA and BPAF exposure alone can cause
granulosa cell apoptosis, while recent animal studies have
shown that BPA or BPAF exposure can lead to the develop-
ment of abnormal follicular atresia characterized by granulosa
cell apoptosis in mice (Jones et al., 2018; Huang et al., 2020a;
Huang et al., 2020b).

Although the toxicity of bisphenols, especially BPA, to the
female reproductive tract has been extensively studied, human
beings are usually simultaneously exposed to multiple bisphe-
nols due to their contaminating presence in the natural envi-
ronment. Previous measurements indicate that BPA and
BPAF coexist in different environmental matrices and human
body fluids, but little is known about their combined reproduc-
tive toxicity, and the underlying mechanism remains poorly
understood. Hence, the aim of this study is to examine the
effects of co-exposure of BPA and BPAF on the apoptosis
of the human granulosa cell line KGN and its mechanism.
We found that co-exposure to BPA and BPAF induced intra-
cellular stress in KGN cells, including significantly elevated
levels of reactive oxygen species (ROS) and calcium ions

(Ca*>"). In addition, we further confirmed that BPA and
BPAF co-exposure promoted the apoptosis of KGN cells,
which was regulated by the apoptosis signal-regulating kinase
I-c-Jun N-terminal kinase (ASK1-JNK) pathway and medi-
ated by intracellular stress.

2. Materials and methods

2.1. Reagents

BPA and BPAF (analytical purity, 99-99.5%) were purchased
from Sigma-Aldrich (Darmstadt, Germany). The fluorescent
probe for calcein AM, DCFH-DA, Fluo-3/AM and FITC-
Annexin V were purchased from US Everbright Inc. (Suzhou,
China). N-acetyl cysteine (NAC) was purchased from
Beyotime Biotechnology (Shanghai, China). GS-4997
(selonsertib) was purchased from Apex Biotechnology (Hous-
ton, USA). SP600125 and BAPTA-AM were purchased from
AbMole (Houston, TX, USA). YF®488-Annexin V apoptosis
kit and caspase-3 assay kit were purchased from US Ever-
bright Inc. (Suzhou, China). Anti-Bcl-2, Bax and ASK1 anti-
bodies were purchased from Abcam (Cambridge, USA).
Anti-JNK, B-actin and anti-ASK1 and JNK phosphorylation
antibodies were purchased from Cell Signaling Technology
(Danvers, MA, USA).

2.2. Cell culture and treatment

KGN cells were purchased from Cellcook, Ltd. (Guangzhou,
China). Short tandem repeat (STR) profiling was performed
to ensure authenticity. Cells were cultured in Dulbecco’s mod-
ified Eagle’s medium/Nutrient Mixture F-12 (DMEM/F-12)
cell culture media supplemented with 10% fetal bovine serum
(FBS), 100 IU/mL penicillin/streptomycin, at 37 °C in an
atmosphere of 95% humidified air and 5% CO,. Cultured
KGN cells were treated with BPA and/or BPAF for 24 h
and then tested according to the experimental design. The con-
centrations of BPA used in this study were 30 pM and 50 pM,
the concentrations of BPAF were 3 uM and 5 uM, and their
combined exposure concentrations were BPA 30 uM + BPAF
3 uM and BPA 50 uM + BPAF 5 pM.

2.3. Cell viability measurement

Cell Counting Kit-8 (CCK-8, AbMole, USA) was used to mea-
sure changes in cell viability after BPA and/or BPAF exposure
according to our previous description (Huang et al., 2020c). In
addition, we further used the calcein AM probe to detect
changes in cell viability. After the cells seeded in 12-well plates
were exposed to BPA and/or BPAF for 24 h, the culture media
was aspirated, followed by washing the cells once with PBS.
Then 500 pL of calcein AM detection working solution was
added per well, and the plates were incubated for 30 min at
37 °C in the dark. After incubation, the cells were observed
under a laser confocal microscope (Olympus, Japan).

2.4. Intracellular ROS level detection

The cells were cultured in a 12-well plate and trypsinized after
exposure to BPA and/or BPAF for 24 h. After centrifuging the
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digested cells, the DCFH-DA (Ex/Em: 488 nm/530 nm) fluo-
rescent probes were loaded. After incubating for 30 min at
37 °C, the cells were washed twice with serum-free cell culture
media to fully remove the DCFH-DA that did not enter the
cells. The changes in the intracellular levels of ROS were mea-
sured using flow cytometry (ACEA Biosciences, USA).

2.5. Intracellular Ca®™ level detection

The cells were cultured in a 12-well plate and trypsinized after
exposure to BPA and/or BPAF for 24 h. Afterward, the media
was removed and the cells were washed three times with PBS.
Then, the Fluo-3/AM working solution was added to the cell
suspension, which was incubated at 37 °C for 60 min. After
removing the working solution and washing the cells three
times with PBS, a suspension of 1 x 10° cells/mL was created.
Thereafter, the cells were incubated further at 37 °C for 10 min
to ensure complete de-esterification of AM in the cells. Lastly,
the changes in intracellular Ca®" levels were detected using
flow cytometry (ACEA Biosciences, USA). The excitation
wavelength and emission wavelength of Fluo-3/AM were
506 nm and 526 nm, respectively.

2.6. Antioxidant capacity detection

Cells were cultured in a 6-well plate and treated with BPA and/
or BPAF for 24 h. Then, the antioxidant capacity was mea-
sured according to the instructions of the corresponding kit
(Jiancheng Bioengineering Institute, Nanjing, China), includ-
ing that of superoxide dismutase (SOD), catalase (CAT), and
glutathione (GSH).

2.7. Western blotting analysis

Cells were cultured in a 6-well plate and treated with BPA and/
or BPAF for a specified time. The cells were lysed with RIPA
lysis buffer and centrifuged to obtain the supernatant. After
determining the protein concentration using the BCA method,
the denatured protein (20 pg) was resolved by SDS/PAGE
using a 12% gel and then transferred to a PVDF membrane.
After a blocking step, the membrane was incubated with the
primary antibody overnight at 4 °C. The membrane was then
rinsed with TBST and incubated with the corresponding sec-
ondary antibody at room temperature for 1 h. After sufficient
rinsing, the immune complexes were visualized using the
enhanced chemiluminescence reaction (NCM Biotech, China)
(additional information regarding the antibodies used in this
study is described in the supplemental material).

2.8. Apoptosis analysis

After 24 h of BPA and/or BPAF exposure, the cells were cul-
tured in 12-well plates and digested with trypsin without
EDTA. Briefly, cells were washed twice with prechilled PBS
and centrifuged at 300 x g for 5 min at 4 °C. Subsequently,
approximately 1 x 10° cells were collected and resuspended
with 100 pL of 1 x binding buffer. Following this, 5 pL of
Annexin V and 5 pL of PI working solution were added to
each tube. Eventually, after incubation at room temperature
for 15 min, 400 pL of PBS was added to each tube. Flow

cytometry was used to detect the apoptosis of granulosa cells
(Annexin V: excitation wavelength, 490 nm; emission wave-
length, 515 nm; PI: excitation wavelength, 535 nm; emission
wavelength, 617 nm).

2.9. Caspase-3 activity detection

After exposure to BPA and/or BPAF for 24 h, the cells were
trypsinized. Then the cells were resuspended in culture media
at a density of 10° cells/mL. We detected changes in caspase-
3 activity according to the kit instructions (Cat. No. S6007,
US Everbright Inc., Suzhou, China). Thereafter, 0.2 mL of cell
suspension was pipetted into a flow cytometry tube, 5 pL of
0.2 mM substrate was added, and the solution was immedi-
ately mixed to form a substrate concentration of 5 uM. In
addition, the cells were incubated for 30 min in the dark at
room temperature. After adding 300 uL of media, the caspase
activity was analyzed with flow cytometry (ACEA Biosciences,
USA). The excitation wavelength was 500 nm, and emission
wavelength was 530 nm.

2.10. Statistical analysis

The data are presented as the mean + SD from at least three
independent experiments. Comparison of multiple groups was
performed using one-way ANOVA, followed by Tukey’s mul-
tiple comparison test. A value of P < 0.05 was deemed statis-
tically significant.

3. Results

3.1. BPA and|or BPAF exposure reduced the cell viability of
KGN cells

We used CCK-8 to measure the changes in cell viability after
exposure to BPA, BPAF and their mixtures. Compared with
the control group, exposure to high concentrations of BPA
(50 uM) and BPAF (5 uM) significantly reduced the viability
of KGN cells. In particular, the combined exposure of BPA
and BPAF significantly reduced cell viability at both low
(30 puM + 3 uM) and high (50 uM + 5 uM) concentrations
(Fig. 1). Likewise, using calcein AM probe labeling, we also
found that the viability of KGN cells was considerably reduced
after co-exposure to BPA and BPAF (Fig. 2).

3.2. BPA and|or BPAF exposure elevates levels of ROS and
Ca®* and induces apoptosis of KGN cells

The use of fluorescent probe labeling demonstrated that ROS
and Ca’" levels in KGN cells markedly increased after expo-
sure to high concentrations of BPA (50 uM) or BPAF (5 uM)
alone, and their mixture (50 uM + 5 pM) (Fig. 3A and 3B). In
contrast, the antioxidant capacities of CAT, SOD, and GSH
were significantly decreased under combined exposure to
BPA and BPAF (50 uM + 5 uM) (Fig. 3C).

We used flow cytometry to detect the effects of exposure to
BPA, BPAF and their mixtures on KGN cell apoptosis. We
found that exposure to high concentrations of BPA (50 uM)
or BPAF (5 uM) alone, and their mixture (50 pM + 5 uM)
can significantly induce apoptosis in KGN cells, while the



S. Liu et al.

4
120
100 { g
273 804
25
S0 60 d
3 °
O 40
20
> O A\ > ) > 2]
O
O
F & & & X F I
¥
& &
Fig. 1 BPA and/or BPAF exposure reduces the cell viability of

KGN cells. KGN cells were treated with BPA and/or BPAF for
24 h. We used the CCK-8 method to evaluate cellular viability.
The data was expressed as the mean £ SD (n = 6). Different
lowercase letters indicate significant differences between the
treatment groups (P < 0.05).

apoptosis levels exhibited no significant difference after expo-
sure to low concentrations of BPA (30 uM), BPAF (3 uM)
or their mixtures (30 pM + 3 uM) (Fig. 3D).

3.3. BPA and/or BPAF exposure decreases the Bcl-2]Bax ratio
and increases caspase-3 activity in KGN cells

Using the western blotting method, we measured the effect of
BPA, BPAF, and their mixture on the reduction of Bcl-2 pro-
tein expression and the promotion of Bax protein expression.
The expression ratio of Bcl-2/Bax protein indicated that the

mixture exerted a more significant reduction effect on it
(Fig. 4A).

Caspase-3 is an enzyme necessary for a mitochondrial path-
way to induce apoptosis. Our findings showed that the
caspase-3 activity significantly increased after co-exposure to
BPA and BPAF (Fig. 4B).

3.4. Intracellular stress is involved in KGN cell apoptosis induced
by BPA and BPAF co-exposure

We herein further validated the role of ROS and Ca®" in the
induction of apoptosis in KGN cells by BPA and BPAF
co-exposure. Using flow cytometry assays, we found that
pre-treatment with NAC (an antioxidant) and BAPTA-AM
(a calcium chelator) significantly attenuated apoptosis induced
by the BPA and BPAF mixture (Fig. 5A). In addition, we
recorded a concomitant decrease in caspase-3 activity
(Fig. 5C). The attenuating effect of NAC and BAPTA-AM
on the apoptosis of KGN cells induced by the combination
of BPA and BPAF was also observed by fluorescence micro-
scopy (Fig. 5D).

3.5. BPA and|or BPAF exposure induces downstream signal
activation of intracellular stress

ASK1 is a family member of MAP3K that activates both the
JNK and p38 MAPK signaling cascades in response to an array
of stresses. Here, we used the western blotting technique to
measure the activation of ASK1 and JNK proteins after co-
exposure to BPA and BPAF. The results illustrated that com-
pared with BPA or BPAF exposure alone, their co-exposure
significantly increased the phosphorylation levels of ASK1
and JNK proteins (Fig. 6A). After pretreatment with
GS-4997 (ASK1 inhibitor, 5 pM) and SP600125 (JNK
inhibitor, 5 uM) for 1 h, we co-exposed KGN cells to BPA
and BPAF for 24 h. We recorded that the apoptosis of KGN

Control

BPA 30uM

BPA 50uM

BPAF 3uM BPAF 5uM

Fig. 2

BPA 30uM
+ BPAF 3uM

BPA 50uM
+ BPAF 5uM

Cell viability changes in KGN cells after exposure to BPA and/or BPAF. Images of cell viability in KGN cells after exposure to

BPA and/or BPAF. KGN cells were labeled using calcein AM probes. Scale bar = 20 pm.
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Fig. 3 BPA and/or BPAF exposure induces intracellular stress generation and apoptosis in KGN cells. (A) Intracellular ROS was assessed
using flow cytometry. (B) Intracellular Ca®>* was analyzed using flow cytometry after Fluo-3 labeling. (C) Cellular antioxidant capacity,
via such agents as SOD, CAT and GSH were evaluated using the corresponding kit. (D) Flow cytometry was used to detect apoptosis. The
data was expressed as the mean + SD (n = 3). Different lowercase letters indicate significant differences between the treatment groups

(P < 0.05).

cells induced by co-exposure to BPA and BPAF was signifi-
cantly weakened (Fig. 6B). These findings suggest that the
ASK1-JNK signal axis was involved in granulosa cell apoptosis
induced by the mixture of BPA and BPAF.

4. Discussion

To date, bisphenols have been detected in many ordinary
items, indoor dust, surface water, sediment and sewage
(Loganathan and Kannan, 2011; Liao et al., 2012a; Liao
et al., 2012b; Yamazaki et al., 2015). However, little is known
about their combined toxicity to the female reproductive sys-
tem. In this context, we herein used KGN cells that maintained
the physiological functions of ovarian granulosa cells to eval-
uate the effect of co-exposure to BPA and BPAF on cell apop-
tosis and its underlying mechanism.

In the present study, we demonstrated that the combined
exposure of BPA and BPAF can significantly induce intracel-
lular stress and activate its downstream signaling pathway
ASKI1-JNK in KGN cells.

A large number of studies have confirmed that BPA
exposure can cause oxidative stress in different types of cells
(Babu et al., 2013; Xin et al., 2014; Barbonetti et al., 2016;
Yuan et al., 2019). We previously reported that exposure to
BPA or BPAF alone significantly induced the production of
oxidative stress in granulosa cells. In this study, we observed
that the co-exposure to BPA and BPAF significantly
increased the levels of intracellular reactive oxygen species
(ROS) in KGN cells. In contrast, the antioxidant capacity,
via such agents as SOD, CAT, and GSH, was significantly
reduced. Oxidative stress is the main mechanism that causes
follicular developmental disorders (Sabuncu et al., 2001;
Yeon Lee et al, 2010; Murri et al., 2013). Studies have
found that in the follicular fluid of patients with polycystic
ovary syndrome, which is one of diseases that induces female
infertility, the amount of BPA was significantly higher than
that in healthy women (Kandaraki et al., 2011; Rutkowska
and Rachon, 2014; Vahedi et al., 2016). Our results suggest
that as a major component of intracellular stress, oxidative
stress induced by the combination of BPA and BPAF may
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be involved in granulosa cell damage and female reproduc-
tive toxicity.

In addition to ROS, Ca®" is another important second
messenger that has a well-appreciated role in the transmission
of biological information in the cytoplasm, thereby activating
many enzymes or proteins with physiological activities (Cerella
et al., 2010; Bagur and Hajnoczky, 2017). In the present inves-
tigation, we found that co-exposure to BPA and BPAF caused
an increase in the levels of intracellular Ca>* . Previous reports,
including ours, have confirmed that BPA and its analogues,
such as bisphenol S (BPS), bisphenol F (BPF), and BPAF
alone, can substantially increase intracellular calcium levels
(Macczak et al., 2016; Huang et al., 2020a; Huang et al.,
2020c). Nevertheless, to our knowledge, this is the first report
that shows that co-exposure to BPA and BPAF can modulate
the increase in Ca?" concentration in granulosa cells.

Apoptosis is the main mechanism of follicular development
disorder and even abnormal follicle atresia. Elsewhere, it has
been reported that follicular atresia in mice was caused by
BPA or BPAF exposure alone (Jones et al., 2018). Likewise,
in our previous studies, we also found that BPA or BPAF
exposure can cause apoptosis of granulosa cells cultured
in vitro (Huang et al., 2020a; Huang et al., 2020b). In the pre-
sent study, we noted that co-exposure to BPA and BPAF also
induces apoptosis of granulosa cells. Finally, the attenuation
of granulosa cell apoptosis was further detected after pretreat-
ment with NAC (an antioxidant) or BAPTA-AM (a calcium
chelator). Our study revealed that intracellular stress, includ-
ing ROS overproduction and Ca?" overload, play a decisive
role in BPA and BPAF co-induced apoptosis of granulosa
cells.

The generation of intracellular ROS and the increase in
Ca’" levels are the main sources of intracellular stress, which

regulate the occurrence of biological events including apopto-
sis (Gorlach et al., 2015). ASK1 is preferentially activated in
response to various types of stress, and plays a key role in var-
ious cellular responses such as apoptosis, differentiation, and
inflammation (Takeda et al., 2003; Hayakawa et al., 2000).
Here, we observed that co-exposure to BPA and BPAF signif-
icantly induced activation of ASK1 and its downstream path-
way JNK compared to BPA or BPAF exposure alone. The
important role of ASK1-JNK, a stress-initiated signaling axis,
in the co-induction of granulosa cell apoptosis by BPA and
BPAF was confirmed by the application of the corresponding
inhibitors.

In summary, our present study demonstrates that combined
exposure to BPA and BPAF significantly induced the genera-
tion of intracellular stress including elevated levels of ROS
and Ca®" in KGN cells. We further confirmed that intracellu-
lar stress and the activation of the signal axis of the down-
stream signaling pathways of ASKI-JNK involved in the
apoptosis of KGN were induced by the mixture of BPA and
BPAF. Although the concentrations of BPA or BPAF used
in this study were higher than those detected in the environ-
ment, studies on female reproductive toxicity in mice showed
that environmental or occupational exposure doses of BPA
or BPAF could still lead to the follicular atresia characterized
by granulosa cell apoptosis. Therefore, our work provides
novel insights into the combined cytotoxicity and molecular
toxicity mechanism of bisphenol mixture exposure.
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