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� Bisphenol S (BPS) exposure results in
abnormal germ cell cyst breakdown.

� BPS exposure activates the JNKs
signaling through estrogen receptors.

� BPS exposure increase the prolifera-
tion of granulosa cells precursors.
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The female reproductive lifespan is largely determined by the size of primordial follicle pool, which is
established in early life. Bisphenol S (BPS), frequently present in plastic products used in daily life, has
been demonstrated as an exogenous estrogen-like endocrine disrupting chemical interfering with the
endocrine and reproductive systems. However, the molecular mechanisms of its reproductive toxicity
remain to be determined. In the present study, we focused on the effect of BPS on the early ovarian
folliculogenesis of mice. Our in vivo experiments showed that the treatment with BPS at 2 and 10 mg/kg
body weight/day for 3 days induced abnormal germ cell cyst breakdown and primordial follicle assembly
in the mouse ovary, further affecting later ovarian differentiation and reducing oocyte quality. In addi-
tion, our in vitro study demonstrated that BPS could interact with estrogen receptors (ERs) to induce
phosphorylation of JNKs, which is responsible for reducing oocyte adhesion in cysts. Meanwhile, BPS
exposure up-regulated Notch signaling pathway to increase the proliferation of granulosa cells pre-
cursors. Our study provided new evidence for the adverse effects of BPS on female reproduction,
especially after perinatal exposure, and elucidated how it works.

© 2020 Elsevier Ltd. All rights reserved.
Cheng), wshen@qau.edu.cn,
1. Introduction

Estrogen-like endocrine disrupting chemicals (estrogen-like
EDCs) are a class of exogenous substances that interfere with the
normal functioning of the endogenous hormonal axes (Ge et al.,
2019; Yilmaz et al., 2019). Among them, Bisphenol A (BPA), a
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component of many plastic used in daily consumer products, is well
known to possess an estrogen-mimicking action and it is consid-
ered potentially dangerous to health (Abraham and Chakraborty,
2019). Bisphenol S (BPS), a mainly substitute for BPA, is used as a
monomer in synthetic polysulfone and epoxy resins, so it is
frequently found in food packaging, baby plastic feeding bottle and
toys, personal care products (Liao and Kannan, 2014), various pa-
pers (Liao et al., 2012b) and so on. It has been proved that BPS can
enter the human body by food intake, air suction and skin ab-
sorption (Wu et al., 2018). Many studies have evaluated the phys-
iological effects of BPS compared to BPA (Rochester and Bolden,
2015). It has been shown that BPS can induce endocrine disorders
(Grandin et al., 2018) and have extensive effects on nervous sys-
tems (Kuruto-Niwa et al., 2005; Skledar et al., 2016). Of particular
interest are studies concerning the effects related to the prenatal
exposure to BPS that, for example, induce a precocious develop-
ment of the mammary gland (Tucker et al., 2018) and affect female
reproduction (Nevoral et al., 2018).

In female mice, from 10.5 days post-coitus (dpc) to 13 dpc,
primordial germ cells (PGCs) migrate to the gonads (De Felici, 2016)
and, as oogonia, form cysts by rapid mitosis and incomplete cyto-
kinesis (Wang et al., 2017). At approximately 13.5 dpc, oogonia
enter into meiosis prophase I (MPI) as oocytes, progress through
the stage of the MPI, and are arrested at diplotene (Pepling, 2006).
Within a few days after birth, germ cell cysts disappearance is
concomitant with the formation of the primordial follicles (PFs)
consisting of single oocytes surrounded by the pre-granulosa cells
(Pepling and Spradling, 2001; Wang et al., 2017). From the begin-
ning to the end of germ cell cyst breakdown, programmed
apoptosis occurred in nearly two-thirds of the follicles (Pepling and
Spradling, 2001).

Neonatal ovarian development is influenced by estrogens.
Estradiol is able to inhibit cyst breakdown and PF assembly in ovary
culture mimicking the maternal hormonal condition, thus pre-
venting the premature PFs formation (Kezele and Skinner, 2003;
Jefferson et al., 2006). In addition to binding nuclear receptors,
estrogens activate a rapid non-genomic signaling (Simoncini and
Genazzani, 2003). After binding to the ligand, ERs activate down-
stream signals (Barone et al., 2010), including the c-Jun N-terminal
kinases (JNK) signaling that has an impact on the follicular for-
mation. In fact, JNK is important for the germ cell cyst breakdown
because it modulates the expression of E-cadherin in the junctions
between oocytes (Niu et al., 2016).

The establishment of PFs pool requires the interaction between
the oocyte and peripheral pro-granulosa cells and Notch signaling
is one of the important mediators of this communication (Vanorny
and Mayo, 2017). Indeed, JAG1 and JAG2 (the two ligands of Notch)
in the oocyte signals through Notch2 in the pre-granulosa cells to
facilitate the cyst breakdown and assembly of PF (Trombly et al.,
2009; Guo et al., 2012).

In this paper, using in vivo and in vitro experimental approaches,
we found that perinatal exposure to relatively low concentrations
of BPS impaired primordial folliculogenesis and negatively influ-
enced oocyte quality and the subsequent follicle development.

2. Materials and methods

2.1. Animal and ethics statement

All CD-1 mice were purchased from Vital River Laboratory An-
imal Technology Co. Ltd (Beijing, China), and all experiments were
approved by the Ethics Committee of Qingdao Agriculture Univer-
sity (QAU; Agreement No. 2019e024). The mice were housed at
23 �C, 50% humidity, light and dark cycle of half day (lights on at
7:30 h) room with free-supplied food and water. Male mice were
2

mated with female mice at 5 PM. The presence of the vaginal plug
was considered as 0.5 dpc and the mice were usually born at 19.5
dpc and this time was regarded as 0 day post-partum (dpp).

2.2. Intraperitoneal injection in newborn mice

The stock solution of 1 M Bisphenol S (Sigma,103039-100G) was
prepared in DMSO. BPS, diluted in normal saline solution, was used
within the range of human exposure at 2 and 10 mg/kg body weight
(bw)/day (Liao et al., 2012a). The female newborn mice were
intraperitoneally injected for three days. After treatment, the
ovaries were collected and cysts or primordial follicles were
counted. The oocytes were marked by positive staining of germ cell
specific protein MOUSE VASA HOMOLOG (MVH). A PF was
described as an individual oocyte surrounded by a monolayer of
pre-granulosa cells with flattened nuclei, and the aggregation of
two or more germ cells was defined as cysts (Pepling, 2006).

2.3. Ovary culture

0 dpp ovaries were isolated and cultured as previously described
(Wang et al., 2018). Briefly, after isolation, the ovaries were cultured
on Millicell-PC membrane inserts (Millipore, PIHA01250, Medford,
MA, USA) for 3 days. The culture mediumwas Dulbecco’s Modified
Eagle’s Medium (DMEM)/F12 (Hyclone, SH30023.01B, Beijing,
China) and a-Minimum Essential Medium (a-MEM; Hyclone,
SH30265.01B) (1:1) supplemented with 10% fetal bovine serum
(FBS; Gibco, 10099e141, USA), 0.23 mmol/L sodium pyruvate, 1%
Penicillin-Streptomycin Solution (HyClone; SV30010). Ovarian tis-
sue was incubated at 37 �C in a 5% CO2 and half of the culture
medium was replaced by fresh medium every two days. BPS was
added to the cultures at 10e100 mM according to previous studies
(Macczak et al., 2017). The ER antagonist Tamoxifen stock solution
(1 M) was prepared in 50% ethanol (TAM, Solarbio, T9010) (Thewes
et al., 2017). The JNK inhibitor SP600125 (Beyotime, S1876) was
prepared in DMSO (10 mg/ml) (Niu et al., 2016). All the reagents
were diluted to working concentrations using medium and used as
indicated in the literature (Niu et al., 2016; Liu et al., 2019).

2.4. Immunofluorescence (IF) and immunohistochemistry (IHC)

As previously described (Liu et al., 2019), the ovaries were fixed
in 4% paraformaldehyde (Solaibio, P1110, Beijing, China) overnight
and serially sectioned at 5 mm after paraffin embedding. After an-
tigen retrieval procedure, the sections used for peroxidase detec-
tion were transferred in 3% H2O2 for 10 min, blocked with TBS
supplemented with 3% BSA and 10% normal goat serum (BDT) for
45 min at room temperature, and finally incubated with the pri-
mary antibodies (Table S1) overnight at 4 �C. After washing with
TBST (TBS supplementedwith 0.1% Tween-20), the slides used for IF
were incubated with FITC- or Cy3-conjugated secondary antibodies
for 45 min at 37 �C. The nuclei were stained with propidium iodide
(PI) (Solaibio, P8080-10) or Hoechst 33,342. The slides used for IHC
were incubated with biotin-labeled secondary antibodies for
45 min at 37 �C, then stained with DAB peroxidase substrate and
counterstained with hematoxylin. Oocytes in the cysts or into PFs
were counted every five sections in a double-blind manner as
indicated before with the Image-Pro Plus software 6.0 (Media Cy-
bernetics, Rockville, MD, US).

2.5. 5-Eethynyl-20-deoxyuridine (EDU) proliferation assay

10 mM BPS exposes the ovaries for 3 days and thymidine analog,
EdU (50 nM) was added to the culture medium 2 h before the
collection. As previously described (Wang et al., 2018), the
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percentage of somatic cells in S-phase was scored using the Cell-
Light EdU DNA cell proliferation kit (RiboBio, C10371-1, Guangz-
hou, China). Paraffin serial sections (5 mm) were incubated for MVH
(Table S1) detection and the staining reaction mix was added to the
slides for 30min. Nuclei were visualized with Hoechst 33,342. EdU-
positive somatic cells were scored every five sections in a double-
blind manner under a fluorescence microscope (BX43, Olympus).

2.6. RNA extraction and real-time RT-qPCR

The total RNA from ovarian tissue was prepared using RNAprep
pure MicroKit (Aidlab, RN07, Beijing, China) following the manu-
facturer’s instructions. Reverse transcription was carried out using
the TransScript® One-Step gDNA Removal Kit and cDNA Synthesis
Kit (TransGen Biotech, AT311, Beijing, China). RT-qPCR was per-
formed using a LightCycler 480 II instrument (Roche, Germany) and
the SYBR® Premix Ex Taq™ II (Tli RNaseH Plus) (TaKaRa, RR820A,
Dalian, China) according to the manufacturer’s instructions. The
primers are listed in Table S2 and each reactions were repeated
least in triplicate. Relative mRNA expression levels were analyzed
by the 2(�DDCt) method and normalized based on Gapdh.

2.7. Western blot analysis

Protein lysates from ovaries were prepared using 6mL/ovaries of
RIPA solution (Beyotime, P0013C). After separation by SDS-PAGE,
the proteins were transferred onto a polyvinylidene fluoride
membrane (Millipore, ISEQ00010, USA). After being blocked in
TBST buffer containing 10% BSA at 4 �C, the membrane was incu-
bated with primary antibody (Table S1) overnight and with HRP-
conjugated secondary antibody for 2 h at RT the next day. Finally,
the Omni-ECL™ Femto Light Chemiluminescence Kit (EpiZyme,
SQ201) was used for chemiluminescence. The GAPDH was used as
an internal control. Finally, AlphaView SA software (ProteinSimple,
San Jose, USA) was used to determine the expression level of target
proteins.

2.8. Statistical analysis

Each experiment was repeated at least three times with data
expressed as the mean ± SD. The data were statistically tested by
Student’s t-test or one-way analysis of variance (ANOVA) followed
by Tukey’s test for multiple comparisons using GraphPad Prism
analysis software (GraphPad Software, San Diego, CA). Student’s t-
test was used when only two data sets were compared. P < 0.05
was considered significantly different, while P < 0.01 was a highly
significant difference.

3. Results

3.1. BPS exposure results in abnormal germ cell cyst breakdown

BPS, which is recently used to replace the potentially toxic BPA,
has also been reported to have reproductive toxicity (Ullah et al.,
2016). To investigate in more detail the effects of this estrogen-
like EDCs on the ovary, we performed in vivo analysis in the
mouse experimental model. Neonatal mice were daily intraperi-
toneally injected with 2 and 10 mg/kg BPS and the ovaries were
collected after 3 days and scored for the number of oocytes in PF or
into the cysts. As shown in Fig. 1A and B, in the BPS-treated group,
the percentage of MVH-positive oocytes in PF was increased in a
dose-dependent manner (49.02 ± 2.63% and 52.35 ± 4.02%)
compared to control group (33.55 ± 3.88%). In parallel, the per-
centage of oocytes in cysts were reduced (Fig. 1B and Table S3).
Besides, BPS did not affect the total number of oocytes (Fig. 1C and
3

Table S3). The in vitro analysis of neonatal ovaries cultured with
different concentrations of BPS gave similar results (Fig. 1D and E
and Table S4), thus suggesting that BPS exposure could lead to
abnormal germline cyst breakdown and PF assembly. The lowest
concentration of BPS which caused abnormal germ cell cyst
breakdown in vitro was 10 mM, so we chose this concentration for
further in vitro studies.

3.2. BPS accelerates germ cell cyst breakdown through the estrogen
receptors

It has been reported that BPS has estrogenic activity (Rochester
and Bolden, 2015;Moreman et al., 2017; da Silva et al., 2019). To test
if the detrimental effect of this estrogen-like EDCs on the ovary was
due to this characteristic, we first analyzed the expression of es-
trogen receptor (ER) -a, ER-b in 0 dpp ovaries cultured for 3 days
with 10 mM BPS. The results showed in Fig. 2A and B suggested that
BPS treatment increased ER-a and ER-b both at mRNA and protein
levels.

To understand if the effect of BPS on the germ cell cyst break-
down was through ERs, we used the ER antagonist, Tam (Thewes
et al., 2017), to block ER-a and ER-b signaling. The ovaries were
treated with 10 mM BPS in the presence or not of 1 mM Tam for 3
days and the PF assembly was analyzed after identification of MVH-
positive oocytes (Fig. 2C). The percentage of oocytes in the PFs of
the ovaries treated with 1 mM Tam (33.82 ± 5.38%) alone was not
induce significant change compared to the control group
(35.99 ± 5.55%) (Fig. 2D and Table S5). When BPS and 1 mM Tam
were added to the ovary culture in combination, 1 mM Tam blocked
the promoting effect of BPS on germ cell cyst breakdown (Fig. 2D
and Table S5). This effect was associated with a significant recovery
of the oocytes that remained in the cysts (Fig. 2D and Table S5).
Besides, there was no significant change in the total number of
oocytes in different groups (Fig. 2E and Table S5). Taken together,
these results indicated that BPS affects early follicular development
through the ERs.

3.3. BPS exposure activates the JNKs signaling

Previous reports have demonstrated that the c-Jun N-terminal
kinases (JNKs) signaling pathway is involved in the germline cyst
breakdown and the formation of PF (Niu et al., 2016). In the sections
of perinatal ovaries labeled with a JNK antibody, the localization of
the kinase was evident in the cytoplasm of MVH-positive oocytes
(Fig. 3A). Western blotting showed that BPS could promote the
activation of JNK phosphorylation, while 1 mM Tam could coun-
teract the effect of BPS (Fig. 3B). In addition, 1 mMTam alone did not
affect the phosphorylation level of JNK (Fig. 3B).

To investigate whether the effect of BPS on the early germ cell
cyst breakdownwas mediated by JNK signaling, we treated ovarian
tissue for 3 days with BPS in the presence or not of 5 mM SP600125,
an inhibitor of JNKs (Bennett et al., 2001). Consistent with previous
studies (Niu et al., 2016), the percentage of oocytes in the PFs of the
ovaries treated with 5 mM SP600125 (24.52 ± 3.32%) alone was
significantly reduced compared to the control group
(38.22 ± 5.09%) (Fig. 3C and D, and Table S6). In the BPS plus 5 mM
SP600125 group, 5 mM SP600125 blocked the promoting effect of
BPS on germ cell cyst breakdown (Fig. 3D and Table S6). Besides, the
total number of oocytes in different groups did not change signif-
icantly (Fig. 3E and Table S6).

In order to investigate whether BPS affects JNK signaling to
accelerate germ cell cyst breakdown, We further explored the key
protein expression level of JNK pathway components, MDM2 and
E-cadherin (Lee et al., 2011; Niu et al., 2016), in the primordial
follicle development. Ovaries of 0 dpp were treated with BPS, alone



Fig. 1. BPS exposure results in abnormal germ cell cyst breakdown. (A) Representative image of germ cell cyst breakdown and primordial follicle assembly in the groups intra-
peritoneally injected with BPS and the control group. Oocytes are stained green with anti-MVH antibody; nuclei of oocytes and pregranulosa cells are stained red with PI. (B)
Percentage of oocytes in cysts and follicles after 3-day intraperitoneal injection with 2 and 10 mg/kg bw/day BPS. (C) The total number of oocytes after 3-day intraperitoneal injection
with BPS (2 and 10 mg/kg bw/day). (D) Percentage of oocytes in cysts and follicles in the cultured ovaries treated with BPS for 3 days. (E) The total number of oocytes after 3 days of
culture in the presence of increasing doses of BPS. The results are presented as mean ± SD. All the experiments were repeated at least three times. *P < 0.05; **P < 0.01. (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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SP600125 or BPS plus SP600125 for 3 days. When BPS and
SP600125 were added to the ovary culture, SP600125 was able to
offset the effect of BPS on the JNK signaling pathway (Fig. 4). The
IHC analysis showed MDM2 were expressed in the oocytes of each
4

group (Fig. 4A). Moreover, Western blot results displayed that
treatment with BPS increased the expression of MDM2, decreased
the expression of E-cadherin, while adding SP600125 alone had the
opposite effect (Fig. 4B and C). Interestingly, when both BPS and



Fig. 2. BPS accelerates cyst breakdown through the estrogen receptors. (A) Q-PCR for Er-a and Er-bmRNA levels in ovaries of the control group and 10 mM BPS group. (B) Level of Er-
a and Er-b protein levels in ovaries of the control group and 10 mM BPS group. (C) Representative IF picture for the germ cell marker MVH in ovary tissue sections after 3-day in vitro
culture of Control, 10 mM BPS, 1 mM Tam, 10 mM BPS plus 1 mM Tam. Oocytes are stained greenwith anti-MVH antibody; nuclei of oocytes and pregranulosa cells are stained red with
PI. Scale bar, 50 mm. (D) Counting analysis of oocytes in cysts and follicles was carried out after 3-day in vitro culture of Control, 10 mM BPS, 1 mM Tam and BPS plus 1 mM Tam. (E) The
total number of oocytes ovaries of Control, 10 mM BPS, 1 mM Tam and BPS plus 1 mM Tam. The results are presented as mean ± SD. All the experiments were repeated at least three
times. *P < 0.05; **P < 0.01. (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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SP600125 were present, SP600125 partially cancelled out the BPS
effect (Fig. 4B and C). Our data implied that BPS could activate JNK
signaling pathway in the ovary of perinatal mice, which results in
accelerated primordial folliculogenesis.
3.4. BPS exposure up-regulates notch signaling to increase the
proliferation of granulosa cells precursors

Since germline cyst breakdown and PF assembly involve gran-
ulosa cells (Mork et al., 2012), we wonder if BPS interferes with the
proliferation of these cells. Newborn mice were intraperitoneally
injected with 2 and 10 mg/kg BPS for 3 days and the proliferating
5

cells in the ovarian tissue sections were identified by Ki67 immu-
nodetection (Fig. 5A). BPS significantly promoted the proliferation
of granulosa precursor cells in vivo in a dose-dependent manner
(Control ¼ 40.67 ± 5.03; 2 mg/kg BPS ¼ 106.7 ± 8.62; 10 mg/kg
BPS¼ 127.7 ± 14.64; Fig. 5A and B). This effect was confirmed when
evaluating the number of proliferating cells labeled with EdU in the
in vitro ovarian cultures treated with BPS (Control ¼ 27.33 ± 1.53;
BPS ¼ 46.33 ± 3.51; Fig. 5C and D).

Previous studies have reported that Notch signaling in ovarian
somatic cells governs the PF formation and mediates germ cell cyst
breakdown (Trombly et al., 2009; Xu and Gridley, 2013). RT-qPCR
and Western blot analysis showed that BPS significantly increased



Fig. 3. BPS exposure was accompanied by activation of JNK signaling. (A) Cellular localization of JNK in perinatal ovaries. Ovaries were stained for JNK and the oocyte marker MVH.
(B) The levels of Phospho-JNK and total JNK protein in Control, 10 mM BPS, Tam and BPS plus Tam ovaries groups. (C) Representative IF picture for the germ cell marker MVH in ovary
tissue sections after 3-day in vitro culture of Control, 10 mM BPS, 5 mM SP600125, 10 mM BPS plus 5 mM SP600125. Oocytes are stained green with anti-MVH antibody, nuclei of
oocytes and pregranulosa cells are stained red with PI. Scale bar, 50 mm. (D) Counting analysis of oocytes in cysts and follicles was carried out after 3-day in vitro culture of Control,
10 mM BPS, 5 mM SP600125 and 10 mM BPS plus 5 mM SP600125. (E) The total number of oocytes ovaries of Control, 10 mM BPS, 5 mM SP600125 and 10 mM BPS plus 5 mM SP600125.
The results are presented as mean ± SD. All the experiments were repeated at least three times. *P < 0.05; **P < 0.01. (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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Fig. 4. SP600125 can counteract the activation of JNK signal by BPS exposure after 3-day in vitro culture. (A) MDM2-staining of the ovarian tissues of Control, 10 mM BPS, 5 mM
SP600125 and 10 mM BPS plus 5 mM SP600125. (B)The levels of key proteins MDM2 in the JNK signaling pathway in each group. (C)The levels of key proteins E-cadherin in the JNK
signaling pathway in each group. The results are presented as mean ± SD. All the experiments were repeated at least three times. *P < 0.05; **P < 0.01.
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the expression of Notch2 and Jagged1 compared with the control
group both at RNA and protein level (Fig. 5E and F), thus suggesting
that BPS could promote the proliferation of granulosa cells through
Notch pathway. In addition, we examined the expression of Con-
nexin 43 (CX43), which is known to modulate granulosa cell pro-
liferation and stratification to maintain normal follicular
development (Ackert et al., 2001; Wright et al., 2001). The gene
expression of Cx43 in the ovary of the BPS group was significantly
increased compared with the control group (Fig. 5G). Meanwhile,
the examination of CX43 distribution in the labeled sections of
cultured ovaries revealed the presence of numerous fine fluores-
cent puncta that increased with BPS exposure (Fig. 5H and I).

3.5. Folliculogenesis is impaired after exposure to BPS in newborn
mice

We further examined the expression of quality related genes in
oocyte after in vivo BPS treatment. To investigate whether the de-
fects in the oogenesis process found in the neonatal mice ovary
exposed to BPS damage the ovarian development at later stages, we
checked the folliculogenesis at 21 days and the primordial follicle,
primary follicle, secondary follicle and antral follicles were deter-
mined as described previously (Wang et al., 2018). At 21 dpp in
Fig. 6A and B, we scored a slight decrease in the oocyte number in
BPS ovaries in comparison to control. In addition, no significant
difference in the folliculogenesis between control and 2 mg/kg BPS
7

ovaries was found (Fig. 6C and Table S7), while secondary follicles
number was significantly lower in 10 mg/kg BPS-exposed neonatal
mice ovaries in comparison to control (94.67 ± 12.06 vs
148.3 ± 17.21 for the control group). There was also a significant
decrease in the antral follicle number (53.67 ± 1.53 vs 120.3 ± 30.14
for the control group) (Fig. 6C and Table S7). Noteworthy, primary
follicles number was significantly increased in 10 mg/kg BPS-
exposed neonatal mice ovaries in comparison to control
(132 ± 11.79 vs 68.67 ± 22.5 for control group) (Fig. 6C and
Table S7). We also examined the expression of oocyte-specific
markers such as GDF9 (Dong et al., 1996) and BMP15 (Yan et al.,
2001) during this period, and found that BPS exposure inhibited
their expression at RNA and protein levels (Fig. 6D and E).

4. Discussion

The reproductive system is particularly susceptible to endocrine
disruption. In particular, many data obtained in experimental ani-
mal models and in epidemiological analysis showed that the
exposure to estrogen-like EDCs is very detrimental for the ovary
(Vabre et al., 2017). BPS, a plastic compound present in a variety of
daily-used objects, is a replacement for the estrogen-like EDCs BPA,
but it has been shown that it is not without reproductive toxicity
(Naderi et al., 2014; Qiu et al., 2016; Ullah et al., 2016; Grandin et al.,
2018). Until now, published researches on the toxic effects of BPS
are rather limited, especially on the reproductive system. The



Fig. 5. BPS exposure up-regulates Notch signaling to increase the proliferation of precursors of granulosa cells. (A) Representative IF pictures for Ki67 and MVH co-localization in
ovarian sections of neonatal mice which were continuously injected with BPS (2 and 10 mg/kg bw/day) for 3 days. (B) The number of Ki67 positive cells per unit area. (C) EdU
staining was performed on ovarian sections in the control group and 10 mM BPS group after in vitro ovary culture. (D) The number of EdU staining positive cells per section was
calculated in the control group and 10 mM BPS group. (E) Q-PCR for Notch2 and Jagged1 mRNA levels in the control group and 10 mM BPS group. (F) The protein levels of Notch2 and
Jagged1 in the control group and 10 mM BPS group. (G) Q-PCR for Cx43 mRNA levels in Control and 10 mM BPS ovaries. (H) IF staining of gap junction protein CX43 in ovarian
sections. Scale bar, 50 mm. (I) The number of interstitial connecting plaques with CX43 staining was calculated. The results are presented as mean ± SD. All the experiments were
repeated at least three times. *P < 0.05; **P < 0.01.
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Fig. 6. Analysis of folliculogenesis of 21 dpp ovaries after exposure of newborn mice to BPS for 3 days. (A) Representative IHC of MVH-positive oocytes (dark brown) in 21 dpp
ovaries. (B) Quantification of the number of follicles in 21 dpp ovaries. (C) Quantification of the number of primordial, primary, secondary and antral follicles in 21 dpp ovaries. (D)
Q-PCR for Gdf9 and Bmp15 mRNA levels in 21 dpp ovaries. (E) The protein levels of GDF9 and BMP15 in 21 dpp ovaries. The results are presented as mean ± SD. All the experiments
were repeated at least three times. *P < 0.05; **P < 0.01. (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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current study provides in vivo evidences that exposure of BPS ac-
celerates the breakdown of oocyte cysts and the assembly of pri-
mordial follicles (Fig. 1A, B and 1C). We wonder the underlying
molecular basis and mechanism regarding how BPS disrupts the
process of primordial folliculogenesis. Some studies proved that the
9

effect of estrogen-like EDCs, such as BPA and di(2-ethylhexyl)
phthalate (DEHP), on cyst breakdown and primordial follicle as-
sembly are mediated through ERs (Susiarjo et al., 2007; Mu et al.,
2015). Similar results also in our paper, after BPS treatment,
mRNA and protein levels of ER-a and ER-b were increased (Fig. 2A
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and B). Meanwhile, our experiments indicated that the impact of
BPS on PFs assembly and cyst breakdown can be reversed by Tam, a
specific antagonist of ERs (Fig. 2C and D). These results further
confirm the effect of BPS on cyst breakdown is mediated through
the ERs.

Emerging evidence indicated that several signaling pathways,
including transforming growth factor beta (TGFb) signaling, Notch
signaling, phosphoinositide-3-kinase (PI3K) pathway, are impor-
tant for the regulation of cyst breakdown and subsequently PF as-
sembly (Tingen et al., 2009; Pepling, 2012; Wang et al., 2017). Here
we just focus on the functional roles of JNK signaling during cyst
breakdown and PF assembly after administrated with BPS, and
found that treated ovaries with BPS could increase the levels of
Phospho-JNK (Fig. 3B) and MDM2 (Fig. 4B), and decrease the pro-
tein expression level of E-cadherin (Fig. 4C). Moreover, we used
SP600125, an inhibitor of JNKs, and the results showed SP600125
partially cancelled out the BPS effect (Fig. 3C, D, 4B and 4C). These
data strongly suggest that BPS accelerates cyst breakdown and PFs
formation by modulating JNK signaling pathway.

We found that the impact of BPS on PFs assembly and germ cell
cyst breakdown can be reversed by the ER antagonist Tam (Fig. 2D
and E). Tam is a nonsteroidal selective ERmodulator which binds to
ERs competitively with estrogens (Shagufta and Ahmad, 2018).
Using in vitromodel, we demonstrated that using 1 mMor 5 mMTam
alone had not obviously effect on germ cell cyst breakdown and PF
formation (Fig. S1 and Table S5). Piasecka-Srader’s experiments
proved that in vitro treated rat ovaries even with 10 mM Tam also
had no effect on cell apoptosis and follicle loss (Piasecka-Srader
et al., 2015). From these, we concluded that in vitro treated
neonatal mouse ovaries with low dose Tam (1 mM) may have no
effect on the breakdown of oocyte cysts. But the underlying
mechanism remains unclear and need to be further explored. On
the other hands, evidence demonstrated that JNK signaling
pathway determines primordial follicle formation in mice (Niu
et al., 2016). Our experiment demonstrated that after treated with
SP600125, an inhibitor of JNKs, MDM2 protein expression were
significantly down-regulated and E-cadherin up-regulated (Fig. 4B
and C), which in turn significantly inhibited PF formation (Fig. 3C
and D). Similar results were reported by Niu et al. (2016), who
proved that treatment of ovaries with 5 mM SP600125 alone could
significantly inhibit JNK phosphorylation and JNK signaling inhi-
bition significantly suppresses the breakdown of germline cysts.

High levels of estrogens are known to prevent PFs assembly
(Chen et al., 2007). However, in our in vivo and in vitromodel of BPS
action, we observed that BPS accelerates the breakdown of oocyte
cysts and the assembly of PFs (Figs. 1 and 2). We postulated the
reason may be relate to the dosage of administration. Nilsson et al.
suggested that high concentrations estrogens inhibit follicle as-
sembly while low concentrations promote assembly (Nilsson and
Skinner, 2009). In previous estrogen-like EDCs research, such as
BPA (5 mg/kg or 50 mg/kg) (Karavan and Pepling, 2012) and DEHP
(2.5e10 mg/kg) (Mu et al., 2015) exposure repress mouse germ cell
cyst breakdown and PF assembly. In this paper, exposure of the
newborn mice ovaries to BPS (2 and 10 mg/kg) produced the
opposite result (Figs. 1 and 2). The concentration of BPS used in this
paper are much below the appropriate cutoff doses of chemicals in
blood concentrations (100e400 mg/kg) and thus could be defined as
‘low’ (Taylor et al., 2011; Vandenberg, 2014). In addition, Do et al.
(2012) and Lagarde et al. (2015) demonstrated that experimental
studies investigating the effects of estrogen-like EDCs frequently
identify potential non-monotonic dose-response relationships.
Therefore, in the risk assessment of these substances, like BPS (da
Silva et al., 2019) and BPA (Badding et al., 2019), da Silva et al.
and Badding et al. suggested that simple monotone extrapolation
from high to low dose is unreasonable.
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In this paper, we presumed that prenatal ovarian exposure to
BPS has long-term consequences. In fact, we found that the ex-
pressions of oocyte-specific genes, GDF9 and BMP15 are inhibited,
thus indicating that BPS exposure reduced oocyte quality. Dong’s
experiment proved that female mice with insufficient GDF-9
expression could formed primordial and primary follicles, but
there is a block in follicular development beyond the primary one-
layer follicle stagewhich leads to infertility (Dong et al., 1996). From
then on, plentiful studies have demonstrated the important role of
GDF-9 in early follicle growth and differentiation (Hayashi et al.,
1999; Hreinsson et al., 2002; Kobayashi et al., 2009). Moreover,
increasing evidences have shown a synergistic relationship be-
tween GDF-9 and BMP-15 as GDF-9/BMP-15 heterodimers act as
potent regulators regulate ovarian function, particularly in impro-
veing oocyte quality (Su et al., 2008; Peng et al., 2013; Sanfins et al.,
2018). In reality, BMP15 mutations have been associated with pri-
mary ovarian insufficiency (POI) and infertility phenotype
(Galloway et al., 2000; Chand et al., 2006). Our results showed that
BPS also adversely affected late-follicular development, particularly
blocking the differentiation of primary follicles into secondary/
antral follicles, which may be related to the insufficient expression
of GDF9 and BMP15.

In conclusion, our study shows that perinatal BPS ovarian
exposure induces abnormal germ cell cyst breakdown. BPS prob-
ably affects not only the establishment of ovarian reserve but also
late ovarian differentiation. To date, researches concering the toxic
effects of BPS on the reproductive system rather limited, and the
detailed mechanism of its influence on the female reproductive
system development remains unclear and needs to be further
explored.
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