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ARTICLE INFO ABSTRACT
Keywords: Endocrine disruptors such as bisphenol A (BPA) and some of its analogues, including BPS, BPAF,
Bisphenol A and BPE, are used extensively in the manufacture of plastics. These synthetic chemicals could

Bisphenol S
Bisphenol B
Bisphenol F
Bisphenol AF

seriously alter the functionality of the female reproductive system. Although the number of
studies conducted on other types of bisphenols is smaller than the number of studies on BPA, the
purpose of this review study was to evaluate the effects of bisphenol compounds, particularly
BPA, on hormone production and on genes involved in ovarian steroidogenesis in both in vitro

Ovary

Steroidogenesis (human and animal cell lines) and in vivo (animal models) studies.

Hormones The current data show that exposure to bisphenol compounds has adverse effects on ovarian
Genes steroidogenesis. For example, BPA, BPS, and BPAF can alter the normal function of the

hypothalamic-pituitary-gonadal (HPG) axis by targeting kisspeptin neurons involved in steroid
feedback signals to gonadotropin-releasing hormone (GnRH) cells, resulting in abnormal pro-
duction of LH and FSH. Exposure to BPA, BPS, BPF, and BPB had adverse effects on the release of
some hormones, namely 17-p-estradiol (E2), progesterone (P4), and testosterone (T). BPA, BPE,
BPS, BPF, and BPAF are also capable of negatively altering the transcription of a number of genes
involved in ovarian steroidogenesis, such as the steroidogenic acute regulatory protein (StAR,
involved in the transfer of cholesterol from the outer to the inner mitochondrial membrane,
where the steroidogenesis process begins), cytochrome P450 family 17 subfamily A member 1
(Cypl7al, which is involved in the biosynthesis of androgens such as testosterone), 3 beta-
hydroxysteroid dehydrogenase enzyme (3p-HSD, involved in the biosynthesis of P4), and cyto-
chrome P450 family 19 subfamily A member 1 (Cyp19al, involved in the biosynthesis of E2).
Exposure to BPA, BPB, BPF, and BPS at prenatal or prepubertal stages could decrease the number
of antral follicles by activating apoptosis and autophagy pathways, resulting in decreased pro-
duction of E2 and P4 by granulosa cells (GCs) and theca cells (TCs), respectively. BPA and BPS
impair ovarian steroidogenesis by reducing the function of some important cell receptors such as
estrogens (ERs, including ERa and ERp), progesterone (PgR), the orphan estrogen receptor
gamma (ERRY), the androgen receptor (AR), the G protein-coupled estrogen receptor (GPER), the
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FSHR (follicle-stimulating hormone receptor), and the LHCGR (luteinizing hormone/choriogo-
nadotropin receptor). In animal models, the effects of bisphenol compounds depend on the type of
animals, their age, and the duration and dose of bisphenols, while in cell line studies the duration
and doses of bisphenols are the matter.

1. Introduction

Bisphenol A (BPA) and many other bisphenol types such as bisphenol B (BPB), bisphenol Z (BPZ), bisphenol F (BPF), bisphenol S
(BPS), bisphenol AP (BPAP), tetra bromo bisphenol A (TBBPA), as well as bisphenol AF (BPAF) are synthetic substances, commonly
used for more than 50 years in polycarbonate plastics such as medical devices, toys, food containers, plastic bottles, dental sealants,
etc. [1,2]. Although there are a number of different types of bisphenols, as mentioned above, the effects of some of them, such as BPA,
BPS, BPS, BPAF, and BPF, on ovarian folliculogenesis have been studied by scientists.

BPA is a well-known endocrine-disrupting chemical (EDC) with a global consumption of 7.7 million tonnes in 2015 and about 10.6
million tonnes in 2022 [3], and some of its analogues such as mentioned earlier have shown various harmful properties such as
reproductive toxicity, neurotoxicity, and genotoxicity [4]. BPA has been shown to cause epigenetic changes by altering DNA
methylation [5]. Several studies showed that BPA could disturb the expression of some genes involved in steroidogenesis by altering
DNA methylation levels of Cyp17al and Cypllal and histone methylation [6,7]. In addition, BPA has both estrogenic and anti-
androgenic properties. It could be a ligand for many receptors, such as the nonclassical membrane-bound G-coupled protein receptor
[8], the orphan estrogen-related receptor gamma (ERRy) [9], and the two classical oestrogen receptors-a and p (ERa [ESR1] and ERp
[ESR2]) [10], and it can also act as an antagonist when it binds to the androgen receptor (AR) [11].

It has been reported that even low doses of BPA can disrupt hormone balance [12] and interact with steroidogenic enzymes [13].
BPA has also been shown to disrupt ovarian folliculogenesis in animals [14], alter the number of ovarian follicles [15], increase the
number of atretic follicles [16], and alter the estrous cycle [17]. In granulosa cells (GCs) from humans or mice treated with BPA, an
increase in the Bax/Bcl-2 ratio and G2-M arrest [18] and promotion of autophagy via mediation of the AMPK/mTOR/ULK1 pathway
[19] resulted in DNA damage and cell death [18,20].

Several in vivo studies showed that BPA involved apoptosis in ovaries (Caspase-3, Fas/FasL, and Bax), [21,22], induced autophagic
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Fig. 1. Bisphenol compounds alter the levels of hormones released by the ovaries and the anterior pole of the pituitary gland.

This figure shows how bisphenol compounds, especially BPA, alter the function of the HPO axis. In the hypothalamus, the kisspeptin neuron could
affect ovarian activities through its action on GnRH neurons. GnRH modulates the secretion of FSH and LH from the anterior pituitary by binding to
its receptor (GnRHR). FSH and LH act by binding to their receptors (FSHR and LHR) on ovarian granulosa and theca cells to regulate oogenesis and
steroidogenesis by inducing the production of E2, T, and P4. Bisphenol compounds may alter levels of the hormones estrogen, progesterone, and
testosterone produced by the ovaries by interfering with the function of the HPO axis.
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vesicle formation in ovarian GCs [23], and altered genes involved in steroidogenesis [24]. In addition, early exposure to BPA has been
reported to increase the number of atretic follicles, while decreasing ovarian size and antral follicle number [25,26] .

A number of previous studies have shown that BPS and BPF affect the male/female ratio [27], blood androgen and estrogen levels
[28], and the plasma levels of estradiol (E2), progesterone (P4), testosterone (T), luteinizing hormone (LH), and follicle-stimulating
hormone (FSH) [29,30]. The non-conjugated form of BPS has been shown to be more detectable in blood than BPA due to its
higher bioavailability [31]. An animal study showed that the administration of BPA, BPB, BPF, and BPS could increase the number of
atretic and cystic follicles and decrease the number of antral and corpus luteum follicles [32], resulted in a change in the production of
steroid hormones.

Although the adverse effects of BPA, BPE, BPS, BPF, and BPAF on ovarian function have been demonstrated in several studies, this
review article aims to examine the relationship between ovarian steroidogenesis and various types of bisphenols, especially BPA,
because BPA is much more in the focus of scientists’ interest in research.

2. The hypothalamic-pituitary-ovarian (HPO) axis

Although normal reproductive function in women depends on normal ovarian activity, the secretion of gonadotropin-releasing
hormone (GnRH) from the hypothalamus and the subsequent release of gonadotropins (LH and FSH) from the pituitary gland are
exerted as primary controls. Therefore, the HPO axis plays an important role in female reproduction. The released GnRH, after entering
the pituitary portal circulation, binds to the GnRH receptors (GnRHR) located on the anterior pituitary to stimulate the secretion of LH
and FSH from the gonadotropins into the circulation. Subsequently, by binding to their receptors (LHR and FSHR) located on the thecal
and granulosa cells, respectively, these two secreted hormones stimulate the production of sex steroids such as P2, E2, and T in females
to support folliculogenesis. On the other hand, both positive and negative feedback effects of sex steroids might be involved in GnRH
secretion. Although the androgen receptor (AR) and/or estrogen receptor a (ERa) are not expressed in GnRH neurons in the hypo-
thalamus, upstream GnRH neurons, such as hypothalamic kisspeptin neurons (KISS), which express both AR and ERaq, are involved in
steroid feedback signals to GnRH cells (Fig. 1).

2.1. BPA alters the function of the HPO axis

EDCs may have antagonistic or agonistic effects through their action on androgen and estrogen receptors. Evans et al. reported that
BPA exposure at later developmental time points alters the secretion of gonadotropins in prepubertal female lambs [33]. Brannick et al.
reported that BPA exposure (in utero) at a low dose can increase gonadotropin cell numbers, because estrogenic compounds increase
the proliferation of the pituitary cells [34]. The levels of Ihp and fshf} decreased when mice were treated with 50 pug/kg, whereas their
levels increased when mice were treated with 0.5 pg/kg [34]. BPA exposure during the neonatal period resulted in a decrease in Kiss1
levels in rats [35-37] and overexpression of Kiss1 levels in fish [38], CD-1 mice [39], and rats [40,41].

During the above period, exposed BPA altered ESR1, ESR2, and GnRH (Gnrh) levels in some animals, including rats and sheep [35,
38,42,43]. A low dose of BPA (20 pg/kg) to sexually mature mice during the proestrus cycle was also able to increase plasma levels of
some hormones (E2, FSH, and LH), mRNA expression of Gnrh and Kiss1, and protein concentration of kisspeptin in the anteroventral
periventricular nucleus (AVPV) [42].

Xi et al. reported that BPA exposure resulted in the upregulation of FSH levels in female pups at the hypothalamic-pituitary level
[39]. BPA could activate the HPO axis by enhancing AVPV kisspeptin[44]. Therefore, the function of the HPO axis could be mediated
by the kisspeptin signaling pathway. Oral administration of BPA (50 mg/kg) from postnatal day 19 to day 68 increased mRNA
expression of GnRHR, GRP54 (a G protein-coupled receptor and a target for the KISS1 gene), and GnRH genes and decreased the
density of ER in female adolescent rats, resulting in overproduction of E2, FSH, and LH [45] (Fig. 1).

Lower expression of ER may be due to excessive production of estrogen hormones. It has been reported that excessive expression of
GPR54 leads to the overproduction of estrogen and LH through the activation of the gonadotropic axis [46]. In addition, BPA can
decrease progesterone receptor (PgR) expression and could also inhibit the ability of progesterone to counteract E2 action; therefore,
this could be considered a reason why BPA exposure could increase E2 levels [47].

2.2. Other types of bisphenols alter the function of the HPO axis

Several studies showed that BPF, BPS, BPB, BPAF, and BPA (100 pg/L) can increase mRNA expression of fshf, Ihf, gnrh3, kiss1, and
kiss2 in the neuroendocrine system of zebrafish embryos, leading to an increase in the levels of E2, LH, and FSH [48,49]. Long-term
exposure to BPF did not alter the expression levels of kiss2 or kisspeptin receptor 2 (kiss2r) in zebrafish’ brain, but increased the
expression of some genes (kiss1, kisslr, gnrh3, lhf, and fshp) and the levels of LH and FSH [50]. Zebrafish embryos receiving BPF (0.25
and 0.5 pM) showed a remarkable reduction in the development of the GnRH neuronal system, especially in GnRH3 neurons in the
preoptic area (POA) and terminal nerve (TN) involved in reproductive behavior [51]. Zebrafish embryos exposed to a broad spectrum
of BPF were able to alter gene transcription in the hypothalamic-pituitary-thyroid (HPT) axis and stimulate the expression of estrogen
receptor markers [52,53].

Therefore, the mechanism of action of bisphenols might be due to their effects on the Kiss/GnRH signaling pathway (Fig. 1). The
contrasting results could also be due to age or species of the animals, the dose of the exposed BPA or the other bisphenol types (low or
high), and/or the duration of exposure. However, we strongly suggest that the use of kisspeptin and Gpr54 knock-out mice may be very
useful to study the effects of BPA or other bisphenol types on the hypothalamus and pituitary gland.
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3. Ovarian steroidogenesis

Steroidogenesis (Fig. 2) is a process in which important sex steroids such as E2, P4, and T are formed. The first step of steroido-
genesis is initiated when steroidogenic acute regulatory protein (StAR) transports cholesterol from the outer mitochondrial membrane
(OMM) to the inner mitochondrial membrane (IMM), the site where cholesterol is converted to pregnenolone by binding to the
cholesterol side-chain cleavage enzyme (P450scc [CYP11A1]) [54]. Pregnenolone is converted to a weak androgen, dehydroepian-
drosterone (DHEA), via an intermediate steroid, 17-hydroxypregnenolone (170H-Preg), involving the enzyme 17a-hydroxylase-17,
20-desmolase (CYP45017a; CYP17A1), or to progesterone via the enzyme 3p-hydroxysteroid dehydrogenase (HSD3p) [55]. Subse-
quently, androstenedione can be formed from DHEA (via HSD3p) and progesterone (via CYP17A1). Within the theca cells, andro-
stenedione is converted to testosterone by the enzyme 17p-hydroxysteroid dehydrogenase (HSD17B) [55]. Some of the
androstenedione in theca cells diffuses into the granulosa cells where the aromatase enzyme (CYP450arom; CYP19A1) converts an-
drostenedione to estrone or HSD17B converts androstenedione to testosterone [55]. Estrone and testosterone are then converted to E2
via the HSD17B and CYP19A1 enzymes, respectively. Interestingly, two other forms of E2, 2-hydroxyestradiol (2- OH -estradiol) and
4-hydroxyestradiol (4- OH -estradiol) can cause cell damage and cell death via inactivation of E2 [56,57].

On the other hand, FSH could increase the expression of the CYP450arom enzyme by binding to its receptor, FSHR, located on
granulosa cells and by activating cAMP-dependent protein kinase A [58]. However, several other factors such as peroxisome
proliferator-activated receptor gamma (PPAR-y), steroidogenic factor 1 (SF -1), and insulin-like growth factors (IGFs) might be
involved in CYP450arom activation [59,60]. In addition, LH could increase the activity of enzymes involved in T and androstenedione
synthesis by binding to its receptor LHR located on theca cells [61].

Because bisphenol compounds have widely varying effects on the production of hormones and genes involved in steroidogenesis,
the goal of this review is to examine these effects in both in vivo and in vitro studies.
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Fig. 2. Bisphenol compounds, especially BPA, alter the expression of genes involved in ovarian steroidogenesis.

In follicles (generally preantral, antral, and preovulatory follicles), cooperative interaction between granulosa and theca cells leads to ovarian
steroidogenesis. Within the theca cells and in response to LH, cholesterol is converted to androgens via a complicated signaling pathway, while
another complicated signaling pathway is required for the conversion of androgens from the theca cells to estrogens. Bisphenol compounds, by
suppressing/activating the expression of the above enzymes involved in steroidogenesis, such as StAR, Cyp19al, and Hsd3b, could ultimately affect
the production of E2, P4, and T.
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4. BPA alters the production of sex hormones (LH and FSH), steroid hormones (E2, P4, and T), and genes involved in
steroidogenesis

4.1. Human studies

It has been reported that in women with polycystic ovary syndrome (PCOS), urinary BPA concentration is significantly increased
[62,63]. Yang et al. indicated that exposure to BPA can trigger a PCOS-like syndrome [26]. Jafar & Rasheed found that serum BPA, T,
and cholesterol levels in PCOS patients were 45.3 pg/mL, 1.53 ng/mL, and 207 mg/mL, respectively [64]. Miao et al. showed that in
female workers exposed to BPA in China, urinary BPA concentration (22.2 pg/g) decreased compared to the unexposed group, serum
levels of P4 and FSH did not change significantly, LH levels (1.27 mIU/mL) decreased, and E2 levels (3.87 pg/mL) increased compared
to the unexposed group [65].

In infertile women, although a positive association between steroid hormones and the presence of BPA is still controversial, a
positive correlation between BPA and the interaction of free and total testosterone and dehydroepiandrosterone sulfate (DHEA-S) has
been demonstrated [62,66,67]. Therefore, in women exposed to BPA, serum levels of FSH, LH, T, E2, and P4 could change dramatically
depending on the duration of exposure and BPA concentration.

4.2. In vivo studies (animal models)

Gamez and colleagues reported that early exposure to a low dose of BPA (3 pg/kg) increased serum levels of LH and E2 but observed
no change in FSH levels [25]. Liang et al. showed that maternal exposure to BPA (250 mg/kg/day) resulted in a significant change in
hormone levels such as E2 and T in the offspring of rats [68]. Exposure of BPA (50, 500, and 2500 mg/kg) to the mother of mice
resulted in a dose-dependent decrease in T and FSH levels and an increase in E2 production in the adult offspring (at 8 weeks of age)
[69]. It has been suggested that lower T levels may result from suppressed GnRH, leading to inhibition of gonadotropin secretion
(Fig. 1), [70]. In addition, Lite et al. found in 12-week-old female rat offspring that serum levels of E2 and expression of miR-224
increased in their pregnant BPA-exposed mothers, while serum FSH levels decreased [71]. It has been reported that miR-224 could
trigger TGF-f signaling pathway involved in folliculogenesis via interaction with SMAD family member 4 (SMAD4) protein [72,73].
and could also promote the release of estradiol from GCs by regulating the expression of Cypl9a [73-75], (Fig. 2). Therefore, an
increase in E2 levels in the offspring of rats could be due to the effects of BPA on the expression of microRNAs such as miR-224, leading
to a change in the expression of genes involved in steroidogenesis and subsequently to a lower/higher production of estrogens.

Santamaria et al. reported that in female rats born to mothers treated with BPA (0.5 and 50 pg/kg), serum levels of E2 and mRNA
levels of Cypl1, Cypl7, LHCGR, and Cyp19 did not change at postnatal day 90, whereas transcription of FSHR and Hsd3b and pro-
duction of P4 increased [76]. Therefore, the upregulation of FHSR seems to be a compensatory mechanism for the increase in E2
production to reach the standard level, while the high P4 levels may be due to the overexpression of Hsd3b.

Nguyen et al. found that in animals prenatally exposed to BPA, the mRNA expression level of Cypl7al (a key enzyme in the
biosynthesis of androgens) decreased in postnatal day 1 females, whereas the protein level of steroid-5p-reductase/aldo-keto-reductase
1D1 (AKR1D1) increased in postnatal day 21 females [77] may encode enzymes involved in the catalysis of steroid hormones, with an
exception for estrogens [78]. Therefore, in postnatal animals, the balance of steroid hormones might be altered due to a change in the
transcription of Akrld1. Also, Silva et al. reported that both low and high doses of BPA (10 or 50 pg/kg) during gestation (postnatal day
21) and lactation (postnatal day 180) can induce lifelong changes by affecting sex steroid hormones, including increased T and P levels
and also decreased E2 levels [79]. However, female rats had regular estrous cycles, but ovarian mass increased in the BPA10-treated
group only at PN180 [79]. Therefore, any hormonal changes in early life could affect ovarian development, which is reflected in
morphological changes in adulthood. Wei et al. found that exposure to BPA (0-40 mg/kg/day, gestational day 0.5-17.5) during
pregnancy decreased serum levels of FSH, E2, and P4 in F1 females at postnatal day 21 and 56, while serum levels of LH increased and
decreased at postnatal day 21 and 56, respectively [7]. Moreover, in FVB mice (FO) exposed to different doses of BPA (0.5, 20, or 50
ng/kg/day, as in utero), serum levels of E2 increased in the F1 generation (at postnatal day 4) but not in the other generations, F2 and
F3 [21]; also, mRNA expression of StAR (increased in the F2 generation), Cypl7al (increased in all generations), and Hsd17b1
(increased in the F1 and F2 generations) in a dose-dependent manner [21]. Mahalingam et al. showed that utero BPA exposure (20 and
50 pg/kg) could decrease E2 (in the F1 generation of mice) and T (in the F2 generation of mice) and did not affect P4 in both F1 and F2
generations [15]. They also reported that in the F1/F2 generation of mice (at 3 months of age), BPA at any dose did not affect the
mRNA levels of StAR, Cypllal, Cyp19al, and Hsd17b1, whereas in the F2 generation of mice (at 12 months of age), expression of
StAR, Cypllal, and Hsd3b1 decreased, whereas transcription of Cyp19al and Hsd17b1 increased in a dose-dependent manner [15].
The decreased E2 levels in BPA-treated animal models could be due to the reduction in the number of preantral follicles or to a change
in the activity of factors/genes involved in steroidogenesis and/or the conversion of cholesterol to E2 [15]. It has been suggested that
increased E2 levels in the F1 generation may be due to a reduction in the degradation of germ cell nests, whereas BPA in the F2 and F3
generations may inhibit the degradation of germ cell nests. Therefore, it appears that the effects of BPA on E2 levels are not
transgenerational.

Thilagavathi et al. showed that long-term treatment with BPA (10, 50, and 100 pg/kg, 3 months) resulted in a decrease in serum
levels of E2 and P4, as well as mRNA expression of StAR and protein levels of Cyp11al, respectively, while serum levels of FSH and LH
increased in SD rats treated with 10 pg BPA [80]. Also, oral administration of BPA (daily, with a wide dose range of 0.05-1 kg/BW) for
13 months to female Wistar rats increased serum T and androstenedione concentrations for all BPA concentrations [81]. Increased
plasma androstenedione concentrations may be due to 1) inhibition of T catabolism [82], 2) inhibition of androgen receptor activity
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such that synthesis of androstenedione and T increased due to decreased bound androgen levels [83].

Several studies in fish reported that BPA could lead to an increase in plasma E2 levels and a decrease in T levels [84-86]. In the
ovary of fish exposed to BPA (15 pg/L, 1 week), transcription of Cyp19a increased [87], while treatment with 50 pug/L BPA decreased
the expression of Cypl9a in female minnows [88]. Paitz & Bowden found that the ability of redband mucosa (Trachemys scripta)
embryos to convert estrone to estrone sulfate decreased when BPA was administered [89]. Zhang et al. showed that two weeks of
treatment with BPA (15 pg/L) significantly increased serum levels of E2 and transcription of Hsd11b2 (involved in the conversion of
active cortisol to inactive cortisone) and also suppressed the expression of StAR (by increasing the methylation of StAR through
altering the expression of DNA methyltransferases [DNMTs]) in female rare minnows Gobiocypris rarus (G. rarus) [90]. Rhee et al. also
found an increase in mRNA transcription of StAR in Kryptolebias marmoratus exposed to BPA (600 pg/L, for 4 days) [91]. Therefore,
the difference in the expression of StAR could be due to the age of the animals or the concentration of bisphenols. Additionally, Faheem
et al. reported that administration of BPA at various doses (10-1000 pg/L, for 2 weeks) resulted in an increase in plasma levels of E2
(100 and 1000 pg/L BPA), a decrease in plasma levels of T (1000 pg/L BPA), and a significant increase in plasma levels of FSH (10 pg/L
BPA) and LH (1000 pg/L BPA) in female Catla fish [92]. It is also presented that BPA could dose-dependently increase the mRNA
transcription of FSHR, StAR, and Cyp19a (involved in the conversion of C19 androgens to C18 estrogens). Therefore, the increased E2
levels and decreased T production could be due to the upregulation of two genes, including FSHR (involved in estradiol production)
and Cyp19a transcription (involved in the conversion of T to estrogens).

In G. rarus exposed to short-term treatment with BPA (15 pg/L, 21 days), the levels of E2 and T increased, mRNA expression of
StAR, Cypllal, and Cypl7al decreased, and the level of Cypl9ala increased; mid-term treatment (42 days) increased the production
of E2; and finally, with long-term treatment with BPA (63 days), both E2 and T levels decreased, mRNA expression of StAR, Cypllal,
and Cypl7al increased, and Cypl19ala levels decreased [6]. The exact mechanism of how short-, mid-, and long-term treatment with
BPA might affect the production of E2 and T in G. rarus is not clear. Finally, BPA might have differential effects on the production of
hormones and genes involved in steroidogenesis in animals, and these effects might depend on the generation/age of the animals and
the dose of BPA.

4.3. In vitro studies (human and animal cell lines)

BPA at a dose of 10 uM was able to decrease the P4 level in human ovarian GCs (KGN), increased the mRNA expression of StAR, and
did not alter the expression levels of Hsd3b2 (an important gene responsible for progesterone biosynthesis) and Cypllal [93]. Shi
et al. reported that a broad spectrum of BPA (0-500 pM, for 6 h) was able to interfere with steroid hormone synthesis in KGN cells,
while all of the above doses were unable to markedly alter the expression of FHSR and StAR [94]. On the one hand, they have also
found that in KGN cells exposed to BPA, mRNA expression of p450 oxidoreductase (i.e. POR (involved in the synthesis of andro-
stenedione) increased, protein levels of G-proteins (GS) decreased, production of adenylate cyclase (AC) increased, expression levels of
Hsd17b2 and Hsd17b3 (involved in the synthesis of T) and a number of genes such as ferredoxin and ferredoxin reductase (involved in
the synthesis of P4) were downregulated [94]. The GS/AC pathway is responsible for the conversion of androstenedione to T via
targeting 17BHSD. Therefore, the main reason that BPA does not lead to a significant change in T secretion from KGN cells exposed to
BPA could be due to overexpression of POR and/or a decrease in the efficiency of conversion of androstenedione to testosterone.
Reduction in E2 production could also result from the decomposition of E2 to 2/4- OH estradiol by Cyp1b1 or Cyplal [95]; J [94]. or
due to insufficient production of testosterone by POR to produce E2 [94,95]. or due to suppression of Hsd17b1, resulting in restriction
of the pathway that converts estrone to E2 [94].

Wu et al. showed that E2 levels increased in GCs from pigs exposed to BPA (10 pM, for 24-48 h), possibly due to the inductive
effects of BPA on granulosa cell proliferation [96]. Exposure of GCs isolated from immature rats to BPA (100 pM, for 48 h) resulted in
decreased secretion of P4, decreased mRNA transcription of the ATP-binding cassette subfamily A member 1 gene (ABCA1), and also
increased mRNA expression of StAR, Cypllal, and Hsd3b1, as well as protein levels of sterol regulatory element-binding protein-1
(SREBP-1) [97]. In this context, ABCA1 may be involved in the storage of intracellular cholesterol required for steroidogenesis as a
reverse cholesterol transporter. It has been reported that both protein and mRNA expression of ABCA1 could be affected by BPA, and
gene polymorphism of ABCA1 could also lead to severe PCOS by affecting steroid [93,97,98]. Moreover, any disturbance in cholesterol
homeostasis or imbalance between cholesterol uptake and export in GCs may lead to lower secretion of P4 [97]. Moreover,
sterol-regulating element-binding proteins are responsible for controlling the transcription of various types of genes involved in the
process of de novo cholesterol synthesis [99]. Therefore, any attenuation of the production of P4 from GCs could be due to the
disruptive effects of BPA on cholesterol homeostasis by targeting StAR/SREBP-1 and decreasing the expression of ABCA1 [99].
Mlynarcikova & Scsukova found that P4 production and mRNA expression of StAR, Cypllal, and Hsd3b decreased when porcine
ovarian GCs were treated with BPA (100 pM, for 3 days) [100]. It was suggested that the lower production of P4 may be due to the
lower viability or metabolic activity of GCs [100].

5. Other types of bisphenols alter the production of sex hormones (LH and FSH), steroid hormones (E2, P4, and T), and
genes involved in steroidogenesis

5.1. In vivo studies (animal models)

In CD-1 mice prenatally exposed to BPA and two other analogues, BPE and BPS (0.5, 20, and 50 pg/kg/day) from gestational day 11
to birth, serum levels of T (in the BPE- and BPS -treated groups) increased, whereas E2 levels did not change in the next generation at 3,
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6, and 9 months of age [101]; furthermore, in the next generation of mice (at 3, 6, and 9 months of age), mRNA expression of StAR,
Cypllal, Cypl7al, Cypl9al, Hsd17b1l, and Hsd3bl changed in response to different doses of BPA, BPE, and BPS [101]. Ahsan and
colleagues showed in female rats neonatally exposed to a wide range of BPS and BPA (0-50 mg/kg, from postnatal day 1-10 that
plasma concentrations of T and E2 increased, whereas levels of P4, LH, and FSH decreased at postnatal day 75 [102]. Ijaz et al.
investigated the effects of BPA and some of its alternatives such as BPS, BPF, and BPB (5-50 mg/kg, for 28 days) as separate substances
on the serum concentrations of E2, P4, and T in female rats after weaning [32]. In this context, all the mentioned types of bisphenols
increased the serum concentrations of T, while they decreased the concentrations of E2 and P4 in a dose-dependent manner [32].

In zebrafish exposed to BHPF, the expression of Cypl7al and Cypl9al was significantly downregulated, while the mRNA
expression of Cypllal increased [103].

5.2. Invitro studies (human and animal cell lines)

Amar et al. showed that the production of P4 and E2 decreased in a dose-dependent manner when human GCs were treated with
BPS [104]. In addition, a wide dose range of BPS from 10 nM to 50 pM failed to alter mRNA expression levels of StAR, Cypl7al, and
Hsd3b, but the transcription of Cypllal changed [104]. It has been reported that although mitogen-activated protein kinase3/1
(MAPK3/1) expression on ovarian GCs is critical for steroidogenesis [105], BPA and BPS can alter MAPK3/1 expression. Indeed, in
sheep GCs, a difference was found between the effects of BPS and BPA on MAPK3/1 signaling, such that treatment with BPA was able to
inhibit MAPK3/1 phosphorylation, whereas no such effect was observed for BPS [106]. Moreover, Majkic et al. found that MAPK3/1
phosphorylation increased in human GCs exposed to 100 uM BPA for 30 min [107], whereas no significant change in MAPK3/1
phosphorylation was observed in another study in which human GCs were exposed to 10 uM BPS [104]. Therefore, the effects of BPA
on the MAPK3/1 signaling pathway might be more deleterious than BPS.

Mlynarcikova & Scsukova found that in GCs of pigs treated with different types of bisphenol compounds such as BPA, BPAF, BPS,
and BPF (10-9 - 10-4 M, for 24-72 h), BPA and BPAF (10-4 M) were able to decrease P4 levels, while the production of E2 decreased in a
dose-dependent manner in both BPS and BPAF-treated groups [108]. In addition, all of the aforementioned bisphenol compounds
failed to alter the mRNA expression of StAR, Forkhead Box O1 (FOXO1), Cypllal, Cypl9al, and Hsd3b [108]. FOXO1 has been
reported to act as a key regulator of GC functions by modulating some genes involved in steroidogenesis [109,110]. Therefore, the fact
that the expression of the aforementioned genes involved in steroidogenesis does not change could be due to the lack of change in the
expression of the FOXO1 gene [108]. Berni et al. reported that in GCs isolated from adult porcine ovaries and treated with BPS (1 and
10 pM, for 48 h), the production of E2 decreased, whereas P4 levels did not change significantly [111]. Decreased expression of
Cyp19al was also observed in cumulus cells from pigs treated with BPS (30 pM, for 48 h) [112]. Campen and colleagues added a wide
range of BPS to the culture media of bovine GCs and TCs and found that the production of androstenedione and P4 was not affected by
BPS, whereas treatment with 100 pM BPS increased E2 levels E2 [113]. It has been suggested that BPS can be converted to glucuronide-
and sulfate-conjugated forms, and the estrogenic activity of BPS in these forms is significantly lower than in the unconjugated [114].
Increased E2 levels at high doses of BPS could therefore be due to the aforementioned fact.

Long-term exposure of preantral follicles to BPS (0.1 and 10 pM, for 15 days) decreased E2 production in a dose-dependent manner,
did not alter P4 secretion and follicular survival, and had no effect on mRNA expression of Cyp19al and Hsd3b1 [115]. Therefore, the
lack of effect of BPS on progesterone hormone secretion could be due to a lack of change in Hsd3b1 expression.

Finally, it appears that BPS may decrease the production of E2 and P4 if the dose is too high to inhibit the proliferation of GCs [111].
Moreover, any change in StAR gene expression seems to depend on the duration of exposure, the concentration of EDCs, and the type of
cells. Therefore, BPA and its analogues such as BPE and BPA have adverse effects on StAR expression in a dose-dependent manner.

6. Effects of bisphenol compounds, especially BPA and BPS, on estrogen, progestogen, and androgen receptors (ER, PgR,
and AR)

A wide range of molecular action has been reported for BPA, such as the ability to bind to ERx and ERRy membranes, acting as an
estrogen receptor antagonist and agonist (both ERa and ERf), and acting as an antagonist for the androgen receptor [116]. On the
other hand, estrogen receptor agonist activity (via ERa/B) has been suggested for BPS in several studies [117,118]. In growing follicles,
ERa is expressed in theca/granulosa cells as well as in stromal/interstitial cells, whereas ERp and AR are mainly expressed in GCs and
the highest levels are observed in GCs of antral follicles [76]. Both ERa and ERp might mediate the stimulatory effect of estrogens,
especially E2, on granulosa cell proliferation [119]. Moreover, ERRy is involved in estrogen signaling and cellular energy metabolism
[120].

On the other hand, BPA, BPE and BPB have been suggested to have the highest affinity for ERRy [121]. and also the affinity of
bisphenols for ERa and ERp is categorized as BPFA > BPB > BPA > BPF > BPS [122]. Therefore, any alteration in the expression and
function of all the above receptors impairs follicular maturation and leads to abnormal production of ovarian hormones.

6.1. In vivo studies (animal models)

During pregnancy, exposure to different doses of BPA could increase mRNA expression of ERa and PgR, while BPA at the doses of 5
and 10 mg/kg could increase mRNA expression of ERf in the ovary of F1 mice at postnatal day 21 [7]. However, in the ovaries of F1
mice at postnatal day 56, the mRNA levels of ERa, ERp, and PgR decreased [7]. BPA could form a complex by binding to estrogen
receptors, namely BPA-ERs [123]. This complex mimics the estradiol- ER complex and, by binding to the estrogen response element
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(ERE), alters transcription factors involved in the activation of weak estrogen action [123]. Therefore, BPA as a synthetic estrogen
could vaporize the weak estrogen during mouse development and increase the expression of ERa and PgR in the ovaries before sexual
maturation.

Zhang et al. showed that exposure to BPA could suppress the transcription of ESR1 (after 7 days) and upregulate the transcription of
ESR2b (after 14 days), whereas BPA could not affect the expression of ESR2a during the two-time points mentioned above [90].
Therefore, any change in the expression of steroidogenic genes after exposure to BPA could be attributed to the altered transcripts of
ERs. In zebrafish treated with a substitute of bisphenol A, fluorene-9-bisphenol (BHPF, 300 mg/L), for 1 month, steroid hormone
biosynthesis was disrupted when the expression of ESR1 and ESR2a was downregulated [103]. BPA exposure in FO mice failed to alter
ESR1 and AR in the F1 generation (postnatal day 21), but the levels of ESR1 and AR increased in the F2 generation, and the expression
of ESR1 also decreased in the F3 generation [21]. Since AR and ESR1 are significantly involved in the process of folliculogenesis, their
upregulated expression in the F2 generation could be due to the decrease in the number of primordial follicles in the same generation,
while the lower expression of ESR1 in the F3 generation could demonstrate the fact that BPA could affect the receptors differently in
each generation.

Clarisa et al. found that treatment with low doses of BPA (0.5 and 50 pg/kg) during gestation and lactation failed to alter protein
expression of ERa and ERp in the female offspring of rats at postnatal day 90, while the expression of AR in primary follicles of mice,
whose mothers were treated with 0.5 pg/kg. Also, the number of several follicles, including primary, preantral, and antral, in mice
whose mothers were treated with 50 pg/kg was reduced [76]. Low doses of antiandrogens can increase the ovulation response, while
high doses can decrease the number of ovulations [124]. Therefore, a decrease in protein expression of AR in preantral and antral
follicles could result from an increase in ovulation rate, a slight decrease in androgen action, and/or a decrease in the transition of the
follicle from primordial to primary [76].

Hill et al. reported that BPS exposure during the developmental period failed to alter mRNA expression of ESR1 and ESR2 in the
ovaries of CD-1 mice [125]. Developmental exposure to BPS (200 pg/kg, daily, from gestational day 8 to postnatal day 19) in CD-1
mice significantly increased ovarian follicle development (particularly the number of secondary follicles) increased epidermal
growth factor 1 (EGF-R) and insulin growth factor 1 (IGF-1) mRNA expression, but did not alter ERa and ER} mRNA expression [125].
IGF-1 and EGF-R may be regulated by estrogen during folliculogenesis [126,127] and the increased number of mature follicles after
treatment with BPS may result from increased expression of IGF-1 and EGF-R genes [125].

6.2. In vitro studies (human and animal cell lines)

Long-term exposure of preantral follicles to BPS (0.1 and 10 pM, 15 days) did not alter mRNA expression of ESR1 and ESR2 [115].
Administration of BPS (10 nM-50 pM) was able to dose-dependently alter mRNA expression of ERRy and G protein-coupled estrogen
receptor (GPER) in human GCs, whereas mRNA expression of PgR, ESR1, and ESR2 did not change [104]. Although the exact role of
GPER in ovarian tissues remains to be elucidated, GPER is thought to be responsible for E2-mediated stimulation of primordial follicle
formation and non-genomic estrogen-related signaling [128]. Therefore, a decrease in E2 as well as P4 levels in human GCs when
exposed to BPS may be related to abnormal expression of ERRy and GPER [104].

7. Conclusion

BPA and its analogues, as endocrine-disrupting chemicals, have controversial effects on the production of sex and steroid hormones
and on genes involved in steroidogenesis in ovarian tissue. However, the exact mechanism of their action is so complicated that it has
not yet been fully elucidated.

Exposure to BPA, BPS, BPF, BPAF, and BPB may affect gene expression involved in steroidogenesis (such as Cyp19al, Hsd3B, and
StAR), apoptosis (such as caspase-3 and p53), cell cycle (such as cyclin-E1 and cyclin-D2). Exposure to different types of bisphenols
could alter the number of follicles at different stages. Thus, they can increase the number of atretic follicles, but decrease the number of
other follicles, such as antral, through the induction of apoptotic genes such as Bax and caspase-3. By decreasing the number of antral
follicles, the production of E2 and P4 may decrease, and through a negative feedback loop, the production of FSH and LH is increased.
Also, they can increase E2, P4, and T concentration and decrease LH and FSH production by triggering a number of genes such as fshp,
1hB, gnrh3, kiss1, ERa/p, etc. Therefore, the effects of bisphenols are quite different compared to each other.

Also, any disruption of the normal function of the hypothalamic-pituitary axis by kisspeptin and gnrh genes, leading to alteration in
the secretion of LH and FSH. In addition, several in vitro studies have reported that BPA is able to change the secretion of E2 and P4
from granulosa and theca cells, respectively. Interestingly, the type of animals, their age, and the duration and dose of bisphenol
compounds have many different effects on HPO axis, genes involved in steroidogenesis, and hormone productions by ovaries, whereas,
in vitro studies, the duration and doses of BPA and/or its analogues and the type of cell line are important.

Author contribution statement
All authors listed have significantly contributed to the development and the writing of this article.
Data availability statement

Data will be made available on request.



H. Shoorei et al. Heliyon 9 (2023) 16848

Additional information

No additional information is available for this paper.

Declaration of competing interest

None.

Acknowledgements

Authors give thanks to the Birjand University of Medical Sciences.

References

[1]
[2]
[3]
[4]

[5]
(6]

[71

[8]

[91
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]

[32]

J. Moreman, O. Lee, M. Trznadel, A. David, T. Kudoh, C.R. Tyler, Acute toxicity, teratogenic, and estrogenic effects of bisphenol A and its alternative
replacements bisphenol S, bisphenol F, and bisphenol AF in zebrafish embryo-larvae, Environ. Sci. Technol. 51 (21) (2017) 12796-12805.

M. Noszczynska, Z. Piotrowska-Seget, Bisphenols: application, occurrence, safety, and biodegradation mediated by bacterial communities in wastewater
treatment plants and rivers, Chemosphere 201 (2018) 214-223.

H.-J. Lehmler, B. Liu, M. Gadogbe, W. Bao, Exposure to bisphenol A, bisphenol F, and bisphenol S in US adults and children: the national health and nutrition
examination survey 2013-2014, ACS Omega 3 (6) (2018) 6523-6532.

Y. Chen, L. Shu, Z. Qiu, D.Y. Lee, S.J. Settle, S. Que Hee, P. Allard, Exposure to the BPA-substitute bisphenol S causes unique alterations of germline function,
PLoS Genet. 12 (7) (2016), €1006223.

L.L. Ferreira, R. Couto, P.J. Oliveira, Bisphenol A as epigenetic modulator: setting the stage for carcinogenesis? Eur. J. Clin. Invest. 45 (2015) 32-36.

Y. Liu, L. Wang, L. Zhu, B. Ran, Z. Wang, Bisphenol A disturbs transcription of steroidogenic genes in ovary of rare minnow Gobiocypris rarus via the abnormal
DNA and histone methylation, Chemosphere 240 (2020), 124935.

Y. Wei, C. Han, S. Li, Y. Cui, Y. Bao, W. Shi, Maternal exposure to bisphenol A during pregnancy interferes ovaries development of F1 female mice,
Theriogenology 142 (2020) 138-148.

A.L. Wozniak, N.N. Bulayeva, C.S. Watson, Xenoestrogens at picomolar to nanomolar concentrations trigger membrane estrogen receptor-o—mediated Ca2+
fluxes and prolactin release in GH3/B6 pituitary tumor cells, Environ. Health Perspect. 113 (4) (2005) 431-439.

S. Takayanagi, T. Tokunaga, X. Liu, H. Okada, A. Matsushima, Y. Shimohigashi, Endocrine disruptor bisphenol A strongly binds to human estrogen-related
receptor y (ERRy) with high constitutive activity, Toxicol. Lett. 167 (2) (2006) 95-105.

G.G. Kuiper, B. Carlsson, K. Grandien, E. Enmark, J. Haggblad, S. Nilsson, J.-A. k. Gustafsson, Comparison of the ligand binding specificity and transcript tissue
distribution of estrogen receptors o and p, Endocrinology 138 (3) (1997) 863-870.

A. Hejmej, M. Kotula-Balak, B. Bilinska, Antiandrogenic and estrogenic compounds: effect on development and function of male reproductive system,
Steroids—Clinical Aspect (2011) 57-59.

B.S. Rubin, Bisphenol A: an endocrine disruptor with widespread exposure and multiple effects, J. Steroid Biochem. Mol. Biol. 127 (1-2) (2011) 27-34.

F. Acconcia, V. Pallottini, M. Marino, Molecular mechanisms of action of BPA, Dose Response 13 (4) (2015), 1559325815610582.

W. Wang, K.S. Hafner, J.A. Flaws, In utero bisphenol A exposure disrupts germ cell nest breakdown and reduces fertility with age in the mouse, Toxicol. Appl.
Pharmacol. 276 (2) (2014) 157-164.

S. Mahalingam, L. Ther, L. Gao, W. Wang, A. Ziv-Gal, J.A. Flaws, The effects of in utero bisphenol A exposure on ovarian follicle numbers and steroidogenesis
in the F1 and F2 generations of mice, Reprod. Toxicol. 74 (2017) 150-157.

Y. Li, W. Zhang, J. Liu, W. Wang, H. Li, J. Zhu, T. Wu, Prepubertal bisphenol A exposure interferes with ovarian follicle development and its relevant gene
expression, Reprod. Toxicol. 44 (2014) 33-40.

D. Lopez-Rodriguez, D. Franssen, E. Sevrin, A. Gérard, C. Balsat, S. Blacher, A.-S. Parent, Persistent vs transient alteration of folliculogenesis and estrous cycle
after neonatal vs adult exposure to bisphenol A, Endocrinology 160 (11) (2019) 2558-2572.

J. Xu, Y. Osuga, T. Yano, Y. Morita, X. Tang, T. Fujiwara, Y. Taketani, Bisphenol A induces apoptosis and G2-to-M arrest of ovarian granulosa cells, Biochem.
Biophys. Res. Commun. 292 (2) (2002) 456-462.

M. Lin, R. Hua, J. Ma, Y. Zhou, P. Li, X. Xu, S. Quan, Bisphenol A promotes autophagy in ovarian granulosa cells by inducing AMPK/mTOR/ULK1 signalling
pathway, Environ. Int. 147 (2021), 106298.

M. Huang, M. Huang, X. Li, S. Liu, L. Fu, X. Jiang, M. Yang, Bisphenol A induces apoptosis through GPER-dependent activation of the ROS/Ca2+-ASK1-JNK
pathway in human granulosa cell line KGN, Ecotoxicol. Environ. Saf. 208 (2021), 111429.

A. Berger, A. Ziv-Gal, J. Cudiamat, W. Wang, C. Zhou, J.A. Flaws, The effects of in utero bisphenol A exposure on the ovaries in multiple generations of mice,
Reprod. Toxicol. 60 (2016) 39-52.

Q. Wang, H. Yang, M. Yang, Y. Yu, M. Yan, L. Zhou, Y. Wang, Toxic effects of bisphenol A on goldfish gonad development and the possible pathway of BPA
disturbance in female and male fish reproduction, Chemosphere 221 (2019) 235-245.

J.H. Jiao, L. Gao, W.L. Yong, Z.Y. Kou, Z.Q. Ren, R. Cai, W.J. Pang, Resveratrol improves estrus disorder induced by bisphenol A through attenuating oxidative
stress, autophagy, and apoptosis, J. Biochem. Mol. Toxicol. 36 (9) (2022), e23120.

S.C. D’Cruz, R. Jubendradass, M. Jayakanthan, S.J.A. Rani, P.P. Mathur, Bisphenol A impairs insulin signaling and glucose homeostasis and decreases
steroidogenesis in rat testis: an in vivo and in silico study, Food Chem. Toxicol. 50 (3-4) (2012) 1124-1133.

J.M. Gamez, R. Penalba, N. Cardoso, P.S. Bernasconi, S. Carbone, O. Ponzo, R. Reynoso, Exposure to a low dose of bisphenol A impairs pituitary-ovarian axis in
prepubertal rats: effects on early folliculogenesis, Environ. Toxicol. Pharmacol. 39 (1) (2015) 9-15.

Z.Yang, J. Shi, Z. Guo, M. Chen, C. Wang, C. He, Z. Zuo, A pilot study on polycystic ovarian syndrome caused by neonatal exposure to tributyltin and bisphenol
A in rats, Chemosphere 231 (2019) 151-160.

M. Naderi, M.Y. Wong, F. Gholami, Developmental exposure of zebrafish (Danio rerio) to bisphenol-S impairs subsequent reproduction potential and hormonal
balance in adults, Aquat. Toxicol. 148 (2014) 195-203.

T. Tisler, A. Krel, U. Gerzelj, B. Erjavec, M.S. Dolenc, A. Pintar, Hazard identification and risk characterization of bisphenols A, F and AF to aquatic organisms,
Environ. Pollut. 212 (2016) 472-479.

K. Ji, S. Hong, Y. Kho, K. Choi, Effects of bisphenol S exposure on endocrine functions and reproduction of zebrafish, Environ. Sci. Technol. 47 (15) (2013)
8793-8800.

Q. Yang, X. Yang, J. Liu, L. Wang, Y. Chen, Effects of bisphenol A and its substitutes on levels of steroid hormone and vitellogenin in adult male zebrafish,
J. Nanjing Tech. Univ. 40 (2018) 6-13.

L. Khmiri, J. Coté, M. Mantha, R. Khemiri, M. Lacroix, C. Gely, M. Bouchard, Toxicokinetics of bisphenol-S and its glucuronide in plasma and urine following
oral and dermal exposure in volunteers for the interpretation of biomonitoring data, Environ. Int. 138 (2020), 105644.

S. Tjaz, A. Ullah, G. Shaheen, S. Jahan, Exposure of BPA and its alternatives like BPB, BPF, and BPS impair subsequent reproductive potentials in adult female
Sprague Dawley rats, Toxicol. Mech. Methods 30 (1) (2020) 60-72.


http://refhub.elsevier.com/S2405-8440(23)04055-0/sref1
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref1
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref2
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref2
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref3
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref3
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref4
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref4
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref5
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref6
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref6
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref7
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref7
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref8
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref8
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref9
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref9
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref10
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref10
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref11
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref11
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref12
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref13
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref14
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref14
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref15
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref15
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref16
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref16
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref17
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref17
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref18
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref18
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref19
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref19
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref20
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref20
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref21
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref21
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref22
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref22
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref23
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref23
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref24
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref24
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref25
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref25
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref26
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref26
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref27
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref27
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref28
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref28
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref29
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref29
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref30
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref30
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref31
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref31
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref32
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref32

H. Shoorei et al. Heliyon 9 (2023) 16848

[33]
[34]
[35]

[36]

[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]

[46]
[47]

[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]
[59]

[60]

[61]
[62]
[63]

[64]
[65]

[66]
[67]
[68]

[69]

[70]
[71]

[72]

N.P. Evans, T. North, S. Dye, T. Sweeney, Differential effects of the endocrine-disrupting compounds bisphenol-A and octylphenol on gonadotropin secretion,
in prepubertal Ewe lambs, Domest. Anim. Endocrinol. 26 (1) (2004) 61-73.

K.E. Brannick, Z.R. Craig, A.D. Himes, J.R. Peretz, W. Wang, J.A. Flaws, L.T. Raetzman, Prenatal exposure to low doses of bisphenol A increases pituitary
proliferation and gonadotroph number in female mice offspring at birth, 82, Biol. Reprod. 87 (4) (2012) 81, 10.

J. Cao, J.A. Mickens, K.A. McCaffrey, S.M. Leyrer, H.B. Patisaul, Neonatal Bisphenol A exposure alters sexually dimorphic gene expression in the postnatal rat
hypothalamus, Neurotoxicology 33 (1) (2012) 23-36.

Navarro V.M., Sdnchez-Garrido M.A., Castellano J.M., Roa J., Garcia-Galiano D., Pineda R., Aguilar E., Pinilla L., Tena-Sempere M. Persistent impairment of
hypothalamic KiSS-1 system after exposures to estrogenic compounds at critical periods of brain sex differentiation. Endocrinology. 150 (5) (2009 May) 2359-
67. doi: 10.1210/en.2008-0580. Epub 2008 Dec 23. PMID: 19106226.

H.B. Patisaul, K.L. Todd, J.A. Mickens, H.B. Adewale, Impact of neonatal exposure to the ERa agonist PPT, bisphenol-A or phytoestrogens on hypothalamic
kisspeptin fiber density in male and female rats, Neurotoxicology 30 (3) (2009) 350-357.

W. Qiu, Y. Zhao, M. Yang, M. Farajzadeh, C. Pan, N.L. Wayne, Actions of bisphenol A and bisphenol S on the reproductive neuroendocrine system during early
development in zebrafish, Endocrinology 157 (2) (2016) 636-647.

W. Xi, C. Lee, W. Yeung, J.P. Giesy, M.H. Wong, X. Zhang, C.K. Wong, Effect of perinatal and postnatal bisphenol A exposure to the regulatory circuits at the
hypothalamus-pituitary—gonadal axis of CD-1 mice, Reprod. Toxicol. 31 (4) (2011) 409-417.

W. Dong, J. He, J. Wang, W. Sun, Y. Sun, J. Yu, Bisphenol A exposure advances puberty onset by changing Kiss1 expression firstly in arcuate nucleus at juvenile
period in female rats, Reprod. Toxicol. 110 (2022) 141-149.

J. Qiu, Y. Sun, W. Sun, Y. Wang, T. Fan, J. Yu, Neonatal exposure to bisphenol A advances pubertal development in female rats, Mol. Reprod. Dev. 87 (4)
(2020) 503-511.

M.M. Mahoney, V. Padmanabhan, Developmental programming: impact of fetal exposure to endocrine-disrupting chemicals on gonadotropin-releasing
hormone and estrogen receptor mRNA in sheep hypothalamus, Toxicol. Appl. Pharmacol. 247 (2) (2010) 98-104.

L. Monje, J. Varayoud, M. Munoz-de-Toro, E.H. Luque, J.G. Ramos, Exposure of neonatal female rats to bisphenol A disrupts hypothalamic LHRH pre-mRNA
processing and estrogen receptor alpha expression in nuclei controlling estrous cyclicity, Reprod. Toxicol. 30 (4) (2010) 625-634.

X. Wang, F. Chang, Y. Bai, F. Chen, J. Zhang, L. Chen, Bisphenol A enhances kisspeptin neurons in anteroventral periventricular nucleus of female mice,

J. Endocrinol. 221 (2) (2014) 201-213.

E.R. Kadir, A. Imam, O.J. Olajide, M.S. Ajao, Alterations of Kiss 1 receptor, GnRH receptor and nuclear receptors of the hypothalamo-pituitary-ovarian axis
following low dose bisphenol-A exposure in Wistar rats, Anat. Cell Biol. 54 (2) (2021) 212-224.

K.-L. Hu, H. Zhao, H.-M. Chang, Y. Yu, J. Qiao, Kisspeptin/kisspeptin receptor system in the ovary, Front. Endocrinol. 8 (2018) 365.

F. Grasselli, L. Baratta, L. Baioni, S. Bussolati, R. Ramoni, S. Grolli, G. Basini, Bisphenol A disrupts granulosa cell function, Domest. Anim. Endocrinol. 39 (1)
(2010) 34-39.

P. Coumailleau, S. Trempont, E. Pellegrini, T.D. Charlier, Impacts of bisphenol A analogues on zebrafish post-embryonic brain, J. Neuroendocrinol. 32 (8)
(2020), €12879.

W. Qiu, S. Liu, H. Chen, S. Luo, Y. Xiong, X. Wang, K.-J. Wang, The comparative toxicities of BPA, BPB, BPS, BPF, and BPAF on the reproductive
neuroendocrine system of zebrafish embryos and its mechanisms, J. Hazard Mater. 406 (2021), 124303.

W. Qiu, M. Fang, J. Liu, C. Fu, C. Zheng, B. Chen, K.-J. Wang, In vivo actions of Bisphenol F on the reproductive neuroendocrine system after long-term
exposure in zebrafish, Sci. Total Environ. 665 (2019) 995-1002.

K. Weiler, S. Ramakrishnan, Bisphenol F causes disruption of gonadotropin-releasing hormone neural development in zebrafish via an estrogenic mechanism,
Neurotoxicology 71 (2019) 31-38.

J. Cano-Nicolau, C. Vaillant, E. Pellegrini, T.D. Charlier, O. Kah, P. Coumailleau, Estrogenic effects of several BPA analogs in the developing zebrafish brain,
Front. Neurosci. 10 (2016) 112.

G.-m. Huang, X.-f. Tian, X.-d. Fang, F.-j. Ji, Waterborne exposure to bisphenol F causes thyroid endocrine disruption in zebrafish larvae, Chemosphere 147
(2016) 188-194.

I.G. Widhiantara, A.A.A.P. Permatasari, . W. Rosiana, P.A. Wiradana, B. Satriyasa, Steroidogenesis mechanism, disruption factor, gene function, and role in
male fertility: a mini review, Indian J. Forensic Med. Toxicol. 15 (4) (2021) 1456-1468.

W.L. Miller, Steroidogenesis: unanswered questions, Trends Endocrinol. Metabol. 28 (11) (2017) 771-793.

Y. Tsuchiya, M. Nakajima, T. Yokoi, Cytochrome P450-mediated metabolism of estrogens and its regulation in human, Cancer Lett. 227 (2) (2005) 115-124.
Y. Aydin, Acrylamide and its metabolite glycidamide can affect antioxidant defenses and steroidogenesis in Leydig and Sertoli cells, Toxicol. Environ. Chem.
100 (2) (2018) 247-257.

F. De Pascali, A. Tréfier, F. Landomiel, V. Bozon, G. Bruneau, R. Yvinec, E. Reiter, Follicle-stimulating hormone receptor: advances and remaining challenges,
Int. Rev. Cell Mol. Biol. 338 (2018) 1-58.

W. Fan, T. Yanase, H. Morinaga, Y.-M. Mu, M. Nomura, T. Okabe, H. Nawata, Activation of peroxisome proliferator-activated receptor-y and retinoid X
receptor inhibits aromatase transcription via nuclear factor-«B, Endocrinology 146 (1) (2005) 85-92.

S. Hara, T. Takahashi, H. Igarashi, M. Amita, K. Matsuo, A. Hasegawa, H. Kurachi, Peroxisome proliferator-activated receptor-y agonists prevent tumor
necrosis factor-a-mediated inhibition of FSH-induced follicle development and estradiol production in A PreantralFollicle culture system, J. Mammalian Ova
Res. 31 (1) (2014) 2-11.

Z.R. Craig, W. Wang, J.A. Flaws, Endocrine-disrupting chemicals in ovarian function: effects on steroidogenesis, metabolism and nuclear receptor signaling,
Reproduction 142 (5) (2011) 633.

E. Kandaraki, A. Chatzigeorgiou, S. Livadas, E. Palioura, F. Economou, M. Koutsilieris, E. Diamanti-Kandarakis, Endocrine disruptors and polycystic ovary
syndrome (PCOS): elevated serum levels of bisphenol A in women with PCOS, J. Clin. Endocrinol. Metab. 96 (3) (2011) E480-E484.

Z. Laztirova, J. Figurova, B. Hubkova, J. Maslankova, I. Laztirova, Urinary bisphenol A in women with polycystic ovary syndrome-a possible suppressive effect
on steroidogenesis? Horm. Mol. Biol. Clin. Invest. 42 (3) (2021) 303-309.

Jafar, A. K., & Rasheed, 1. H. Correlation between Serum Bisphenol A and Testosterone Levels in Women with Polycystic Ovary Syndrome.

M. Miao, W. Yuan, F. Yang, H. Liang, Z. Zhou, R. Li, D.-K. Li, Associations between bisphenol A exposure and reproductive hormones among female workers,
Int. J. Environ. Res. Publ. Health 12 (10) (2015) 13240-13250.

L. Akin, M. Kendirci, F. Narin, S. Kurtoglu, R. Saraymen, M. Kondolot, F. Elmali, The endocrine disruptor bisphenol A may play a role in the aetiopathogenesis
of polycystic ovary syndrome in adolescent girls, Acta Paediatr. 104 (4) (2015) e171-e177.

T. Takeuchi, O. Tsutsumi, Y. Ikezuki, Y. Takai, Y. Taketani, Positive relationship between androgen and the endocrine disruptor, bisphenol A, in normal
women and women with ovarian dysfunction, Endocr. J. 51 (2) (2004) 165-169.

G. Liang, H.N. Wang, L. Zhang, F.Y. Peng, J. Yue, W. Wei, L.H. Jia, Effect of perinatal bisphenol A exposure on serum lipids and lipid enzymes in offspring rats
of different sex, Biomed. Environ. Sci. 29 (9) (2016) 686-689.

S. Ma, W. Shi, X. Wang, P. Song, X. Zhong, Bisphenol A exposure during pregnancy alters the mortality and levels of reproductive hormones and genes in
offspring mice, BioMed Res. Int. 2017 (2017), 3585809, https://doi.org/10.1155/2017/3585809. Epub 2017 Mar 14. PMID: 28393075; PMCID:
PMC5368376.

J.R. Rochester, A.L. Bolden, Bisphenol S and F: a systematic review and comparison of the hormonal activity of bisphenol A substitutes, Environ. Health
Perspect. 123 (7) (2015) 643-650.

C. Lite, S.S. Ahmed, W. Santosh, B. Seetharaman, Prenatal exposure to bisphenol-A altered miRNA-224 and protein expression of aromatase in ovarian
granulosa cells concomitant with elevated serum estradiol levels in F1 adult offspring, J. Biochem. Mol. Toxicol. 33 (6) (2019), e22317.

Y. Wang, J. Ren, Y. Gao, J.Z. Ma, H.C. Toh, P. Chow, C.G. Lee, MicroRNA-224 targets SMAD family member 4 to promote cell proliferation and negatively
influence patient survival, PLoS One 8 (7) (2013), e68744.

10


http://refhub.elsevier.com/S2405-8440(23)04055-0/sref33
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref33
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref34
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref34
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref35
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref35
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref37
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref37
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref38
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref38
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref39
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref39
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref40
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref40
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref41
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref41
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref42
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref42
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref43
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref43
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref44
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref44
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref45
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref45
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref46
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref47
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref47
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref48
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref48
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref49
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref49
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref50
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref50
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref51
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref51
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref52
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref52
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref53
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref53
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref54
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref54
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref55
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref56
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref57
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref57
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref58
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref58
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref59
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref59
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref60
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref60
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref60
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref61
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref61
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref62
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref62
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref63
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref63
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref65
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref65
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref66
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref66
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref67
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref67
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref68
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref68
https://doi.org/10.1155/2017/3585809
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref70
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref70
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref71
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref71
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref72
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref72

H. Shoorei et al. Heliyon 9 (2023) 16848

[73]
[74]
[75]
[76]
[77]
[78]
[79]
[80]
[81]
[82]
[83]
[84]
[85]
[86]
[87]
[88]
[89]
[90]
[91]
[92]
[93]
[94]
[95]
[96]
[97]
[98]
[99]
[100]
[101]
[102]
[103]
[104]
[105]
[106]
[107]
[108]
[109]
[110]

[111]

G. Yao, M. Yin, J. Lian, H. Tian, L. Liu, X. Li, F. Sun, Microrna-224 is involved in transforming growth factor-beta-mediated mouse granulosa cell proliferation
and granulosa cell function by targeting Smad4, Mol. Endocrinol. 24 (2010) 540-551.

J.C. da Silveira, G.M. de Andrade, M.F. Nogueira, F.V. Meirelles, F. Perecin, Involvement of miRNAs and cell-secreted vesicles in mammalian ovarian antral
follicle development, Reprod. Sci. 22 (12) (2015) 1474-1483.

C.J. Jorgez, M. Klysik, S.P. Jamin, R.R. Behringer, M.M. Matzuk, Granulosa cell-specific inactivation of follistatin causes female fertility defects, Mol.
Endocrinol. 18 (4) (2004) 953-967.

C. Santamaria, M. Durando, M.M. de Toro, E.H. Luque, H.A. Rodriguez, Ovarian dysfunctions in adult female rat offspring born to mothers perinatally exposed
to low doses of bisphenol A, J. Steroid Biochem. Mol. Biol. 158 (2016) 220-230.

H.T. Nguyen, K. Yamamoto, M. Iida, T. Agusa, M. Ochiai, J. Guo, H. Iwata, Effects of prenatal bisphenol A exposure on the hepatic transcriptome and proteome
in rat offspring, Sci. Total Environ. 720 (2020), 137568.

Y. Jin, M. Chen, T.M. Penning, Rate of steroid double-bond reduction catalysed by the human steroid 5p-reductase (AKR1D1) is sensitive to steroid structure:
implications for steroid metabolism and bile acid synthesis, Biochem. J. 462 (1) (2014) 163-171.

B. Silva, L. Bertasso, C. Pietrobon, B. Lopes, T. Santos, N. Peixoto-Silva, S. Cabral, Effects of maternal bisphenol A on behavior, sex steroid and thyroid
hormones levels in the adult rat offspring, Life Sci. 218 (2019) 253-264.

S. Thilagavathi, P. Pugalendhi, T. Rajakumar, K. Vasudevan, Monotonic dose effect of bisphenol-A, an estrogenic endocrine disruptor, on estrogen synthesis in
female Sprague-Dawley rats, Indian J. Clin. Biochem. 33 (4) (2018) 387-396.

Oguazu, C., Ezeonu, F., Ani, N. O., & Anajekwu, B. Bisphenol A Triggers Abnormal Production of Testosterone and Androstenedione Causing Imbalance in the
Hormonal Functions in Female Albino Wistar Rats.

N. Hanioka, H. Jinno, T. Nishimura, M. Ando, Suppression of male-specific cytochrome P450 isoforms by bisphenol A in rat liver, Arch. Toxicol. 72 (7) (1998)
387-394.

H.J. Lee, S. Chattopadhyay, E.-Y. Gong, R.S. Ahn, K. Lee, Antiandrogenic effects of bisphenol A and nonylphenol on the function of androgen receptor, Toxicol.
Sci. 75 (1) (2003) 40-46.

Q. Fang, Q. Shi, Y. Guo, J. Hua, X. Wang, B. Zhou, Enhanced bioconcentration of bisphenol A in the presence of nano-TiO2 can lead to adverse reproductive
outcomes in zebrafish, Environ. Sci. Technol. 50 (2) (2016) 1005-1013.

A. Hatef, S.M.H. Alavi, A. Abdulfatah, P. Fontaine, M. Rodina, O. Linhart, Adverse effects of bisphenol A on reproductive physiology in male goldfish at
environmentally relevant concentrations, Ecotoxicol. Environ. Saf. 76 (2012) 56-62.

A. Mandich, S. Bottero, E. Benfenati, A. Cevasco, C. Erratico, S. Maggioni, L. Vigano, In vivo exposure of carp to graded concentrations of bisphenol A, Gen.
Comp. Endocrinol. 153 (1-3) (2007) 15-24.

S. Liu, F. Qin, H. Wang, T. Wu, Y. Zhang, Y. Zheng, Z. Wang, Effects of 17a-ethinylestradiol and bisphenol A on steroidogenic messenger ribonucleic acid levels
in the rare minnow gonads, Aquat. Toxicol. 122 (2012) 19-27.

Y. Zhang, J. Gao, P. Xu, C. Yuan, F. Qin, S. Liu, Z. Wang, Low-dose bisphenol A disrupts gonad development and steroidogenic genes expression in adult female
rare minnow Gobiocypris rarus, Chemosphere 112 (2014) 435-442.

R.T. Paitz, R.M. Bowden, The in ovo conversion of oestrone to oestrone sulfate is rapid and subject to inhibition by Bisphenol A, Biol. Lett. 11 (4) (2015),
20140946.

T. Zhang, Y. Guan, S. Wang, L. Wang, M. Cheng, C. Yuan, Z. Wang, Bisphenol A induced abnormal DNA methylation of ovarian steroidogenic genes in rare
minnow Gobiocypris rarus, Gen. Comp. Endocrinol. 269 (2018) 156-165.

J.-S. Rhee, B.-M. Kim, C.J. Lee, Y.-D. Yoon, Y.-M. Lee, J.-S. Lee, Bisphenol A modulates expression of sex differentiation genes in the self-fertilizing fish,
Kryptolebias marmoratus, Aquat. Toxicol. 104 (3—-4) (2011) 218-229.

M. Faheem, S. Khaliq, H.U. Ahmad, K.P. Lone, Bisphenol-A (BPA) alters plasma thyroid hormones and sex steroids in female Pakistani major carp (Catla catla;
Cyprinidae), Pak. Vet. J. 37 (3) (2017).

J. Qi, L. Liu, J. Yang, X. Gao, W. Zhang, Bisphenol A decreases progesterone synthesis in human ovarian granulosa cells, Birth Defects Res. 112 (20) (2020)
1843-1849.

J. Shi, C. Liu, M. Chen, J. Yan, C. Wang, Z. Zuo, C. He, The interference effects of bisphenol A on the synthesis of steroid hormones in human ovarian granulosa
cells, Environ. Toxicol. 36 (4) (2021) 665-674.

A K. Dasmahapatra, A.L. Trewin, R.J. Hutz, Estrous cycle-regulated expression of CYP1B1 mRNA in the rat ovary, Comp. Biochem. Physiol. B Biochem. Mol.
Biol. 133 (1) (2002) 127-134.

G. Wu, D. Song, Q. Wei, J. Xing, X. Shi, F. Shi, Melatonin mitigates bisphenol A-induced estradiol production and proliferation by porcine ovarian granulosa
cells in vitro, Anim. Reprod. Sci. 192 (2018) 91-98.

D. Samardzija, K. Pogrmic-Majkic, S. Fa, B. Stanic, J. Jasnic, N. Andric, Bisphenol A decreases progesterone synthesis by disrupting cholesterol homeostasis in
rat granulosa cells, Mol. Cell. Endocrinol. 461 (2018) 55-63.

M. Karadeniz, M. Erdogan, Z. Ayhan, M. Yalcin, M. Olukman, S. Cetinkalp, V. Cetintas, Effect of G2706A and G1051A polymorphisms of the ABCA1 gene on
the lipid, oxidative stress and homocystein levels in Turkish patients with polycystic ovary syndrome, Lipids Health Dis. 10 (1) (2011) 1-8.

L.W. Weber, M. Boll, A. Stampfl, Maintaining cholesterol homeostasis: sterol regulatory element-binding proteins, World J. Gastroenterol.: WJG 10 (21) (2004)
3081.

A.B. Mlynarcikova, S. Scsukova, Simultaneous effects of endocrine disruptor bisphenol A and flavonoid fisetin on progesterone production by granulosa cells,
Environ. Toxicol. Pharmacol. 59 (2018) 66-73.

M. Shi, N. Sekulovski, J.A. MacLean, A. Whorton, K. Hayashi, Prenatal exposure to bisphenol A analogues on female reproductive functions in mice, Toxicol.
Sci. 168 (2) (2019) 561-571.

N. Ahsan, H. Ullah, W. Ullah, S. Jahan, Comparative effects of Bisphenol S and Bisphenol A on the development of female reproductive system in rats; a
neonatal exposure study, Chemosphere 197 (2018) 336-343.

P. Mi, Q.-P. Zhang, S.-H. Zhang, C. Wang, S.-Z. Zhang, Y.-C. Fang, X.-Z. Feng, The effects of fluorene-9-bisphenol on female zebrafish (Danio rerio) reproductive
and exploratory behaviors, Chemosphere 228 (2019) 398-411.

S. Amar, A. Binet, O. Téteau, A. Desmarchais, P. Papillier, M.Z. Lacroix, S. Elis, Bisphenol S impaired human granulosa cell steroidogenesis in vitro, Int. J. Mol.
Sci. 21 (5) (2020) 1821.

C.-J. Tai, S.K. Kang, C.-R. Tzeng, P.C. Leung, Adenosine triphosphate activates mitogen-activated protein kinase in human granulosa-luteal cells,
Endocrinology 142 (4) (2001) 1554-1560.

0. Téteau, M. Jaubert, A. Desmarchais, P. Papillier, A. Binet, V. Maillard, S. Elis, Bisphenol A and S impaired ovine granulosa cell steroidogenesis,
Reproduction 159 (5) (2020) 571-583.

K. Pogrmic-Majkic, D.S. Nenadov, S. Fa, B. Stanic, A.T. Pjevic, N. Andric, BPA activates EGFR and ERK1/2 through PPARy to increase expression of
steroidogenic acute regulatory protein in human cumulus granulosa cells. Chemosphere (2019 Aug 1) 60-67.

A.B. Mlynarcikova, S. Scsukova, Bisphenol analogs AF, S and F: effects on functional characteristics of porcine granulosa cells, Reprod. Toxicol. 103 (2021)
18-27.

M.K. Herndon, N.C. Law, E.M. Donaubauer, B. Kyriss, M. Hunzicker-Dunn, Forkhead box O member FOXO1 regulates the majority of follicle-stimulating
hormone responsive genes in ovarian granulosa cells, Mol. Cell. Endocrinol. 434 (2016) 116-126.

L. Michalovic, L. Currin, K. Gutierrez, A.M. Bellefleur, W.G. Glanzner, Y. Schuermann, R. Lopez, Granulosa cells of prepubertal cattle respond to gonadotropin
signaling and upregulate genes that promote follicular growth and prevent cell apoptosis, Mol. Reprod. Dev. 85 (12) (2018) 909-920.

M. Berni, P. Gigante, S. Bussolati, F. Grasselli, S. Grolli, R. Ramoni, G. Basini, Bisphenol S, a Bisphenol A alternative, impairs swine ovarian and adipose cell
functions, Domest. Anim. Endocrinol. 66 (2019) 48-56.

11


http://refhub.elsevier.com/S2405-8440(23)04055-0/sref73
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref73
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref74
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref74
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref75
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref75
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref76
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref76
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref77
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref77
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref78
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref78
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref79
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref79
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref80
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref80
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref82
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref82
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref83
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref83
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref84
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref84
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref85
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref85
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref86
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref86
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref87
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref87
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref88
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref88
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref89
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref89
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref90
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref90
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref91
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref91
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref92
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref92
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref93
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref93
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref94
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref94
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref95
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref95
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref96
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref96
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref97
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref97
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref98
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref98
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref99
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref99
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref100
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref100
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref101
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref101
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref102
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref102
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref103
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref103
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref104
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref104
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref105
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref105
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref106
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref106
http://refhub.elsevier.com/S2405-8440(23)04055-0/optIe6qf0P6CX
http://refhub.elsevier.com/S2405-8440(23)04055-0/optIe6qf0P6CX
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref107
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref107
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref108
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref108
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref109
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref109
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref110
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref110

H. Shoorei et al. Heliyon 9 (2023) 16848

[112] T. Zalmanova, K. Hoskova, J. Nevoral, K. Addmkova, T. Kott, M. Sulc, M. Kralickova, Bisphenol S negatively affects the meotic maturation of pig oocytes, Sci.
Rep. 7 (1) (2017) 1-11.

[113] K.A. Campen, M. Lavallee, C.M. Combelles, The impact of bisphenol S on bovine granulosa and theca cells, Reprod. Domest. Anim. 53 (2) (2018) 450-457.

[114] V. Le Fol, S. Ait-Aissa, N. Cabaton, L. Dolo, M. Grimaldi, P. Balaguer, D. Zalko, Cell-specific biotransformation of benzophenone-2 and bisphenol-s in zebrafish
and human in vitro models used for toxicity and estrogenicity screening, Environ. Sci. Technol. 49 (6) (2015) 3860-3868.

[115] C. Vignault, V. Cadoret, P. Jarrier-Gaillard, P. Papillier, O. Téteau, A. Desmarchais, S. Elis, Bisphenol S impairs oestradiol secretion during in vitro basal
folliculogenesis in a mono-ovulatory species model, Toxics 10 (8) (2022) 437.

[116] L.N. Vandenberg, M.V. Maffini, C. Sonnenschein, B.S. Rubin, A.M. Soto, Bisphenol-A and the great divide: a review of controversies in the field of endocrine
disruption, Endocr. Rev. 30 (1) (2009) 75-95.

[117] E. Grignard, S. Lapenna, S. Bremer, Weak estrogenic transcriptional activities of Bisphenol A and Bisphenol S, Toxicol. Vitro 26 (5) (2012) 727-731.

[118] R. Vinas, C.S. Watson, Bisphenol S disrupts estradiol-induced nongenomic signaling in a rat pituitary cell line: effects on cell functions, Environ. Health
Perspect. 121 (3) (2013) 352-358.

[119] Z.-R. Tang, R. Zhang, Z.-X. Lian, S.-L. Deng, K. Yu, Estrogen-receptor expression and function in female reproductive disease, Cells 8 (10) (2019) 1123.

[120] J. Misra, D.-K. Kim, H.-S. Choi, ERRy: a junior orphan with a senior role in metabolism, Trends Endocrinol. Metabol. 28 (4) (2017) 261-272.

[121] J. Li, M. Ma, Z. Wang, In vitro profiling of endocrine disrupting effects of phenols, Toxicol. Vitro 24 (1) (2010) 201-207.

[122] V. Delfosse, M. Grimaldi, A. Le Maire, W. Bourguet, P. Balaguer, Nuclear receptor profiling of bisphenol-A and its halogenated analogues, Vitam. Horm. 94
(2014) 229-251.

[123] P. Alonso-Magdalena, A.B. Ropero, S. Soriano, M. Garcia-Arévalo, C. Ripoll, E. Fuentes, A. Nadal, Bisphenol-A acts as a potent estrogen via non-classical
estrogen triggered pathways, Mol. Cell. Endocrinol. 355 (2) (2012) 201-207.

[124] V.C. Ware, The role of androgens in follicular development in the ovary. I. A quantitative analysis of oocyte ovulation, J. Exp. Zool. 222 (2) (1982) 155-167.

[125] C.E. Hill, S.A. Sapouckey, A. Suvorov, L.N. Vandenberg, Developmental exposures to bisphenol S, a BPA replacement, alter estrogen-responsiveness of the
female reproductive tract: a pilot study, Cogent Med. 4 (1) (2017), 1317690.

[126] S. El-Hayek, I. Demeestere, H.J. Clarke, Follicle-stimulating hormone regulates expression and activity of epidermal growth factor receptor in the murine
ovarian follicle, Proc. Natl. Acad. Sci. USA 111 (47) (2014) 16778-16783.

[127] Y. Ogo, S. Taniuchi, F. Ojima, S. Hayashi, I. Murakami, Y. Saito, S. Takahashi, IGF-1 gene expression is differentially regulated by estrogen receptors o and f} in
mouse endometrial stromal cells and ovarian granulosa cells, J. Reprod. Dev. (2014) 2013-2085.

[128] C. Wang, E.R. Prossnitz, S.K. Roy, G protein-coupled receptor 30 expression is required for estrogen stimulation of primordial follicle formation in the hamster
ovary, Endocrinology 149 (9) (2008) 4452-4461.

12


http://refhub.elsevier.com/S2405-8440(23)04055-0/sref111
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref111
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref112
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref113
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref113
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref114
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref114
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref115
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref115
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref116
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref117
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref117
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref118
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref119
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref120
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref121
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref121
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref122
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref122
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref123
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref124
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref124
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref125
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref125
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref126
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref126
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref127
http://refhub.elsevier.com/S2405-8440(23)04055-0/sref127

	Different types of bisphenols alter ovarian steroidogenesis: Special attention to BPA
	1 Introduction
	2 The hypothalamic-pituitary-ovarian (HPO) axis
	2.1 BPA alters the function of the HPO axis
	2.2 Other types of bisphenols alter the function of the HPO axis

	3 Ovarian steroidogenesis
	4 BPA alters the production of sex hormones (LH and FSH), steroid hormones (E2, P4, and T), and genes involved in steroidog ...
	4.1 Human studies
	4.2 In vivo studies (animal models)
	4.3 In vitro studies (human and animal cell lines)

	5 Other types of bisphenols alter the production of sex hormones (LH and FSH), steroid hormones (E2, P4, and T), and genes  ...
	5.1 In vivo studies (animal models)
	5.2 In vitro studies (human and animal cell lines)

	6 Effects of bisphenol compounds, especially BPA and BPS, on estrogen, progestogen, and androgen receptors (ER, PgR, and AR)
	6.1 In vivo studies (animal models)
	6.2 In vitro studies (human and animal cell lines)

	7 Conclusion
	Author contribution statement
	Data availability statement
	Additional information
	Declaration of competing interest
	Acknowledgements
	References


