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A B S T R A C T   

Because of their historical mode of action, endocrine-disrupting chemicals (EDCs) are associated with sex-steroid 
receptors, namely the two estrogen receptors (ERα and ERβ) and the androgen receptor (AR). Broadly, EDCs can 
modulate sex-steroid receptor functions. They can also indirectly impact the androgen and estrogen pathways by 
influencing steroidogenesis, expression of AR or ERs, and their respective activity as transcription factors. 
Additionally, many of these chemicals have multiple cellular targets other than sex-steroid receptors, which 
results in a myriad of potential effects in humans. The current article reviews the association between prostate 
cancer and the endocrine-disrupting functions of four prominent EDC families: bisphenols, phthalates, phy-
toestrogens, and mycoestrogens. Results from both in vitro and in vivo models are included and discussed to better 
assess the molecular mechanisms by which EDCs can modify prostate biology. To overcome the heterogeneity of 
results published, we established common guidelines to properly study EDCs in the context of endocrine diseases. 
Firstly, the expression of sex-steroid receptors in the models used must be determined before testing. Then, in 
parallel to EDCs, pharmacological compounds acting as positive (agonists) and negative controls (antagonists) 
have to be employed. Finally, EDCs need to be used in a precise range of concentrations to modulate sex-steroid 
receptors and avoid off-target effects. By adequately integrating molecular endocrinology aspects in EDC studies 
and identifying their underlying molecular mechanisms, we will truly understand their impact on prostate cancer 
and distinguish those that favor the progression of the disease from those that slow down tumor development.   
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1. Endocrine-disrupting chemicals: their impact on human 
health as environmental pollutants 

Endocrine-disrupting chemicals (EDCs) are exogenous substances 
that have numerous implications on the human body, sometimes leading 
to harmful health effects. These compounds can alter hormonal path-
ways at different levels, as described by the key characteristics of EDCs 
identified by La Merrill and collaborators in 2020. Firstly, they can affect 
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the hormones’ availability to target cells by modifying their synthesis, 
circulation in the organism, or metabolism and clearance. Then, EDCs 
may disturb the hormone reception of responsive cells by possibly 
altering their transmembrane transport or the expression of their tar-
geted receptors and causing the activation or inhibition of these re-
ceptors, thus potentially inducing changes in the signal transduction of 
hormonal pathways. Finally, EDCs can reshape the epigenetic landscape 
of hormone-producing or hormone-responsive cells and greatly influ-
ence their fate by inhibiting or promoting migration, differentiation, 
proliferation, or cell death (La Merrill et al., 2020) (Robaire et al. this 
issue). 

Among endogenous hormones, female and male sex hormones are 
mainly studied alongside EDCs since many of these chemicals can 
interact with the androgen receptor (AR) or the estrogen receptors 
(ERs). Indeed, they can either mimic androgens (the male sex hormones) 
or estrogens (the primary female sex hormones), or inhibit their re-
ceptors or related signaling pathways, and these actions respectively 
identify them as potential androgenic, estrogenic, antiandrogenic, or 
antiestrogenic chemicals (Sikka and Wang, 2008; Sweeney et al., 2015). 
Besides this functional classification, EDCs originate from different 
sources (Melcalfe et al. this issue). While most of them are synthetic 
human-made compounds for industrial or pharmaceutical purposes, 
some are created naturally by plants and fungi, such as phytoestrogens 
and mycoestrogens, respectively. Eventually, synthetic EDCs also end up 
in the environment with the leaching from consumer products, waste-
water from industrial processes, or pesticide spraying. Their environ-
mental levels depend on the broadness of their uses or applications, as 
well as their persistence. Indeed, a severe concern about non-natural 
EDCs is their omnipresence in our daily environment and their 
often-long half-lives since they are designed or chosen for their duration. 
Hence, long-lasting EDCs accumulate in the environment or even in 
living species, which results in disastrous impacts on ecosystems 
(Monneret, 2017; Chen et al., 2019; Encarnação et al., 2019) (Marlat 
et al. this issue). 

Regarding human health, we are mostly exposed to EDCs present in 

water and food via the oral route and more rarely via pulmonary or 
dermal routes, depending on the compound nature and utilization. This 
global and constant human exposure to EDCs leads to a wide range of 
health consequences. In particular, according to the “EDC hypothesis” 
from the 1991 Wingspread Conference on endocrine-disrupting chem-
icals, these compounds increase predispositions to develop endocrine- 
related cancers, like prostate cancer (PCa) (Sweeney et al., 2015; Kahn 
et al., 2020) (Ho et al. this issue). 

The current article will review the evidence linking different classes 
of EDCs and the development of PCa in humans. First, the androgen and 
the estrogen signaling pathways, two key steroid hormones essential for 
prostate development and function, will be briefly introduced. Next, the 
impact of distinct classes of EDCs on these steroids’ signaling pathways 
will be discussed, focusing on two families of synthetic compounds, 
bisphenols and phthalates, and the natural estrogen-like phytoestrogens 
and mycoestrogens. The actual state of knowledge of the impact of EDCs 
on PCa will then be summarized. Finally, the field’s challenges and 
knowledge gaps preventing us to fully understand the relationship be-
tween EDCs and prostate biology will be addressed, and solutions to 
overcome such challenges will be proposed. 

2. Steroids and their nuclear receptors are critical regulators of 
prostate biology and cancer 

2.1. The androgen signaling pathway 

Steroid hormones, like androgens, estrogens, and glucocorticoids, 
have tremendous repercussions on the body. Their synthesis is inter-
twined and highly connected to another, and, more specifically, an-
drogens are direct precursors of estrogens (Fig. 1). Firstly, androgens, 
mainly produced by Leydig cells in testicles and to a lesser extent by the 
adrenal glands, favor the development of the different organs part of the 
male reproductive system (Delbès et al. this issue). In the prostate, 
luminal epithelial cells, responsible for the secretion of the prostatic 
fluid (a component of sperm) (Xin, 2013), are highly dependent on 

Fig. 1. Schematic representation of the steroidogenesis of androgens and estrogens. In the mitochondria, cholesterol is firstly cleaved by the P450 side-chain 
cleavage enzyme (P450scc, encoded by CYP11A1) to obtain pregnenolone. In the endoplasmic reticulum, pregnenolone becomes the substrate of the enzyme 
P450C17 (CYP17A1 gene) to produce dehydroepiandrosterone (DHEA). DHEA can be the substrate of two enzyme families, either members of the 17β-hydrox-
ysteroid dehydrogenase family (17β-HSD) or of the 3β-hydroxysteroid dehydrogenase family (3β-HSD). Specific 17β-HSDs can catalyze the reduction of DHEA to 
obtain Δ5-androstenediol (Δ5-diol), whereas specific 3β-HSDs can oxidize DHEA into androstenedione (4-dione). Concerning the androgen synthesis, testosterone 
can be obtained when Δ5-diol is oxidized by 3β-HSDs, or when 4-dione is reduced by 17β-HSDs. Then, testosterone can be converted into dihydrotestosterone (DHT) 
by the 5α-reductases (types 1 and 2). As for the estrogen synthesis, estrone (E1) is obtained by the aromatization of 4-dione by the enzyme aromatase (encoded by 
CYP19A1). Similarly, this enzyme aromatizes testosterone into estradiol (E2), the most potent endogenous estrogen. Finally, E2 can also be obtained when E1 is 
reduced by specific 17β-HSDs. Hormones shown in blue are substrates for the androgen receptor (AR); the darker the color, the stronger the interaction with the 
receptor. On the other hand, hormones shown in pink are substrates for the estrogen receptors α and β (ERα and ERβ). These three receptors are known to be involved 
in prostate cancer development and progression. Note that alternative synthesis pathways not represented here have been shown to occur in different cancer settings, 
such as the backdoor androgen pathway (Auchus, 2004). Also, note that other steroid metabolites have been shown to have some estrogen activities, including 
3β-androstanediol that can activate ERβ (Muthusamy et al., 2011; Di Zazzo et al., 2018). CYP11A1: Cytochrome P450 Family 11 Subfamily A Member 1; CYP17A1: 
Cytochrome P450 Family 17 Subfamily A Member 1; CYP19A1: Cytochrome P450 Family 19 Subfamily A Member 1. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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testosterone and mostly dihydrotestosterone (DHT) for their prolifera-
tion and their growth (Suzuki et al., 2003; Verze et al., 2016). They also 
need androgens to survive, as they go through senescence and ultimately 
cell death following castration (Tsujimura et al., 2002; English et al., 
1989); conversely, prostate cells can regenerate themselves once they 
are again in contact with androgens (English et al., 1989; Karthaus et al., 
2020). 

Androgens mediate their effects upon binding to AR, which is highly 
expressed in prostate luminal epithelial cells (Choi et al., 2012). AR is a 
member of the nuclear receptor superfamily and a transcription factor, 
meaning it can bind to genomic DNA to modulate the expression of 
specific genes following hormonal exposure (Fig. 2) (Evans, 1988). 
Briefly, in the absence of hormones, AR is maintained inactive in the 
cytoplasm by chaperones such as various heat-shock proteins, like 
HSP-70 and HSP-90 (Glass and Ogawa, 2006; Edwards and Bartlett, 
2005; Sivonova et al., 2019; Azad et al., 2015). Androgens, which are 
hydrophobic by nature, can travel through the bilayer cell membrane, 
where they can then bind the ligand-binding domain (LBD) of AR (Green 
et al., 2012). This binding will induce a conformational change of the 
receptor, which will be converted into its active form and initiate the 
dissociation from its cytoplasmic chaperones (Walter and Buchner, 
2002; Edwards and Bartlett, 2005). After being released from these 
proteins, AR will form a homodimer complex, re-localize to the nucleus, 
and bind to genomic DNA motifs known as ARE (androgen-response 
elements) via their DNA-binding domains (Edwards and Bartlett, 2005). 
Finally, the binding of AR to these specific DNA regions will allow the 
recruitment of co-activators and the RNA polymerase II machinery at the 
promoter regions of androgen-sensitive genes to initiate their tran-
scription (Heinlein and Chang, 2004). For example, AR controls the 
expression of KLK3, a gene coding for the prostate-specific antigen (PSA) 
(Green et al., 2012), a protein highly present in the prostatic liquid that 
is useful for liquefaction of sperm upon its ejaculation (Verze et al., 

2016). AR also regulates many different cellular pathways that are 
essential for the functioning and the survival of prostate cells; indeed, it 
is considered as a master regulator of metabolism (Gonthier, Poluri and 
Audet-Walsh, 2019a; Costello and Franklin, 2002; Germain et al., 2020; 
Audet-Walsh et al. 2017a, 2017b). It also modulates the expression of 
genes implied in cell division and proliferation (Pihlajamaa et al., 2014; 
Poluri et al., 2021; Lafront et al., 2020). Finally, AR is known to addi-
tionally mediate rapid non-genomic functions that could modulate cell 
proliferation and survival (Leung and Sadar, 2017; Castoria et al., 2017); 
however, in the current review, the focus will remain on its genomic 
functions. 

In the context of PCa, AR is known to be an important oncogene, as >
95% of all cases are initially positive for its expression (Gonthier et al., 
2019b; Watson et al., 2015). PCa diagnosis and follow-up are often 
based on PSA plasmatic levels, allowing clinicians to track the disease’s 
progression (Grozescu and Popa, 2017). Indeed, PSA is a readout of AR 
activity in the prostate and PCa cells, and a higher concentration of this 
protein suggests an increased tumor burden. Thus, given the oncogenic 
impact of AR in this cancer, the cornerstone hormonal treatment is to 
inhibit its activity by androgen deprivation therapies (ADTs), either by 
disrupting the steroid synthesis or directly blocking AR (Henry and 
O’Mahony, 1999; Ito and Sadar, 2018). The first method consists of 
using gonadotrophin-releasing hormone (GnRH) agonists or antago-
nists. GnRH, secreted by the hypothalamus, is necessary for the pro-
duction of sexual hormones since its binding to its receptor generates the 
production of FSH (follicle-stimulating hormone) and LH (luteinizing 
hormone) that will then stimulate Leydig cells to produce androgens. 
When plasmatic testosterone concentrations are too high, a negative 
feedback loop will be generated on the hypothalamic-pituitary axis to 
inhibit androgens’ production (Rosario et al., 2016). GnRH agonists will 
saturate GnRH receptors and cause a negative feedback loop on testos-
terone production. In contrast, GnRH antagonists will simply block the 
hormone’s receptors in order to not induce the production of androgens 
by Leydig cells (Rosario et al., 2016). The second ADT method implies 
AR antagonists that directly bind this receptor and prevent it from 
modulating the expression of its target genes (Ito and Sadar, 2018). The 
vast majority of patients will initially respond favorably to these ther-
apies, highlighting AR’s predominant role in dictating prostate and PCa 
biology. However, most tumors will eventually become resistant to this 
pharmacological castration and evolve to what is now known as 
castration-resistant PCa (CRPC), the lethal form of the disease. Yet, in 
more than 80% of the patients, the molecular mechanisms underlying 
such resistance will involve a reactivation of AR, which can either be 
caused by an increased intra-tumor androgen synthesis or by the mu-
tation and amplification of the AR gene so tumors can be more sensitive 
to low residual androgen levels (Watson et al., 2015; Harris et al., 2009). 
Thus, AR remains a key transcription factor in every step of PCa and 
throughout the development of the healthy prostate. 

2.2. The estrogen signaling pathway 

As mentioned previously, steroidogenesis demonstrates that andro-
gens are the direct precursors of estrogens. Indeed, as shown in Fig. 1, 
testosterone and androstenedione are the forerunners of estradiol (E2) 
and estrone (E1), respectively, as they are reduced to 18 carbons by the 
action of the aromatase enzyme encoded by CYP19A1. About 20% of 
circulating E2 is directly produced by Leydig cells in testicles and 20% of 
E1 by the adrenal glands, the rest being synthetized by peripheral tissues 
from androgens and their precursors (Cooke et al., 2017; Vermeulin 
et al., 2002). Despite being historically known as “female hormones”, 
estrogens are also at significant concentration levels in men and are 
required to maintain the normal biology of most tissues. Precisely, es-
trogens are directly involved in key biological processes in the prostate, 
alongside androgens. 

Previously, one of the treatments offered for patients suffering from 
PCa consisted of using high estrogen levels since it could block testicular 

Fig. 2. Activation of the androgen receptor (canonical pathway). In the 
absence of androgens, the androgen receptor (AR) is inactive and in complex 
with heat-shock proteins (HSP) in the cytoplasm. After the entry of testosterone 
in the cell by traveling freely through the bilayer membrane, this steroid is 
converted into dihydrotestosterone (DHT), the most potent androgen in the 
prostate. When DHT binds to AR, this induces a conformational change which 
removes the HSP attached to the receptor. Following the dimerization of two 
activated AR, the complex enters the nucleus and binds to specific DNA regions 
known as androgen response elements (ARE). This allows the transcription of 
target genes involved in different physiological processes, such as cell meta-
bolism (IDH1, ENO1, SREBF1) and prostate biology (GSTM2, UBE2C, KLK3). 
GSTM2: glutathione S-transferase mu 2; IDH1: isocitrate dehydrogenase 1; 
ENO1: enolase 1; SREBF1: sterol regulatory element-binding transcription fac-
tor 1; UBE2C: ubiquitin-conjugating enzyme E2 C; KLK3: kallikrein-related 
peptidase 3. 
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androgen production through feedback inhibition of the hypothalamic- 
pituitary axis, thus mimicking castration (Labrie et al., 2005) (Delbès 
et al. this issue). However, despite the undeniable oncogenic effects of 
androgens in PCa, a growing body of evidence now indicates that es-
trogens also play a role in the development of this disease. Indeed, 
intra-tumor androgen synthesis is increased in CRPC, and there is a 
simultaneous increase in estrogen synthesis given the close relationship 
linking these two steroid hormones (Fig. 1) (Montgomery et al., 2008; 
Ellem et al., 2004; Gianfrilli et al., 2014; Miftakhova et al., 2016). 
Notably, the aromatase expression is increased by 30-fold in aggressive 
castration-resistant PCa compared to hormone-naive primary tumors 
(Montgomery et al., 2008). This higher expression in PCa cells is through 
the activation of alternative promoters of CYP19A1 that are typically 
inactive in normal prostate epithelial cells, such as the I.3 and I.4 pro-
moters (Ellem et al., 2004). Consequently, an increased expression of 
this enzyme is expected to lead to higher estrogen levels in tumor cells, 
which are also associated with a more aggressive disease (Giton et al., 
2008; Salonia et al., 2011). Furthermore, murine models support this 
relationship between higher estrogen exposure and more aggressive 
tumors. In rats, PCa occurred in 5–40% of rodents when treated with 
testosterone alone, while co-treatment with E2 or a synthetic estrogen 
led to a 83 and 100% disease occurrence, respectively (Bosland and 
Mahmoud, 2011; Bosland et al., 1995). Besides, the knockout of 
CYP19A1, which completely impairs estrogen synthesis but increases 
DHT and testosterone plasma levels by two- and nine-fold, respectively, 
promotes prostate hyperplasia, but not PCa, in transgenic mouse models 
(Ellem and Risbridger, 2010; McPherson et al., 2001). These results 
indicate that estrogens are essential for prostate malignant 
transformation. 

The relationship between estrogens and PCa is most probably 
explained by the expression of both estrogen receptors ERα and ERβ in 
the prostate (McPherson et al., 2006). ERs are two transcription factors 
part of the nuclear receptor superfamily (Journe et al., 2008), and they 
have a mode of action similar to AR. As such, they are inactive in the 
cytoplasm in the absence of ligands, but after their binding to E2, they 
re-localize to the nucleus, where they bind specific genomic DNA motifs 
known as estrogen response elements (ERE) (Fig. 2). Both ERs can 
dimerize as homodimers or as heterodimers (one ERα and one ERβ), 
although such heterodimers’ biological functions remain to be fully 
defined (Coriano et al., 2018; Chakraborty et al., 2012; Jisa and Jung-
bauer, 2003). They have been thoroughly studied in females, notably in 
the mammary gland and in relationship to ER-positive breast cancer, a 
hormone-dependent cancer that relies on ERα (Brufsky and Dickler, 
2018) (Plante et al. this issue). However, despite knowing their tran-
scription factor functions in female tissues, the respective roles of ERα 
and ERβ in PCa are still not well defined, as only a few of their target 
genes have been identified so far (Chakravarty et al., 2014; Dey et al., 
2014). Moreover, like AR, ERs seem to induce rapid non-genomic ac-
tions by locating to the cell membrane and activating multiple signaling 
cascades (Fuentes and Silveyra, 2019; Cooke et al., 2021). Nevertheless, 
this review will remain focused on their genomic functions. 

Based on the modulation of ERs expression levels with the progres-
sion of PCa, the current model suggests that ERα would be oncogenic 
(Ricke et al., 2008; Takizawa et al., 2015; Furic et al., 2015) whereas 
ERβ would be a tumor suppressor (Mak et al., 2015; McPherson et al. 
2007, 2010). Indeed, ERα seems to have an overall increased expression 
throughout tumors (Ricke et al., 2008), while it is initially only 
expressed in prostatic stromal cells (Bonkhoff et al., 1999). As for ERβ, it 
is normally present in basal and luminal epithelial cells (Horvath et al., 
2001), but its general expression is decreased in tumors (Bonkhoff and 
Berges, 2009). Note that, along estrogens, other androgen metabolites 
were shown to have some estrogenic activities, including 3β-androsta-
nediol produced by 17β-HSD 6 that can activate ERβ in the prostate 
(Muthusamy et al., 2011; Di Zazzo et al., 2018). Similar to ERβ, 17β-HSD 
6 expression is also decreased during PCa development (Weihua et al., 
2001); thus, the loss of this tumor suppressor pathway as a whole results 

in AR over-expression, prostate hyperplasia, and PCa development in 
mouse models (Warner et al., 2017; Mak et al., 2015; Wu et al., 2017; 
McPherson et al. 2007, 2010). On the contrary, ERα stimulates PCa cell 
proliferation and is more expressed overall as the disease progresses in 
mouse models (Takizawa et al., 2015; Furic et al., 2015; Chakravarty 
et al., 2014). Moreover, ADTs have been demonstrated to promote ERα 
expression in tumors, and this receptor is also significantly correlated 
with the proliferation marker Ki67, possibly representing a mechanism 
leading to castration resistance (Shaw et al., 2016). It is thus evident that 
ERs are related to PCa progression, and the present model suggests an 
opposing role of these receptors (Christoforou et al., 2014; Omoto and 
Iwase, 2015; Nelson et al., 2014; Hartman et al., 2012; Jarred et al., 
2002b; Chakravarty et al., 2014; Warner et al., 2017). Consequently, 
their specific modulation appears as an attractive alternative treatment 
in CRPC when targeting AR becomes inefficient. 

3. Linking EDCs’ exposure to PCa risk and development 

Several distinct groups of EDCs have been described so far, most of 
them having a significant impact on the androgen and the estrogen 
signaling pathways. However, they have been primarily studied in fe-
males and in relationship to ERs’ activity. The current section will focus 
on the four most studied groups of EDCs that have been investigated in 
the context of prostate and PCa biology: bisphenols, phthalates, phy-
toestrogens, and mycoestrogens. 

3.1. The relationship between bisphenols and PCa 

Bisphenols form a class of synthetic organic compounds character-
ized by two hydroxyphenyl functionalities. The first bisphenol histori-
cally generated, called bisphenol A (BPA), has primarily been studied as 
a potential synthetic estrogen but was finally used for the composition of 
epoxy resins and plastics, particularly food containers. However, its 
estrogenic activity classified this chemical as an EDC and resulted in its 
banning from food containers, at least those used for babies, in many 
countries. Indeed, exposure to this compound is well demonstrated, as 
BPA was measured at significant levels in the urine of 93% of Americans 
(Calafat et al., 2008). Other bisphenols have been used in the industry as 
substitutes for BPA, such as BPS. Still, growing evidence in the literature 
suggests this compound displays equivalent or even higher toxicity 
(Rosenmai et al., 2014; Eladak et al., 2015; Peillex et al., 2020). Given 
the broadness of human exposure to bisphenols, understanding their 
potential consequences on health is critical. These substances have 
already been linked to several cancers or disorders, like cardiovascular 
diseases, as well as various hormonal disequilibria such as type-2 dia-
betes or obesity (Lang et al., 2008; Shankar and Teppala, 2012; Melzer 
et al., 2012; Wang et al., 2012; Rochester, 2013; Pellerin et al., 2020). 
Several consequences on the reproductive system have also been 
described, among which developmental defects of the male and female 
urogenital systems, perturbations of sex hormone levels, and various 
syndromes with a tendency to lower fertility in both males and females 
(Matuszczak et al., 2019; Santoro et al., 2019). 

Since these chemicals can cause a great health risk, a safe daily dose 
of bisphenols for humans was determined. However, two major inter-
national agencies still cannot agree on a dosage value for BPA; indeed, 
the United States Environmental Protection Agency established a dosage 
value of 50 μg/kg/day, while the European Food Safety Authority 
established it at 4 μg/kg. To adjust this disparity, three US agencies 
organized the Consortium Linking Academic and Regulatory Insights on 
BPA Toxicity (CLARITY-BPA) in 2012. The objectives were to provide a 
definitive evaluation of BPA and explain inconsistencies between formal 
regulatory studies and independent investigators’ findings (Vandenberg 
et al., 2019; Prins et al., 2018). Even though the doses used in studies 
were relevant for the impact of BPA on the whole organism, no data 
could confirm if they were appropriate to properly evaluate this 
bisphenol’s effect on hormone-sensitive organs. In the prostate, most 
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serious effects like an inflammation of the dorsal and lateral lobes 
appeared following lower doses of BPA (2.5 μg/kg), whereas less dra-
matic results were found at higher doses (Vandenberg et al., 2019). 
Similar observations were made in the context of breast cancer initiation 
in the mammary gland, which suggested that low-dose exposures have 
greater long-term impacts on humans (Vandenberg et al., 2019). 

Despite that most bisphenols like BPA have a weak estrogenic po-
tential, many of their adverse health effects are mediated through this 
endocrine-disrupting capacity. For this reason, their molecular modes of 
action on the estrogen signaling pathway have been widely investigated. 
Bisphenols, in general, were shown to bind both ERs with low affinity. 
For example, the BPA concentrations required to activate 50% (EC50) of 
ERα and ERβ is around 457 nM and 384 nM, respectively, overall dis-
playing an affinity 1000 times lower than E2 for both receptors (Gri-
maldi et al., 2019; Liu et al., 2019; Matsushima et al., 2010). As for BPA, 
in vitro kinetic studies made by Liu et al. showed that ERα and ERβ bind 
several distinct bisphenols to a similar extent, with affinity ranging from 
~10 nM to >300 nM (Liu et al., 2019). However, despite the small range 
of EC50 values found, BPA was shown to activate both ERs (possibly 
more robustly inducing ERα activity than ERβ′s) and increase prolifer-
ation of human ERα-positive breast cancer cells such as MCF-7 (Stossi 
et al., 2014; Shimizu et al., 2002; Peng et al., 2021). Depending on the 
bisphenols, they bear an agonist profile but also sometimes an antago-
nist signature of ERα and ERβ in various in vitro models (Mesnage et al., 
2017; Matsushima et al., 2010; Stossi et al., 2014). Such variability in 
responses shows that no generalizations can be made about bisphenols 
and estrogen receptors. This implies the systematic use of several 
different molecules and not only BPA in future studies on this topic. 

Despite being a weaker agonist than E2, the concentration required 
for BPA to activate ERs can be achieved through environmental expo-
sures (Chen et al., 2016). Thus, given their capacity to bind and activate 
ERs, it is expected that exposure to bisphenols, notably BPA, will 
significantly alter prostate biology (Gore et al., 2015). As such, BPA 
exposure was significantly associated with a higher risk of developing 
PCa in humans (Tse et al., 2018). As observed for high endogenous es-
trogen levels, chronic exposure to BPA in rodents has been linked to a 
higher risk of pre-neoplasic lesions and PCa development (Ho et al., 
2006; Cheong et al., 2016; Prins et al., 2011; Tang et al., 2012; Lam 
et al., 2016). This increased risk can be induced by exposure at an early 
life-stage, since contact with BPA only a few days postnatally promotes 
PCa in murine models at the adult stage, notably by inducing 
long-lasting epigenetic changes in the different prostate lobes (Ho et al., 
2006; Cheong et al., 2016; Prins et al., 2011; Tang et al., 2012). 
Furthermore, as seen for E2, long-term BPA treatment promotes prostate 
hyperplasia and intraepithelial neoplasia in adult rats (Lam et al., 2016). 
These results indicate that not only fetal or infant exposure promotes 
PCa, as initially thought, but also that long-term exposure in adults can 
stimulate hyperplasia and pre-neoplasic lesions. In in vitro models, such 
as in immortalized human prostate epithelial cells RWPE-1, BPA expo-
sure has been shown to promote migration, invasion, and 
anchorage-independent growth, all features of cancer cells (Tarapore 
et al., 2014; Liu et al., 2020). These results are consistent with tran-
scriptomic data indicating that BPA exposure in primary human prostate 
epithelial cells regulates the expression of thousands of genes (Renaud 
et al., 2019). However, more mechanistic studies are required to fully 
understand the impact of bisphenols (particularly BPA) and their modes 
of action in PCa cells, as most in vitro human PCa models lack both ERs 
expression and activity (Lafront et al., 2020). 

In addition to the modulation of ERs, the regulation of AR signaling 
by bisphenols also needs to be investigated in the context of PCa. In 
2019, by using a luciferase reporter gene system driven by ARE motifs in 
the HeLa cervical cancer cell line, Grimaldi and colleagues showed that 
AR activity was inhibited by almost all bisphenols (Grimaldi et al., 
2019). Similarly, the estrogenic and antiandrogenic effects of a 
bisphenol mixture occurred at overall lower concentrations than those 
used for single bisphenols (Park et al., 2020). Also, DHT-induced nuclear 

translocation of AR was inhibited by the addition of BPA in a 
concentration-dependent manner (Huang et al., 2019). In the mouse 
Sertoli cell line TM4, BPA works as an AR antagonist by exhibiting 
inhibitory effects on the AR amino- and carboxyl-terminal regions 
interaction and enhancing the interactions of the two co-repressors 
SMRT and NCoR (Wang et al., 2017a). Since the impact of BPA on AR 
was primarily studied in other cell types than prostatic cells, this 
bisphenol’s effect on AR activity in the prostate and in PCa is still un-
known. Regardless, these results support the hypothesis that BPA and 
related bisphenols can inhibit the androgen signaling pathway. Thus, it 
is tempting to speculate that bisphenols could also be linked to prostate 
biology through the negative modulation of AR activity. 

More indirectly, BPA or analogs are also known to impact the activity 
of steroidogenic enzymes. In 2013, Peretz and Flaws discovered that 
BPA exposure targets CYP11A1 (the enzyme that converts cholesterol 
into pregnenolone (Fig. 1) in cultured mouse antral follicles (part of 
ovaries), which ultimately impacts steroidogenesis as a whole (Peretz 
and Flaws, 2013). More recently, Yang and collaborators have demon-
strated that BPA exposure reduces mRNA levels of StAR (a protein 
ensuring the transport of cholesterol to the mitochondria to initiate 
steroidogenesis), CYP11A1 and 3β-hydroxysteroid dehydrogenase I 
(3β-HSD I), which may explain the resulting testosterone production 
capacity decrease of the Leydig cells (Yang et al., 2019). In the prostate, 
exposition to a low dose of BPA during the perinatal period altered the 
intraprostatic 5α-reductase (5α-R2) and aromatase enzymes, which are 
responsible for the biosynthesis of DHT and E2, respectively (Castro, 
2018). In consequence, the treated rats had increased plasma E2 levels 
and decreased DHT plasma levels. Besides, by combining rodents and 
prostaspheres (prostate spheroids), Prins and colleagues demonstrated 
that BPA has similar estrogen-like effects on normal human prostate 
stem-progenitor cells in terms of self-renewal capacity, differentiation, 
and signaling activity (Prins et al., 2014). As previously discussed, es-
trogens play a role in the development of PCa; thus, this imbalance in the 
steroidogenic pathway generated by BPA could substantially impact the 
incidence of PCa in humans. 

In conclusion, further studies are required to understand the precise 
role of BPA and analogs in hormone-sensitive organs, especially in the 
prostate. Indeed, despite their heterogeneity in interacting with hor-
mone receptors, these EDCs seem to impact PCa development at 
different levels (time of exposure, steroidogenic enzyme expression, 
etc.). 

3.2. The relationship between phthalates and PCa 

Phthalates are synthetic chemicals formed by esters of phthalic acid. 
There are two main classes of phthalates, depending on their molecular 
weight. On the one hand, high molecular weight phthalates are exten-
sively used as plasticizers due to their flexibility, heat resistance, and 
durability, hence entering the composition of polyvinyl chloride plastics 
(i.e., PVC) in various containers, for instance. On the other hand, low 
molecular weight phthalates, allegedly more harmful to human health, 
enter the composition of a wide range of cosmetic products (such as nail 
polish) for their plasticizing capacities, or other perfumed personal care 
products mainly for their solvent properties (Meeker et al., 2009). The 
main routes of human exposure are oral through ingestion of food 
contaminated by their phthalate-based containers, nasal through inha-
lation of particles, or dermal through direct contact with personal care 
products (Meeker et al., 2009; Schettler, 2006). In the human body, 
phthalates are eliminated from most tissues within 24 h, but persist 
longer in the liver and lungs (Meeker et al., 2009; Domínguez-Romero 
and Scheringer, 2019). Phthalates can damage the liver, kidneys, or 
lungs (Meeker et al., 2009) and have been associated with obesity, al-
lergy, and asthma (Benjamin et al., 2017). Still, their main health im-
pacts described are developmental, endocrine, and reproductive. In 
particular, phthalates seem to affect the development of male repro-
ductive tracts as well as female estrogen-sensitive tissues, alter sex 
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hormone levels, and reduce fertility via sperm and oocyte quality 
decrease, for instance (Fisher, 2004; Kay et al., 2013; Mariana et al., 
2016). 

Phthalates are a complex family of molecules, classified regarding 
their chemical structures – their names always end with a P for the 
phthalic acid and start with the side chains’ abbreviation (DM is for 
dimethyl, DPh for diphenyl, etc.). In human ERα- and ERβ-trans-
activation assays, a panel of 22 phthalates was investigated for their 
estrogenic activity. Compared to the maximal activity achieved with 1 
nM E2, nine were found to induce ERα-mediated estrogenic activity with 
>20% of the maximum activity. In contrast, seven showed anti-
estrogenic activity in the ERβ assay (Takeuchi et al., 2005). None of 
these compounds had an androgenic activity, but nine showed weak 
antiandrogenic activities over the 20% inhibitory effect in a human 
AR-transactivation assay (Takeuchi et al., 2005). More recently, an in 
silico study made with 10 phthalates demonstrated that six were weak 
human ERα agonists, while four were weak selective estrogen receptor 
modulators (SERMs), meaning they are either agonists or antagonists of 
ERs in a tissue-specific manner (Zhu, 2019). Interestingly, Engel and 
collaborators showed with reporter gene assays that only phthalates but 
not their metabolites affect the activity of human ERα, ERβ, and AR 
(Engel et al., 2017). Thus, these results show that phthalates can bind 
hormone receptors and modulate their activity, mainly activating ERα. 

Like bisphenols, phthalates are often described to be linked to PCa 
development. Recently, a study based on the Taiwan Community-Based 
Cancer Screening Program suggests an association between phthalate 
exposure and PCa risk in obese men (Chuang et al., 2020). As shown for 
BPA in preclinical models, perinatal exposure to phthalates induced 
deregulation in mRNA and miRNA expression profiles in the prostate 
(Scarano et al., 2019). Moreover, prenatally-exposed mice to a mixture 
of environmentally relevant phthalates (15% DiNP, 21% DEHP, 36% 
DEP, 15% DBP, 8% DiBP, and 5% BBzP) showed a lower mRNA 
expression of testicular steroidogenic enzymes (StAR, Cyp11a1, and 
Cyp17a1) (Barakat et al., 2019). This decrease suggests that phthalates 
could interfere with the production of androgens and, consequently, 
estrogens, thereby significantly impacting prostate biology. Further-
more, it was demonstrated that in utero and lactational exposures to 
di-(2-ethylhexyl) phthalate (DEHP), one of the most commonly used 
plasticizers, can lead to pathological changes in the prostate, which in-
dicates that DEHP could increase the susceptibility to PCa with aging 
(Wang et al., 2017c; Xia et al., 2018). Taken together, these studies 
support the hypothesis that phthalates can impact prostate biology. 
However, significant knowledge gaps remain regarding phthalates 
exposure and PCa risk, as only scarce data are available at the cellular 
and molecular levels. Further experiments are undoubtedly required, 
including a clear delineation of the underlying molecular mechanisms 
behind phthalates’ impact. 

3.3. The relationship between PCa and exposure to phytoestrogens and 
mycoestrogens 

Phytoestrogens and mycoestrogens are natural estrogen-like com-
pounds found in plants and fungi, respectively. Their structural simi-
larity to endogenous estrogens allows their binding to ERs. 
Phytoestrogens are primarily contained in fruits, vegetables, and whole 
grains, especially in linseed and soybeans (Sirotkin and Harrath, 2014). 
Other mycoestrogens, such as zearalenone, are present in fungi 
contaminating cereal grains (Zinedine et al., 2007). Hence, both of these 
compounds’ primary exposure route is oral, as they are found in human 
alimentation (Zava et al., 1997). After ingestion, phytoestrogens are 
hydrolyzed in the intestines and converted into active metabolites with 
the microbiota’s participation, then absorbed and further metabolized in 
the liver, to finally be excreted within 24 h (Bhathena and Velasquez, 
2002; Gaya et al., 2016). Likewise, zearalenone is rapidly absorbed and 
hydrolyzed into two metabolites, then metabolized in the liver 
(Rogowska et al., 2019). Although phytoestrogens and mycoestrogens 

can bioaccumulate in the aquatic environment, there is no evidence of 
bioaccumulation in the human body (Jarošová et al., 2015). Phytoes-
trogen effects on health are controversial: while some studies report 
their benefits regarding various conditions such as heart diseases, 
obesity, or bone loss, their endocrine-disrupting properties at develop-
mental and reproductive levels are starting to be of concern (Patisaul 
and Jefferson, 2010; Desmawati and Sulastri, 2019). Regarding 
mycoestrogens, especially zearalenone, their negative health impacts, 
mainly induced by their strong estrogenic activity, are not questioned 
anymore (Rogowska et al., 2019). Indeed, in animal models, diverse 
effects on the female reproductive system have been described, from 
pubertal perturbations to infertility, some of them being confirmed in 
epidemiological studies. 

Phytoestrogens can be distinguished into two large groups: flavo-
noids and non-flavonoids. The flavonoid group comprises isoflavonoids 
(compounds that come from soy), such as genistein, daidzein, and equol. 
Since PCa has a lower prevalence in Asian populations than in the rest of 
the world, a hypothesis explaining this difference would be the higher 
consumption of soy, resulting in a higher ingestion of isoflavonoids 
(Adams et al., 2004; Yan and Spitznagel, 2009). Indeed, it has been 
demonstrated in clinical trials that greater consumption of isoflavonoids 
helps slow down the progression of PCa (Yan and Spitznagel, 2009). 
Moreover, patients supplemented with soy showed a significant increase 
of apoptotic cells in their radical prostatectomy samples (Jarred et al., 
2002a). This protective effect could come from the fact that a large 
majority of phytoestrogens have a higher affinity for ERβ (Rietjens et al., 
2017; Kuiper et al., 1998); for example, genistein has an expected EC50 
around 1.9–6.1 nM for ERβ and 16.2–18.8 for ERα (Islam et al., 2015; 
Tiosano et al., 2014), while daidzein has an EC50 around 2.1–14 nM for 
ERβ and 24–76 nM for ERα (Islam et al., 2015; Takeuchi et al., 2009). 
Indeed, ERβ is believed to be a tumor suppressor since favoring its 
activation (instead of ERα′s) leads to PCa regression. Yet, it is unclear if 
this protective response results from ERβ activation only, as iso-
flavonoids have many cellular targets. Indeed, in multiple cell lines, 
notably in PCa ones, genistein can inhibit different proteins implied in 
the cell cycle (such as the Akt family and the transforming growth 
factor-β) and can also impact cell proliferation, apoptosis, migration, 
invasion, and epigenetics (Piccolella et al., 2014; Weng et al., 2013; 
Pavese et al., 2010; Mahmoud et al., 2015; Zhang et al., 2017; Shafiee 
et al., 2020; Bilir et al., 2017; Karsli-Ceppioglu et al., 2015). However, as 
a wide range of concentrations was used in all these studies (from 10 nM 
up to 100 μM), it is hard to dissect the underlying molecular mechanisms 
behind this impact. Furthermore, genistein seems to have a different 
response depending on the dosage used, as at less than 10 μM, it 
increased proliferation in PC3 cells, whereas at > 10 μM, it increased 
cytotoxic effects, which resulted in decreased cell viability and migra-
tion. All this disparity of results complicates the understanding of the 
impact of this phytoestrogen on PCa progression (Terzioglu-Usak et al., 
2019). Finally, it is difficult to properly evaluate the direct effects of 
isoflavonoids on ERs since these EDCs were often studied in in vitro PCa 
models where their ERs expression was not always assessed, thus 
limiting these studies’ conclusions. Consequently, much remains to be 
known regarding the cellular impacts of flavonoids on ERs in prostate 
and PCa cell biology. 

Despite mainly being associated with estrogens, many phytoes-
trogens display antiandrogenic characteristics. A clinical trial revealed 
that patients with a high risk of developing advanced PCa had a reduced 
AR expression in tumor cells after a rich soy protein isolate intake, 
whereas ERβ expression remained unaltered (Hamilton-Reeves et al., 
2007). In isoflavonoids, affinity energies of genistein and daidzein to AR 
were between − 8.8 and − 8.5 kcal/mol, while DHT showed an affinity 
energy to this receptor at less than − 10 kcal/mol (Wang et al., 2010); 
since a smaller value indicates a more robust agonistic activity, the two 
phytoestrogens were judged as potential AR activators. The agonistic 
activity of genistein for this receptor was also recently confirmed by 
Singh and collaborators, where the specific activation of AR at 50 nM 
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increased metabolic viability and cell proliferation in LNCaP cells 
(whereas in the AR-negative PC3 cells, genistein had no effect) (Singh 
et al., 2021). To expand on the subject, Pihlajamaa and collaborators 
determined that genistein was not merely an AR agonist but a potential 
selective androgen receptor modulator (SARM) since it has a 
tissue-specific AR response (Pihlajamaa et al., 2011). As such, by giving 
transgenic male mice a daily dose of 10 mg/kg of genistein for five days, 
they observed an antiandrogenic response in the testis, prostate, and 
brain. However, in the case of castrated males, the treatment induced 
the activation of AR in the prostate and brain only. These results showed 
that genistein could act as a partial agonist/antagonist in the prostate, 
depending on the presence of circulating androgens (Pihlajamaa et al., 
2011). This androgenic response further reinforces the importance of 
using specific concentrations while studying these chemicals, as they 
have multiple cellular targets, which can significantly influence the 
treatment outcome. 

Interestingly, Eastern populations, primarily Japanese and Korean, 
have a particular intestinal flora that can metabolize daidzein into 
another compound named equol, considered as the most biologically 
active isoflavone (Setchell and Clerici, 2010; Sugiyama et al., 2013; 
Fujimoto et al., 2008). This molecule exists in two enantiomers, namely 
S-equol and R-equol. S-equol has a higher binding affinity for ERβ (Ki =

16 nM, EC50 = 65 nM), whereas R-equol preferentially binds ERα (Ki =

50 nM, EC50 = 66 nM), and both display stronger affinity for ERs than 
their precursor daidzein (Muthyala et al., 2004). As such, when tested in 
MCF-7 (ERα-positive, ERβ-negative), a mix of both enantiomers at a 
concentration of 1 μM significantly increased proliferation, but not 
S-equol alone at a similar dosage (Magee et al., 2006). In the case of PCa, 
cell growth was reduced considerably with 2.5 μM and 5 μM of S-equol 
in LNCaP and LAPC4, respectively (Magee et al., 2006), concentrations 
that reflect what can be typically found in prostatic fluid (Hedlund et al., 
2006); however, the protein expression of ERs were not studied in that 
context. It would be interesting to see the effects of equols, specifically 
S-equol, in PCa models known to express ERs, and evaluate if these 
compounds have other molecular targets like it is the case for genistein 
and daidzein. 

The other main group of phytoestrogens is composed of non- 
flavonoid compounds, like coumestans and lignans. Although they are 
not as much studied as isoflavonoids in the context of PCa, most of them 
impact the androgen signaling pathway. As such, it has been demon-
strated that wedelolactone, a compound part of coumestans, was able to 
block AR at an IC50 of 0.2 μM, which led to the growth inhibition of AR- 
dependent PCa cells such as LNCaP and 22Rv1 (Lin et al., 2007). Simi-
larly, a lignan named syringaresinol was deemed as a pure AR antagonist 
since it could inhibit the receptor in its wild-type and mutated forms at 
binding affinities of − 1 kcal/mol and − 1.8 to − 3.7 kcal/mol, respec-
tively. To compare, enzalutamide, an AR antagonist, had binding af-
finity values of − 1.1 kcal/mol and − 1.7 to − 6.8 kcal/mol for the 
wild-type and mutated forms of AR, respectively (Selvaraj et al., 2020). 
In contrast, genistein acts as an antagonist of the wild-type AR at 0.5–50 
μM dosages but can also be a partial agonist of mutated AR in the 
absence of androgens (Mahmoud et al., 2013; Wu et al., 2013). How-
ever, despite the interesting characteristics of wedelolactone and 
syringaresinol, much work remains to be performed to truly understand 
their impact on PCa and the dosages that need to be employed to spe-
cifically target AR. 

Like isoflavonoids, non-flavonoid phytoestrogens have multiple 
cellular targets other than AR. A lignan named actigenin decreased cell 
proliferation of LNCaP, LAPC4, and WPE1-NA22 (pre-malignant PCa 
cells), but not of normal prostate cells at concentrations lower than 2 μM 
(Wang et al., 2017b). This compound also reduced AR expression in 
xenograft tumors of LAPC4 in mice (daily doses of 50 mg/kg and 100 
mg/kg) (Wang et al., 2017b); however, the specific targets of actigenin 
are still unclear. Although ERs have not been considered as potential 
targets for this compound, their expression is still debated in the cell 
lines mentioned above (Lafront et al., 2020; Nelson et al., 2017; 

Andersson et al., 2017; Gustafsson et al., 2019). Additionally, Sarves-
waran and colleagues showed that wedelolactone was able to induce 
apoptosis in LNCaP (AR-positive), PC3, and DU145 (two AR-negative 
PCa cell lines), but not in normal prostate cells, at concentrations 
ranging from 8 to 12 μM (Sarveswaran et al., 2012). These results sug-
gest that, at these concentrations, this effect is specific to cancer cells 
and independent of AR. Yet, as mentioned previously, AR’s selective 
blockade was achieved with 0.2 μM wedelolactone (Lin et al., 2007); this 
disparity of response obtained with this compound again highlights the 
need to use specific dosages when studying phytoestrogens. 

On another note, a synergic inhibitory action on the progression of 
PCa can be observed when multiple phytoestrogens are employed at 
once. Indeed, an extract from Wedelia chinensis, containing various 
chemicals such as indole-3-carboxylaldehyde (34.9 μM), wedelolactone 
(0.2 μM), luteolin (2.4 μM), and apigenin (9.8 μM), was able to stop the 
growth of PC3 cells just as of AR-dependent PCa cells (Lin et al., 2007). 
This study suggests that a mix of phytoestrogens has a more substantial 
effect than when used separately, but also indicates that other targets 
than AR can mediate this effect. In 2018, Mamouni and collaborators 
developed ProFine, a treatment composed of different phytoestrogens 
such as luteolin (14.28 μM), quercetin (14.28 μM), and kaempferol 
(28.60 μM), that was able to significantly inhibit AR signaling in LNCaP, 
22Rv1, and xenografts of C4-2 (AR-positive) in nude mice, thus reducing 
the size of the prostatic tumors (Mamouni et al., 2018). However, it 
seems that the effect observed is not induced by the binding to AR but by 
the decreased expression of the receptor induced by the treatment. 
Indeed, luteolin can bind to HSP-90, one of the chaperones associated 
with inactivated AR in the cytoplasm, causing the receptor’s 
degradation. 

Thus, all these results show the substantial impact of phytoestrogens 
on PCa and their potential to become therapeutic agents to stop the 
disease’s progression. Besides, they have multiple targets, including ERs 
and AR, depending on their concentrations. Nevertheless, much remains 
to be understood about the array of effects these compounds have on 
prostate cells. 

Zearalenone is the only mycoestrogen that has been tested so far in 
the context of PCa. It was demonstrated that this compound has a dose- 
dependent effect on the disease; either it is pro-proliferative at lower 
concentrations (0.001–0.1 nM) or anti-proliferative at higher concen-
trations (0.3–100 nM) in PC3 (AR-negative PCa cell line) (Kowalska 
et al., 2017). Interestingly, in the breast cancer cell line MCF-7 known to 
solely express ERα, zearalenone has an oncogenic effect at 32 and 96 nM 
(Yu et al., 2005). This result suggests that the pro-tumoral action of 
zearalenone observed by Kowalska and collaborators is induced by its 
activation of ERα in PC3 cells. This was further supported in a follow-up 
study, where the specific blockade of ERα with 0.1 nM 
methyl-piperidino-pyrazole (MPP, ERα antagonist) reduced the migra-
tory action of PC3 cells, whereas the inhibition of ERβ with PHTPP 
(specific ERβ antagonist) did not induce changes. In contrast, ERα′s 
activation with zearalenone (0.001–0.1 nM) significantly increased cell 
migration (Kowalska et al., 2018). As such, it seems that zearalenone has 
an oncogenic effect on PCa due to its capacity to activate ERα. However, 
the concentrations targeting this receptor, and the mechanism of action 
behind this effect, remain unclear. 

In short, mycoestrogens are generally way less studied than phy-
toestrogens in the context of PCa. Still, zearalenone seems to have an 
oncogenic impact on the disease’s progression due to its ability to 
activate ERα. Nevertheless, as for phytoestrogens, this xenoestrogen has 
multiple targets depending on the concentrations employed, reinforcing 
the importance of using precise dosages when zearalenone and other 
natural EDCs are studied. 

4. Discussion and perspectives 

It seems relatively clear now that EDCs affecting the estrogen and 
androgen signaling pathways can impact PCa development and 
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progression. Yet, after decades of scientific research, the importance of 
EDCs exposure on prostate biology is still elusive. We believe that 
several technical issues explain these inconsistencies, including the 
usage of ER-negative models, the lack of AR- or ER-positive and negative 
controls, and the high dosages used that can lead to off-target effects. 
Overall, a clear understanding of the molecular mechanisms involved in 
physiological impacts mediated by EDCs is mandatory to truly grasp 
their biological impact on human health. 

4.1. Usage of appropriate PCa models that express AR, ERs, or both 

Although cell lines are widely used in PCa research, especially when 
EDCs are studied, evaluating ERs and AR expression in these models is 
essential to know if these compounds’ effect is through endocrine 
disruption via modulation of hormone receptors or other molecular 
target activity. Assessing this distinction is even more critical as 
immortalized cells in culture can dedifferentiate themselves and un-
dergo genetic or phenotypic alterations (Lacroix and Leclercq, 2004), 
leading to the loss of expression of hormone receptors (Ghallab, 2013; 
Moore et al., 2013). As such, only a few AR-positive in vitro PCa models 
exist since the majority lose their AR over time in culture, and recently, a 
few commonly used PCa cell lines, including LNCaP, have been revealed 
to be ER-negative (Lafront et al., 2020). Thus, it is crucial to first assess 
ERs and AR’s expression in the chosen PCa models before testing EDCs. 
On that matter, it is also important to point out that many antibodies 
targeting ERβ are now judged as non-specific (Nelson et al., 2017; 
Andersson et al., 2017); as such, this issue also needs to be considered 
when evaluating this receptor’s expression in the models used, given its 
potential interaction with multiple EDCs (particularly phytoestrogens). 

For these reasons, many studies choose to use in vivo models, espe-
cially mice or rats, to study the EDCs’ impact on the prostate and PCa. 
Compared to humans, in which the prostate is divided into three zones 
(central, transitional, and peripheral), the prostate in rodents is divided 
into four lobes (ventral, dorsal, anterior, and lateral). The rat prostate’s 
ventral lobe is commonly preferred because it is easier to harvest, but, 
unlike the other lobes, it does not have a human homolog (Nasci-
mento-Gonçalves et al., 2018). As such, the use of the entire prostate 
should be favored to prevent the use of rodent-specific tissues and allow 
a proper comparison between rodents and humans in the context of PCa. 

In the last decades, three-dimensional culture has emerged, forming 
a bridge between two-dimensional immortalized cultures and in vivo 
models. With the benefits of both models, the organoids are now 
appreciated to be more representative of the in vivo biology and more 
convenient for mechanistic cell biology studies than animal studies. 
Notably, the expression and activity of hormone receptors are main-
tained in these systems, as it has been demonstrated in mammary gland 
organoids (Lacouture et al., 2021), and they can then be studied in 
multicellular contexts. Organoids also possess different cell types, 
allowing the study of cell-cell interactions like epithelial and stromal 
cells. Indeed, the importance of fibroblasts in normal prostate has been 
recently highlighted, since the stromal AR seems to play a role in its 
development (Olson et al., 2021; Nash et al., 2018). Furthermore, in 
PCa, the tumor microenvironment is known to be implied in disease 
progression, as PCa-associated fibroblasts express AR and are sensitive 
to androgens (Di Donato et al., 2021; Nash et al., 2018). The impact of 
EDCs on non-epithelial cells is still mostly unknown, but since fibro-
blasts also express AR, it would be of interest to further study if these 
cells could also be a possible target of these compounds. As a complex ex 
vivo model, prostate organoids (Lukacs et al., 2010; Drost et al., 2016) 
could then allow the study of EDCs’ influences in prostate cell-cell in-
teractions and their link to carcinogenesis. 

Another aspect to bear in mind is the potential mutations of hormone 
receptors that could change the response to treatment as opposed to a 
wild-type receptor. For example, the PCa cell line LNCaP has a mutated 
AR able to bind estrogenic compounds in addition to androgens (Tan 
et al., 1997; Veldscholte et al., 1992). As such, the use of this in vitro 

model to study EDCs can undeniably lead to confusing results, as it is 
uncertain whether the effect observed is induced by the androgen or 
estrogen signaling pathways in the cells (Kang et al., 2016; Wu, 2017). 
Furthermore, specific AR mutations seem to impact its sensitivity to 
EDCs, especially bisphenols (Hess-Wilson et al., 2007; Wang et al., 2010; 
Wetherill et al., 2005). Moreover, the status of AR can even change the 
response to an EDC treatment. As reviewed previously, genistein will 
have a differential action (agonist or antagonist) on AR whether it is 
mutated or not (Mahmoud et al., 2013; Wu et al., 2013). 

Finally, despite mainly focusing our literature review on the geno-
mics functions of hormone receptors, both AR and ERs exhibit non- 
canonical functions, including rapid non-genomic effects (Castoria 
et al., 2017). If and how these signaling pathways are differentially 
modulated by EDCs must also be investigated using specific experi-
mental models, notably to distinguish between hormone receptors’ 
non-canonical and canonical functions. As such, all these points must be 
reviewed before choosing a model to study EDCs in the context of PCa. 

4.2. Usage of pharmacological controls to demonstrate receptor 
specificities 

After clearly assessing ERs and AR expression in the study models, 
treatment with “control” compounds should be realized alongside EDCs. 
Indeed, the pharmacological armament is well developed to specifically 
target AR, ERα, and ERβ, and this should be used to demonstrate specific 
hormone receptor modulation by EDCs. For example, E2, the most bio-
logically active estrogen, can be used as a positive control for ERs 
because of its strong affinity for both receptors. Also, selective agonists 
of each ER can be employed, like propyl pyrazole triol (PPT) and dia-
rylpropionitrile (DPN), which selectively activate ERα and ERβ, 
respectively. However, this specificity only remains when these com-
pounds are used in a precise range of concentrations; for example, the 
activation of both ERs can be achieved with PPT at > 82 nM, whereas in 
contrast, it remains specific for ERα at dosages around 0.2 nM (Stauffer 
et al., 2000; Lafront et al., 2020). Furthermore, pure antiestrogens such 
as fulvestrant (ICI 182,780), or specific antagonists of each ER (like MPP 
for ERα and PHTPP for ERβ), should be used to demonstrate that the 
impact observed by EDCs is purely driven by ERs (Nakamura et al., 
2013; Kowalska et al., 2018; Awada et al., 2019; Bilancio et al., 2017). 
Finally, for AR, the synthetic androgen R1881 should be privileged as a 
positive control over DHT or testosterone; indeed, R1881 cannot be 
aromatized and converted into estrogens, unlike natural androgens, 
which means the androgen signaling pathway will purely induce the 
response observed upon treatment. Like ERs, antiandrogens should also 
be used, such as enzalutamide, to block AR-dependent activation. 
Overall, the addition of positive controls and rescue experiments using 
anti-hormonal treatments would be a simple yet efficient manner to 
demonstrate without doubt the impact of specific EDCs on AR and ER 
signaling pathways in the prostate and PCa. Defining the precise mo-
lecular mechanisms of action of EDCs is essential to understand their 
biological impact in the field of prostate and PCa biology. 

In EDC studies, an important benefit of using immortal cell lines as 
opposed to in vivo models is the control of the cellular environment to 
prevent external contamination, since environmental exposure to EDCs 
cannot always be avoided in experiments using rodents, as shown in 
CLARITY-BPA (Vandenberg et al., 2019). However, when studying the 
impact of EDCs on hormone receptors in in vitro models, it is crucial to 
consider the potential interaction of phenol red (an important compo-
nent of typical cell culture media) with these receptors, as well as ste-
roids present in the serum supplementing the media (Di Lorenzo et al., 
2018). Firstly, phenol red is known to have weak estrogenic effects, as it 
directly interacts with ERα (Berthois et al., 1986). Secondly, sex-steroid 
hormones are present in commercial serum added to culture media, thus 
activating sex-steroid receptors in cells in vitro. This undesired effect can 
simply be prevented by using phenol red-free cultured media, supple-
mented with a charcoal-stripped serum that depletes steroids. As such, 
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when measuring EDC interactions with hormone receptors, a complete 
steroidogenic deprivation should be used before treatment to avoid a 
potential bias caused by steroids present in culture media (Cao et al., 
2009; Tu et al., 2018). 

4.3. Usage of biologically relevant concentrations to avoid off-target 
effects 

When using compounds like EDCs, it is critical to employ a precise 
range of concentrations to target either AR, ERα, or ERβ to ensure that 
the effect observed is induced by the androgen or estrogen signaling 
pathways. This is even more important for phytoestrogens, as they have 
a myriad of potential cellular targets depending on the concentrations 
used. For example, wedelolactone has been deemed as an AR antagonist 
at 0.2 μM dosages (Lin et al., 2007), but was also able to induce changes 
in both AR-positive and AR-negative cell lines at 40 to 60-fold higher 
concentrations (8–12 μM) (Sarveswaran et al., 2012). Likewise, 
depending on the dosage used (from 5 nM to 10 μM), genistein is also 
known to interact with many different proteins involved in the cell 
cycle, proliferation, apoptosis, migration, and invasion (Piccolella et al., 
2014; Weng et al., 2013; Pavese et al., 2010; Mahmoud et al., 2015). 
Interestingly, some EDCs can also interact with other nuclear receptors 
than AR or ERs. It is the case of BPA and analogs that can bind the 
estrogen-related receptor gamma (ERRγ) (Grimaldi et al., 2019), known 

to negatively control mitochondrial respiration and act as a tumor 
suppressor in PCa cells (Audet-Walsh et al., 2017b). 

Furthermore, it has been demonstrated that the G Protein-coupled 
Estrogen Receptor (GPER or GPR30), located at the plasma mem-
brane, can also be the target of multiple EDCs. Once activated by es-
trogens, this receptor can induce non-genomic functions and stimulate 
multiple phosphorylation cascades in the cell (Cimmino et al., 2020). 
Consequently, it is possible that EDCs also mediate some other side ef-
fects by modulating GPER activity. As such, it has been demonstrated 
that in breast cancer cells, BPA can activate GPER to promote cell pro-
liferation (Xu et al., 2017; Molina et al., 2018). Other xenoestrogens can 
also act as agonists of GPER and modulate cell proliferation; it is the case 
of genistein in breast cancer cells (Maggiolini et al., 2004) and zear-
alenone in colon cancer cells (Lo et al., 2021). To our knowledge, there 
are no studies yet that thoroughly evaluated the impact of EDCs in PCa 
models through GPER modulation specifically, but, as this receptor is 
also expressed in the prostate, future studies are required to link GPER 
and EDCs to PCa etiology (Zhang et al., 2021; Lau et al., 2017). 

All these examples further highlight the necessity to use specific 
dosages when using EDCs. Additionally, studies on EDCs in PCa should 
use environmentally relevant dosages to remain clinically relevant, 
since these compounds are often employed at supra-physiological con-
centrations (Adjakly et al., 2015). 

Fig. 3. Different modes of action of EDCs 
on the sex-steroid hormone receptors. 
EDCs can act at different levels to modulate 
the androgen and estrogen signaling path-
ways. Firstly, they can impact steroidogen-
esis. The examples mentioned in this review 
involve a down-regulation of steroidogenic 
enzymes mRNA levels impacting both an-
drogens and estrogens production, or even a 
decreased expression of AR. Secondly, most 
EDCs can directly bind one or more hormone 
receptors (AR, ERα or ERβ) and were 
described to either have no effect (Ø), act as 
agonists (+), antagonists (− ) or pure antag-
onists (—) depending on the studies. (+) and 
(++) are used to distinguish the affinity for 
each ER since most EDCs have a distinct af-
finity for ERα or ERβ. Moreover, some of 
these effects are thought to be tissue- 
specific, similar to what was described for 
selective androgen receptor modulators 
(SARMs) and selective estrogen receptor 
modulators (SERMs). Some of these com-
pounds are also known to modulate the 
activation mechanism of the nuclear recep-
tor by acting on the degradation or the 
translocation of said receptor. A better 
comprehension of these distinct modes of 
action is required to fully understand the 
implication of EDCs in prostate cancer. AR: 
androgen receptor; BPA: bisphenol A; DEHP: 
di-(2-ethylhexyl) phthalate; ERα: estrogen 
receptor alpha; ERβ: estrogen receptor beta; 
HSP: heat-shock proteins.   
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5. Conclusions 

EDCs, particularly bisphenols, phthalates, phytoestrogens, and 
mycoestrogens, are molecules able to impact the androgen and estrogen 
signaling pathways, whether directly by binding ERs, AR, or both, or 
indirectly by impacting steroidogenesis, expression of sex-steroid re-
ceptors via epigenetics, or the activation mechanisms of the nuclear 
receptors (Fig. 3). As such, they can significantly influence prostate 
development and PCa progression. However, many of these chemicals 
have multiple cellular targets depending on their concentration, which 
complexifies their study and understanding. 

From this literature review, we summarized common guidelines to 
properly study EDCs in the context of endocrine diseases (Tables 1 and 
2), especially in the case of PCa. Firstly, it is crucial to assess the 
expression of sex-steroid receptors such as AR, ERα, and ERβ in the 
models used to know if these receptors are responsible for the effects 
resulting from EDC treatments. Secondly, positive and negative controls 
(agonists and antagonists) of these receptors must constantly be tested in 
parallel to EDCs. These additional treatments will confirm the presence 
and activity of AR, ERs, or both, as well as the molecular mechanisms 
involved in the phenotype studied. Finally, when using EDCs, specific 
dosage ranges must be employed to appropriately target the receptors of 
interest and avoid off-target effects. Overall, all these controls are crit-
ical to finely dissect what are the molecular mechanisms downstream 
each of the cellular effects of EDCs, highlighting receptor-dependent and 
-independent mechanisms. 

Thus, in general, studies on EDCs in the prostate and PCa must better 
consider the molecular endocrinology aspects and more precisely define 
through which hormone receptors the observed biological impacts 
occur. Indeed, it is by clearly understanding their molecular targets and 
effects that we will truly understand the impact of EDCs on prostate 
biology and PCa development. 
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Table 1 
Guidelines summary for the proper study of EDCs in prostate cancer.  

Guidelines Application examples 

Usage of appropriate PCa 
models that express AR 
and/or ERs 

In vitro - Confirm the expression of target 
hormone receptor (i.e., using 
Western Blot, qPCR, 
immunofluorescence, etc.) with 
validated antibodies and/or 
specific primers for qPCR ( 
Table 2) 
- Consider the potential mutations 
of hormone receptors as they 
could affect the response observed 
(i.e., LNCaP cells have a mutated 
AR) 

Ex vivo Useful to study EDCs in a 
multicellular context (i.e., to 
compare AR modulation by EDCs 
in epithelial cells and fibroblasts). 

In vivo Murine models can be used, but 
the histological differences of 
murine prostate compared to the 
human prostate must be 
considered. 

Usage of pharmacological 
controls to demonstrate the 
specificity of action of EDCs 
through specific hormone 
receptors 

Positive 
controls 

AR: DHT (0.1–10 nM), 
testosterone (0.1–10 nM), R1881 
(0.1–10 nM) 
ERs: E2 (0.1–10 nM), PPT (ERα- 
specific – 0.2–1 nM), DPN (ERβ- 
specific – 0.85–4.25 nM) 

Negative 
controls 

AR: second generation anti- 
androgens, such as enzalutamide 
ERs: the pure anti-estrogen 
fulvestrant 

In vitro 
culture 
conditions 

- Avoid media with phenol red as 
it has low estrogenic activity; 
instead, use phenol red-free media 
- Use 2–5% charcoal-stripped 
serum (depleted of steroids) to 
supplement culture media 
- Perform a complete steroid 
deprivation (48 h) in phenol red- 
free media with charcoal-stripped 
serum before studying EDC 
interactions with hormone 
receptors 

Usage of biologically relevant concentrations to 
avoid off-target effects 

Employ compounds at 
concentrations close to IC50 or 
EC50 values to solely target the 
receptor of interest. 

Most concentrations for positive controls were determined in an in vitro context. 

Table 2 
Recommended qPCR primers for sex-steroid hormone receptor expression.  

Gene Organism Sequence (5’→3′) 

ESR1 Homo sapiens TGGGAATGATGAAAGGTGGGAT 
GGTTGGCAGCTCTCATGTCT 

ESR2 Homo sapiens CCGATGCTTTGGTTTGGGTG 
TCCATGCCCTTGTTACTCGC 

AR Homo sapiens GAGGAGGCGACAGAGGGAAAAA 
AAAGGCAGCCGTCAGTCCTAC 

Esr1 Mus musculus CATAACAGCCTCGGAACGGA 
CCTCTCCTGGCATCACAAGG 

Esr2 Mus musculus AAGAAGCAGGGGAAGTAAGGC 
CTTTCCTCTGCAGGCATTCCA 

Ar Mus musculus AAGGGAGGTTACGCCAAAGG 
TGCCGTAGTCCAATGGGTTC 

For each target gene, forward and reverse primers are shown. Primers were 
validated using the Luna Universal qPCR Master Mix (New England Biolabs). 
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factors as novel regulators of prostate cancer cell metabolism. Endocr. Relat. Canc. 
28, 257–271. 

Prins, G.S., Hu, W.-Y., Shi, G.-B., Hu, D.-P., Majumdar, S., Li, G., Huang, K., Nelles, J.L., 
Ho, S.-M., Walker, C.L., Kajdacsy-Balla, A., van Breemen, R.B., 2014. Bisphenol A 
promotes human prostate stem-progenitor cell self-renewal and increases in vivo 
carcinogenesis in human prostate epithelium. Endocrinology 155, 805–817. 

Prins, G.S., Hu, W.-Y., Xie, L., Shi, G.-B., Hu, D.-P., Birch, L., Bosland, M.C., 2018. 
Evaluation of bisphenol A (BPA) exposures on prostate stem cell homeostasis and 
prostate cancer risk in the NCTR-sprague-dawley rat: an NIEHS/FDA CLARITY-BPA 
Consortium study. Environ. Health Perspect. 126, 117001. 

Prins, G.S., Ye, S.H., Birch, L., Ho, S.M., Kannan, K., 2011. Serum bisphenol A 
pharmacokinetics and prostate neoplastic responses following oral and subcutaneous 
exposures in neonatal Sprague-Dawley rats. Reprod. Toxicol. 31, 1–9. 

Renaud, L., Huff, M., da Silveira, W.A., Angert, M., Haas, M., Hardiman, G., 2019. 
Genome-wide analysis of low dose bisphenol-A (BPA) exposure in human prostate 
cells. Curr. Genom. 20, 260–274. 

Ricke, W.A., McPherson, S.J., Bianco, J.J., Cunha, G.R., Wang, Y., Risbridger, G.P., 2008. 
Prostatic hormonal carcinogenesis is mediated by in situ estrogen production and 
estrogen receptor alpha signaling. Faseb. J. 22, 1512–1520. 

Rietjens, I., Louisse, J., Beekmann, K., 2017. The potential health effects of dietary 
phytoestrogens. Br. J. Pharmacol. 174, 1263–1280. 

Rochester, J.R., 2013. Bisphenol A and human health: a review of the literature. Reprod. 
Toxicol. 42, 132–155. 

Rogowska, A., Pomastowski, P., Sagandykova, G., Buszewski, B., 2019. Zearalenone and 
its metabolites: effect on human health, metabolism and neutralisation methods. 
Toxicon 162, 46–56. 

Rosario, D.J., Davey, P., Green, J., Greene, D., Turner, B., Payne, H., Kirby, M., 2016. The 
role of gonadotrophin-releasing hormone antagonists in the treatment of patients 
with advanced hormone-dependent prostate cancer in the UK. World J. Urol. 34, 
1601–1609. 

Rosenmai, A.K., Dybdahl, M., Pedersen, M., Alice van Vugt-Lussenburg, B.M., 
Wedebye, E.B., Taxvig, C., Vinggaard, A.M., 2014. Are structural analogues to 
bisphenol a safe alternatives? Toxicol. Sci. 139, 35–47. 

Salonia, A., Gallina, A., Briganti, A., Suardi, N., Capitanio, U., Abdollah, F., Bertini, R., 
Freschi, M., Rigatti, P., Montorsi, F., 2011. Circulating estradiol, but not 
testosterone, is a significant predictor of high-grade prostate cancer in patients 
undergoing radical prostatectomy. Cancer 117, 5029–5038. 

Santoro, A., Chianese, R., Troisi, J., Richards, S., Nori, S.L., Fasano, S., Guida, M., 
Plunk, E., Viggiano, A., Pierantoni, R., Meccariello, R., 2019. Neuro-toxic and 
reproductive effects of BPA. Curr. Neuropharmacol. 17, 1109–1132. 

Sarveswaran, S., Gautam, S.C., Ghosh, J., 2012. Wedelolactone, a medicinal plant- 
derived coumestan, induces caspase-dependent apoptosis in prostate cancer cells via 
downregulation of PKC epsilon without inhibiting Akt. Int. J. Oncol. 41, 2191–2199. 

Scarano, W.R., Bedrat, A., Alonso-Costa, L.G., Aquino, A.M., Fantinatti, B.E.A., 
Justulin, L.A., Barbisan, L.F., Freire, P.P., Flaws, J.A., Lemos, B., 2019. Exposure to 
an environmentally relevant phthalate mixture during prostate development induces 
MicroRNA upregulation and transcriptome modulation in rats. Toxicol. Sci. 171, 
84–97. 

Schettler, T., 2006. Human exposure to phthalates via consumer products. Int. J. Androl. 
29, 134–139. ; discussion 181-5.  

Selvaraj, D., Muthu, S., Kotha, S., Siddamsetty, R.S., Andavar, S., Jayaraman, S., 2020. 
Syringaresinol as a novel androgen receptor antagonist against wild and mutant 
androgen receptors for the treatment of castration-resistant prostate cancer: 
molecular docking, in-vitro and molecular dynamics study. J. Biomol. Struct. 
Dynam. 

A. Lacouture et al.                                                                                                                                                                                                                              

http://refhub.elsevier.com/S0013-9351(21)01380-3/sref112
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref112
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref112
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref113
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref113
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref113
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref113
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref114
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref114
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref115
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref115
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref115
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref116
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref116
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref116
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref117
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref117
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref117
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref117
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref118
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref118
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref118
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref119
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref119
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref119
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref119
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref119
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref120
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref120
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref120
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref120
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref121
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref121
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref121
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref122
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref122
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref122
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref122
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref123
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref123
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref123
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref124
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref124
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref124
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref124
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref125
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref125
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref125
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref126
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref127
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref127
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref127
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref127
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref128
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref128
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref129
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref129
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref129
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref129
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref130
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref130
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref130
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref130
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref130
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref131
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref131
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref131
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref132
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref132
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref132
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref133
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref133
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref133
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref133
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref134
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref134
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref134
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref134
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref134
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref135
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref135
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref136
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref136
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref136
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref136
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref137
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref137
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref138
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref138
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref138
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref139
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref139
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref140
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref140
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref141
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref141
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref141
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref142
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref142
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref143
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref143
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref143
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref144
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref144
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref144
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref145
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref145
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref145
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref146
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref146
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref146
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref147
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref147
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref147
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref148
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref148
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref148
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref148
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref149
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref149
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref149
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref149
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref150
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref150
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref150
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref150
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref151
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref151
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref151
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref152
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref152
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref152
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref153
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref153
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref153
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref154
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref154
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref155
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref155
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref156
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref156
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref156
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref157
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref157
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref157
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref157
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref158
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref158
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref158
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref159
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref159
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref159
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref159
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref160
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref160
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref160
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref161
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref161
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref161
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref162
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref162
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref162
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref162
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref162
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref163
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref163
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref164
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref164
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref164
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref164
http://refhub.elsevier.com/S0013-9351(21)01380-3/sref164


Environmental Research 204 (2022) 112085

14

Setchell, K.D.R., Clerici, C., 2010. Equol: history, chemistry, and formation. J. Nutr. 140, 
1355S–1362S. 

Shafiee, G., Saidijam, M., Tayebinia, H., Khodadadi, I., 2020. Beneficial effects of 
genistein in suppression of proliferation, inhibition of metastasis, and induction of 
apoptosis in PC3 prostate cancer cells. Arch. Physiol. Biochem. 

Shankar, A., Teppala, S., 2012. Urinary bisphenol A and hypertension in a multiethnic 
sample of US adults. J Environ Public Health 481641. 

Shaw, G.L., Whitaker, H., Corcoran, M., Dunning, M.J., Luxton, H., Kay, J., Massie, C.E., 
Miller, J.L., Lamb, A.D., Ross-Adams, H., Russell, R., Nelson, A.W., Eldridge, M.D., 
Lynch, A.G., Ramos-Montoya, A., Mills, I.G., Taylor, A.E., Arlt, W., Shah, N., 
Warren, A.Y., Neal, D.E., 2016. The early effects of rapid androgen deprivation on 
human prostate cancer. Eur. Urol. 70, 214–218. 

Shimizu, M., Ohta, K., Matsumoto, Y., Fukuoka, M., Ohno, Y., Ozawa, S., 2002. Sulfation 
of bisphenol A abolished its estrogenicity based on proliferation and gene expression 
in human breast cancer MCF-7 cells. Toxicol. Vitro 16, 549–556. 

Sikka, S.C., Wang, R., 2008. Endocrine disruptors and estrogenic effects on male 
reproductive axis. Asian J. Androl. 10, 134–145. 

Singh, V.K., Pal, R., Srivastava, P., Misra, G., Shukla, Y., Sharma, P.K., 2021. Exposure of 
androgen mimicking environmental chemicals enhances proliferation of prostate 
cancer (LNCaP) cells by inducing AR expression and epigenetic modifications. 
Environ. Pollut. 272. 

Sirotkin, A.V., Harrath, A.H., 2014. Phytoestrogens and their effects. Eur. J. Pharmacol. 
741, 230–236. 

Sivonova, M.K., Kaplan, P., Tatarkova, Z., Lichardusova, L., Dusenka, R., Jurecekova, J., 
2019. Androgen receptor and soy isoflavones in prostate cancer. Molecular and 
Clinical Oncology 10, 191–204. 

Stauffer, S.R., Coletta, C.J., Tedesco, R., Nishiguchi, G., Carlson, K., Sun, J., 
Katzenellenbogen, B.S., Katzenellenbogen, J.A., 2000. Pyrazole ligands: structure- 
affinity/activity relationships and estrogen receptor-alpha-selective agonists. J. Med. 
Chem. 43, 4934–4947. 

Stossi, F., Bolt, M.J., Ashcroft, F.J., Lamerdin, J.E., Melnick, J.S., Powell, R.T., 
Dandekar, R.D., Mancini, M.G., Walker, C.L., Westwick, J.K., Mancini, M.A., 2014. 
Defining estrogenic mechanisms of bisphenol A analogs through high throughput 
microscopy-based contextual assays. Chem. Biol. 21, 743–753. 

Sugiyama, Y., Masumori, N., Fukuta, F., Yoneta, A., Hida, T., Yamashita, T., 
Minatoya, M., Nagata, Y., Mori, M., Tsuji, H., Akaza, H., Tsukamoto, T., 2013. 
Influence of isoflavone intake and equol-producing intestinal flora on prostate 
cancer risk. Asian Pac. J. Cancer Prev. APJCP 14, 1–4. 

Suzuki, H., Ueda, T., Ichikawa, T., Ito, H., 2003. Androgen receptor involvement in the 
progression of prostate cancer. Endocr. Relat. Canc. 10, 209–216. 

Sweeney, M.F., Hasan, N., Soto, A.M., Sonnenschein, C., 2015. Environmental endocrine 
disruptors: effects on the human male reproductive system. Rev. Endocr. Metab. 
Disord. 16, 341–357. 

Takeuchi, S., Iida, M., Kobayashi, S., Jin, K., Matsuda, T., Kojima, H., 2005. Differential 
Effects of Phthalate Esters on Transcriptional Activities via Human Estrogen 
Receptors ␣ and ␤, and Androgen Receptor, p. 11. 

Takeuchi, S., Takahashi, T., Sawada, Y., Iida, M., Matsuda, T., Kojima, H., 2009. 
Comparative study on the nuclear hormone receptor activity of various 
phytochemicals and their metabolites by reporter gene assays using Chinese hamster 
ovary cells. Biol. Pharmaceut. Bull. 32, 195–202. 

Takizawa, I., Lawrence, M.G., Balanathan, P., Rebello, R., Pearson, H.B., Garg, E., 
Pedersen, J., Pouliot, N., Nadon, R., Watt, M.J., Taylor, R.A., Humbert, P., 
Topisirovic, I., Larsson, O., Risbridger, G.P., Furic, L., 2015. Estrogen receptor alpha 
drives proliferation in PTEN-deficient prostate carcinoma by stimulating survival 
signaling, MYC expression and altering glucose sensitivity. Oncotarget 6, 604–616. 

Tan, J., Sharief, Y., Hamil, K.G., Gregory, C.W., Zang, D.Y., Sar, M., Gumerlock, P.H., 
White, R.W.D., Pretlow, T.G., Harris, S.E., Wilson, E.M., Mohler, J.L., French, F.S., 
1997. Dehydroepiandrosterone activates mutant androgen receptors expressed in the 
androgen-dependent human prostate cancer xenograft CWR22 and LNCaP cells. Mol. 
Endocrinol. 11, 450–459. 

Tang, W.Y., Morey, L.M., Cheung, Y.Y., Birch, L., Prins, G.S., Ho, S.M., 2012. Neonatal 
exposure to estradiol/bisphenol A alters promoter methylation and expression of 
Nsbp1 and Hpcal1 genes and transcriptional programs of dnmt3a/b and mbd2/4 in 
the RatProstate gland throughout life. Endocrinology 153, 42–55. 

Tarapore, P., Ying, J., Ouyang, B., Burke, B., Bracken, B., Ho, S.M., 2014. Exposure to 
bisphenol A correlates with early-onset prostate cancer and promotes centrosome 
amplification and anchorage-independent growth in vitro. PloS One 9 (e90332). 

Terzioglu-Usak, S., Yildiz, M.T., Goncu, B., Ozten-Kandas, N., 2019. Achieving the 
balance: biphasic effects of genistein on PC-3 cells. J. Food Biochem. 43 (e12951). 

Tiosano, D., Paris, F., Grimaldi, M., Georgescu, V., Servant, N., Hochberg, Z., 
Balaguer, P., Sultan, C., 2014. Evidence of ERalpha and ERbeta selectivity and 
partial estrogen agonism in traditional Chinese medicine. Reprod. Biol. Endocrinol. 
12. 

Tse, L.A., Ho, W.M., Wang, F., He, Y.H., Ng, C.F., 2018. Environmental risk factors of 
prostate cancer:a case-control study. Hong Kong Med. J. 24 (Suppl. 4), 30–33. 

Tsujimura, A., Koikawa, Y., Salm, S., Takao, T., Coetzee, S., Moscatelli, D., Shapiro, E., 
Lepor, H., Sun, T.T., Wilson, E.L., 2002. Proximal location of mouse prostate 
epithelial stem cells: a model of prostatic homeostasis. JCB (J. Cell Biol.) 157, 
1257–1265. 

Tu, C.J., Fiandalo, M.V., Pop, E., Stocking, J.J., Azabdaftari, G., Li, J., Wei, H., Ma, D.J., 
Qu, J., Mohler, J.L., Tang, L., Wu, Y., 2018. Proteomic analysis of charcoal-stripped 
fetal bovine serum reveals changes in the insulin-like growth factor signaling 
pathway. J. Proteome Res. 17, 2963–2977. 

Vandenberg, L.N., Hunt, P.A., Gore, A.C., 2019. Endocrine disruptors and the future of 
toxicology testing — lessons from CLARITY–BPA. Nat. Rev. Endocrinol. 15, 
366–374. 

Veldscholte, J., Berrevoets, C.A., Risstalpers, C., Kuiper, G., Jenster, G., Trapman, J., 
Brinkmann, A.O., Mulder, E., 1992. The androgen receptor IN lncap cells contains a 
mutation IN the ligand-binding domain WHICH affects steroid binding 
characteristics and response to antiandrogens. J. Steroid Biochem. Mol. Biol. 41, 
665–669. 

Vermeulin, A., Kaufman, J.M., Goemaere, S., van Pottelberg, I., 2002. Estradiol in eldery 
men. Aging Male 5, 98–102. 

Verze, P., Cai, T., Lorenzetti, S., 2016. The role of the prostate in male fertility, health 
and disease. Nat. Rev. Urol. 13, 379–386. 

Walter, S., Buchner, J., 2002. Molecular chaperones - cellular machines for protein 
folding. Angew. Chem. Int. Ed. 41, 1098–1113. 

Wang, H., Ding, Z., Shi, Q.-M., Ge, X., Wang, H.-X., Li, M.-X., Chen, G., Wang, Q., Ju, Q., 
Zhang, J.-P., Zhang, M.-R., Xu, L.-C., 2017a. Anti-androgenic mechanisms of 
Bisphenol A involve androgen receptor signaling pathway. Toxicology 387, 10–16. 

Wang, H., Li, J.A., Gao, Y., Xu, Y., Pan, Y., Tsuji, I., Sun, Z.J., Li, X.M., 2010. Xeno- 
oestrogens and phyto-oestrogens are alternative ligands for the androgen receptor. 
Asian J. Androl. 12, 535–547. 

Wang, P., Solorzano, W., Diaz, T., Magyar, C.E., Henning, S.M., Vadgama, J., V, 2017b. 
Arctigenin inhibits prostate tumor growth in vitro and in vivo. Clinical Nutrition 
Experimental 13, 1–11. 

Wang, T., Li, M., Chen, B., Xu, M., Xu, Y., Huang, Y., Lu, J., Chen, Y., Wang, W., Li, X., 
Liu, Y., Bi, Y., Lai, S., Ning, G., 2012. Urinary bisphenol A (BPA) concentration 
associates with obesity and insulin resistance. J. Clin. Endocrinol. Metab. 97, 
E223–E227. 

Wang, X., Wang, Y., Song, Q., Wu, J., Zhao, Y., Yao, S., Sun, Z., Zhang, Y., 2017c. In utero 
and lactational exposure to di(2-ethylhexyl) phthalate increased the susceptibility of 
prostate carcinogenesis in male offspring. Reprod. Toxicol. 69, 60–67. 

Warner, M., Huang, B., Gustafsson, J.A., 2017. Estrocen receptor beta as a 
pharmaceutical target. Trends Pharmacol. Sci. 38, 92–99. 

Watson, P.A., Arora, V.K., Sawyers, C.L., 2015. Emerging mechanisms of resistance to 
androgen receptor inhibitors in prostate cancer. Nat. Rev. Canc. 15, 701–711. 

Weihua, Z., Makela, S., Andersson, L.C., Salmi, S., Saji, S., Webster, J.I., Jensen, E.V., 
Nilsson, S., Warner, M., Gustafsson, J.A., 2001. A role for estrogen receptor in the 
regulation of growth of the ventral prostate. Proc. Natl. Acad. Sci. Unit. States Am. 
98, 6330–6335. 

Weng, C.Y., Cai, J.J., Wen, J., Yuan, H., Yang, K., Imperato-McGinley, J., Zhu, Y.S., 2013. 
Differential effects of estrogen receptor ligands on regulation of dihydrotestosterone- 
induced cell proliferation in endothelial and prostate cancer cells. Int. J. Oncol. 42, 
327–337. 

Wetherill, Y.B., Fisher, N.L., Staubach, A., Danielsen, M., White, R.W.D., Knudsen, K.E., 
2005. Xenoestrogen action in prostate cancer: pleiotropic effects dependent on 
androgen receptor status. Canc. Res. 65, 54–65. 

Wu, J., Liu, S., Shen, X.Y., Yang, N.Y., Liu, Y., Tsuji, I., Yamamura, T., Li, J., Li, X.M., 
2013. Phytoestrogens inhibiting androgen receptor signal and prostate cancer cell 
proliferation. Chem. Res. Chin. Univ. 29, 911–916. 

Wu, J.H., 2017. Effect of mono-2-ethyhexyl phthalate on DNA methylation in human 
prostate cancer LNCaP cells. Biomed. Environ. Sci. 8. 

Wu, W.F., Maneix, L., Insunza, J., Nalvarte, I., Antonson, P., Kere, J., Yu, N.Y.L., 
Tohonen, V., Katayama, S., Einarsdottir, E., Krjutskov, K., Dai, Y.B., Huang, B., 
Su, W., Warner, M., Gustafsson, J.A., 2017. Estrogen receptor beta, a regulator of 
androgen receptor signaling in the mouse ventral prostate. Proc. Natl. Acad. Sci. U. 
S. A 114, E3816–E3822. 

Xia, B., Wang, Y., Wang, X., Wu, J.H., Song, Q., Sun, Z.Y., Zhang, Y.H., 2018. In utero and 
lactational exposure of DEHP increases the susceptibility of prostate carcinogenesis 
in male offspring through PSCA hypomethylation. Toxicol. Lett. 292, 78–84. 

Xin, L., 2013. Cells of origin for cancer: an updated view from prostate cancer. Oncogene 
32, 3655–3663. 

Xu, F.Y., Wang, X.N., Wu, N.N., He, S.Q., Yi, W.J., Xiang, S.Y., Zhang, P.W., Xie, X., 
Ying, C.J., 2017. Bisphenol A induces proliferative effects on both breast cancer cells 
and vascular endothelial cells through a shared GPER-dependent pathway in 
hypoxia. Environ. Pollut. 231, 1609–1620. 

Yan, L., Spitznagel, E.L., 2009. Soy consumption and prostate cancer risk in men: a revisit 
of a meta-analysis. Am. J. Clin. Nutr. 89, 1155–1163. 

Yang, Q., Sui, X., Cao, J., Liu, C., Zheng, S., Bao, M., Huang, Y., Wu, K., 2019. Effects of 
exposure to bisphenol A during pregnancy on the pup testis function. International 
Journal of Endocrinology 1–8. 

Yu, Z.L., Zhang, L.S., Wu, D.S., Liu, F.Y., 2005. Anti-apoptotic action of zearalenone in 
MCF-7 cells. Ecotoxicol. Environ. Saf. 62, 441–446. 

Zava, D.T., Blen, M., Duwe, G., 1997. Estrogenic activity of natural and synthetic 
estrogens in human breast cancer cells in culture. Environ. Health Perspect. 105 
(Suppl. 3), 637–645. 

Zhang, Q., Cheng, G.D., Qiu, H.B., Wang, Y.X., Wang, J.T., Xu, H., Zhang, T., Liu, L.X., 
Tao, Y., Ren, Z.J., 2017. Expression of prostate stem cell antigen is downregulated 
during flavonoid-induced cytotoxicity in prostate cancer cells. Experimental and 
Therapeutic Medicine 14, 1795–1801. 

Zhang, R., Zong, J., Peng, Y., Shi, J., Du, X., Liu, H., Shen, Y., Cao, J., Jia, B., Liu, F., 
Zhang, J., 2021. GPR30 knockdown weakens the capacity of CAF in promoting 
prostate cancer cell invasion via reducing macrophage infiltration and M2 
polarization. J. Cell. Biochem. 122, 1173–1191. 

Zhu, Q., 2019. In silico study of molecular mechanisms of action: estrogenic disruptors 
among phthalate esters. Environ. Pollut. 8. 
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