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A B S T R A C T

Throughout the last decades, increasing exposure to environmental Endocrine Disruptors Chemicals (EDCs) has
been associated with the occurrence of male reproductive disorders, such as impairment of prostate development
and function, increase of susceptibility to oncogenesis, Epithelial-Mesenchymal Transition and the metastatic
invasive potential. Nevertheless, few studies address the mechanisms involved in these alterations, especially
those related to cell junctions, which are hormonally regulated and, therefore, possible EDCs targets. The cellular
mechanisms discussed in this review are addressed to EDCs actions on tight, gap and adherent junctions and its
related genes and proteins, such as claudin-1, -3, -4 and -8, connexin-32 and -43, E-cadherin and β-catenin,
respectively. The impairment of cell junction function, mainly due EDCs exposure during the prostate’s critical
window of development, can corroborate to acquire a mesenchymal phenotype by epithelial cells and the
prostate microenvironment becomes susceptible to development of lesions in the latter stages of life.

1. Introduction

Over last few decades, increasing exposure to environmental xe-
nobiotics has been associated with the occurrence of male reproductive
disorders. In this context, some environmental toxicants and pharma-
ceutical compounds can disrupt prostate development with anti-
androgenic and estrogenic activity, such as phthalates, bisphenol A
(BPA), diethylstilbestrol (DES), vinclozolin and flutamide, among
others [1–6]. These chemicals have the ability to enter cells, bind to
androgen or estrogen receptors, and disrupt androgen and estrogen-
mediated signaling, compromising the mounting and operation of
hormone-dependent cellular junctions [7]. To cope with such concerns,
the protection of human health and of the environment from Endocrine
Disrupting Chemicals (EDCs) and chemical carcinogens has become a
high priority for regulatory authorities, which are considering a large
variety of approaches [8].

Knowledge regarding the complex development of the organs of
male genital system as well as the nature of their interactions with EDCs
has increased substantially [9]. Recent work by our group and others
has shown that exposure to plasticizers may alter prostate development,

increasing the susceptibility of this organ to carcinogenesis [2,5,10].
Additionally, prostate development and function are dependent on the
interactions between the epithelium and the mesenchyma/stroma, in
addition to the interactions between the different cell types in the
epithelium. The loss of adhesion between prostatic epithelial cells has
been extensively studied during the Epithelial-Mesenchymal Transition
(EMT), a highly specialized process associated with oncogenesis and
tumor metastasis [3,11,12]. Tumor cells undergo the EMT to promote
invasion, migration and subsequent metastasis. During these processes,
epithelial cells repress genes encoding cell adhesion proteins (such as E-
cadherin) and modify the type of intermediate filaments expressed.
EMT is accompanied by acquisition of mesenchymal characteristics that
include vimentin, N-cadherin and osteopontin expression, the synthesis
of extracellular matrix molecules (such as fibronectin and certain types
of collagen) and acquisition of a flattened phenotype which becomes
more migratory. Following EMT, the cells may differentiate into other
cell types or revert back to epithelial cells [13–15]. However, in relation
to the processes triggered by EDCs and other toxicants in non-tumor
prostatic tissue, there are few studies that relate their effects to adhe-
sion molecules in cell-cell and cell-extracellular matrix interactions.
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Thus, this revision was intended to compile the main discussions on this
topic in recent years.

2. Prostatic Morphogenesis and molecules involved in cell
junctions

The prostate develops from the pelvic part of the Urogenital Sinus
(UGS), located at the base of the developing urinary bladder. The se-
cretion of testosterone by the fetal testicles initiates prostate morpho-
genesis, thus prostatic buds (solid epithelial projections) emerge and
extend towards the surrounding mesenchyma of the UGS, due to a co-
ordinated action between cell proliferation, adhesion and migration
[16–18].

In rodents, the buds’ ramification begins in the neonatal period, as
does ductal canalization (lumen formation) and epithelial and stromal
cytodifferentiation. The bifurcation in primary, secondary and tertiary
lateral branches leads to the formation of a mature ductal network di-
vided into three different prostatic lobes: ventral, dorsolateral and
anterior [18,19]. In humans, although similar morphogenetic events
occur, the process leads to the formation of a single organ, with three
distinct zones: central, peripheral and transitional. The definitive pro-
static architecture is established by puberty, when the prostate acquires
its secretory function [19]. The morphological processes present during
prostate morphogenesis in rodents and humans are shown in Fig. 1.

Besides the classical hormonal dependence of steroid hormones, the
prostatic development, as well as the maintenance of adult prostatic
tissue homeostasis, is also dependent on cell-cell interactions through a
paracrine signaling between epithelium and mesenchyme [16,20–22].
These interactions are mainly mediated by different types of cell junc-
tions, highlighting the tight, anchoring and gap junctions that guide the
epithelial cells’ proliferation and prostate bud’ growth [9,15].

Tight junctions are junctional complexes formed by integrated
transmembrane proteins such as occludins and claudins that create a
continuous intercellular barrier between epithelial cells, maintaining
cellular polarity and controlling the passage of molecules through the
epithelium [7,23]. Some claudins (claudin-3, -4, -5, -8 -10) are located
between the prostate luminal epithelial cells while others (claudin-1
and -7) confer cellular adhesion and signaling to the extracellular ma-
trix [7,24].

Another important type of cell junction is anchoring junctions,

which maintain tissue integrity through the attachment of cytoskeletal
proteins from adjacent cells by desmosomes and adherent junctions -
composed of cadherins (N, E-cadherin) and catenins (α, β-catenin)
proteins -, as well as through the connection between cellular proteins
and extracellular matrix proteins by hemidesmosomes [7].

E-cadherin correlates with cell adhesion, migration and intracellular
signaling dynamics during epithelial development [25]. Although E-
cadherin is specifically required for embryogenesis, it also has great
importance in maintaining epithelial homeostasis and its negative
regulation is associated with an invasive phenotype in prostate cancer
[25]. While E-cadherin is primarily expressed in epithelial cells, N-
cadherin is present in several cell types, including mesenchymal cells.
An increase in N-cadherin expression, associated with loss of E-cadherin
expression, is observed during the EMT as well as in prostate cancer
[7,26].

Gap junctions, a third type of cell junction, mediate the direct
communication between adjacent cells by intercellular pores con-
stituted by connexin proteins (Cxs), which allow for the passage of
small molecules (< 1 kDa), ensuring the synchronization of cellular
behavior and tissue homeostasis, which are important during the de-
velopment and adult period [7,27,28]. In addition to the well-defined
function in the gap junctions intercellular communication, as reviewed
by Boucher et al. [29], Cxs are also important in extracellular com-
munication (hemichannels) and intracellular signaling (scaffold pro-
teins). The most important connexins are Cx-43 and -32, differentially
regulated during the prostatic morphogenesis. Throughout prostatic
differentiation, Cx-43 expression in undifferentiated epithelial and
mesenchymal cells decreases to give rise to increased expression of Cx-
32. Finally, in the adult prostate, the expression of Cx-32 occurs in
secretory epithelial cells and Cx-43 is restricted to basal cells [30].
Studies suggest that the loss of Cx-43 is an important event in the de-
velopment of prostate cancer, being correlated with the loss of tissue
architecture and synchronized action between prostatic compartments,
leading to increasingly invasive potential of prostate cancer cells and
their extravasation [31].

Due to the importance of cellular junctions and adhesion molecules
involved in the context of prostatic morphogenesis and homeostasis of
adult tissue, attention now turns to environmentally toxic substances,
with potential deregulatory action on these molecules. Focusing on
mechanisms by which chemicals disrupt cellular interactions is

Fig. 1. Prostate morphogenesis: developmental stages, timeline and comparison between rats and humans (Adapted from Prins and Putz [99]).
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essential for understanding structural and functional abnormalities on
the prostate, as well as the initiation of various diseases in this organ.

3. Xenobiotics acting in cell junctions impairing prostatic
development

Studies with animals and prostatic cell lines models showed an-
drogenic involvement in the regulation of some tight junctions proteins,
such as claudin-4, -7 and -8 [32,33], adherent junctions, such as E-
cadherin and β-catenin [34], and gap junctions, such as Cx-43 [35].

Neonatal administration of the antiandrogenic flutamide (50mg/
kg) during the period of prostatic development in pigs decreased E-
cadherin gene expression and increased β-catenin that persisted into
adulthood [36]. In addition, Gorowska et al. [36] observed a deloca-
lization of the β-catenin membrane protein into the cells cytoplasm in
the perinuclear region after treatment with flutamide. This change in β-
catenin's location would result from the accumulation of this protein
and its functional deficiency caused by an insufficient level of testos-
terone. Other studies with flutamide showed a reduction in the prostatic
acini size, inflammatory alterations and an increase of the Cx-43 gene
and protein expression in adulthood after fetal and neonatal exposure
that would be a reflection of altered differentiation of the prostatic
epithelium due to androgenic signaling disrupting [37].

Tributyltin (TBT) is an organotin used as an antifouling agent in
paint for boats, in wood preservatives and as a disinfectant in water
cooling systems [38]. In a study with pregnant rats, Barthelemy et al.
[23] observed a significant dose-dependent decrease in E-cadherin
mRNA levels in the ventral prostate of adult rats exposed in utero to
increasing doses of TBT (2.5, 10, and 20mg/kg). G-proteins play an
essential role in the signaling process, implicating cell adhesion mole-
cules such as cadherins [23]. Microarray analyses indicated that four G-
proteins, Rab16, Rab 14, RaI A and GNAI2, significantly decreased in
the TBT-treated rats, indicating a possible imbalance in the process
related to establishment and/or maintenance of cell polarity. In this
study, E-cadherin and claudin-1 expression levels decreased in a dose-
dependent response, while claudin-3 and -8 increased in high-dose
treatments, suggesting that some compensatory effect among the var-
ious claudins present in the ventral prostate. In addition, claudin-1
immunolocalization was shown to be spread throughout the plasma
membrane in animals exposed to TBT, rather than restricted to the
apical margin of adjacent epithelial cells, as in the control group, sug-
gesting possible changes in the tight junctions function [23].

Exposure to estrogens, such as 17β-estradiol, and xenoestrogenic
compounds, including diethylstilbestrol and bisphenol A, during the
neonatal period is capable of delaying prostate growth, epithelial
branching and differentiation, in addition to permanently altering
prostatic secretory function and androgens response during adulthood
[1,39,40]. These effects may be due to impairment of cell-cell com-
munication associated with a higher incidence of prostatic hyperplasia
and neoplasia in aging [30,39,41]. Habermann et al. [30] demonstrated
that neonatal estrogenzation led to redistribution in Cx-32 localization
from the membrane to the cytoplasm of epithelial cells in the ventral
prostate of young rats, similar to events associated with prostatic car-
cinogenesis [42]. In addition, in estrogenized aged animals, there was a
decrease in prostatic expression of Cx-32 and E-cadherin, and increased
expression of Cx-43, indicating aberrant cell junctions and tissue ded-
ifferentiation [30].

Exposure of primary mesenchymal cells from fetal rat prostate to
low (10 pM and 100 pM) and high (100 nM) doses of 17β-estradiol re-
vealed compromising of genes involved in steroid hormones signaling
pathways (androgen receptor, estrogen receptor α), cytokines, cytos-
keleton reorganization (actins) and cell communication and adhesion
(claudins, cadherins, Cx-43, TGF-β and Wnt/β-catenin pathways) [43].
Taylor et al. suggest these effects could interfere permanently with
prostate morphogenesis and growth process, which would lead to re-
duced prostate size and hormone responsiveness in adulthood [43].

BPA, a widely used chemical for manufacturing plastic products and
epoxy resins [44], has been found in human serum, with warranted
attention to higher concentrations in placental and fetal tissues [45].
Ramos et al. [46] suggested that in utero exposure to low doses of BPA
(25–250 μg/Kg/day) in rats altered the differentiation pattern of peri-
ductal stromal cells of the ventral prostate. Additionally, en-
vironmentally relevant doses of BPA during the neonatal developmental
period in rats increases susceptibility to precancerous prostatic lesions
in aged animals and sensitizes the prostate gland to adult induced
hormonal carcinogenesis [44].

In addition to the signaling triggered by androgenic and estrogenic
receptors, it is known that Aryl Hydrocarbon Receptor (AHR) can also
compromise prostate growth and branching. This is because AHR can
bind to a wide variety of environmental chemical contaminants, espe-
cially 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), inhibiting the for-
mation of prostatic buds and causing organ agenesis [47]. Schneider
et al. [48] described that intrauterine TCDD administration (5mL/kg)
in rats activated the AHR in mesenchyme cells of urogenital sinus, in-
terrupting the paracrine signaling towards the prostate epithelium,
probably due to Wnt/β-catenin signaling pathway disruption.

4. Prostate inflammation induced by EDCs and cell adhesion

In recent years, studies have raised questions about the etiology and
the consequences arising from the inflammatory process. In the prostate
microenvironment, the inflammatory process is the subject of discus-
sion due to its unclear role in the tumorigenesis, providing chemokines,
interleukins, growth factors and reactive oxygen species that destabilize
normal prostate homeostasis and increase the risk of prostate cancer
[49].

Yatkin et al. [50] proposed the estradiol (E2)/testosterone (T) im-
balance as a crucial factor for the prostatic inflammation development.
E2 administration (0.07 mg/day, 21 days) with low doses of dihy-
drotestosterone (DHT, 0.14mg/day, 21 days) and T (0.24mg/day, 21
days) in castrated Noble rats was responsible for the increase of
stromal, perivascular and glandular inflammatory infiltrates. These
inflammatory foci were absent with the higher doses of androgens
(0.7 mg/day of DHT; 2.4mg/day of T). The inflammatory process de-
stabilized the glandular histoarchitecture, with CD8+T lymphocytes
between epithelial cells and luminal neutrophils and macrophage. E2/T
imbalance is one of the consequences of endocrine disruptors, by the
interference with the sex hormones binding and action, as was well
established by Kavlock et al. [51]. There are several chemical com-
pounds that are able to mimic the estrogenic action, activating or in-
hibiting estrogen receptors [52], and will consequently trigger the in-
flammatory process [4].

The prostatic inflammation caused by the hormonal environmental
imbalance can affect the tight junction in the prostatic epithelium,
specifically claudins. Meng et al. [32] observed a reduction in claudin-4
and -8 genes expression after castration, being negatively correlated
with the number of intraepithelial macrophages and lymphocytes,
showing the significant role of testosterone in the cellular junctions
regulation.

The gap junctions proteins, such as Cx-32 and -43, are also hor-
monally regulated. Neonatally estrogenized Sprague-Dawley rats (es-
tradiol benzoate, 1 mg/ml) on days 1, 3 and 5 postnatal showed, at 90
days old, a reduction in the proportion of Cx-32 expressing cells and an
increase in Cx-43 expressing cells in areas with epithelial dysplasia and
inflammatory infiltrates of ventral prostate [30,53]. This shift in the
connexin expression pattern reflects the increase of undifferentiated
basal cells and, associated with the E-cadherin immunoreactivity re-
duction in estrogenized animals [30], could predispose to the long-term
epithelial-mesenchymal transition (EMT) process.

Estrogenic activity can also be shown with the use of synthetic es-
trogens, such as ethinylestradiol (EE), used as a contraceptive and in
hormonal therapies, widely dispersed in the environment due to its low
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degradation [54]. Falleiros-Júnior et al. [55] and Perez et al. [56]
showed that both neonatal (10 μg/kg) and pubertal exposure (15 μg/
kg), respectively, promote repercussions on the adult prostate. Both
studies reported the presence of hyperplastic areas associated with
stromal and luminal inflammatory foci. In addition, greater vimentin
immunoreactivity was observed in the cytoplasm of epithelial cells and
in inflammatory foci in the stroma of animals exposed to EE [56]. Vi-
mentin is one of the main intermediate filaments proteins related to
mesenchymal characteristics and increased motility, and is an im-
portant marker of EMT [57]. As reviewed by Ivaska et al. [58], vi-
mentin acts on cell-cell and cell-stroma interactions, and regulates the
integrins function, important transmembrane receptors of cellular ad-
hesion, whose cytoplasmic pore connects to the cytoskeleton, turns
extracellular signals into cellular responses, and culminates in pro-
liferation and migration changes.

Increased vimentin expression and reduced E-cadherin expression
were observed in the dorsolateral prostate of aged rats orally exposed to
BPA (10, 30 and 90 μg/kg) over 3 months [6]. Exposure to the plasti-
cizer was responsible for increasing the estrogen/androgen ratio, trig-
gering an inflammatory process, which consequently up-regulated the
expression of TGF-β1 pathway regulatory proteins such as Snail, Twist
and Wnt [6]. Brandt et al. [59] and Bernardo et al. [60] also reported
changes in the ventral prostatic epithelial structure of adult rats after
BPA exposure (25 and 250 μg/kg) during the gestational period, with
the presence of inflammatory infiltrates of mononuclear cells in the
stroma, inflammatory reactive atypia and PIN (Prostatic Intraepithelial
Neoplasia).

TGF-β1/Smad pathway up-regulation and consequent increased
EMT process was observed in the lateral prostate of mice intoxicated
with cadmium (0.2mg/kg) subcutaneously [61].Cadmium is a metal
constituent in tobacco and tobacco smoke and has been classified as a
group 1 carcinogen and a proinflammatory inducer [62]. Cadmium was
responsible for increased levels of vimentin mRNA and decreased E-
cadherin mRNA, as well as the promotion of the inflammatory process,
with greater expression of proinflammatory cytokines, such as IL-1β, IL-
6 and TNF-α [61].

5. Epithelial-Mesenchymal Transition (EMT): role of EDCs on in
vivo and in vitro models

In the prostate development and homeostasis, the reciprocal sig-
naling between prostate epithelium and stroma compartments is fun-
damental. Similarly, interactions between tumor cells and stromal
constituents are central to the carcinogenesis progression and tumor
cell invasion, dissemination, and growth in distant sites [63].

Although EDCs are associated with an induction of genetic and
epigenetic changes that culminate in the initiation and progression of
some types of cancer [64,65], some of them can contribute with me-
tastasis in hormone dependent cancers [66–68]. According to Lee et al.
[69] ‘metastasis occurs when cancer cells dissociate from the cell to cell
junction in a primary tumor site, enter the bloodstream or lymphatic
system, and migrate to a secondary site [70,71]. Metastasis is ex-
tensively studied because it is essential in cancer progression and the
major cause of death from cancer. There are several in vitro studies with
hormone dependent cancer cells and environmental EDCs, performed to
understand their role in propitiating and accelerating the EMT
[3,11,12]. The EMT is a well-described process by which epithelial cells
lose their cell polarity and cell-cell adhesion and acquire mesenchymal
phenotype, enhancing the migratory ability of cancer cells for metas-
tasis [72].

Collectively, the majority of previous studies revealed that BPA,
phthalates, TCDD, and other EDCs have the potential to induce cancer
metastasis through regulating EMT (epithelial–mesenchymal transition)
markers and migration via several signaling pathways associated with
the EMT program [69].

Considering the carcinomas that constitute almost 90% of cancers,

upon oncogenic transformation, the process begins with the E-cadherin
downregulation that held the epithelial cells together as a well differ-
entiated cell society [73]. Simultaneous to the E-cadherin down-
regulation is the conversion of the epithelial cells to mesenchymal cells
[74]. Epithelial–mesenchymal transition allows the immotile and po-
larized epithelial cells to be converted into motile mesenchymal cells
[75], and this process involves the breakdown of cell-to-cell or cell-to-
extracellular matrix adherence at the polarized epithelium lining [76].
E-cadherin loss can be caused through repression of its expression by
transcription factors such as [77]: snail 1, snail 2 (commonly known as
slug), ZEB1, ZEB2, Kruppel-like factor 8 (KLF8), Twist, lymphoid en-
hancer binding factor-1 (LEF-1), and fork-head box protein C2 (FOXC2)
can bind to E-cadherin promoter and repress its transcription directly or
indirectly [69]. The transcription factors such as snail, slug, twist and
ZEB1/2 are some of the best characterized signaling molecules in
biology that control EMT [78].

Phthalates have been found to be involved in cancer metastasis, a
process that requires the EMT process. Di(2-ethylhexyl) phthalate
(DEHP), the most abundant phthalate, was shown to increase cell
proliferation, tumor mobility and invasiveness as well as inhibit gap
and tight junctions to promote EMT [79] by regulating cell cycle genes
and cathepsin D, a metastasis-related gene, via AR [69].

Regarding BPA, studies show that the biological effects change with
the dose administered [80,81]. Besides that, in the rat prostate, which is
multilobulated, there are indications that BPA exerts different effects
between prostatic lobes. While Takashi [82] noticed an increase in
dorsolateral prostate weight of rats exposed to BPA (235mg/kg),
Herath et al. [80] reported a decrease of weight in ventral lobe of rats
treated with 3mg/kg, which means that its effect is lobe specific. A
recent study shows that low doses of BPA (30, 90 μg/kg) stimulate the
EMT in the dorsolateral lobe of rats, in addition to its effect on cell
proliferation and estrogen levels [6].

Adult NBL rats that were treated with BPA (15 and 320mg, pellets)
and testosterone over a period 32 weeks showed T-cell infiltration in
the prostate epithelium associated with a disruption in HNF4–α genes
network [83]. Activation of HNF4-α controls the switch between the
transcriptional and adhesion functions of Wnt/β-catenin [84]. The
stabilization of β-catenin is a crucial event for the initiation of PIN-like
lesions, while HNF4- α also regulates the EMT, a process involved in
PIN development in a mouse model [84–86].

Recently, Huang et al. [6] exposed male Sprague–Dawley (5–7
weeks old) to BPA (10, 30 and 90 μg/kg/day) for 3 months. Besides the
E-cadherin downregulation, the microarray analyzis of 89 EMT-related
genes showed that 26 were upregulated, such as snails, twist, trans-
forming growth factor β 1 (TGF-β1) and vimentin. Snails participate in
the inhibition of E-cadherin expression to start EMT and can also inhibit
the transcription of cytokeratin-8, a epithelial cell marker. A vital role
in EMT is also exerted by TGF-β1 that can directly activate smad 3, thus
stimulating the expression of snails [87,88].

Yong et al. [89] demonstrated that PTCH, a critical gene of
Hedgehog pathway, was upregulated in a dose-response way by Mono-
2-ethyhexyl phthalate (MEHP) in LNCaP prostate cancer cells.
Hedgehog pathway has an important role in the prostate cancer pro-
gression and its activation can modulate a variety of transcription
factors such as the SNAIL 1 protein (Zinc finger protein SNAI1). SNAIL,
besides inhibiting E-cadherin, also disrupts the tight junctions proteins,
which compromise the epithelial homeostasis [90].

Pesticides have been associated with prostate carcinogenesis and
their persistence in the environment could promote tumor growth and
invasion. Potti and Sehgal [91] demonstrated that PZ-7 prostate cancer
cells exposed to herbicide and insecticides showed disrupted expression
of urokinase (uPA) and its receptor (uPAR). Briefly, uPA–uPAR inter-
action induces cellular motility, modulation of adhesion proteins, in-
tracellular signaling and proliferation. According Potti and Sehgal [91],
the herbicide Roundup (10−6M) and the insecticides, Lorsban (10−6M)
and Warrior (10−5 M) induced significant uPA protein expression;
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additionally, Lorsban and Warrior also increased uPAR expression.
These results suggested that a mixture of some herbicides could in-
creases the metastatic potential of tumor cells.

Xu et al. [92] showed that prostatic normal stem cells (NSCs; WPE
stem) can acquire an oncogenic phenotype when they are co-cultivated
with cadmium-transformed malignant epithelial cells (Cd-MECs) but
not with N-methyl-N-nitrosourea-transformed MECs (MNU-MECs). The
results from this in vitro experiment provided evidence that NSCs could
be influenced by soluble factors produced by Cd-MECs, and it is likely
that inflammatory factors such as TGFβ1 may play an important role in
this malignant transformation. During the co-cultured with Cd-MECs
protocol, NSCs acquired the morphology and molecular markers of
EMT, a higher expression of snail, twist and vimentin concomitant with
E-cadherin downregulation [92]. It is suggested that cadmium has a
crucial role in the oncogenic transformation of prostatic normal stem
cells into cancer stem cells which involves multiple factors, including
alteration on adherent and tight junction properties [15], epigenetic
changes, oxidative stress, and inflammation [93].

Recently, Zhang et al. [94] related the Cx-43 with oncogenicity and
metastatic potential in four different prostate cancer cells lines. Con-
sidering this, Liu et al. [95] demonstrated that cadmium (5–10 μM) was
able to increase Cx-43 expression, probably by a mechanism linked to
androgen receptor (AR), and promoted proliferation in RWPE-1 cells.
The authors concluded that cadmium incites cell proliferation, medi-
ated by Cx-43 expression through an effect on cell cycle-associated
proteins [95]. This relationship between AR and Cx-43 is in agreement
with reviewed data by Boucher et al. [29] that presented studies

showing an increase in Cx-43 expression after pharmacological or
physical castration, being associated with increased expression of
apoptotic markers and reduced cell proliferation.

6. Summary of the best established mechanisms and mechanisms
that need to be investigated

Herein we review the current state–of-the-art mechanisms in terms
of how the increasing exposure to environmental xenobiotics has been
associated with the occurrence of male reproductive disorders. Some
mechanisms by which xenobiotics interfere with cellular communica-
tion molecules during prostate morphogenesis need to be elucidate
because many of these pathways of development appear to be corre-
lated with the initiation of alterations in the adult prostate. In the
Table 1, we summarize the drugs, doses and their effects on cellular
junctions discussed in this review (Table 1). Additionally, the Fig. 2
illustrates a prostatic epithelium and its cellular junctions that are EDCs
targets.

A collection of studies revealed that BPA, phthalates, TCDD, tribu-
tyltin, estradiol benzoato and other EDCs have the potential to induce
cancer metastasis through regulating EMT, interfering in the structural
organization of the prostatic epithelium, its adhesive molecules and
cell-to-cell communication. In relation to signaling pathways modu-
lated by some deregulators, there is a need for further studies. TCDD
deregulate factors of the Wnt/β-catenin pathaway which could inter-
rupt paracrine signaling towards the prostate epithelium. Likewise,
Schneider et al. [48] described Cadmium as responsible for increased

Table 1
EDCs and its effects on prostate.

Endocrine Disruptor Experimental Model Alterations Reference

Ethinylestradiol Gerbil. 10 μg/kg, orally, in lactating females.
Neonatal (days 1-10) exposure

Hyperplasia focus with the presence of inflammatory cells Falleiros-Junior et al.
[55]

Gerbil. 15 μg/kg, orally. Post-natal (days 42-49)
exposure

Increased immunoreactivty to vimentin and presence of
inflammatory cells

Perez et al. [56]

Estradiol Benzoate Sprague-Dawley Rats. 25 μg subcutaneously.
Neonatal (days 1, 3, 5) exposure

Decreased Cx-32 and E-cadherin expression, altered
localization of Cx-32, presence of inflammatory cells

Habermann et al. [30]

17β-estradiol 3-benzoate (EB)or
Bisphenol A (BPA)

Sprague-Dawley Rats. EB: 0.1 and 2500 μg/kg;
BPA: 10 μg/kg, subcutaneously. Neonatal (days
1, 3, 5) exposure

Increased susceptibility to prostate neoplastic lesions Ho et al. [44]

Bisphenol A (BPA) Wistar Rats. 25 μg/ Kg/day, 250 μg/Kg/day.
Prenatal (days 8-23) exposure.

Altered differentiation pattern of periductal stromal cells Ramos et al. [46]

Sprague-Dawley Rats. 10, 30 and 90 μg/kg,
orally.Post-natal exposure during 3 months

Increased vimentin, decreased e-cadherin and occurrence of
EMT

Huang et al. [6]

Sprague-Dawley Rats. 25 and 250 μg/kg,
orally.Fetal (gestational days 10-21) exposure

Infiltrate of mononuclear cells in the stroma, inflammatory
lesions and PIN

Brandt et al. [59] and
Bernardo et al. [60]

NBL rats. 15 and 320mg, surgically implanted
capsules. Adult exposure for 32 weeks

Infiltration of T-cells in the prostate epithelium and
deregulation of the HNF4–alpha/Wnt-β-catenin.

Lam et al. [83].

Tributyltin (TBT) Sprague–Dawley Rats. 2.5, 10, and 20mg/kg by
gavage. Fetal exposure (gestational days 0-19)

Decreased E-cadherin, claudin-1and increased claudins -3,
-8 gene expression and altered localization of claudin-1

Barthelemy et al. [23]

Flutamide Pigs (Large White× Polish Landrace). 5 doses of
50mg/kg subcutaneously. Early postnatal (days
2–10) and prepubertal (days 90-98) exposure

Decreased E-cadherin and increased β-catenin gene
expression and altered localization ofβ-catenin

Gorowska et al. [36]

Pigs (Large White× Polish Landrace). 5 doses of
50mg/kg subcutaneously. Fetal (gestational days
20-28) and neonatal (days 2–10) exposure

Reduction of the luminal compartment, inflammatory
alterations, increased Cx-43 gene and protein expression,
and altered localization of Cx-43

Hejmej et al. [37]

2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD)

C57BL/6 J mouse embryos. 5 mL/kg. Compromised branching of the developing prostate Schneider et al. [48]

Cadmium Wistar rats. 0.2 mg/kg, subcutaneously.
Prepubertal exposure for 15 days

Increased vimentin, IL-1β, IL-6, TNF-α and decreased e-
cadherin

Du et al. [61]

RWPE-1 cells. 5–10 μM. Exposure for 48 and 72 h Increased Cx43 expression and cell proliferation Liu et al. [95]
Normal Prostate Stem Cells (NSC, WPE-stem) co-
cultivated with Cadmiun-transformed malignant
epithelial cells (Cd-MEC) for two weeks.

NSC acquired cancer stem cells characteristics via a
microenvironment that contains soluble factors derived
from MECs originally transformed by the cadmium.
Increased Vimentin and decreased E-cadherin

Xu et al. [92]

Mono-2-ethyhexyl phthalate
(MEHP)

LNCaP prostate cancer cells. 1, 5, 10 and 25 μM.
Exposure for 6 and 9 days

Up-regulatedPTCH gene (Hedgehog pathway)/SNAIL
protein – induce EMT decreasing E-cadherin and tight
junctions

Yong et al. [89]

Herbicide Roundup and the
insecticides, Lorsban and
Warrior

PZ-7 prostate cancer cells. Roundup, Lorsban:
10−6M; Warrior: 10−5M. Exposure for 3 days

increased uPA and uPAR protein expression– modulation of
adhesion proteins

Potti & Sehgal. [91]
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levels of vimentin mRNA and decreased E-cadherin mRNA in addition
to the TGF-β1/Smad pathway up-regulation, but the mechanism behind
the process needs to be clarified [15]. There are plenty of studies
showing that the EDCs exposure has a central role in the disruption of
cell polarity, increased cell motility and invasion and EMT processes.
However, some of them need to be investigated more to understand the
long-term consequences of their inter-actions during critical develop-
mental periods of the male reproductive systems and the mechanisms
that govern these changes [96].

Additional studies involving more complex experimental designs
that approximate human exposure are also needed. It is important to
note that most of the studies cited in this review emphasized the use of
isolated drugs, in a different way from the Expossoma concept, initially
proposed by Wild [97] and refined by Miiler and Jones [98], defined as
the set of environmental exposures and associated biological responses
throughout life. Rather than assessing one to one or groups of two or
three EDCs, the goal of this approach is to simultaneously analyze as
many compounds as possible in relevant doses and over long periods,
interacting with other oncogenic insults, such as aging or exposure to
other carcinogens, that trigger the progression of prostate cancer later
in life.
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