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Abstract. Environmental endocrine disruptor chemicals are
substances that can alter the homeostasis of the endocrine
system in living organisms. They can be released from several
products used in daily activities. Once in the organism, they
can disrupt the endocrine function by mimicking or blocking
naturally occurring hormones due to their similar chemical
structure. This endocrine disruption is the most important
cause of the well-known hormone-associate types of cancer.
Additionally, it is decisive to determine the susceptibility of
each organ to these compounds. Therefore, the present review
aimed to summarize the effect of different environmental
substances such as bisphenol A, dichlorodiphenyltrichloro-
ethane and polychlorinated biphenyls in both the mammary
and the prostate tissues. These organs were chosen due to
their association with the hormonal system and their common
features in carcinogenic mechanisms. Outcomes derived
from the present review may provide evidence that should be
considered in future debates regarding the effects of endocrine
disruptors on carcinogenesis.
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1. Introduction

Endocrine disruptor chemicals (EDCs) are substances that can
alter the regular functioning of the endocrine system of living
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organisms (1,2) by interfering with the effect, biosynthesis
and metabolism of hormones (3). Consequently, the disruption
of hormone homeostasis can affect different physiological
processes leading to various diseases in humans (4). Although
these compounds can occur naturally, a large number is mainly
human-made (5). They can easily reach the environment since
they are released from several daily products, such as food
cans, metals or pesticides (6), industrial chemicals, organo-
chloride pesticides and other chemicals (3). Due to the massive
use of these chemical compounds, they are widely scattered in
the environment (7) and are then bio-accumulated by living
organisms (8). The principal source of exposure is oral intake
of contaminated food (3) and direct contact or inhalation from
polluted air (1). Moreover, the possibility of vertical transfer
of these compounds through the placenta and breast milk has
been reported (6).

It has been observed that EDCs are still present in the
environment regardless of their prohibition in some countries;
levels of these compounds have been detected in non-pregnant
women, pregnant women, men and newborns (9) as a conse-
quence affecting the entire population. Thus, in terms of human
health impact (10), these substances have become a priority for
international policymakers and the scientific community (11).
Unfortunately, once these compounds reach the organism, they
can disrupt the endocrine function by mimicking or blocking
naturally occurring hormones due to their similar chemical
structure (11), therefore affecting the development later in
adult life (7).

Regarding the mechanism of action, Fig. 1 shows that
EDC:s can act through various signaling pathways modulating
the action of androgenic thyroid and retinoid receptors, as well
as interacting with estrogen receptors (ERs) (3,7) and other
non-nuclear receptors, such as membrane ERs, non-steroid
receptors and orphan receptors (3). The carcinogenicity
attributable to the EDCs is given by genotoxicity, epigenetic
modifications or immune system alterations, especially for
hormone-associated types of cancer where endocrine disrup-
tion is the most relevant cause (12). Therefore, the study
and association of EDCs with carcinogenesis are of high
priority.

The present review aimed to describe the impact of
environmental compounds such as bisphenol A (BPA),
dichlorodiphenyltrichloroethane (DDT) and polychlorinated
biphenyls (PCBs) on breast and prostate glands.
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2. Data collection method

In the present review, a search on MEDLINE (through
PubMed: https://pubmed.ncbi.nlm.nih.gov/), Web of
Science (https:/www.webofknowledge.com) and SCOPUS
(https://www.scopus.com/) was conducted between
November 2019 and March 2020 to identify studies published
from 1982 to the present addressing the association between
BPA,DDT, PCBs and carcinogenesis of the breast and prostate
glands. The search terms used were ‘mammary gland’, ‘breast
cancer’, ‘prostate gland’, ‘prostate cancer’, ‘bisphenol A’, ‘BPA’,
‘dichlorodiphenyltrichloroethane’, ‘DDT’, ‘polychlorinated
biphenyls’, ‘PCBs’, ‘exposure’, ‘epidemiology’, ‘monotonic
response’, ‘hormone sensitivity’ and ‘epigenetic’, and the data
collection approach is shown in Fig. 2.

3.EDCs: BPA, DDT and PCBs

First, it has been reported that BPA can interact with ERs
due to its chemical structure, thus modulating different
signaling pathways (13). Similarly, DDT has been considered
as a xenoestrogen compound with estrogen and androgen
receptor influence (12). At the same time, PCBs have shown
similar action mimicking natural hormones (14) and affecting
reproductive development (15). A brief description of each
compound is presented below.

BPA is known as a xenoestrogen and can be found in
filters, polymers, cosmetics, plasticizers, safety equipment,
food cans, thermal paper and medical devices (5,16,17). BPA
is popular due to its advantages over other materials such as
strength, stability and durability (5). More than 5 million tons
of BPA are produced every year (16). BPA can reach living
organisms through contaminated food (such as damaged food
cans) or water, inhalation or direct contact (5,10). Notably,
BPA has been considered a selective ER modulator (10) acting
as an estrogen agonist or antagonist depending on the tissue.
Consequently, BPA has been implicated in various endocrine
disorders, such as infertility, early puberty, metabolic disar-
rangement and cancer (13).

DDT is a chlorinated hydrocarbon with insecticidal
activity; moreover, it was extensively used to control malaria,
typhus and other agricultural diseases (18). Due to its physico-
chemical properties (8), DDT and its metabolites are extremely
stable (18). These properties facilitate their bioaccumulation in
fatty tissue (8) and their continuous circulation in the environ-
ment (19). The main route of exposure to DDT is direct contact
or consumption of contaminated food (8). Regardless of the
prohibition and restriction of its use in many industrialized
countries, DDT and its main metabolite, p,p'-dichlorodiphe-
nyldichloroethylene (DDE), are still present in animals and
humans (19). Similarly to BPA, DDT has demonstrated estro-
genic properties, either mimicking the estrogen action (20)
or blocking the ER activity (19). Additionally, it has been
suggested that DDT and its metabolites antagonize the activity
of androgens by competitively binding to androgen receptors
(ARs) (20).

Finally, PCBs are organochlorine compounds that were
extensively used, mainly for industrial purposes (21), until
its control and prohibition in the 1970s (1). PCBs consist of
a mixture of 209 chlorinated aromatic compounds, known

as congeners (15), each with individual properties and
action upon the endocrine system. Additionally, it has been
reported that these compounds have estrogenic activity, and
the interaction with other organochlorines have a synergistic
effect (22). According to the toxicological mechanisms of
these compounds, they can be divided into two groups: The
dioxin-like coplanar PCBs and the non-dioxin-like PCBs.
The former are characterized by activating the aryl hydro-
carbon receptor (AhR), while the latter interact with nuclear
receptors (some of them hormone receptors) and modulate
the estrogen and androgen signaling pathways and activate
some carcinogenic processes (23). Therefore, considering that
hormones regulate numerous types of cancer, it is urgent to
investigate the effects of environmental endocrine disrup-
tors and their long-term exposure on hormone-dependent
cancers (24). Hence, the present study focuses on two impor-
tant hormone-associated types of cancer: Breast and prostate
cancer (17).

4. Effects of EDCs on mammary gland tissue

Exposure at early-life. Since breast tissue is not fully devel-
oped at birth, hormones are crucial for its proper and unique
development throughout life (25). During this period, cells are
under rapid growth and differentiation. Therefore, any exposure
to endocrine disruptors at this stage can be critical for breast
cancer incidence (26) and denote an important issue that must
be addressed by legislators and researchers. Studying different
environmental substances with known endocrine-disrupting
effects on morphology and human health gives valuable infor-
mation regarding the consequences. Unfortunately, some of
these toxic compounds are still constantly released into the
environment despite current regulations. An example of this
is the release of DDT from melted glaciers every day; simi-
larly, PCBs accumulated in adipose tissues are released into
the body under specific physiologic conditions exerting their
effects on the endocrine system (27).

How BPA, DDT and PCBs are associated with carcinogen-
esis and how they interfere with the normal hormone-tissue
response are valid questions in this context. From that
perspective, a previous study (28) has suggested that endocrine
disruptors directly affect breast cancer incidence; never-
theless, the complete knowledge regarding the immediate
association between these environmental toxicants and initia-
tion and progression of cancer remains under investigation.
Another study has suggested that in prenatal exposures, BPA
interacts with ER inducing the expression of certain genes
that cause cellular proliferation, particularly branching ductal
growth (26). It is well known that ER is crucial in the carcino-
genesis process (29); therefore, any interaction will alter such
a process.

Due to its long half-life, DDT accumulates in human
tissues, and it has been demonstrated that its metabolites are
transferred from breast milk to newborns, thus increasing
the serum level in children exposed to such compounds (30).
Although a previous study (31) used DDE serum levels as a
marker of DDT exposure, design limitations paused the prog-
ress regarding conclusive evidence to determine exactly the
grade of influence of DDT exposure in early life and breast
cancer development.



ONCOLOGY REPORTS 45: 20, 2021

EDCs
BPA, DDT, PCBs

Non-nuclear receptors
Non-steroid receptors:
Serotonin and dopamine receptors
Orphan receptor:
Aryl hydrocarbon receptor

X ERs

R;h
s Enzymatic pathways
Mclhyllransfcrasc and
deacetylase
/ 4 @ '\ Morphological changes
uclear hormone receptors Cancer risk

Reproductive system alteration

N
/ ERs, ARs, PRs,
Gene expression alleration

/. TRs, Retinoid, and,
Prolactin receptors
( 7 ’

9, L ] .
.IIQI. o .:lI ,f:x
Figure 1. Summary of the mechanism of action of EDCs. BPA, DDT and PCBs can exert their action by modulating different signaling pathways, through
the interaction with nuclear hormone receptors, such as ERs, ARs, PRs, TRs, retinoid receptors and prolactin receptors. EDCs can also interact with
non-nuclear receptors, such as non-steroid receptors, orphan receptors, membrane ERs and enzymes. EDCs, endocrine disruptor chemicals; BPA, bisphenol-A;
DDT, dichlorodiphenyltrichloroethane; PCBs, polychlorinated biphenyls; ERs, estrogen receptors; ARs, androgen receptors; PRs, progesterone receptors;
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Figure 2. Search on MEDLINE (through PubMed), Web of Science and SCOPUS was conducted between November 2019 and March 2020 to identify
studies addressing the association between BPA, DDT, PCBs and carcinogenesis of the breast and prostate glands. The search terms used were ‘mammary

prostate gland’, ‘prostate cancer’, ‘bisphenol A’, ‘BPA’, ‘dichlorodiphenyltrichloroethane’, ‘DDT’, ‘polychlorinated biphenyls’,

gland’, ‘breast cancer’, ¢
‘hormone sensitivity’ and ‘epigenetic’. EDCs, endocrine disruptor chemicals; BPA, bisphenol-A;

‘PCBs’, ‘exposure’, ‘epidemiology’, ‘monotonic response’,
DDT, dichlorodiphenyltrichloroethane; PCBs, polychlorinated biphenyls.
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Regarding the association between early-life PCBs expo-
sure and an increase in breast cancer development, studies are
scarce. However, a previous study (32) evaluated whether PCBs
concentrations were demonstrative of early-life exposure using
a physiologically-based pharmacokinetic (PBPK) model. This
evaluation took into consideration some information obtained
from the French population-based case-control study (32),
and the half-life of PCB153 congener was detected with high
frequency in most of the samples used; even though this tool
can serve as a predictor of early-life exposure, some hindrances
must be considered, for instance, the window of breast cancer
susceptibility is not clear for PCB compounds (32). Therefore,
it is difficult to establish a direct and close association between
PCB compounds and breast cancer when exposed early in life.

Exposure in adults. Paradoxically, as endocrine disruptors
disrupt the endocrine function, one of their effects is the
derangement of the normal cell interactions (tissue organiza-
tion). Some interactions, such as the epithelial-epithelial and
stromal-epithelial interactions, are fundamental for the defini-
tion of any tissue organization, and any change at this level
can affect the proper communication with consequences in
cell proliferation, motility and cell adhesion (33); therefore,
the analysis of these interactions during mammogenesis and
carcinogenesis is necessary. It is inevitable not to mention a
tissue-based theory, the so-called tissue organization field
theory (TOFT) of carcinogenesis; this proposes that morpho-
genetic fields coordinate histogenesis and organogenesis (33).
Then, during the perinatal phase, it leads to tissue arrangement
and remodeling processes, affecting morphogenesis; however,
this phenomenon can be reversible (26,34,35).

Similarly, it has been reported that BPA affects tissue orga-
nization and intensifies the estrogen-tissue-target response,
along with the expression of mediators of progesterone,
altering the progesterone hormone response (36). Notably,
major morphological changes in the mammary gland develop-
ment were observed when BPA exposure occurred during the
embryogenesis phase (37). Moreover, studies have revealed
that fetal exposures to BPA cause a more sensitive response
to estradiol on certain tissues, such as the uterus, vagina
and mammary glands (25,38). Consequently, this leads to
mammary gland changes and increases the susceptibility to
develop diseases later in life (26).

On the other hand, although DDT has endocrine-disrupting
features, its direct effects on cancer remain unknown (39).
A previous study that evaluated breast cancer supported the
TOFT theory and DDT effects on mammary tissue (34).
Concerning DDT and PCBs, the aforementioned study
assessed a mixture of different pesticides, including DDT,
PCBs and polybrominated biphenyls (PBBs), in normal human
breast epithelial cells (34). This evaluation was particularly
conducted to determine their effects upon gap junctional
intercellular communication in mammary tissue (34). Major
effects on intercellular communication integrity in normal
epithelial cells were observed after the treatment with the
mixture of DDT, halogenated compounds and dieldrin (40).
Similar effects were observed in epithelial cells from other
tissues under the effects of PCBs (41,42).

Overall, it was suggested that epithelial cell communica-
tion was affected by different environmental compounds such

as BPA, DDT and PCBs, and the collaboration of individual
compounds contributed to this phenomenon (40). In other
words, each toxic compound may grant a certain grade of
risk to the breast cancer process and other types of cancer.
Additionally, to tackle this issue from a broader perspective,
other factors such as compound interactions, chemical struc-
ture and physiological conditions should be considered.

Exposure during prenatal and postnatal life. In vivo studies
that evaluated the long-term effects of BPA based their
concentration on the safe reference dose (SRD) provided by
the Environmental Protection Agency (EPA) and the United
States (US) Food and Drug Administration (USFDA) (29,37).
The SRD established for humans is 50 pg/kg/day based on
a 1,000-fold reduction of the dose used in the US National
Toxicology Program analysis (29,37). Several studies have
suggested that early exposure to BPA using doses below
the SRD causes different changes at a morphological level,
including proliferation, over-growth of structures like terminal
end buds (TEBs) and hyperplasia (37,43).

Additionally, it was reported that fetal exposure to low
BPA doses affected epithelia-epithelia interactions; for
instance, a relevant morphological alteration occurred in fetal
mammary tissue after 0.25 ug BPA per kg' BW per day’
exposure (38). Different modifications were observed, such
as enlargement of ductal area, change in the matrix organi-
zation, suppression of lumen formation, abnormal collagen
distribution and alteration of the fat pad in the extracellular
matrix (44). Moreover, under the influence of BPA, a similar
gene expression in stromal and epithelial compartments was
observed compared with ethinylestradiol treatment (44).
Therefore, this supported the idea of BPA as an endocrine
disruptor with xenoestrogen action.

A study was designed to evaluate the effects of BPA
in utero exposure in pregnant Sprague Dawley rats, treated
with 25 and 250 ug BPA/kg (45). The measurement of the
mammary gland architecture was followed at different ages of
the female offspring, and it was observed that morphological
components such as TEBs and terminal ducts (TDs), which
are epithelial structures, increased at the highest doses of BPA
(250 pg), and this was time-dependent (45), demonstrating the
effects of early exposure to BPA upon the susceptibility to
mammary tumor formation.

A previous study (43) also studied the effects of BPA on
the female mammary gland at prenatal exposure, reporting
an increase in neoplastic lesions, such as ductal hyperplasia,
comprising epithelial and stromal alterations near the affected
ducts. Notably, the study also observed that most of these
effects were not present before puberty, indicating that BPA
exerts its influence on estrogen sensitivity, and that there was
a notorious presence of mast cells associated with the hyper-
plastic ducts, suggesting a reinforcement of the angiogenesis
process (43).

After perinatal BPA exposure of the mouse mammary
gland, some morphological changes were also observed. For
instance, mice exposed to BPA from day 8 of pregnancy until
day 16 of lactation, with doses 0.25-25 ug BPA/kg BW/d
showed a direct correlation between time and increment of
alveolar buds (ABs) and intraductal hyperplasia (46). Similarly,
in a study where BPA exposure was extended from prenatal to
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postnatal, an increase of ABs was observed at 3 and 9 months
of age (26). Notably, the same study also reported that perinatal
exposure to estrogens promoted intraductal hyperplasia (26).

Another study used ovariectomized female mice exposed
to BPA via osmotic pumps in a concentration of 25-250 ng
BPA/kg BW/d, from day 9 of pregnancy to postnatal day 4,
reporting an increase in lateral branching, TEBs per ductal
area, mammographic density and ABs (47). Other cellular
changes, such as an increased number of cells expressing ER
and progesterone receptor (PR) in the epithelia, were observed,
increasing the sensitivity to these hormones (47).

Another morphological characteristic observed in rodents
exposed to BPA was a more fibroblastic and denser stroma
near the ducts (48), possibly due to a desmoplastic reaction.
Moreover, it was observed that perinatal exposure affects
the hormone-tissue response translated into sensitivity to
estradiol and overexpression of PR, increasing breast cancer
risk (26,43.,47).

Furthermore, it was shown that BPA exposure led to
paraneoplastic and neoplastic lesions, even in the absence of
other carcinogenic compounds (37,45). For instance, Sprague
Dawley rats were exposed to different BPA concentrations
using osmotic pumps during gestation and postnatal stages,
resulting in rats with mini tumors >1 c¢cm? after gestational
day 9 until postnatal day 21, even when no other carcinogen
compound was present (49).

Another study (50) that evaluated the effects of BPA on
the mammary gland was performed using non-human primate
mammary gland in a model called a ‘high-estrogen level
model’, with some advantages over other rodent models. This
model allowed to observe important morphological alterations
in the mammary tissue after the in utero BPA exposure, such
as epithelial density in monkeys, which is key in breast carci-
nogenesis (50).

Similarly, DDT has also been investigated in vivo
regarding breast cancer (51). However, the results remain
inconclusive. In a case-control study performed between
1994 and 1997, it was reported that there was no association
between DDE and DDT accumulation and breast cancer
risk (51). However, the aforementioned study presented some
drawbacks and therefore no definitive conclusions could be
stated at that point. Later, a further study involving postnatal
and in uterus exposure contributed to investigate the effects
of DDT exposure (27). The susceptibility to develop breast
cancer when exposure occurred in the early stages of life
in prospective human studies was evaluated, revealing an
association between DDT early-life exposure and breast
cancer risk; moreover, this risk was increased (5-fold) when
the exposure occurred early in life compared with when it
occurred later in life (27,34).

A case-control study in patients with breast cancer in India
during 2015-2016 analyzed the serum levels of organochlo-
rine compounds, such as hexachlorocyclohexane (HCH)-a,
B, v, endosulfan, DDT and its metabolites, among other
compounds (52). This study revealed that the most frequent
stage of breast cancer detected was Stage II (36%), and inva-
sive ductal carcinoma was the most common type (78.6%) in
those patients (52). Additionally, it was found that DDE levels
were higher in patients with breast cancer compared with in
healthy individuals (52).

Mammographic breast density is considered a marker of
breast cancer risk (28,53,54). It is the result of a combination
of hormonal activity, and it is important during mammary
tissue development, for example during puberty and preg-
nancy (53). A study conducted to determine whether in utero
environmental exposure affected the mammography density
provided valuable evidence associating DDT with different
morphological changes, and results indicated that p,p'-DDT
and DDE were associated with a more sensitive and dense
area, while o,p'-DDT with a non-dense area; notably,
o,p'-DDT was associated with a dense area in women
with a maternal breast cancer history (53,55). Therefore, it
is necessary to consider the type of exposure, the timing
and the grade of biotransformation suffered from the toxic
compound.

PCBs comprise highly halogenated congeners, providing
lipophilicity, which allows bioaccumulation in adipose
tissue (24,56). Therefore, it is suggested that this bioaccumula-
tion has a causal association with breast cancer risk. To check
this possible association, a previous study collected samples
from 51 women (ranging from disease-free to metastatic breast
cancer), and PCB concentrations were assayed directly from
the breast tissue; additionally, the clinical and pathological
features were evaluated (24). Notably, the bioaccumulation of
PCBs did not show any direct association with breast cancer;
however, this bioaccumulation was associated with age, where
the more the exposure, the more the quantity of PCBs accumu-
lated in breast tissue (24).

A hospital-based case-control study conducted in Canada
evaluated samples from biopsies of 217 breast cancer cases and
213 benign controls (57). A total of 14 PCBs congeners were
considered along with 10 other organochlorine deposits in
breast adipose tissue (57). The study detected that some conge-
ners, such as PCB105 and PCB118, had a certain connection
with high cancer risks, with a high risk even for premenopausal
women, while others, such as PCB170 and PCB180, were also
higher but with no clear consistency (57).

Furthermore, a case-control study conducted in Connecticut
studied the number of 9 PCB congeners in the adipose breast
tissue of 490 women (304 cases and 186 controls), suggesting
that individual congeners contributed in a particular manner;
for instance, PCB156 showed protective properties, while
PCBI180 and PCB 183 increased the risk of breast cancer (58).
According to Wolff et al (59), congeners can be divided into
three groups: i) Potentially estrogenic; ii) potentially anties-
trogenic and immunotoxic, dioxin-like; and iii) phenobarbital,
CYP inducers, biologically persistent. Therefore, PCB156 can
be classified in group 2, according to the aforementioned
description and another study (60).

Regarding the possible association between PCBs and the
risk of breast cancer, a case-control study was conducted in
a high-exposed population in eastern Slovakia, analyzing the
serum levels of PCB of 24 patients with breast cancer and 88
healthy individuals (60). From this investigation, a poor associ-
ation between PCB levels and the risk of cancer was observed;
by contrast, a positive association was found between DDE
and DDT in the breast cancer samples (60). Nevertheless, the
authors of the aforementioned study discussed some limita-
tions, such as the collection of insufficient samples gathered
and insufficient sample collection time (60).
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Accordingly, another study indicated that PCBs are
structure-dependent and supported that each congener contrib-
uted in a specific manner and at a certain grade to develop the
disease according to its chemical structure (61). Therefore,
individual congener evaluation may provide further insight and
more understanding regarding its specific biological effects
on breast tissue; such evaluation may serve as a preliminary
approach to determine breast cancer risk (58). However, it could
not be taken as definitive evidence of causality (57) due to some
discrepancies (62) in the magnitude of the effect. Besides, other
substances that were not evaluated should be considered since
they could also exert a certain effect along with PCBs.

Effects of EDCs and other compounds. As aforementioned,
the embryo is highly susceptible to any stimulus, especially
to chemicals and hormones, and results indicated that
BPA prenatal exposure increased the risk of mammary
neoplasia under N-nitroso-N-methylurea (NMU) influence;
morphologically, a high number of mast cells was observed
in the mammary gland stroma (43). Although the uterus
is an important organ that protects the fetus from external
factors, total isolation is impossible; different routes allow
exogenic compounds to reach the organism during develop-
mental phases and consequently different substances can act
concomitantly (63). Therefore, the analysis of their effect can
give insight regarding these effects on the embryo. A study
has been done on mammary gland tumor formation and the
influence of another carcinogenic compound, NMU, alongside
BPA; NMU is a chemical compound that has been classified
by the International Agency for Research on Cancer (IARC)
as possibly carcinogenic to humans (63). Another study
reported that in utero BPA-exposed animals had a higher
number of neoplastic lesions when they were subsequently
treated with low doses of NMU (37), reinforcing proliferation
and abnormal development, and increasing the risk of devel-
oping mammary gland tumors. Furthermore, a reduction in
latency time was observed when pregnant mice were exposed
to BPA with subsequent female offspring treatment with 7,
12-dimethylbenz (a) anthracene (DMBA), and similar results
were observed in rats, in which the number and size of tumors
increased after BPA and DMBA treatment (64,65).

Some studies (66,67) have suggested that flavonoids are
protective molecules. Furthermore, some infant supplements
contain soy to counteract the effects of contaminants in
infants (66,67). Nevertheless, in vivo studies evaluated the
effect of flavonoids and a mixture of common contaminants on
the mammary gland, such as p,p-DDT, p,p-DDE, endosulfan,
PCBs and Aldrin (66,68). The quantities administered were in
the range of safety,according to the Agency for Toxic Substances
and Disease Registry or the US EPA. Sprague-Dawley rats,
9-16 days of gestation and following postnatal feeding, were
administered genistein at 10 xg/g BW/d. After 200 days of age,
the rats exposed perinatally to the mixture and the naturally
occurring estrogenic compounds acquired ductal hyperplasia,
lactational changes and fibrosis (66,68). It is important to
consider that it was suggested that, inversely, prepubertal
genistein exposure was associated with a protective action
against mammary tumors (66).

Another study in rats revealed that acute pubertal
exposure to diethylstilbestrol, genistein and o,p-DDT can

increase mammary cell proliferation and enhanced mammary
gland differentiation, especially in TEBs (69). The same
study demonstrated that Aroclor 1221, Aroclor 1254 and
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) did not show any
significant difference compared with the control (69). This
may be due to inadequate dose, weak anti-estrogenic proper-
ties or wrong exposure timing.

Other examples showed the effects of a mixture of
compounds compared with a single compound. For instance,
a group of neonate rats fed with a mixture of DDT, DDE
and 19 PCB congeners was compared with a group exposed
to TCDD alone, and both groups were injected with a
cancer-initiator, NMU 30 mg/kg BW/d (70). Mammary
tumors were extracted when they reached the size of ~1 cm
or at 308 days of age, and observations indicated that TCDD
and high doses of the mixture induced mammary tumors (70).

Monotonic and non-monotonic response. Hormones, exog-
enous estrogens and oral contraceptives are known factors
that increase breast cancer risk (56). It may be hypothesized
that high doses of these factors may increase the risk of breast
or other types of cancer, but this is not always the case for
EDCs. Similar to some hormones, in vitro and in vivo data
demonstrated that EDCs responded to a non-monotonic
dose-response (28,37,45,71). Some notable results about
non-monotonic and ER expression were obtained in a study
conducted on Chinese women (28). Exposure to PCBs was
measured in breast adipose tissues of 230 women undergoing
a biopsy, lumpectomy or mastectomy: First, PCB153 was
detected with the highest molar concentrations compared with
the other six congeners that were evaluated; second, postmeno-
pausal women presented the highest levels of PCBs compared
with premenopausal women; and third, PCB levels were
different from ER expression, showing a non-linear change,
presumably due to its non-monotonic response curve, the same
as E2 behavior, affecting the ER transcription (56). Similarly,
a population-based study suggested that DDE increased breast
cancer risk at lower doses (25).

After measuring PCBs and other lipophilic-compound
concentrations in breast and abdominal adipose tissue, it
was found that the amount of compounds in Europe (72)
and the Americas was as follows: Organochlorine
pesticides>polychlorinated biphenyls>spider mite
control>polybrominated diphenylethers>2,2'4,4'5,5'-he
xabromobiphenyl (OCPs>PCBs>SMCs>PBDEs>PBB153,
respectively). PCBs (73) and DDTs were ~70% of the
concentration of the total analyzed (74), whereas in Asia,
DDT and HCH were found in high concentrations in
adipose tissue (75-77).

These studies established an association between
abdominal adipose tissue and breast fat tissue regarding
PCBs and other lipophilic contaminants with some specific
exceptions (73). This approach may be useful for further
analysis considering pharmacokinetic tools as the PBPK
model, enabling researchers to predict or evaluate breast
cancer risk in a retrospective manner. Therefore, time,
period of exposure and dosage should be considered in
terms of breast cancer susceptibility, in addition to the
characteristics of the compound. Since some of them as
PCBs are lipid-soluble compounds, their distribution and
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bioaccumulation serve a crucial role in pharmacokinetics
and toxicological analysis.

Hormone sensitivity and receptor expression. Hormones are
important for the development of tissue architecture (37).
Therefore, any change in this normal structure can have
serious consequences later in life. Upon hormone influence,
the mammary gland undergoes several morphological changes
in the stromal and epithelial sections (37). During this period,
the mammary tissue is highly responsive to any hormone
impairment. On the other hand, hormones such as prolactin,
estradiol and progesterone are recognized as important factors
involved in breast cancer (28,78). Although estrogen is asso-
ciated with cancer etiology, it cannot be considered the only
cause of this disease; other hormones and factors are neces-
sary to contribute to that process (28).

A previous study in rodents confirmed that BPA exposure
during their prenatal phase had a high impact on the prolifera-
tive process and ERa and prolactin expression (48). The same
observations were made in both mice and rats, in which BPA
increased the sensitivity to estrogen and overexpression of
PR (26,46,47,79). Similarly, in utero DDT exposure was evalu-
ated concerning the estrogen sensitivity. Findings revealed
that most breast cancer cases were ER- and PR-positive and
erbB-2 (HER?2)-negative, and that in utero DDT exposure was
associated with HER2-positive breast cancer (27,34,80,81).
These results were confirmed using MCF-7 cell lines, where
HER2, among other oncogenes, was activated by low DDT
doses (82,83).

Regarding PCBs and their estrogenic activity, it
was demonstrated that some congeners do possess this
activity (84,85); presumably, this activity may increase the
risk of hormone-responsive cancers. Conversely, the congeners
that exhibited anti-estrogenic characteristics may restrain the
harmful effects of estrogens (58). In general, PCB congeners
with a high content of chlorinated groups exhibited mainly
anti-estrogenic effects (84), in contrast to the poorly halogenated
ones. However, there are some discrepancies concerning the
hormone receptor expression and its sensitivity. For instance,
another epidemiological study indicated that DDE increased
breast cancer risk with no association with ER and PR status (25).
Similarly, PCB congeners showed no positive association with
breast cancer and its relation to ER and PR status (78).

Epidemiology. BPA is present in containers and canned
food and is thus present in daily activities (86). It has been
shown to influence the mortality rate and reduction of fetal
survival (86). Therefore, epidemiological studies and animal
studies are necessary to establish a positive and reliable asso-
ciation beyond the molecular aspects of the effects of EDCs.
This may encourage epidemiologists and scientists to improve
their methods, work together and exert a serious movement
to harden public policies regarding environmental toxicants.
Several epidemiological studies (86,87) have been performed
in the Americas, Asia and Europe, but no direct association
has been found between DDT and DDE and breast cancer.
However, the influence on the risk of breast cancer at early age
exposure cannot be excluded (87).

To evaluate the influence of PCBs in breast cancer survival,
a population-based cohort study was performed by collecting

blood samples from women diagnosed with first primary
invasive or in situ breast cancer between 1996 and 1997 (88).
Notably, the analysis was separated for each congener,
knowing that each compound had different estrogenic activity.
Therefore, anti-estrogenic and persistent congeners such
as PCBI118 and those part of Group2A (59) were inversely
associated with all-cause mortality, in contrast to congeners
that clearly showed estrogenic activity, such as PCB174 and
PCBI177, and were potentially estrogenic and persistent (88).
Another study aimed to investigate mortality incidence after
a breast cancer diagnosis, providing information regarding
the inverse association between PCBs and mortality, particu-
larly in those cases with adverse prognostic factors (89). The
study was conducted prospectively and evaluated the adipose
concentration of PCBs in Danish women. A slow metabo-
lism could explain this inverse association, where high lipid
concentration meant slow metabolization by CYP450, which
showed anti-apoptotic effects in vitro (89). Additionally, lipo-
philic properties may also partly explain the quantities found
in adipose tissue, higher than circulating PCBs (89). Similarly,
in Canada, Woolcott et al (90) observed that organochlorines
were regularly associated with tumors with poor prognosis
(ER- and PR-negative, large size and advanced grade), while
there was no association with ER status. Therefore, higher
levels of organochlorides may be associated with a higher level
of aggressiveness of the tumor. An evaluation performed by
the TARC concluded that despite the bias and discrepancies,
the possible association between PCBs and breast cancer risk
cannot be discarded (84).

General findings. Regardless of the route, type or time of
exposure, BPA has been reported to alter mammary gland
morphology and gene expression (26), and has been associ-
ated with breast cancer risk upon early exposure (5). In
general, PCBs do not show a positive correlation with breast
cancer risk; therefore, larger studies are required to identify a
consistent association, even though the concentration of these
compounds has decreased due to the prohibited or regulated
policies use (74).

To assume that exposure to endocrine disruptors is not a
social or economic issue does not comprehensively approach
the problem. For instance, the association between DDT expo-
sure and the risk of breast cancer is associated with emerging
countries, while developed countries have stricter policies
regarding pesticides and hence their population is better
protected (20,52,91).

5. Effects of EDCs on prostate

Exposure at early-life. Considering that embryo development
is highly vulnerable to environmental toxicants (10), any
exposure to substances such as BPA, DDT or PCBs may affect
the correct morphological development of the prostate. It was
reported that neonatal exposure to EDCs was associated with
obstruction of male reproductive organs (10) and even dysregu-
lation of some prostate cancer (PCa)-associated genes (4).
The prostate is part of the reproductive male system (92),
and like the mammary gland, it is sensitive to external factors
such as environmental contaminants, especially during critical
windows of development (7). Prostate malfunction affects
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primarily elderly males compared with younger cases (93,94).
PCa is one of the primary causes of cancer-associated deaths
among American men (95) and in western countries (5).
Additionally, benign prostatic hyperplasia is the most common
benign neoplasia among older men (95).

PCa is associated with different risk factors, including
genetics, infection, diet and hormone impairment (5). Age is
fundamental in this context, considering that changes in the
biological endocrine system are more common at an advanced
age (17). Moreover, older men present a higher estrogen/testos-
terone intra-prostatic ratio and higher ER overexpression
compared with young men, and an autopsy study revealed that
the prevalence of pathological benign lesions such as hyper-
plasia increased markedly in 90% of men older than 80 years
old (5).

Studies reported that BPA exerted prostate toxicity (10,17),
causing physiological changes at the fetal, pubertal and adult
stages (96,97), affecting male fertility (10) and causing
hormonal disruption inducing benign hyperplasia and
prostate cancer in adults and elderly men (5). Additionally,
it was reported that low doses of BPA induced cellular prolif-
eration of the ventral prostate and promoted the synthesis
of prostaglandin D2 in adult rats (5,98) via its estrogenic
activity. Furthermore, other EDCs are involved in PCa. For
example, PCB-153 congener and DDE were observed in the
plasma of patients with PCa (5) and were associated with
PCa risk (8,21).

A previous study (9) provided an in vitro human-prostate
model from embryonic stem cells in an attempt to simulate
in utero conditions; prostate organoids were carefully grown
and differentiated with growth factors, steroids and testos-
terone. Organoids developed branches creating a complex
network of epithelial-like ducts confined by a membrane
and stromal cells similar to the human prostate (9). Using
this model, and during differentiation under BPA exposure
(1 or 10 nM), a disruption of prostate morphogenesis and
cell homeostasis was observed in prostate structures in a
dose-dependent manner (99), providing evidence in vitro that
BPA caused an impaired development in the human fetal
prostate that affected maturing prostate structures. In another
study (100), cells obtained from the prostate gland of healthy
young men, expressing ERa and p, were transplanted for
eventual tissue formation into a kidney-capsule mouse model.
When mice were treated with testosterone and estradiol, the
in-develop tissue showed improper development, followed by
prostatic intraepithelial neoplasia (100,101). On the other hand,
a de novo generation study provided evidence to hypothesize
that prostate cells may behave like breast tissue and that early
embryonic BPA exposure may affect prostate development by
increasing hormone susceptibility (9).

Tyl et al (102), in a two-generation study, identified BPA as
anon-reproductive selective compound at any dose in mice. On
the other hand, the abnormal prostate stem cell self-renewal
caused by BPA in early-life exposure, particularly during
development, could be considered as an important risk factor
for cancer in adulthood (5). Gestational, postnatal and epide-
miological studies suggested that during decisive windows of
development, exposure to EDCs affected the normal function
and increased the risk of PCa in adult life (95,103,104). Some of
the points of these studies are presented in the current review.

Exposure in adults. Benign prostatic hyperplasia (BPH) is a
non-malignant growth of the prostate gland, affecting older
men (17,31). A study based on epithelial-mesenchymal transi-
tion (EMT) induction by BPA determined that this substance
promoted BPH in aged rats via EMT (17). Sprague-Dawley SD
rats (male, 5-7 weeks old) were administered BPA in smaller
doses than those indicated by the USFDA (105). Results indi-
cated that BPA promoted the growth of the dorsolateral prostate,
increasing the incidence of prostate epithelial tumors (17).
Additionally, the ventral prostate lobe became more sensitive
to low doses with long-term exposure, and an increase of the
estrogen to androgen ratio was observed (17). Even though
protein expression suggested an association between BPH and
EMT, the specific signaling pathway requires to be studied in
detail for further confirmation.

BPA exposure has been associated with obesity and
endocrine/metabolic disease (106). A histopathological study
confirmed that long-term BPA exposure and a high-fat diet
induced lesions typical of proliferative and inflammatory
processes; additionally, some metabolic changes altered the
normal prostatic function (107). The dorsolateral lobe was the
most affected, showing a high number of lesions in rats admin-
istered with BPA and a diet rich in fatty acids, suggesting an
additive effect (107). In general, BPA increased the number
of epithelial alterations and inflammatory foci, and adding a
hypercaloric diet affected similar signaling pathways (107).
No data were found regarding PCBs and DDT concerning
specific histological or morphological prostate tissue changes
under these compounds.

Exposure during prenatal and postnatal life. A previous
study has investigated BPA exposure in utero to evaluate
and determine its specific prostate development effects
and a possible association with PCa in animals (108).
Similarly to the aforementioned flavonoids, melatonin
(N-acetyl-5-methoxy-tryptamine) has some prophylactic
features. It has been demonstrated that melatonin protected
from cellular damage caused by reactive oxygen species (109).
Thus, Olukole et al (110) studied the effects of melatonin
against the toxicity caused by BPA in adult rodents using
prostate-specific antigen (PSA) measurement, revealing that
the probability of developing PCa increased after 14 days of
low-dose exposure. Furthermore, histopathological alterations
of the prostate were similar to those found when in-utero expo-
sure took place (108). Notably, melatonin decreased lesions in
the epithelium compartments, tubular atrophy and vascular
congestion (110), suggesting a protective function.

In humans, the evaluation of PCa demonstrated that BPA
concentration in urine was higher in patients suffering from
PCa than that in healthy individuals, suggesting an asso-
ciation between amounts of BPA circulating in urine and PCa
prognosis (5).

Regarding DDT, it was reported that chlorinated hydro-
carbons exposure induced mutagenesis in rodents; this
provided the first highlights of DDT and its effects on other
organs inducing metastatic liver tumors, hepatocarcinogen-
esis, lymphomas and lung tumors in animals (18). In a feeding
study of 25 years, 24 cynomolgus and rhesus monkeys,
which are phylogenetically close to humans, were given DDT
(20 mg/kg) in the diet for 130 months and held for observation
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until the age of 18-24 years (18). Results indicated that there
was evidence of liver and central nervous system toxicity;
two neoplastic developments were observed in the dosed
cynomolgus monkey group, one case of metastatic hepatocel-
lular carcinoma and one of prostate adenocarcinoma (18).
Additionally, it was observed that the rhesus monkeys were
the most susceptible to suffer from neurotoxicity, suggesting
a difference in the metabolism within these two species of
monkeys (18). Therefore, differences such as compound
biotransformation, diet, body fat and serum levels should be
considered in each analysis.

Regarding DDT and its effects on ERs in vivo, a study
conducted in transgenic mice to express a reporter of ER
activity (ERE-tkLUC mouse) investigated the transcrip-
tional activity of ERs measured via luciferase induction (19).
Engineered male mice (2 months old) were injected intraperi-
toneally with 100 ul1 DDT and its two isomers p,p'-DDT and
0,p-DDT to reach ~50 pug/kg, a dose high enough to interfere
with normal fertility in animals; after measuring the luciferase
signal at different periods, it was observed that DDT isomers
could modulate ER activity of the reproductive tissue (pros-
tate) and other tissues, such as the liver, brain and thymus (19).
Additionally, DDT effects were observed at 16 h, almost 10 h
after the estradiol injection response, presumably due to the
kinetic distribution of DDT and derivative compounds (19).
These observations show that DDT exerts an effect even at
postnatal exposure and that other organs may be affected in
time, similarly to the effects observed in mammary tissue
after long-term exposure to DDT (18).

Another perspective is the analysis of the epigenetic
transgenerational inheritance of epimutations caused by DDT.
DNA methylation of sperm is one of these epimutations (111).
It was reported that maternal and paternal outcross of the
fourth generation caused pathologies in the male prostate,
kidney and other abnormalities such as obesity; in particular,
DDT lineage animals in the third generation presented pros-
tate disease inherited through mother-of-origin; similarly,
kidney disease was transmitted via parent-of-origin (111).
However, the aforementioned effects were exhibited by DDT
as well as by its main metabolite, DDE. A study conducted
in Sprague-Dawley rats demonstrated that in utero, lactation
and direct exposure to DDT, DDE and a mixture composed
of DDT, deltamethrin, p-nonylphenol and phytoestrogens
harmed the male reproductive system, as well as affected
the male offspring (7). At concentrations typically found in
malarial areas of South Africa, an increment of prostate mass
was observed in DDT exposed rats; other abnormalities were
observed in other treated groups, such as increased steroid
hormone in serum (7), indicating that long-term exposure to
pesticides, such as DDT that has a long half-life, is detrimental
for living organisms.

On the other hand, it was observed that high levels of DDE
in serum induced alterations of the reproductive process in
humans (112-114). Exposure to pesticides was demonstrated
to be a hindrance to male fertility. This was evaluated in the
semen of fertile and infertile men in India. After chemical
analysis, an association was found between DDT metabolites,
DDE and 1,1-dichloro-2,2 bis(p-chlorophenyl) ethane (DDD)
and infertility in Indian men (115). Several mechanisms have
been postulated, including alteration of quality and quantity

of sex gland secretion, chemical infiltration to seminal plasma
affecting the sperm or alteration of the ova at the time of
conceptus (116).

Another typical mechanism to evaluate PCa evolution is the
measurement of biochemical recurrence after prostatectomy.
Blood levels of 326 men were evaluated for chlordecone, DDE
and PCB-153 concentrations at the time of diagnosis; notably,
DDE and PCB-153 outcomes were not conclusive concerning
the association with elevated PSA levels (117). These results
support the fact that determining the net effect of EDCs on
PCa is difficult due to the estrogenic and androgenic modula-
tion by DDE on the prostate and the multiple effects of each
congener in the case of PCBs, being troublesome to predict or
establish causality of PCa initiation and progression.

Effects of EDCs and other compounds. BPA was banned
in some developed countries, and it was replaced by other
analogs such as bisphenol-F, bisphenol-B and bisphenol-S
(BPS) (118). BPS is a more stable compound, thus more
resistant to degradation than BPA (119). It was reported that
the prostate in gerbils presented some morphological particu-
larities (120-122). Silva et al (119) assessed the effects of the
BPA analogs on the prostate of gerbils. A total of 30 male
gerbils (90 days old) were divided into three groups of 10
animals each and were orally administered with either the
dilution vehicle alone (control), 40 ug/kg BPA or 40 ug/kg
BPS for 28 days (119). Changes in prostatic tissue, glandular
hyperplasia, AR and ERa immunostaining and augmented
cell proliferation were observed in the prostate, and neither
BPA nor BPS caused changes in testosterone and estradiol
serum levels (119).

Another notable combination is DDT and its metabolite
DDE; as in breast cancer, this combination also affected the
normal functioning and structure of the prostate (8). Moreover,
it partly affected the clinical diagnosis and eventual course
of the disease due to late treatment (8). Additionally, low
quantities of DDT or DDE were able to repress PSA at the
mRNA and protein levels; consequently, the PSA test came
out altered (8), giving a false negative result for patients with
PCa. The specific mechanism was described as blocking the
AR binding to the PSA promoter via conformational changes
to the AR-ligand complex; therefore, detection of PSA alone
should not be regarded as a unique screening detection proce-
dure. Additionally, it was observed that these compounds
altered the response of androgen-sensitive cells in traditional
therapies (8).

On the other hand, to determine the effects of different
environmental pollutants, researchers from Singapore studied
the association of several organohalogen compounds and
their association with PCa risk (21). The levels of OCPs,
PCBs and halogenated flame retardants were measured in a
hospital-based case-control study in patients with PCa between
50 and 83 years old; among the pollutants, the combination of
DDT and PCBs was more associated with PCa risk, especially
for p,p'-DDE, p,p'-DDD, p,p'-DDT, PCB-153 and PCB-138 (21).
Inversely, other researchers estimated that proper PCa
risk evaluation should be performed by analyzing specific
pesticides, thus establishing their potential association (20).
Therefore, a systematic meta-analysis review of different
case-control and cohort studies published up to March 2015
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was performed, and no association was found after pooling the
results; nevertheless, the authors did not discard the possibility
of an association between different OCPs, basing this assump-
tion on factors such as the small number of studies analyzed,
heterogeneity between the studies, experiment design and
methodology used to evaluate the exposure (20).

Monotonic and non-monotonic response. It was proposed that
EDC:s possessed a non-traditional dose-response dynamic (20),
giving u-shaped curves, exerting higher effect at low doses (3).
The biphasic dose-response of BPA was demonstrated in
rodent prostate (123), and the combination with ER led to
an increase of ER expression, promoting cell proliferation,
as in breast cells. Moreover, low-dose and chronic exposure
greatly altered the homeostasis of stem cells in rats (124).
Controversially, other studies suggested that the effects on
adult prostate were dose-dependent (102,124). Therefore, it is
difficult to establish a conclusion.

Regarding DDT behavior, an epidemiological study
revealed that an analysis performed by separating different
contaminants allowed to detect specific associations of
compound-effect; however, any possible effect related to the
mixture could be unrecognized (20). In a case-cohort study,
PCBs, along with OCPs, were evaluated, revealing that PCBs
were associated with PCa risk (125) and that long-term expo-
sure to low-doses of the contaminant increased the risk in the
normal population (126).

Hormone sensitivity and receptor expression. Similarly as
in breast cancer, the influence of hormones should not be
underestimated in PCa. It was observed that BPA alone was
not enough to induce a prostate pathology, but it increased
the prostate susceptibility to estrogen, thus contributing to
carcinogenesis later in life; however, rats exposed to BPA in
developmental phases with subsequent testosterone and estra-
diol treatment showed more relevant results (16), suggesting a
possible synergy to induce prostate carcinogenesis (92).

In a previous study, after rats were treated with BPA, it
was observed that the estrogen to androgen ratio increased,
promoting the proliferation of dorsolateral prostate, upregu-
lating ERa and AR with an eventual EMT occurrence (17).
Moreover, it was reported that low doses of estrogen could
stimulate prostate hyperplasia in rats (127), suggesting its
influence upon BPH (17), which was aggravated by higher
BPA doses. Thus, this supported the association between BPA
influence on sensitive-hormone tissue and its effects on pros-
tate pathology.

Another study evaluated the effects of BPA on adult rats,
despite the knowledge that aged rats were prone to develop
prostate hyperplasia, and revealed an upregulation of ERa in
adult rats (92). A molecular study observed that BPA treat-
ment upregulated the pituitary tumor transforming gene 1,
epidermal growth factor, Sh3kbp I and PCNA (92) involved
in cell growth and proliferation. Moreover, BPA expo-
sure modified several other molecular elements including
enzymes involved in histone modification, such as methyl-
transferase and deacetylase, in addition to other epigenetic
alterations (5). BPA alone was not enough to initiate PCa, but
it was suggested that early-life exposure to BPA might serve
as an initiator in estrogen-sensitive tissue through epigenetic

programming of a set of genes that act upon tumorigenesis
later in life (124,128).

On the other hand, it was observed that DDT affected
predominantly reproductive tissues in mice, such as testis
and prostate, over lung or liver tissues; additionally, it was
observed that the DDT mobilization process from fat deposits
during fasting or certain diseases or caloric restriction
was sufficient to cause ERa modulation at different physi-
ological levels (129). Moreover, modulation of ER and AR by
DDT and its metabolite DDE has been suggested; however,
final effects upon prostate and eventual causality of PCa
remain hard to determine (20,130,131).

Epidemiology. Although PCa is the most common type of
cancer in men in North America, its etiology remains unclear,
with age, ethnicity, hormone status, diet and lifestyle being
some of the known risk factors (12,132). The evaluation of
current treatments is crucial for patients with extremely inva-
sive cancer, since conventional treatments are not fully effective
due to resistance to these cytotoxic therapies (133,134). One
of the standard treatments is androgen deprivation therapy,
which is based on the androgen-dependence of the tumor; this
deprivation is reversed by BPA, which activates ARs highly
expressed in PCa (135). Consequently, the resistance to certain
prostate therapy is aggravated by the exposure to substances
that revert the therapeutic action, affecting the survival of
patients.

Based on the high number of farmers affected by PCa, a
case-control study to determine the cumulative exposure to
pesticides was conducted in British Columbia (12). Through a
questionnaire (Job Exposure Matrix) and histological sample
evaluation, it was determined that DDT was among the pesti-
cides with a high significance and PCa risk (12).

A retrospective analysis in two Caribbean islands deter-
mined that environmental factors were highly associated with
the risk of developing PCa, confirmed by the detection of
p,p-DDE serum concentration. It was observed that evaluating
over one generation with similar ethnicity and geographical
area, the outcomes were different (132). This difference
was based on genetic and environmental factors. Another
observation was that countries that normally presented low
PCa incidence rates, such as Asia, presented a rise later; this
phenomenon might be due to lifestyle (132) where the diet was
probably the major external factor that changed. Therefore,
preventive-protective medical advice became fundamental
in the population, especially for pregnant women and
children (136).

In contrast to the studies that have reported a signifi-
cant correlation between the plasma levels of PCBs and
PCa (137,138), a nested case-control study with a total of
14,203 Japanese men (40-69 years old) was conducted,
revealing no correlation in the incidence of PCa for any of
the PCBs congeners (137). Similar results were obtained from
another case-control study conducted in Canada between
1997 and 1999, in which PSA and digital rectal examinations
were performed in men aged 50-80 years old. Participants
who took hormone-related medication were excluded, and it
was revealed that long-term low-dose exposure to PCBs did
not contribute to PCa risk (138). Factors such as differences
in exposure, lifestyle or exposure to other substances could
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contribute to this discrepancy. Additionally, it was reported
that plasma measurements did not represent real biological
effects on the organism and were less significant for those
effects that occurred during important periods of develop-
ment (137,138). Finally, it is necessary to consider that not
all PCBs have the same metabolism, meaning that some can
circulate longer in the body compared with other environ-
mental compounds (139).

Endocrine disruptor and epigenetic changes. Epigenetic
changes involve inheritable alterations of gene expression that
do not involve the DNA sequence modification (140). The gene
expression is then altered by changes in the chromatin structure
due to histone modifications or DNA methylation (141). These
changes are catalyzed by epigenetic regulatory enzymes,
including DNA methyltransferases, histone methyltransferases
and histone deacetylases (141). In general, epigenetics is the
connection between genetics and environment in modulating
the physiological functions (142,143). The association between
epigenetic alterations and tumor development and progression
has recently gained more support, and it has been suggested
that these epigenetic alterations are given by the mutation
of the epigenetic regulatory enzymes (144,145). Endocrine
disruptors disrupt the normal endocrine function, as well as
the epigenome in a transgenerational manner, especially at
early life exposure (146).

On the other hand, it has been reported that the endocrine
system interacts with the same modifying enzymes, particularly
via nuclear steroid receptors at a certain level (147). Regarding
prostate diseases, PCa or BPH incidence has increased
presumably due to exposure to environmental compounds
causing epigenetic transgenerational changes (148). EDCs,
such as BPA, produce epigenetic changes in the prostate at
early exposure (5). BPA affects directly prostate stem and
progenitor cells, causing the epigenetic alterations and thus
promoting carcinogenetic occurrence (99,149-151).

A previous study (124) has suggested that BPA influences
the predisposition of prostate cells to hormonal sensitivity in
adult life through these epigenetic changes. Perinatal prostate
exposure to low doses of BPA generates epigenetic alteration
as hypo- or hyper-methylation of DNA (4,152,153), histone
methylation (154) and changes in the expression levels of
non-coding RNAs (149). These changes under estrogen influ-
ence can intensify the estrogenic response (124). Another
consideration is that estrogen and BPA exposure cause epigen-
etic modifications on the same genes, possibly altering similar
signaling pathways associated with carcinogenesis at early
gland development (5,152). Both are involved in the alteration
of protein expression, such as that of the histone deacetylase
SIRT1 and the histone methyltransferase SETS, which are
associated with altered gene expression in PCa cells (155).
Therefore, these epigenetic changes are mediated by BPA, and
this influence has been reported to occur in a dose-responsive
manner (124), possibly through changes in the activity of DNA
methyltransferases, methyl-CpG binding domain proteins and
histone methyltransferases (153,154).

Additionally, BPA or estradiol alters the expression of
enzymes, such as the histone deacetylase SIRT1 and the
histone methyltransferase SETS, both associated with PCa
gene alterations (155). High levels of estradiol together with

BPA can intensify prostate carcinogenesis and progres-
sion (4,37,149,152-154,156). Thus, BPA can be considered
as a compound that initiates epigenetic alteration in prostate
cells, increasing the risk of cancer, which is then intensified
in the presence of estrogen (128). The germline-mediated
epigenetic transgenerational inheritance has been reported
as a consequence of environmental substances (157,158).
These changes are described as the transference of epigen-
etic information through generations when the exposition to
environmental toxicants is not present (159). In particular,
DDT was shown to induce the epigenetic transgenerational
inheritance of diseases such as obesity, testis disease, ovary
disease, kidney disease and prostate disease (160). An
analysis of the signaling pathways affected by DDT exposure
during fetal gonadal development and the epimutation-gene
alteration (DNA methylation, non-coding RNA and histone
retention) revealed that pathways associated with cancer and
endocytosis were present at the transgenerational F3 genera-
tion sperm (161). Moreover, it has been reported that long
non-coding RNAs (IncRNAs) are part of the memory regula-
tion via chromatin remodeling, DNA methylations or histone
modifications (162). Consequently, DDT ancestral exposure
has been shown to result in a differentiation of IncRNAs
expression in sperm of males through the germline-mediated
epigenetic transgenerational inheritance (161). Therefore,
DDT can be considered as a compound with long-term
effects via epigenetic modifications, causing changes that
can eventually be involved in carcinogenesis in organs such
as the prostate. However, future investigations should further
explore the role of DDT and epigenetic changes in primordi-
ally inducing prostate diseases.

On the other hand, early exposure to PCBs induces
epigenetic modulations closely associated with steroid recep-
tors, which in turn serve as cofactors of histone remodeling
enzymes (163). Although it is known that most PCBs (particu-
larly the dioxin-like compounds) activate the AhR, these
compounds can also cause epigenetic effects by changing the
activity of DNA methyltransferases in the liver of the offspring
of rats (164). Casati et al (163) have reported that steroid recep-
tors serve as cofactors of histone remodeling enzyme, via
PCBs-AR-Jarid1b (a demethylase enzyme) interaction. PCBs
interact with specific sites of the ligand-binding domain of the
AR (165). Presumably, Jarid1b modulates the AR ligand inter-
action, and it has been reported that in PCa Jarid1b interacts
with AR particularly in the AR transcriptional activity (166).
One element that allows the binding of AR/Jarid1b on the target
gene is the presence of the androgen-responsive elements and
a specific binding site for Jaridlb (PLU1) on the DNA (163).
However, the exact mechanism of these interactions remains
unclear.

In general, it can be postulated that exposure to EDCs
can interact directly in the endocrine system through steroid
receptors, which in turn will affect carcinogenic processes
via epigenetic mechanisms, altogether with the direct activity
of EDCs upon the epigenetic regulatory enzyme, producing
epimutations that will be translated into long term transgen-
erational effects (167).

General findings. The absence of familial history in some
epidemiological studies affected the proper association
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between prostate disease incidence and carcinogenetic effects
of compounds. As aforementioned, other external factors, such
as diet, can affect prostate lesions (107). Thus, further in vivo
studies are required to establish the underlying molecular
mechanisms (107). Therefore, it is highly recommended to
consider diet and resting time as risk factors. Besides time and
route of exposure (168), genetics and even ethnicity should
be considered (95), since they have been associated with the
incidence of developing PCa. Although the mechanism by
which EDCs affect prostate carcinogenesis remains unclear,
it is clear that one single pathway is not responsible for all
outcomes obtained from in vitro and in vivo studies. In this
context, another consideration is that some EDCs exhibited
synergistic action through the same signaling pathways, while
others could activate different pathways (169).

During the present review, some drawbacks were detected.
For example, some animal models can be resistant to endo-
crine disruptors (37). The type of organs to be analyzed can
provide biased information depending on when the sample
was taken, too early in some cases, therefore limiting tumor
initiation (37). Time of exposure is critical in early-life stages
when development is crucial (24).

Since the influence of other environmental compounds
was inevitable (169), an important limitation in epidemio-
logical investigations is to associate a particular compound
with a specific morphological change, apart from associating
a specific compound with a single and particular cancer.
Similarly, in vivo studies may serve as an approximation,
but not as definitive conclusions. However, these studies may
provide valuable information regarding structural changes due
to exposure to EDCs.

Some of the disadvantages present in most epidemiological
studies involve the single sample consideration, which does not
reflect real-life long-term exposure (20), time of exposure to
EDC:s (170,171). In most epidemiological studies, late exposure
is analyzed, ignoring the effects of early-stage exposure. Other
differences, such as statistical methodology and duration of
sample collection, represent an obstacle when analyzing and
comparing epidemiological studies (20).

In general, the analysis of different environmental pollut-
ants is not easy. Its complexity lays in the difference between
the compounds and the organ-specific features. At a glance,
it was possible to mention that exposure to any contaminant
was a risk factor. When exposed to a mixture of substances,
it is also necessary to understand and consider the biological
point of when the exposure occurred, particularly if the
exposure took place in a window of susceptibility, since
that is when organs such as the prostate and mammary
glands are under development, thus increasing their vulner-
ability (53,172).

On the other hand, it is important to determine the suscep-
tibility of each organ to different environmental EDCs. For
instance, some compounds, such as DDT, affected reproductive
organs as well as other organs, including the liver, brain and
thymus (19). Thus, there was an urgency to study prostate and
breast cancer as a whole, with more integrative models (172)
to understand the real effects of these compounds on specific
organs fully.

Although one study supported a time-dependent response,
indicating that the longer the exposure, the higher the risk (46),

some compounds exhibited non-monotonic dose behavior. In
living organisms, being exposed to a mixture of environmental
toxicants does not facilitate the prediction of changes and effects
with precision. Additionally, some in vitro and in vivo studies
showed additive, synergistic or inhibitory effects (7,12,66).
Due to the high number of chemicals involved in the exposure
during their evaluation in epidemiological studies, it became
difficult to determine the association of one specific environ-
mental compound to a specific tissue (12). Moreover, another
study indicated that exposure to a single compound did not
reflect the effects that the exposure of a mixture of EDCs
could cause, having a significant physiological effect (7). Thus,
studies with multiple EDCs combined and different dosages
should understand and observe significant physiological
effects. This is even more urgent for those compounds with
long half-lives, which can be present and exert their long-term
effects on humans.

It is highly recommended to consider various elements,
including time of exposure, dose-effect (66), tumor suscepti-
bility, target tissue, type of exposure (53), the association with
factors such as hormones and exposure to other compounds at
different concentrations, to evaluate morphological changes
in human mammary and prostate glands. Particularly, BPA
showed a certain limit of biotransformation in the liver (37).
Therefore, it is crucial to consider whether the exposure
occurred during liver development in any specific species.

Concerning PCBs, individual evaluation is required,
considering the total universe of 209 congeners to determine
the type of sample and type of measurement that may affect
results, For instance, it was reported that PCB measurements in
adipose tissue, blood level and serum were different, affecting
the net outcomes (58). Thus, to state that PCBs are carcino-
genic or to determine their effects on any particular tissue,
it is necessary to have more data; despite a large number of
epidemiological studies, there is still a lack of correspondence
among them. This may be due to the contribution of each
congener and their different quantities in a mixture (56,84),
and to difficulties in identifying the critical window of expo-
sure (89). Therefore, this could affect a particular population
differently after exposure. Thus, the type of cancer would
depend on a specific feature, such as the molecular structure,
metabolites and estrogenic activity.

Concerning DDT, animal studies may be used to confirm
the effects of EDCs on humans due to the high correlation
among them. Therefore, results from animal and epidemio-
logical studies should be considered by policymakers (34).
Species variation is another factor that should be considered
when DDT or any compound is evaluated. For instance,
similar effects after DDT exposure were detected in monkeys
and rats, including tremors and neurotoxicity; nevertheless,
hamsters did not show the same effects, and within the same
monkey family, differences in metabolisms were present
across species (18).

6. Conclusions and future perspectives

Despite a large amount of evidence, the consequences of
EDCs on human health remain under debate (169). The
resultant evidence of animal studies may not be enough
for some researchers or legislators. Therefore, additional
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epidemiological studies are required to address and establish
a direct effect of these contaminants on cancer initiation (95).
These studies should also involve multiple-dose analysis and
other factors, such as body weight, diets, time of exposure, age,
hormone levels and lifestyle.

It can be concluded that contaminants classified as EDCs
are still circulating in water, sediments and soil affecting the
human mammary and prostate glands (Fig. 3). BPA exposure
can induce cell proliferation, morphological alterations and
alter carcinogenesis in both glands. Furthermore, BPA, DDT
and PCBs contribute to the risk of cancer particularly in
mammary and prostate glands, in which postnatal exposure to
DDT induces male infertility.

Since hormone-associated cancers are presented, it is
imperative to mention that both BPA and DDT affect the
expression and sensitivity of the ER and prolactin receptor in
the mammary gland, and of AR in the prostate gland.

This phenomenon is caused by the indiscriminate use of
these compounds and their lipophilic nature (21). Even though
some manufacturers claim their products to be BPA-free (119),
BPA analogs are not part of the regulatory frame. Consequently,

the overuse of ‘healthy-safe products’ has been overlooked and
should be addressed by public health agencies.

Considering that most of the referred compounds modu-
late estrogenic activity, a possible substance may be proposed
to treat the effects of EDCs such as BPA, DDT and PCBs.
Compounds of the selective estrogen receptor modulators
category, such as tamoxifen, toremifene and clomifene, should
be studied to assess whether their implication in the estrogen
signaling pathway is affected by these EDCs. However, it must
be considered that EDCs, such as BPA and PCB congeners,
can have estrogen and antiestrogen effects depending on the
tissue.

Finally, the use of pesticides can be approached from a
socio-economical perspective since some epidemiological
studies have demonstrated high concentration levels of PCPs
in developing countries with no or partial regulations, such as
countries in Africa, Asia and Latin America (20,173). These
studies suggest that regulation and control in the use of these
compounds may contribute to decreasing either the exposure
or the development of cancer or of other associated diseases
in humans.
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