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Abstract. Endocrine disruptors (EDs) are pollutants that alter
the endocrine system and are involved in carcinogenesis. EDs
have multiple and complex levels of action. They can affect
the synthesis, release and transport of natural hormones. In
target tissues, EDs can reduce or increase the effects of natural
hormones on their receptors and change signaling cascades.
When ED exposure happens at critical periods of life, from
embryo to puberty, they can act at doses considered safe for an
adult. Furthermore, their epigenetic effects can also influence
the cancer risk of future generations. The cancer mechanisms
of known EDs are hereby reviewed, There are thousands of
newly introduced substances whose potential endocrine-
disrupting and cancer effects are completely unknown.
Although there are still gaps in our knowledge, these data
support the urgent need for health and environmental policies
aimed at protecting the public and in particular, the developing
fetus and women of reproductive age.
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1. Introduction

Endocrine disruptors (EDs) are exogenous chemicals that can
interfere with any aspect of hormone action; therefore, they
can disrupt normal mammary and female genitalia develop-
ment, function and carcinogenesis, especially when exposure
occurs during early life (1).

The mechanisms by which EDs can also modify the risk
of hormone-sensitive female neoplasms, such as breast or
endometrial cancers, are multiple, interacting and complex.
They can act at very low doses, with non-linear dose response
curves (2). They can affect the synthesis of natural hormones,
their release and/or transport. In target tissues, EDs can reduce
or increase the effects of natural hormones on their receptors
and/or they can change signaling cascades. Hormone metabo-
lism and changes in elimination can be the final part of their
indirect endocrine interference.

Carcinogens induce cancer or promote tumor growth
by mechanisms such as increased expression of oncogenes,
decreased expression of tumor suppressors, changes in expres-
sion of cell cycle or apoptosis regulator genes (3). With the
exception of diethylstilboestrol (DES), EDs cannot be consid-
ered carcinogens per se, but they can indirectly interfere with
the endocrine and immune systems favoring true carcinogenic
effects (4).

Breast cancer is the most common cancer in women.
Mammary gland growth and function are influenced by
multiple endocrine-mediated mechanisms/pathways that may
be altered by thousands of EDs, mostly when they act during
vulnerable periods, such as embryogenesis or during breast
maturation, from puberty to the first full term pregnancy (5).

Currently available epidemiologic human data are inad-
equate to support a conclusion concerning the association of
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EDs and endometrial, tubal or ovarian cancer, mostly because
they are based on adult data, on professional or accidental high
dose/short term exposure while there are no data on newly
introduced environmental pollutants (6).

2. Literature search methods

We performed a review mainly based on Medline search.
Other databases were used to retrieve literature including
Scopus and Trip Database.

3. Endocrine disruptors and their effects on the
development of female tumors

The supposed carcinogenic mechanisms of the most known
EDs (pesticides, DDT, dioxins, phthalates, bisphenol A, dieth-
ylstilbestrol, heavy metals) are here reviewed and summarized
in Figs. 1-6.

Dioxins. To date dioxins are the EDs most convincingly asso-
ciated with breast cancer in exposed humans. Dioxins are a
class of environmental chemicals exemplified by 2,3,7,8-tetra-
chlorodibenzo-p-dioxin (TCDD). Dioxins and dioxin-like
compounds interact with specific polymorphisms to enhance
breast cancer risk (7) (Fig. 1).

Dioxins act through the aryl hydrocarbon receptor (AhR), a
ligand-activated nuclear transcription factor, intracellular medi-
ator of xenobiotic signaling pathways. This ligand-dependent
transcription factor mediates a range of biological and toxicolog-
ical effects, all pivoting around the cell responses to endogenous
(e.g., endogenous hormones) and exogenous (e.g., xenobiotic)
challenges. Due to the common mechanisms and occurrence in
the same matrices, the intake and body burden of dioxins are
evaluated in a cumulative way, each compound contributing to the
toxic equivalent (TEQ) of a given mixture in biological samples,
its concentration and potency (expressed as AhR activation); the
dioxin TEQ is a rare example of a straightforward use of in vitro
cell biology data (AhR activation potency) into risk assessment.
Dioxins in females act as anti-estrogenic EDs as AhR activa-
tion leads to a reduction in ER transcriptional activity, which is
more pronounced on ERf than on ERa. Interestingly, several
studies have found an increased risk of breast cancer associated
with high body burdens of dioxin-like PCB in conjunction with
certain genetic polymorphisms involved in carcinogen activation
and steroid hormone metabolism (7).

A single oral dose of the most potent dioxin compound
(TCDD) to pregnant rats at term organogenesis and just prior
migration of the mammary bud into the fat pad (gestational
day 15) is sufficient to impair differentiation and increase
expression levels of ERa of terminal ductal structures in adult
rats, although the tissue retained the ability to differentiate
in response to estrogen. Mammary epithelial transplantation
between control and TCDD-exposed females suggests that
the stroma plays a major role in the TCDD-induced retarded
development of the mammary gland. In mice exposed
in utero, the TCDD effect on breast histogenesis was much
more pronounced than the slight effects on hormone levels,
suggesting that, rather than affecting steroid balance, dioxins
act directly on breast tissue differentiation. Due to the
persistence and long half-life of TCDDs, in these studies, the
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exposure of rodent conceptuses and pups likely continued
beyond the initial dosing and throughout lactation. This is
supported by in vitro findings on SCp2 mammary epithelial
cells, where TCDD reduced the expression of genes involved in
cell adhesion and milk secretion (8). Interestingly, downregu-
lation of superoxide dismutase was the main long-term change
in protein expression observed in mammary glands from rats
exposed in utero; thus, TCDD may render the mammary tissue
ill-equipped to deal with subsequent free radical exposure.

The Seveso Women's Health Study was comprised of
981 women, who were infants to 40-years of age in 1976,
resided in the most contaminated areas and had archived
data that were collected soon after the infamous chemical
accident in 1976. In breast cancer patients, individual TCDD
body burden was significantly related with tumor risk (9). The
pleiotropic effects of such a potent hormone trigger as TCDD
was also associated with an increased morbidity and mortality
from lymphohematopoietic and other neoplasms as well as
markers of altered endocrine-immune function and they
were often gender-related. In the Seveso industrial accident,
TCDD exposure appeared to reduce the risk of uterine cancer,
but the number of cases was too small for a comprehensive
evaluation (10). Finally, one potentially relevant effect was the
clear link between exposure levels in men and a lowered male/
female gender ratio in their offspring (11).

DDT.DDT is a prototypal representative of persistent, bio-accu-
mulating contaminants of the food chain. Notwithstanding
the severe use restrictions since the 1970's and the banning in
Europe as a pesticide in 1986, residues are still found in feeds,
foods and in the fat deposits of living organisms, including
humans. Actually DDT is a mixture of DDT and DDE isomers,
all able to bio-accumulate and make up the body burden of
DDT and related compounds. The isomers p,p'-DDT and
o,p'-DDE show estrogenic activity both in vitro and in vivo,
whereas other isomers, such as the very persistent p,p'-DDE
(also a metabolite) are mainly antiandrogenic.

Long-term exposure to DDT through food could be hypoth-
esized to increase the risk for developing estrogen-dependent
tumors such as breast cancer. However literature is discor-
dant (12). In 1993 Wolff er al (13) observed that the risk of
breast cancer was higher among women with high serum
concentrations of DDE, the major metabolite of DDT, compared
with women with low levels. Since then, a substantial number
of epidemiologic studies have investigated this hypothesis.
In humans DDT/DDE body burden has been associated with
breast cancer (early, peripubertal exposure) and with endome-
trial cancer [ongoing exposure (14)] (Fig. 1). The antiandrogenic
p,p'-DDE may accelerate tumor onset in mice and there is a
trend for positive correlation of breast cancer with DDE, which
was not significant, due to low statistical power (15).

A review article by Calle ef al (16) and a meta-analysis (17)
of the epidemiologic evidence for tissue DDE concentrations
and breast cancer, have not found an association between
breast cancer risk and ED body burden in different scenarios.
However, an important caveat to these studies remains largely
unexplored: the importance that age at exposure may have
in breast cancer development. Indeed there is a paucity of
evidence regarding exposure at critical time periods (17). Some
studies (18-20) have observed positive associations between
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Figure 1. Schematic diagram of the action of dioxins, plastics, DDT and diethylstilbestrol (DES) on the modulation of breast and endometrial cell proliferation.
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Figure 2. Schematic diagram of the action of methoxychlor (MXC) on the
advancement of reproductive senescence.

insecticides and breast cancer. The reasons for these discrep-
ancies are difficult to identify, but it may be plausible that these
studies provide a different focus on the role of contributing
factors impinging on breast cancer risk together, and in synergy,
with organochlorines. A finding worth mentioning has been
observed in the US Agricultural Health Study: breast cancer
risk was elevated among women whose husbands had used
dieldrin (RR=2.0), a chlorinated insecticide closely related to
DDT, but not when used by the women themselves. There was
no clear association of breast cancer risk with farm size or
washing of clothes worn during pesticide application, but the
risk was modestly elevated among women whose homes were
closest to areas of pesticide application (21).

However, conclusions are somewhat different when exam-
ining the risk related to the body burden resulting from the
dietary exposure in the general population.

Evidence from a prospective study of young women in
California who had their blood samples drawn in 1959-1967
found a significantly increased risk of breast cancer with
increasing levels of serum p,p'-DDT. Women in the highest
exposure category had a 5-fold significant increase in risk (22).
This was a nested case-control study among a cohort of female
members of the Kaiser Permanente Health Plan in Oakland,
CA and used stored blood samples collected to assay for serum
p,p'-DDT. The unique circumstances surrounding the study
have permitted the investigation of early-life exposure to DDT
and future breast cancer risk during a time when DDT was
actively being used in the United States. A recent meta-analysis
has not confirmed that current exposure levels to DDT/DDE
increases the risk of breast cancer in humans (23).

Methoxychlor. Methoxychlor (MXC) was introduced as a
less persistent alternative to DDT but, unfortunately, many
studies have demonstrated that MXC is also an estrogenic
ED (24). Gestational exposure to MXC disrupts the female
reproductive system with lifelong effects on neuroendocrine
gene expression and DNA methylation, as well as faster
reproductive senescence. Animal and recent epidemiological
studies showed that reproductive aging was accelerated by
ED developmental exposures: besides MXC, also bisphenol
A, dioxins and perfluorocarbons were highlighted (Fig. 2). By
hastening senescence and/or increasing cancer risk, EDs may
eliminate the possibility of biological children for women who
may postpone childbirth for personal or professional reasons.
Considering the important roles of estrogens on targets in
the body and brain, early reproductive senescence may also
accelerate various disease-related states associated with
menopause, and affect the quality of life in the aging popula-
tion of women (25).

Atrazine and triazine herbicides. Atrazine is the prototypal
representative of this group of herbicides. These compounds
act as EDs in female rats by altering the secretion of luteinizing
hormone (LH) and prolactin at the hypothalamic-pituitary



606

DEL PUP et al: EFFECTS OF EDs ON THE DEVELOPMENT OF FEMALE TUMORS

Changes the secretion of
luteinizing hormone and prolactin
TRIAZINE Indirect effect on EPITHELIAL
HERBICIDES | | Increases both estradiol and tumor promotion or . OVARIAN
(ATRAZINE ) | | Progesterone production CANCER
[ No significant bicaccumulation ]
Binds ERa and
ERB and other « | BISPHENOL A
nuclear
. receptors
I CHLORPYRIFOS (CPF) J
Inhibit acetylcholinesterase activity in the | MODULATION OF BREAST CELL |
central and peripheral nervous system | - PROLIFERATION
| Antiandrogenic activity ] ' ‘
‘ Cell proliferation through ERa_ . Intra-S ar;esl
in hormone-dependent breast modifying
cancer cells checkpoints proteins

Figure 3. Schematic diagram of the action of triazine herbicides (atrazine), bisphenol A and chlorpyrifoson in the modulation of breast cell proliferation.

' PHTHALATES

¢

[ Estrogenic activity |

{ Female reproductive toxicity

Tumorigenesis

| PI3K/AKt signaling pathway |

- AhR and its downstream
' signaling cascade

Figure 4. Schematic diagram of the action of phthalates on tumorigenesis
pathways.

level. Triazine herbicides have no significant bioaccumula-
tion potential, but they can be significant pollutants of water
bodies (Fig. 3). Atrazine is an example of species and strain-
specific induction of mammary tumors. Adult female
Sprague-Dawley rats fed with diet-supplemented atrazine
developed mammary tumors earlier and with increased inci-
dence, when compared to controls, while this findings was not
observed in other rats (26). In Sprague-Dawley rats, atrazine
caused a persistent estrus with a prolonged and sustained
estrogen secretion from ovarian follicles, which failed to
ovulate due to the herbicidal action on gonadotropin balance.
This mechanism of ovulation failure is fundamentally different
from menopause in women.

Previous studies have demonstrated an increased risk of
ovarian cancer among women exposed to triazine herbicides.
Notably, triazine herbicides are among the very few EDs for

which an epidemiological association with epithelial ovarian
cancer might be hypothesized (27).

Chlorpyrifos and other pesticides. The 2,4,5-trichloro-
phenoxypropionic acid and the fungicide captan were found
to significantly increase the risk of post-menopausal breast
cancer among women whose husbands used such pesticides
(RR=2.0 and 2.7, respectively). The risk was moderately higher
when the residence was close to the pesticide application area.
Some indications, not statistically significant, of an increased
risk for breast cancer were found in premenopausal women
using specific organophosphorus insecticides, in particular
chlorpyrifos, dichlorvos, and terbufos (Fig. 3) (28). A signifi-
cantly increased risk of breast cancer was also associated with
self-reported residential pesticide use; however, due to the
study design, no dose response trend was observed and it was,
indeed, difficult to detect (29).

The Agricultural Health Study also found increased
ovarian cancer risk among women employed as private pesti-
cide applicators (SIR=2.97) (30).

Low and environmentally relevant concentrations of
glyphosate possess estrogenic activity and alter both ERa
and ERp expression. Glyphosate-based herbicides are widely
used for soybean cultivation, and our results also found that
there is an additive estrogenic effect between glyphosate and
genistein, a phytoestrogen in soybeans (31).

Summing up the overall data, there is no conclusive
evidence on non-occupational insecticide exposure and breast
cancer. These compounds can modulate several mechanisms
of carcinogenesis, in particular in the breast, but the cell
type-specific responses are at nanomolar range concentra-
tions. While some cancer cell lines, such as MCF-7, exhibit
a significant increase in all the cancer mechanisms, other
cell lines, such as MDA-MB-231, exhibit a markedly reduced
invasion potential following exposure to pesticides (32). Thus
it is difficult to predict the overall net cancer effect, without
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specifying the ED, dose, exposure time and the particular type
of cancer cell.

Phthalates. Phthalates are a large family of synthetic
high-production chemicals used in polyvinyl chloride (PVC)
plastics, beauty and infant products, medical devices, as well
as in enteric coating of some medications. In the general popu-
lation, exposure accounts for approximately 2 mg/day, while
occupational and medical exposures can reach much higher
levels. Phtalates are believed to act on steroid biosynthesis,
affecting also the early steps in liver.

Several groups have documented the ability of phthalates
to cause female reproductive toxicity and the subject has
been previously reviewed (Fig. 4) (33). Phtalates such as butyl
phthalate (BBP), di-n-butyl phthalate (DBP) and di-2-ethyl-
hexyl phthalate (DEHP) are not only capable of inducing a
proliferative effect through the PI3K/AKT signaling pathway
but also of displaying estrogenic activity even at a very low
concentration (34).

Notwithstanding the widespread diffusion and the relevant
effects and mechanisms, no studies have been performed
on the possible association between phthalate exposure and
female cancer risk. Nevertheless a growing body of evidence
suggests that EDs contribute to female reproductive disorders,
mostly phthalates. Phthalate attributable endometriosis cases
across the European Union have been estimated at 56,700 and
145,000 women, respectively, with total combined economic
and health care costs potentially reaching €163 million
and €1.25 billion (35). These public health costs should be
considered as the EU contemplates regulatory action on EDs.
When compared with population-based controls, the risk
of endometrioid clear cell ovarian cancer for women with
endometriosis is 3-times greater (36). As the life-time risk
of ovarian cancer is significantly increased in endometriosis
patients from approximately 1 to 2% (37) and phthalates can
contribute to endometriosis with a probability of causation
of 20-39%, further studies on phthalates and ovarian cancer
are warranted. Breast cancer and endometriosis share some

common environmental and molecular risk factors; thus this
is a further area of research (38).

Bisphenol A. Bisphenol A [BPA, 2,2,-bis(hydroxyphenyl)
propane] is one of the highest-volume chemicals produced
worldwide. BPA is a plasticizer found in reusable plastic
containers, food and beverage can liners, baby bottles and
dental sealants, among others. Originally synthesized as an
estrogenic compound, it is currently utilized to manufacture
food and beverage containers resulting in uptake with food and
drinks. According to an opinion issued by EFSA in 2015 (39),
adolescents are the population group with the highest aggre-
gate (oral plus dermal) exposure to BPA (1.449 ug/kg BW),
taking into account that the substance has been forbidden in
baby bottles in Europe since 2011.

Humans are widely exposed to BPA through plastic goods,
food and drink packaging, and thermal paper receipts. BPA is
the best-studied ED and it is the only one for which effects of
exposure have been described at multiple time points span-
ning fetal development and postnatal life. Bisphenol A is such
a widespread industrial chemical, that, albeit a non-persistent
chemical, it is consistently found in body fluids, due to
continuous environmental exposure. Internal levels appear to
be higher in infertile compared to fertile women (40). There is
concern that exposure to low doses of BPA, defined as less than
or equal to 5 mg/kg body weight/day, may have developmental
effects on various hormone-responsive organs as it is detected
in body fluids of more than 90% of the human population.

BPA exposure has become an important health concern
based on its ability to ‘leach’ from these products and enter
the materials contained within them. Elevated temperature
and extreme pH further increase the leaching of BPA from
food containers. Human exposure has been confirmed in
various tissues including ovarian follicular fluid, and various
exposures have been linked to reproductive effects in animal
models (41).

In the long-term, BPA exposure was found to result in
an increase in the number of epithelial structures and in the
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development of pre-cancerous and cancerous lesions in the
mammary glands of rodents that are manifested in adult-
hood. The effects of BPA on mammary development and
tumorigenesis in rodents are used as a paradigmatic example
of how altered prenatal mammary development may lead to
breast cancer in humans (Fig. 3). Changes in the stroma and
its extracellular matrix led to altered ductal morphogenesis.
Additionally, gestational and lactational exposure to BPA
increased the sensitivity of rats and mice to mammotropic
hormones during puberty and beyond, thus suggesting a
plausible explanation for the increased incidence of breast
cancer (41).

Perinatal exposure to environmentally relevant doses of
BPA alters long-term hormone response that may increase
the propensity to develop breast cancer (42). BPA may also
alter epigenetic regulation of relevant gene panels, possibly
supporting breast cancer promotion.

BPA is considered an ‘estrogenic’ ED, binding to both ERa
and ERp, but it may interact with other nuclear receptors as
well, e.g., antagonism with androgen receptor and agonism
with pregnane X receptor. As for other EDs, experimental
studies on BPA essentially addressed the possible link with
breast cancer, rather than with ovarian or endometrial cancer.

BPA-induced tissue changes in the mammary gland were
found to include enhanced estradiol sensitivity, increased
presence of progesterone receptor-positive ductal cells and
enhanced ductal terminal end branching in the epithelium,
while the stroma associated with hyperplastic ducts had
more fibrous tissue and mast cells (43). Ductal hyperplasias
and carcinoma in situ with increased number of estrogen
receptor-o. positive cells were present in adult rats (44). This
gland phenotype was not be unique to rats as it was observed
also in mice exposed from organogenesis through to lacta-
tion (45). The mode of action could involve a stromal effect:
BPA accelerates the maturation of the adipose tissue pad of
the mammary gland and alters collagen localization, thereby
possibly altering the fat-epithelium interactions. Oral BPA
exposure of rat dams during lactation increased the suscep-

tibility to a later challenge with DMBA as evidenced by the
increased numbers of tumors per rat and the shortened latency
period (46); BPA exposure caused increased cell proliferation
and progesterone receptor expression and decreased apoptosis.
Since BPA (contrary to, e.g., DDT or PCB) is still a widely
used chemical, there is (understandably) a lively debate about
the relevance of these findings to risk assessment. The BPA
effects on mammary programming are observed at dose
levels (down to 0.25 mg/kg BW) far below the NOAEL (5 mg/
kg BW) derived from standard toxicological studies; contrary
to fat-soluble chemicals, the bioaccumulation potential and
excretion in milk are low for BPA, thus there are uncertain-
ties about the actual neonatal and peripubertal exposure. Most
important, several experiments used injection, thus using a
route not relevant for the general population and by-passing
liver-mediated conjugation, an important detoxification step
in BPA metabolism. On the other hand, the effects observed
are consistent across experiments and across species (rats and
mice); the internal exposure achieved may be relevant to actual
human exposures (47).

Continuous and/or repeated exposure to BPA may also play
a role in tumor progression and poorer patient outcome (49).
For instance, BPA exposure in vitro elicited a pattern of
gene expression related with higher tumor aggressiveness in
epithelial-stromal co-cultures from breast cancer patients (48).

Diethylstilboestrol. Diethylstilboestrol (DES) is a potent
estrogen agonist. It is the most well-known example of an ED
eliciting transplacental carcinogenesis. Young adult offsprings
exposed in utero to this potent drug had a higher rate of repro-
ductive tract abnormalities in both genders as well as a higher
rate of the rare clear-cell vaginal adenocarcinoma in female
ones (50). Neonatal treatment of mice on post-natal days 1-5
with DES has been shown to cause uterine adenocarcinoma by
18 months, similar to the use of the phytoestrogen genistein (51).
The timing of exposure is critical to the potential develop-
ment of uterine cancer. In fact, treatment of adult mice with
comparable levels of DES did not induce uterine neoplasms.
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Direct evidence of a link between prenatal estrogen expo-
sure and breast cancer risk has been gathered from a cohort
of women born to mothers treated with the potent synthetic
estrogen DES during pregnancy (Fig. 1). Breast cancer
risk at 40 years of age and older was 2.5-fold higher in the
DES-exposed women.

This potent estrogenic agent, known for its transplacental
carcinogenesis when used as a drug in the 1960's, has been
used as an experimental model to explore the developmental
anomalies that increase the susceptibility to mammary gland
neoplasia later in life, due to the proliferative estrogen-like
effects.

DES has been investigated also as an experimental model
for endometrial cancer. Since the endometrium in primates
is shed and regenerates monthly, the key target cells for
initiating endometrial cancer are most likely a lineage of
non-shedding cells, possibly of a stem cell-type. This scenario
is in accordance with the hypothesized tumorigenic action
of ED by altering the developmental programming of target
tissues. ER-regulated genes, such as c-fos and lactoferrin, are
induced in the uterus by prenatal DES exposure and persist
into adulthood (Fig. 1). Also neonatal exposure of mice to
DES was found to lead to ERa-dependent tumorigenesis in the
uterus. The Eker rat strain is specifically vulnerable to another
uterine alteration induced by neonatal DES, leiomyomas (52).
Leiomyomas developed in rats exposed in utero, displayed an
enhanced proliferative response to steroid hormones compared
to tumors in unexposed animals. The induction of leiomyomas
was highly dependent on the developmental window. In
adult myometrium, the expression of the estrogen-responsive
gene calbindinD(9)K and the progesterone receptor were
reprogrammed in females exposed to DES at days 3 to 5 (pre-
implantation) and days 10 to 12 (organogenesis) but not in those
exposed at days 17 to 19 (late fetal period). Reprogramming in
response to DES exposure resulted in a hyper-responsiveness
to ovarian hormones. Since the resistant period coincided with
the time at which reproductive tract tissues were exposed to
endogenous estrogen, the data suggested that the program-
ming was most vulnerable to estrogenic ED when the uterine
tissue was in an estrogen-naive state (52). The experimental
studies performed with such a potent endocrine-active agent as
DES, often performed by parenteral administration, have been
difficult to extrapolate to environmental EDs, also because
these are usually far less potent. However, the DES studies
provided a detailed insight on the mechanisms by how early
ED exposure may predispose reproductive tissues to cancer.

Cadmium and heavy metals. Cadmium has been classi-
fied as a human carcinogen by the International Agency for
Research on Cancer (IARC, Lyon, France) (53). Cadmium
is widely dispersed into the environment through industrial
emission, waste incineration, and combustion of fossil fuels.
Even in industrially non-polluted areas, farmland may become
contaminated by atmospheric deposition and by the use of
cadmium-containing fertilizers and sewage sludge. The
highest concentration of cadmium in food can be found in
shellfish, offal products, and certain seeds; however, because
of a comparatively high accumulation of cadmium in agri-
cultural crops and a high consumption of these products,
the main sources of dietary cadmium exposure (80%) are
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bread and other cereals, potatoes, root crops, and vegetables.
Cadmium may induce cancer by several mechanisms, such as
aberrant gene expression, inhibition of DNA damage repair,
induction of oxidative stress and inhibition of apoptosis.
Cadmium has features of an ED, as it is an estrogen, and even
an androgen mimetic that may promote the development of
estrogen-dependent malignancies, such as breast and endo-
metrial cancer (Fig. 5). Both in vitro and in vivo studies have
provided evidence that cadmium may act as a metalloestrogen.
The estrogen-mimicking effects of cadmium on mammary
gland are associated with the interaction to nuclear ERa and
its hormone-binding domain, as well as with the activation of
membrane-bound estrogen receptors.

Cadmium exposure is positively associated with the risk of
breast cancer and increased mammographic density. Cadmium
is a slow-acting, pro-oxidant toxic metal which is also an ED;
it acts as an estrogen and androgen agonist in vivo and in vitro
and can cause rapid activation of the kinases ERK1/2 and
AKT in human breast cancer-derived cells, like estradiol (54).
There are epidemiological indications linking the exposure to
cadmium with breast cancer (55) and postmenopausal endome-
trial cancer (56). Oily seeds like flaxseed are a dietary source
of cadmium: interestingly, rat offspring exposed in utero and
during lactation to a diet high (up to 10%) in flaxseed were
more susceptible (shorter latency, more tumors per rat) to the
rat mammary carcinogen 7,12-dimethylbenz(a)anthracene
(DMBA). Flaxseed exposure did not alter the mammary gland
differentiation, but altered the ER expression in gland struc-
tures, namely, it increased ERa and especially reduced ERp.
Although the link between the effects and cadmium exposure
was inferential, the observed changes were strongly suggestive
of an effect by an estrogen-active ED; since flaxseed is natu-
rally rich in lignans, which are considered as phytoestrogens, a
contribution by the high intake of these compounds may not be
ruled out.

The role for dietary cadmium in postmenopausal breast
cancer development was confirmed by a prospective study
cohort of 55,987 postmenopausal women (57). During an
average of 12.2 years of follow-up, 2,112 incident cases of inva-
sive breast cancer were ascertained (1,626 ER* and 290 ER").
After adjusting for confounders, including consumption of
whole grains and vegetables (which accounted for 40% of the
dietary exposure, but also contained putative anticarcinogenic
phytochemicals), dietary cadmium intake was positively asso-
ciated with overall breast cancer tumors [rate ratio (RR), 1.21;
95% confidence interval (CI), 1.07-1.36; P, =0.02]. Among
lean and normal weight women, statistically significant
associations were observed for all tumors (RR, 1.27; 95% CI,
1.07-1.50) and for ER* tumors (RR, 1.25; 95% CI, 1.03-1.52)
and similar, but no statistically significant associations were
found for ER" tumors (RR, 1.22; 95% CI, 0.76-1.93).

In a large population-based prospective cohort of women,
the Swedish Mammography Cohort (56) found a statistically
significant positive association between dietary cadmium
exposure and risk of endometrial cancer. During 16.0 years
(484,274 person-years) of follow-up there were 378 incident
cases of endometrioid adenocarcinoma. The average esti-
mated dietary cadmium intake was 15 ug/day (80% from
cereals and vegetables). Cadmium intake was statistically
significantly associated with increased risk of endometrial
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cancer in all women; the multivariate relative risk was 1.39
[95% CI, 1.04-1.86; P,,..s =0.019], comparing highest fertile
versus lowest. Among never-smoking women with body mass
index (BMI) of <27 kg/m?, the relative risk was 1.86 (95%
CI, 1.13-3.08; P,..,s =0.009). We observed a 2.9-fold increased
risk (95% CI, 1.05-7.79) associated with long-term cadmium
intake consistently above the median at both baseline and in
never-smoking women with low bio-available estrogen (BMI
of <27 kg/m? and nonusers of postmenopausal hormones).

Heavy metals present in cigarettes may substantially
contribute to tumorigenesis by inducing intercellular ROS
accumulation, increased expression of oncogenic and
anti-apoptotic markers (58).

A recent meta-analysis and systematic review (59) based
on population-based studies, concluded that the frequency of
breast cancer may be an indicator of the early genetic effects
for cadmium-exposed populations. A meta-analysis based
on individual data might provide more precise and reliable
results. Therefore, it is necessary to construct an international
database on genetic damage among populations exposed to
cadmium that may contain all raw data of studies examining
genetic toxicity

Polychlorinated biphenyls. Polychlorinated biphenyls (PCBs)
are a large group of different persistent organic pollutants
(POPs) that could induce cytochrome P4501A1 (CYP1A1),
which is involved in the metabolism of steroid hormones and
polycyclic aromatic hydrocarbons in humans (Fig. 5) (60).

The cytochrome P450 1A1 (CYP1Al) is a member of
the CYP1 family. It participates in the metabolism of a vast
number of xenobiotics, as well as endogenous substrates, and
the A2455G G allele is a risk factor for breast cancer among
Caucasian subjects (61).

Discrete windows of susceptibility to toxicants have been
identified for the breast, including in utero, puberty, pregnancy,
and postpartum. PCB measured during the early postpartum
predicts an increased risk of maternal breast cancer diagnosed
before age 50. In the Child Health and Development Studies
cohort (62), PCB 167 was associated with a lower risk [odds
ratio (OR), 75th vs. 25th percentile =0.2,95% CI,0.1-0.8] as was
PCB 187 (OR, 75th vs. 25th percentile =0.4, 95% CI, 0.1-1.1).
In contrast, PCB 203 was associated with a 6-fold increased
risk (OR, 75th vs. 25th percentile =6.3, 95% CI, 1.9-21.7).
The net association of PCB exposure, estimated by a post-hoc
score, was nearly a 3-fold increase in risk for breast cancer
(OR, 75th vs. 25th percentile =2.8, 95% CI, 1.1-7.1) among
women with a higher proportion of PCB 203 in relation to the
sum of PCBs 167 and 187. Postpartum PCB exposure as well
as pregnancy exposure, may predict increased risk for early
breast cancer, depending on the mixture that represents the
internal dose. It remains unclear whether individual differ-
ences in exposure, response to exposure, or both, explain the
risk patterns observed.

Phytoestrogens. Studies on the relationship between soy
consumption and risk of breast cancer are discordant: foods
rich in phytoestrogens (PEs) may have complex actions
exerting both preventive and promoting effects (63). Ingestion
before puberty, when the mammary gland is relatively imma-
ture seems protective (64). A meta-analysis indicates that

DEL PUP et al: EFFECTS OF EDs ON THE DEVELOPMENT OF FEMALE TUMORS

high soy intake might reduce the risk of developing premeno-
pausal breast cancer but has no effect on post-menopausal
breast cancer risk (65). The effects of ingestion of dietary
PEs by breast cancer patients and survivors is also contro-
versial (66,67). High consumption of soy products and other
legumes is associated with a decreased risk of endometrial
cancer for the highest compared with the lowest quartile of soy
intake (68). However, a randomized doubled-bind, placebo-
controlled study on 298 post-menopausal women showed an
increased incidence of endometrial hyperplasia following
5 years of treatment with 50 mg of soy isoflavones (69). Thus,
PE supplements should be reconsidered, particularly in women
at high risk for endometrial cancer. Indeed, PE can cause both
proliferative and anti-proliferative effects, depending on tumor
cell type, concentrations, timing of phytoestrogen exposure
and type of PE given. They bind to nuclear ER subtypes ERa,
but they preferentially bind to and activate ERp (Fig. 6).

Genistein, the main soy isoflavone, stimulates the growth
of estrogen-sensitive mammary cancer cells in vitro at low
concentrations (0.1-10 mM), whereas at higher concentrations
(=10 mM) it is an inhibitor. It is not only a selective estrogen
receptor modulator, but also a tissue-specific androgen receptor
modulator as it affects androgen receptor (AR)-mediated gene
expression.

The interactions with genistein and ED xenobiotics may
be quite complex, ranging from antagonism to additivity
depending on thr substances and experimental systems.

Several experimental studies have explored the complex
links between PE action and endometrial proliferation. While
daidzein potentiates estrogen-induced endometrial cell prolif-
eration (70), genistein inhibits it, possibly through activation of
ERp in stromal cells at low concentrations (nM), while much
higher (#M) concentrations increase endometrial proliferation
or uterine leiomyomas, through non-genomic ER signaling,
which determines epigenetic changes (71). Overall, the find-
ings suggest some caution towards high intakes of isoflavones
through, e.g., supplements or ‘healthy’ products.

Phytoestrogens could also have other complex, indi-
rect, interfering, or protective mechanisms, in particular,
suppression of the activity of the aromatase enzymes, which
are responsible for conversion of androgens to estrogens;
induction of apoptosis in human breast cancer cells, also in
ER-negative cell lines, which supports the occurrence also
of hormone-independent mechanisms of action; inhibition of
tyrosine kinase activity, involved in a number of growth factor
signaling pathways, implicated in the control of cell growth
and differentiation; antioxidant activity; stimulation of the
immune system and inhibition of angiogenesis.

Resveratrol (trans-3,4,5-trihydroxystilbene; RES), a natu-
rally occurring PE, has a growth inhibitory effect on the cell
viability effect of BPA on BG-1 human ovarian cancer cells.
It could be a candidate for prevention of tumor progression
caused by EDs, including BPA via effective inhibition of the
crosstalk of ERa and IGF-1R signaling pathways (Fig. 6) (72).

4. Conclusion
Various carcinogenetic mechanisms of main endocrine

disruptors have been documented, yet we are still far from the
full knowledge of the female cancer effects of the multitude of
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complex interacting pollutants. EDs can dysregulate hormone
signaling and cell function through multifaceted molecular,
cellular and biochemical mechanisms (73). Chronic expo-
sure to EDs can permanently alter physiological hormone
signaling (74) and it may provoke epigenetic and genetic
modifications in tissue stem cells that can lead to cancer (75).

The research findings can help us to better understand

ED-related cancer mechanisms (76) and to identify possible ways
to prevent cancer through fundamental changes in lifestyle that
can effectively counter bio-accumulation of certain EDs (77).

Although we do not know the clinical impact of the poten-

tial carcinogenetic effects of each ED (76), also invoking the
precautionary principle, these findings support the urgent need
for health and environmental policies aimed at protecting the
public in general, and, in particular, the developing fetus and
women of reproductive age.
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