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Abstract:

 

Perturbations in the foetal environment predispose individuals to diseases that become apparent in adulthood.
These findings prompted researchers to hypothesize that foetal exposure to environmental oestrogens may play a role in the
increased incidence of breast cancer observed in European and US populations over the last 50 years. There is widespread
human exposure to bisphenol A, an oestrogenic compound that leaches from dental materials and consumer products. In
CD-1 mice, perinatal exposure to environmentally relevant bisphenol A levels induced alterations of the mammary gland
architecture. Bisphenol A increased the number of terminal end buds at puberty and terminal ends at 6 months of age and
increased ductal lateral branching at 4 months of age. Exposed mice also showed an enhanced sensitivity to oestradiol
when ovariectomized prior to puberty. All these parameters are associated in human beings with an increased risk for
developing breast cancer. To assess whether bisphenol A induces mammary gland neoplasia, we chose a rat model because
it more closely mimics the human disease than mouse models. Examination of the mammary glands of Wistar/Furth rats
during early adulthood revealed that gestational exposure to bisphenol A induced the development of pre-neoplastic
lesions and carcinoma

 

 in situ

 

 in the absence of any additional treatment aimed at increasing tumour development. Emerg-
ing epidemiological data reveal an increased incidence of breast cancer in women exposed to diethylstilboestrol during ges-
tation. Hence, both animal experiments and epidemiological data strengthen the hypothesis that foetal exposure to

 

xenooestrogens may be an underlying cause of the increased incidence of breast cancer observed over the last 50 years.

 

The hypothesis that prenatal exposure to endocrine disrup-
tors might cause cancer arose when two ingrained notions
began to be contested: (i) embryonic development is merely
the unfolding of a genetic programme, and (ii) only muta-
genic agents can cause cancer. The realization that a reduc-
tionist programme has failed to bring about a more robust
understanding of complex phenomena has resulted in an
ongoing re-appraisal of old research traditions in embryol-
ogy and cancer research.

Despite studies from the end of the 19th century illustrat-
ing phenomenon such as environmentally triggered poly-
phenism, the dominant view in developmental biology
at the end of the 20th century was that development is the
unravelling of a genetic programme where the environment
plays virtually no relevant role. Two main factors contri-
buted to the dominance of the genetic programme view. One
was the advent of developmental mechanics, which concen-
trated on the inner workings of the embryo rather than on
the ecological determination of phenotype. Another was the
dominance of a genocentric view originating from the
molecular biology revolution.

For most of the 20th century, the dominant stance
regarding cancer was the somatic mutation theory [1]. The
premises of  this theory are: (i) cancer is derived from a
single somatic cell that has accumulated multiple DNA muta-
tions, (ii) the default state in metazoan cells is proliferative
quiescence, and (iii) cancer is a disease of cell proliferation
caused by mutations in genes that control the cell cycle. The
research programmes and policies emanating from this
theory have fallen short both in explaining the causes of cancer
and in providing effective treatments. Due to these short-
comings, an older tradition, centred at the tissue level of
organization, has been updated as the tissue organization
field theory (TOFT) of  carcinogenesis and neoplasia and
is gaining momentum [2]. This tradition originated in the
late 19th century when pathologists began describing the
histological pattern of tumours using merely the light micro-
scope and suggesting that altered tissue organization was at the
core of neoplasia, thus linking carcinogenesis to embryonic
development. In contrast to the somatic mutation theory, the
TOFT postulates that: (i) carcinogenesis represents a problem
of tissue organization, (ii) proliferation is the default state
of  all cells, and (iii) carcinogenesis is a reversible pheno-
menon [2]. Carcinogens, as well as teratogens, would disrupt
the normal dynamic interaction of  neighbouring cells
and tissues during early development and throughout
adulthood [3]. According to this theory, carcinogenesis is
comparable to organogenesis gone awry.
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We are now witnessing a resurfacing of old theories of
development and carcinogenesis in the context provided
by the advancements made in genetics, cell biology and
molecular biology. The environment is again accepted as a
main player in phenotype determination. There are at least
three potential ways that environmental cues could dictate
the building of a phenotype: (i) a neuroendocrine route,
whereby the nervous system monitors the environment and
is stimulated to send signals to the endocrine system;
responding hormones would then alter gene expression,
(ii) the epigenetic route, whereby environmental agents alter
transcriptional capabilities through histone modification
and DNA methylation, and (iii) direct induction, whereby
environmental agents act directly as hormones or disrupt
the metabolism or synthesis of endogenous hormones [4].
Ecological developmental biology and the implications of
the TOFT provide the appropriate context to explore the
following questions: (i) does foetal exposure to endocrine
disruptors cause neoplastic development? and, more
pointedly, (ii) does breast cancer start in the womb?

 

The complex field of endocrine disruptors

 

Following the publication of Rachel Carson’s 

 

Silent Spring

 

,
researchers continued to make connections between chemi-
cal exposures and adverse outcome in animals and human
beings. Soon after the massive introduction of the pesticide
Dichloro-Diphenyl-Trichloroethane (DDT) and other synthetic
chemicals into the environment, evidence emerged linking
environmental exposure with a variety of developmental and
reproductive abnormalities, while laboratory studies revealed
that some of these compounds had oestrogenic activity. This
led to the enunciation of the endocrine disruptor hypothesis
at the Wingspread Conference, held in Racine, Wisconsin,
in 1991. The term endocrine disruptor was coined because
the participants proposed that developmental alterations
observed in diverse animal species were due to exposure to
multiple chemicals that, through different modes of action,
disrupted the endocrine systems of metazoan organisms
during organogenesis and development at large [5].

Environmental endocrine disruptors are now defined by
the US Environmental Protection Agency as ‘exogenous
agents that interfere with the synthesis, secretion, transport,
binding, action, or elimination of natural hormones in the
body that are responsible for the maintenance of homeosta-
sis, reproduction, development, and/or behaviour’. This def-
inition evokes a diversity of targets and pathways that may
be affected by exogenous chemicals, implying that endocrine
disruptors are heterogeneous agents encompassing diverse
structures.

While exposures during adulthood were considered
potentially deleterious, the main concern of the conferees
was the exposure of developing organisms, because some
effects documented in the genital tracts of animals were
comparable to those seen in the daughters and sons born to
women treated with diethylstilboestrol during pregnancy.
The conference participants recognized that the human

diethylstilboestrol syndrome was an extreme expression of
the plasticity of the foetus in response to environmental
cues, providing a template for the potential effects that other
hormonally active chemicals could have on human health.

The vast majority of identified hormonally active agents
are oestrogen mimics, also known as xenooestrogens.
Endogenous oestrogens are involved in the development
and maintenance of  the female reproductive tract and
secondary sexual characteristics as well as in the regulation of
the menstrual/oestrous cycle, pregnancy and lactation. At
the cellular level, these endogenous hormones mediate cell
proliferation and the synthesis and secretion of cell type-
specific proteins in reproductive tissues such as the ovary,
oviduct, uterus, vagina, hypothalamus, pituitary and mam-
mary gland. These effects are mediated, for the most part,
by oestrogen receptors (

 

α

 

 and 

 

β

 

). Additionally, the expres-
sion of oestrogen receptors in the male reproductive tract
and in non-reproductive organs such as the thyroid, cardio-
vascular system and bone indicates the potentially vast
reach of synthetic oestrogenic chemicals.

Until recently, the issue of whether hormonally active
agents at low, environmentally relevant doses could alter
development was highly controversial. Although xeno-
oestrogens are usually less potent than oestradiol regarding
their binding affinity for classical nuclear oestrogen recep-
tors, it is now clear that they act additively with endogenous
oestrogens. This may explain how low seemingly insignifi-
cant levels of  xenooestrogens have an impact when added
to the already significant levels of  endogenous steroidal
hormones [6]. In addition, xenooestrogens bind to plasma-
carrier proteins with significantly lower affinities than those of
natural oestrogens, and thus are more readily available to
target cells than their endogenous counterparts [7]. The
same xenooestrogens that seem to be weak agonists for the
nuclear oestrogen receptors are strong agonists when acting
via membrane oestrogen receptors; this may also explain
their ability to produce biological effects at low doses [8].

Toxicologists typically assume that after a chemical expo-
sure, an organism will respond in a monotonic way (i.e. the
higher the dose the greater the effect). However, hormones
display diverse types of response curves, including those
that have a U or inverted U shape, which are known as non-
monotonic curves. For example, at low physiological levels,
androgens increase the proliferation rate of prostate cell
lines, while at high physiological levels they induce prolifer-
ative quiescence [9]. Similarly, oestrogens invoke a non-
monotonic (inverted U shaped) response in a variety of
morphometric parameters in the mammary gland of ova-
riectomized prepubescent mice [10] (fig. 1). Dose–response
curves can also be non-monotonic for some effects observed
after prenatal exposure to xenooestrogens. For example,
prenatal exposure to methoxychlor alters the response of
the adult uterus to oestradiol; low doses increase the
response and higher doses reduce it [11]. The frequent
occurrence of non-monotonic dose–response curves in bio-
logical phenomena indicates the importance of understand-
ing how these complex biological phenomena are regulated
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[12]. These patterns ultimately highlight the inadequacy of
using the response to high doses of a natural or environ-
mental hormone or other toxicant to extrapolate or predict
the effects of exposure to low doses of the compound.

 

Foetal origins of adult diseases

 

Epidemiological studies revealed that perturbations in the
foetal environment such as maternal malnutrition caused
diseases and/or organ dysfunctions, including heart disease,
stroke, diabetes and hypertension, that became apparent in
adulthood [13]. Recently, scientists have hypothesized that
exposure to hormonally active agents may also lead to alter-
ations in the development of a foetus. The high sensitivity to
both endogenous and exogenous hormones by the develop-
ing organism led Dr. Howard Bern to coin the term the
‘fragile foetus’ [14].

Oestrogen exposure throughout a woman’s life is a major
risk factor for the development of breast cancer, as has been
demonstrated by the increased risk associated with early age
of menarche and late age of menopause [15]. The positive
correlation between increased intrauterine levels of oestro-
gens (a phenomenon observed in twin births) and breast
cancer in daughters born from such pregnancies also sup-
ports this link [16]. Additional evidence comes from women

exposed to high doses of  the synthetic oestrogen diethyl-
stilboestrol, a drug administered to pregnant women between
the years 1948 and 1971 to prevent miscarriages. Women who
were exposed to diethylstilboestrol while pregnant now show
a higher incidence of breast cancer [17]. Their daughters,
that is, ‘diethylstilboestrol daughters’, are now reaching the
age at which breast cancer is diagnosed. The rate ratio for
the incidence of breast cancer in diethylstilboestrol-exposed
versus unexposed women aged 40 and older was 2.5, indi-
cating a statistically significant increase in the 

 

in utero

 

diethylstilboestrol-exposed women [18].
We are all exposed involuntarily to a multitude of envi-

ronmental chemicals with hormonal activities. This is in
addition to medically prescribed hormones (hormonal
contraceptives or hormone-replacement therapy). Is the
increased breast cancer incidence that has been observed
during the last 50 years due to this cumulative exposure? A
few epidemiological case-control and cohort studies both
from the USA and Europe have revealed a positive correla-
tion between breast cancer incidence and serum levels of
endocrine disruptors such as dieldrin, DDT and PCBs in
women [19]. Controversy abounds on the interpretation of
this data, mainly because none of these chemicals are con-
sidered to be a marker of a total xenooestrogen exposure
[20]. However, assessments of total xenooestrogen exposure
in adipose tissue correlated positively with breast cancer
incidence [21].

Because a mixture of diverse endocrine disruptors is
present in both human and animal tissues, and these expo-
sures occur at all developmental ages, it is expected that
human beings and animals will display more florid and
diverse syndromes than those laboratory animals exposed to
a single chemical at a well-defined developmental stage.
However, in an effort to understand the health problems
posed by endocrine disruptors, it is useful to examine single
agents during specific developmental periods. We have
chosen to focus the remainder of this review on the effects
of  developmental exposure to environmentally relevant
levels of the xenooestrogen bisphenol A on mammary gland
development and carcinogenesis. Bisphenol A is present
ubiquitously in our environment, has high potential for foetal
exposure, and the literature already contains multiple
examples of developmental effects in experimental models.

 

Bisphenol A

 

Bisphenol A (4,4

 

′

 

-isopropylidenediphenol) is widely used in
the manufacture of polycarbonate plastics and epoxy resins.
Bisphenol A is present in a multitude of products including
the interior coating of food cans, wine storage vats, water
carboys, milk containers, food storage vessels, baby formula
bottles, water pipes, dental materials, automotive lenses,
optical lenses, protective coatings, adhesives, protective
window glazing, compact discs, thermal paper, paper coatings,
and as a developer in dyes [22]. In 2003, the worldwide pro-
duction of bisphenol A exceeded 6 billion pounds [23]. About
100 tons of bisphenol A are released into the atmosphere

Fig. 1. Morphometric parameters in the mammary gland of
ovariectomized pubertal mice demonstrate non-monotonic dose–
response curves in response to oestradiol. The dashed line denotes
the number of terminal end buds (TEB) and the solid line denotes
TEB area. * or † indicates the dose where the maximal response was
observed, which is statistically different from both its ovariectomized
control and the highest administered dose (marked with the **
or ††).
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each year during production [22]. Studies have shown that
incomplete polymerization of bisphenol A during manufac-
ture, and/or depolymerization due to increased temperatures
(induced either intentionally for sterilization/heating pur-
poses or unintentionally during storage in warehouses)
causes bisphenol A and its derivatives to leach into foods,
beverages, infant formula and saliva after application of
dental sealants [22]. Bisphenol A has been found in air and
dust samples from residential and commercial environ-
ments, leachates from waste water treatment plants, river
water, and surface and drinking water [22].

Bisphenol A is a diphenyl compound that contains two
hydroxyl groups in the ‘para’ position making it remarkably
similar to the synthetic oestrogen, diethylstilboestrol
(fig. 2). Although bisphenol A has been known to be oestro-
genic since 1936 [24], it was in the 1990s that this chemical
was serendipitously discovered to leach from polycarbonate
plastics in concentrations that were sufficient to up-regulate

the expression of progesterone receptor and induce cell pro-
liferation in oestrogen-target, serum-sensitive MCF-7 cells
through binding to the oestrogen receptor [25].

The ubiquitous use of bisphenol A provides great poten-
tial for exposure of both the developing foetus indirectly
through maternal exposure, and the neonate directly
through ingestion of infant formula or maternal milk [26].
Indeed, bisphenol A has been measured in maternal and
foetal serum and placental tissue at birth in human beings
[27]. The range of bisphenol A concentrations in foetal
serum ranged from 0.2 to 9.2 ng/ml, indicating that the
developing human foetus and neonate are readily exposed
to this chemical. A recently published study, the first using a
reference adult human population, reported that bisphenol
A was found in 95% of 394 urine samples in the USA [28].
From these data, the mean exposure was estimated to be
30–40 ng/kg body weight/day and the 95th percentile was
180–230 ng/kg/day. In a smaller study, Arakawa et al.
reported a median daily urinary excretion of bisphenol A of
1.2 

 

µ

 

g/day and a maximum daily intake per body weight of
0.23 

 

µ

 

g/kg/day [29].
In rodents, bisphenol A has been shown to readily cross

the placenta [30] and bind 

 

α

 

-foetoprotein but with negligible
affinity relative to oestradiol, resulting in enhanced bio-
availability during neonatal development [7]. Bisphenol A
is present in the mouse foetus and amniotic fluid during
maternal exposure in higher concentrations than that of
maternal blood. Thus, the pharmacokinetics and pharmaco-
dynamics of  bisphenol A may exacerbate the impact of
this chemical on the developing foetus and neonate [30].

 

Development of the mouse mammary gland and expression of 
the oestrogen receptor

 

In the mouse, at embryonic day (E) 11.5, five placodes
appear along each presumptive mammary line as lens-
shaped ectodermal structures that later on invaginate into
the dermis. The mesenchyme abutting the mammary epithe-
lium becomes denser than the surrounding mesenchyme
with several concentric layers of fibroblasts aligning them-
selves around the epithelial compartment [31]. At E15.5, the
epithelial bud elongates to become a cord, and on E16, the
primary sprout undergoes a sudden and significant increase
in proliferation before it pushes through the closely associ-
ated mammary mesenchyme and penetrates the primitive fat
pad, a cluster of pre-adipocytes found in the deeper dermal
tissue. By E18, branching is apparent and the ductal lumen
starts to form [32] (fig. 3).

Oestrogen receptors 

 

α

 

 and 

 

β

 

 are first expressed at
E12.5 in the mesenchyme surrounding the bud [33].
Autoradiographic experiments also revealed specific 

 

3

 

H-
diethylstilboestrol binding only in the mesenchyme surround-
ing the epithelial anlagen at E16, suggesting the presence of func-
tional receptors at that time [34]. By E18, oestrogen receptor
is detected predominantly in the stroma with punctate
expression in the epithelium [32]. This suggests that E18
may be a point of transition because oestrogen receptor 

 

α

Fig. 2. Chemical structures of bisphenol A (BPA), diethylstilbestrol
(DES) and oestradiol. The structures of BPA and DES are more
similar to one another than they are to the endogenous oestradiol,
indicating that chemicals with variable structures are capable of
binding to the oestrogen receptor.
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expression is mainly localized to the epithelium at postnatal
time-points [35].

During prenatal and neonatal development, the mouse
mammary gland grows isometrically with respect to body
growth until plasma oestrogen levels rise during the third
week of postnatal life. Oestrogens then drive massive
peripubertal ductal growth. Bulbous epithelial structures
known as terminal end buds (TEB) develop and show both
high mitotic and apoptotic activity; the cap cells of the TEB
are highly proliferative, permitting rapid ductal elongation
as well as the ability of the duct to change direction in the
fat pad [36], while death of the body cells in the TEB is
essential for the formation of the lumen and the growth of
the subtending duct [37]. The ductal tree invades the
stroma until it reaches the edge of  the fat pad, establishing
a network of  ducts and a few alveolar buds [36]. This
morphology remains relatively quiescent, although minor
fluctuations occur with each oestrous cycle. During preg-
nancy, the entire epithelial compartment undergoes a dra-
matic proliferation resulting in a plethora of alveolar buds
and lobuloalveolar units in preparation for lactation. Once

the period of lactation is over, the mammary gland under-
goes rapid involution, a process associated with widespread
apoptosis and stromal remodelling, to return the gland to
its pre-pregnancy state.

 

Perinatal exposure to bisphenol A alters mammary gland 
development

 

Exposure of pregnant mice to either 25 or 250 ng bisphenol
A/kg body weight/day, using osmotic mini pumps for 14
days beginning on E8, has been shown to impact certain
aspects of development in their female offspring. When
examined at E18 (2 days before birth), foetuses of mothers
exposed to 250 ng bisphenol A exhibited altered growth of
the mammary gland anlagen (fig. 4A). Changes in the
appearance of the mammary epithelium were observed,
such as decreased cell size and delayed lumen formation, as
well as increased ductal area. In the stroma, bisphenol A
exposure promoted advanced maturation of the fat pad and
altered localization of fibrous collagen [32]. Because matu-
ration of the fat pad is the driving event for ductal growth

Fig. 3. Appearance of the mammary gland at embryonic day 18. (A) Branching points (arrows) are apparent in carmine stained whole
mounts. (B) Haematoxylin and eosin-stained paraffin section, demonstrating lumen formation (arrowhead), which is evident in approximately
40% of untreated glands at this age. (C) Lipid droplets are observed in clusters of primitive fat pad (fp) within a short distance of the
epithelium (see inset). Ep, epithelium.

Fig. 4. In utero exposure to bisphenol A (BPA) alters tissue organization in the mammary gland at several distinct developmental periods.
(A) Ductal area and ductal extension are significantly increased at E18 in BPA-exposed foetuses. (B) Perinatal BPA exposure alters the
number of terminal end buds (TEB) and the TEB area relative to total ductal area in the pubertal mammary gland. (C) Perinatally exposed
females demonstrate increases in the relative area of ducts, terminal ends and alveolar buds in adulthood (6 months of age). Area of ducts
and alvelolar buds: left axis; terminal ends: right axis. * denotes significant differences between animals exposed to 250 ng BPA/kg/day (250
BPA) and the vehicle control (0 BPA).
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and branching, it is likely that the increased ductal area in
bisphenol A-exposed animals is due to the accelerated
formation of their fat pads.

By postnatal day 10, the percentage of  proliferating
epithelial cells, measured by the incorporation of bromodeoxy-
uridine into DNA, was significantly decreased in bisphenol
A-exposed mice relative to controls [38]. At 30 days of age,
the area and numbers of TEBs relative to the gland ductal
area increased (fig. 4B) while apoptotic activity in these
structures decreased in bisphenol A-exposed offspring.
There was a positive correlation between ductal length and
the age at first prooestrus in control females. This correla-
tion was reduced as the bisphenol A dose increased, sug-
gesting that bisphenol A exposure slows down ductal
invasion of the stroma. It is likely that the reduced apoptotic
index in the TEBs of bisphenol A-exposed females may be
the cause of this ductal growth delay, as apoptosis is essen-
tial for both the hollowing and the outwards growth of the
subtending duct [37]. Collectively, these effects observed at
puberty may be attributed to an increased sensitivity to
oestradiol that has been observed in bisphenol A-exposed
animals [39] (fig. 5).

In animals exposed perinatally to bisphenol A, there was
also a significant increase in ductal epithelial cells that were
positive for progesterone receptor at puberty. These positive
cells were localized in clusters, suggesting future branching
points. Indeed, lateral branching was significantly enhanced

at 4 months of age in offspring born to mothers exposed to
25 ng bisphenol A/kg body weight/day by osmotic mini
pumps [39]. These results are compatible with the notion
that increased sensitivity to oestrogens drives the induction
of progesterone receptor in epithelial cells, leading to an
increase in lateral branching. By 6 months of age, perina-
tally exposed virgin mice exhibit mammary glands that
resemble those of a pregnant mouse. This is reflected by a
significant increase in the percentage of ducts, terminal ends
and alveolar buds compared to unexposed controls [38]
(fig. 4C). In conclusion, these results indicate that perinatal
exposure to environmentally relevant doses of bisphenol A
results in persistent alterations in mammary gland morpho-
genesis. Moreover, the altered growth parameters noted in
the developing mammary gland at E18 suggest that the
foetal gland is a direct target of bisphenol A, and that these
alterations cause the phenotypes observed in the mammary
gland at puberty and adulthood.

In summary, foetal exposure to low doses of bisphenol A
modulates cell proliferation, apoptosis and the timing of
development, suggesting that this chemical can predispose
the mammary gland to carcinogenesis. Importantly, the
observed increased sensitivity to oestrogens may represent a
functional equivalent to a known risk factor in human
beings, namely, lifetime oestrogen exposure [15]. Moreover,
the increased ductal density observed in these mice may be
considered equivalent to another acknowledged risk factor
in human beings, that is, increased mammographic density
[40].

 

Do bisphenol A studies indicate that breast cancer originates 
in the womb?

 

To explore the links between prenatal bisphenol A exposure
and mammary gland neoplasia, we used a rat model,
because it closely resembles the human disease regarding
oestrogen dependency and histopathology [41]. Bisphenol A
was administered to pregnant dams at doses of 2.5, 25, 250
and 1000 

 

µ

 

g/kg body weight/day using osmotic mini pumps
(the estimated lowest-observed effect level was 50 mg/kg
body weight/day; the estimated tolerable daily intake was set
at 10 

 

µ

 

g/kg body weight/day by the European Commission
and 50 

 

µ

 

g/kg body weight/day by the US Environmental
Protection Agency). Foetal exposure to bisphenol A, from
E9 to postnatal day 1, resulted in the development of carci-
nomas 

 

in situ

 

 in the mammary glands of 33% of the rats
exposed to 250 

 

µ

 

g/kg body weight/day while none of the
unexposed animals developed neoplasias (fig. 6) [42]. These
cancers were only observed once the animals had reached
young adult age. Foetal exposure to bisphenol A signifi-
cantly increased the number of pre-neoplastic lesions,
namely, intraductal proliferation, by three to four times, an
effect also observed in puberty and during adult life (fig. 6).
These intraductal hyperplasias are considered the precur-
sors of carcinomas both in rodents and human beings and
have been shown to develop into palpable tumours when
transplanted into hosts with intact ovaries [43]. The number

Fig. 5. Perinatal bisphenol A (BPA) exposure alters the sensitivity
of the mammary gland to oestradiol at puberty. Animals exposed
perinatally to vehicle (0 BPA) or 250 ng BPA/kg/day (250 BPA)
were ovariectomized and challenged with 0 (−E2) or 0.5 µg
oestradiol/kg/day (+E2) at 25 days of age (pre-puberty). BPA-
exposed animals had a heightened response in number of terminal
end buds (TEB) compared to control animals. * denotes significant
differences from −E2 groups. The symbol ‘†’ indicates significant
differences from animals exposed perinatally to vehicle and to E2 at
25 days of age.
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of intraductal hyperplasias observed at 50 days of age was
quantitatively similar at all bisphenol A doses tested.
Remarkably, they persisted longer in the animals exposed to
the lowest dose. The lesions observed in the bisphenol A-
exposed animals were highly proliferative and contained
abundant oestrogen receptor-positive cells [42], suggesting
that the proliferative activity in these lesions may be oestro-
gen mediated. As mentioned above, mammary carcinomas
in both rats and human beings are predominantly oestrogen
dependent, a feature that strengthens the relevance of these
findings. Moreover, prenatal exposure to 25 

 

µ

 

g bisphenol
A/kg body weight/day, followed by treatment at puberty with
a ‘subcarcinogenic’ single dose of the chemical carcinogen
nitrosomethylurea, resulted in the development of tumours
only in the animals exposed 

 

in utero

 

 to bisphenol A [44].
All of the morphological and functional alterations

described above suggest both direct action of bisphenol A
on oestrogen-sensitive organs, as well as bisphenol A-
induced alterations in the hypothalamic–pituitary–gonadal
axis that would have secondary effects on peripheral
organs including the mammary gland. Direct effects of
oestrogens on the target reproductive organs and mammary
gland are believed to be mediated by regulation of the
expression of  oestrogen-target genes involved in tissue
patterning, histodifferentiation and cytodifferentiation. For
example, neonatal exposure to diethylstilboestrol exerts an
oestrogenic effect through repression of the Wnt7a signal-
ling pathway in the female reproductive tract [45]. Prenatal
exposure to diethylstilboestrol also alters the expression of
several Hox genes in the mouse Müllerian duct and uterus
[46]. In the words of  Block et al., ‘Oestrogens are novel

morphogens that directly regulate the expression pattern of
posterior Hox genes in a manner analogous to retinoic acid
regulation of anterior Hox genes’ [47].

Several members of the Wnt family and Msx2 are
expressed during foetal development [48] and the expression
of some of these genes is regulated by oestrogens in the
adult mammary gland [10]. Hence, it is plausible that foetal
xenooestrogen exposure may result in the extemporaneous
expression of this set of genes that, in turn, may cause
altered morphogenesis and neoplastic development. In addi-
tion, foetal bisphenol A exposure may also result in altera-
tions in the methylation patterns of genes involved in the
reciprocal tissue interactions that mediate morphogenesis.

 

Conclusions

 

The organizational and functional changes reported to date
provide important pieces of evidence for the understanding
of how xenooestrogen exposure, and bisphenol A exposure
in particular, affects foetal development of oestrogen-target
organs in human beings and animals. While low-level
exposure to bisphenol A or other xenoostrogens during
adulthood may not have dramatic effects on females, when
exposure occurs 

 

in utero

 

 or during the perinatal period, it
can exert significant and lasting effects on the development
of the female reproductive tract, mammary gland, and alter
reproductive axis function.

In addition, these results buttress the link between foetal
exposure to bisphenol A and the development of neoplasias
in the adult mammary gland. These neoplasias may have
their origin in the altered morphogenesis that occurs in the

Fig. 6. Neoplastic lesions. The percentage of ductal hyperplasias is significantly increased in bisphenol A (BPA)-exposed animals at postnatal
day 50 (A) and 95 (D); *P < 0.05; **P < 0.005. Some of the ductal lesions were identified as carcinomas in situ (CIS) and had a cribriform
pattern. This can be observed at postnatal day 50 (B and C) and 95 (E and F). The CIS showed not only multiple lumina but also
hyperchromatic nuclear staining with visible nucleoli (inset in E and F). Scale bar: 50 µm (figure reproduced with permission, Reproductive
Toxicology; 23:383–390, 2007).
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foetus during the period of bisphenol A exposure. Furthermore,
these results support the hypothesis that exposure to xenooes-
trogens during foetal life may contribute to the increased incidence
of breast cancer observed over the past five decades.

Evidence from the mouse model indicates that bisphenol
A alters both the mammary epithelium and stroma during
the period of exposure, that is, foetal development, with
additional effects that manifest later in life (at puberty and
in adulthood). Although oestrogen receptors begin to be
expressed in the epithelium at E18, they are present predom-
inantly in the stromal compartment during the period of
exposure [33]; thus, it is plausible that bisphenol A is
directly altering the development of this tissue compart-
ment, modifying both histogenesis and organogenesis and
thus leading to a neoplastic phenotype that manifests in the
epithelium in adult life [32]. In the context of the TOFT
exposure to bisphenol A would lead to the development
of neoplasias in the mammary gland by altering tissue
organization.

The findings reviewed above have both practical and the-
oretical implications. From a practical perspective, it is now
evident that animals and human beings are affected by
environmental exposure to hormonally active chemicals at
levels previously considered to be irrelevant. These data
should raise concerns about the potentially deleterious impact
of endocrine disrupting chemicals on human development.
Extrapolating evidence from animal studies to human
beings should be done cautiously, as differences among
strains and species have been reported regarding a variety of
parameters. However, the mouse and rat have been shown to
be excellent surrogate models for the understanding of the
diethylstilboestrol syndrome. All of this evidence should
encourage regulatory agencies to apply the precautionary
principle and thus ban or substitute those chemicals that are
likely to be harmful to the normal development of human
beings and animals. In fact, the Registration, Evaluation,
Authorisation and Restriction of  Chemicals (REACH)
Legislation, entered into force in the European Union in
June 2007, requires chemical producers to generate safety
data for all chemicals produced, manage any risks associated
with use of these chemicals, include an analysis of alterna-
tives and a substitution plan where a suitable alternative
exists, and communicate this information to consumers.

From a theoretical perspective, the results discussed in
this 

 

MiniReview

 

 suggest that the prevalent view of develop-
ment as the mere unfolding of  a genetically determined
programme should be reconsidered. The contamination of
our environment with endocrine disrupting chemicals is pro-
viding evidence that mammalian development is far more
malleable than previously thought, as both natural and
synthetic oestrogen exposure during development results in
morphological and functional effects that persist into adult-
hood. The field of environmental endocrine disruption is
poised to contribute to the understanding of the mecha-
nisms that underlie the development of hormone-target
organs. This quest will require the use of both bottom-up
(from genes to organisms) and top-down approaches (from

organisms to genes), as well as a new conceptual framework
that would take into account the existence of emergent
properties, that is, properties of the whole that cannot be
explained from the properties of its components. The prop-
erties at one level of  biological complexity (for instance,
tissues) cannot be ascribed directly to their component parts
(cells, extracellular matrix, etc.), but arise only because of
the interactions among the parts. Developmental biology,
guided by this integrative thinking, now has the tools to
successfully revisit the old tradition of ecological regulation
of development, that is, phenotype plasticity.
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