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Abstract
Exposure of the fetus to excess estrogen is believed to increase the risk of developing breast cancer
during adult life. Fetal exposure to low doses of the xenoestrogen bisphenol A resulted in long-lasting
effects in the mouse mammary gland that were manifested during adult life. It enhanced sensitivity
to estradiol, decreased apoptosis, increased the number of progesterone receptor-positive epithelial
cells at puberty and increased lateral branching at 4 months of age. We now report that fetal exposure
to 2.5, 25, 250 and 1000μg bisphenol A/kg body weight/day induces the development of ductal
hyperplasias and carcinoma in situ at postnatal day 50 and 95 in rats. These highly proliferative
lesions have an increased number of estrogen receptor-α positive cells. Thus, fetal bisphenol A
exposure is sufficient to induce the development of preneoplastic and neoplastic lesions in the
mammary gland in the absence of any additional treatment aimed at increasing tumor development.
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Introduction
Recent data have suggested that perturbations in the fetal environment may predispose
individuals to disease and/or organ dysfunction, which become apparent in adulthood [1,2].
This new emphasis on the fetal origins of adult diseases has prompted scientists to hypothesize
that fetal exposure to environmental estrogens may be the underlying cause of the increased
incidence of uterine leiomyoma, testicular cancer and breast cancer observed in European and
US populations over the last 50 years [3–5].

Epidemiological studies suggest that fluctuating estrogen levels in the fetal environment have
long-term consequences regarding the risk of developing breast cancer during adult life [6–
8]. Given the long latency period between exposure and effect, epidemiological studies
designed to explore this hypothesis have used prenatal and perinatal markers of in utero
estrogen exposure because direct estrogen measurements are not available from birth records.
For instance, twin pregnancy was used as an indicator of high estrogen exposure and pre-
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eclampsia for low estrogen exposure. Increased risk of breast cancer correlated with twin
dizygotic birth and pre-eclampsia was associated with lowered risk in several studies [7,9].

Direct evidence of prenatal estrogen exposure and breast cancer risk is being gathered from
the cohort of women born to mothers treated with diethylstilbestrol (DES) during pregnancy.
This potent synthetic estrogen was administered to women as an anti-abortive therapy between
the years 1948 and 1971 in the US, Europe and Australia. Tragically, this therapy was continued
long after it was shown to be ineffective, and was finally stopped in the early 1970’s when a
rare pathology, clear cell adenocarcinoma of the vagina [10,11], as well as other abnormalities
of the uterus, oviduct and cervix were diagnosed in young women that had been exposed to
DES in utero [12,13]. These women are now reaching the age at which breast cancer becomes
more prevalent. It has been reported that in the group of women exposed in utero to DES, aged
40 years and older, there is a 2.5 fold increase in the incidence of breast cancer compared to
unexposed women of the same age [14], suggesting that indeed, prenatal exposure to synthetic
estrogens may play an important role in the development of breast neoplasms.

Consistent with this observation, experiments in rats showed that prenatal exposure to DES
resulted in increased mammary cancer incidence during adulthood [15]. These experiments
illustrated that rats exposed prenatally to DES and challenged with the chemical carcinogen
dimethylbenzanthracene (DMBA) at puberty had a significantly greater incidence of palpable
mammary tumors at 10 months of age than animals exposed prenatally to vehicle. In addition,
the tumor latency period was shorter in the DES-exposed compared to the vehicle-exposed
group. Both the epidemiological and experimental data are consistent with the hypothesis that
excessive estrogen exposure during development may increase the risk of developing breast
cancer.

In utero exposure to tamoxifen, an estrogen antagonist and partial agonist, has also been shown
to increase the incidence of mammary tumors when the exposed offspring are challenged with
DMBA at puberty. Eighteen weeks after the challenge, 95% of the tamoxifen-exposed animals
developed tumors compared to 50% of the vehicle-treated rats [16]. However, in the above-
mentioned studies, both DES and tamoxifen were administered at high pharmacological doses
to reflect the medical use of these agents, while the effects of twinning and pre-eclampsia
represent a physiological range of endogenous hormone levels to which developing fetuses are
exposed. Yet there is a third type of exposure that needs to be addressed, i.e. the inadvertent
and continuous exposure of fetuses to environmentally active xenoestrogens.

Among these compounds, bisphenol A (BPA) is receiving increased attention due to its
ubiquitous presence in the environment and chronic human exposure. BPA is used in the
manufacture of polycarbonate plastics and epoxy resins, and leaches from food containers
[17], beverage containers [18] and dental sealants and composites [19] under normal conditions
of use [5]. BPA has been measured in maternal and fetal plasma and placental tissue at birth
in humans [20,21]. A recent study of 394 Americans reported that BPA was found in 95% of
urine samples [22]. From these data, the mean exposure was estimated to be 40ng/kg body
weight (BW)/day and the 95th percentile was 230ng/kg BW/day assuming that 70% of the
daily dose was excreted into the urine. A smaller study reported a mean daily urinary excretion
of BPA at levels of 1.2μg and estimated the maximum daily intake of BPA to be 0.23μg/kg
BW [23]. Alternatively, daily intake can be estimated from the amount of BPA leached from
food containers, beverage containers and dental materials. Using this approach, a probable
exposure range of 2–20μg BPA/kg BW/day was calculated [24]. It is worth noting that the US
Environmental Protection Agency estimates the lowest observable adverse effects level to be
50mg BPA/kg BW/day and from this the safe dose was calculated to be 50μg BPA/kg BW/
day [25].
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Exposure of rodents to low doses of BPA during fetal development has been shown to alter a
variety of biological endpoints including early vaginal opening [26], early onset of puberty
[27], disrupted estrous cyclicity [28,29], and decreased levels of luteinizing hormone following
ovariectomy [29].

Our previous work has focused on the effects of perinatal BPA exposure on mouse mammary
gland development. In these mice, BPA caused a decreased invasion of the stromal
compartment, increased number of terminal end buds (TEBs) relative to the ductal area,
decreased apoptosis and increased numbers of cells expressing progesterone receptor in the
pubertal mammary gland [30]. At 4 months of age, these animals had a significant increase in
lateral branching [30]. By 6 months of age, we observed an overall increase in epithelial
structures including terminal ends and a premature appearance of alveolar buds, normally
associated with pregnancy in the mouse [31]. More importantly, BPA exposed mice that were
ovariectomized prepubertally showed an enhanced sensitivity to estradiol demonstrated by an
increase in the number of TEBs, TEB area, TEB density and ductal extension [30,32]. It has
also been observed that increased ductal density, estimated from mammographic density, is
associated with increased risk for developing breast cancer [33]. Based on all these findings,
we hypothesize that perinatal exposure to environmental levels of BPA increases the risk of
developing mammary cancer. To explore this hypothesis, we have chosen to use a rat model
because it mimics the human disease regarding hormone factors and histopathology more
closely [34,35] than the available mouse models [36].

In the rat model, treatment with chemical carcinogens such as DMBA and N-nitrosomethylurea
(NMU) results in the development of intraductal hyperplasias, intraductal carcinomas in situ
(CIS) and adenocarcinomas. Intraductal hyperplasias are believed to be the precursor lesion
for both CIS and adenocarcinomas [37]. Additionally, transplantation studies have revealed
that intraductal hyperplasias give rise to palpable tumors [38], and thus are considered
preneoplastic lesions. The aim of the present work was to examine whether fetal BPA exposure
is sufficient to induce the development of preneoplastic lesions in the mammary gland in the
absence of any additional treatment aimed at increasing tumor development (i.e., chemical
carcinogen, pharmacological hormone treatment, etc.).

Materials and Methods
Fetal exposure to BPA

Sexually mature female Wistar-Furth rats (8 week-old; Harlan, Indianapolis, IN) were
maintained in temperature-controlled and light-controlled (14-h light, 10-h dark cycle)
conditions in the Tufts University School of Medicine animal facility. All experimental
procedures were approved by the Tufts University–New England Medical Center Animal
Research Committee in accordance with the Guide for Care and Use of Laboratory Animals.
Cages and bedding tested negligible for estrogenicity by the E-SCREEN assay [39]; water was
supplied from glass bottles only. Food (Harlan Teklad 2018) was supplied ad libitum.
Estrogenicity of the feed was measured at 20 femtomoles of estrogen equivalents per gram, a
negligible amount [39]. Female rats were mated with Wistar-Furth males of proven fertility
and the morning on which sperm was observed in vaginal smears was designated embryonic
day (E)1. On E9, the rats were weighed and implanted with Alzet osmotic pumps (Alza Corp.,
Mountain View, CA) designed to deliver the following doses of BPA/kg BW/day: 2.5μg,
25μg, 250μg or 1000μg. For convenience, these will be subsequently referred to as BPA2.5,
BPA25, BPA250 and BPA1000, respectively. The control animals were implanted with a pump
delivering 50% dimethyl sulfoxide (vehicle control; Sigma Chemical Co., St Louis, MO). Thus,
the fetuses were exposed to BPA or vehicle from E9 until postnatal day (PND) 1. A wide range
of BPA doses were tested because, contrary to the mouse model, to our knowledge there are
no data available on developmental effects of BPA in the mammary gland of rats, with the
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exception of one study on Sprague-Dawley rats exposed to 0.1 and 1.2mg BPA/kg BW/day
from E5 to weaning via drinking water [29].

Parameters of growth and sexual maturation
The number of live and dead pups was recorded on the day of delivery. On PND 2, the sex of
each offspring was recorded and when necessary, litters were culled to a maximum of 8 pups.
On PND 4, the anogenital distance (AGD) of each pup was measured. Whole litters were
weighed on PND 4, 7 and 11; hence the body weight data collected before weaning (PND 21)
was not segregated by sex. After weaning, individual weights were recorded for female pups
at regular intervals until PND 110. Beginning on PND 28, female offspring were checked daily
for vaginal opening.

Mammary gland collection
Female offspring from all treatment groups were sacrificed either at PND 50, during puberty
when evident ductal growth and stroma invasion was underway, or at PND 95, when ducts
have extended towards the edge of the fat pad. The 4th and 5th left inguinal mammary glands
were fixed and processed for paraffin embedding and the contralateral glands were whole-
mounted.

Whole mounts and histology
The tissue was fixed overnight in 10% phosphate buffered formalin and processed for paraffin
embedding as described previously [40]. Sections (5μm) were stained with hematoxylin and
eosin (H&E).

The whole mounts were prepared following protocols described previously [41]. Briefly, the
mammary glands were removed and spread on a 75 × 50 × 1 mm glass slide (Fisher Scientific,
Pittsburgh, PA), fixed overnight in 10% phosphate buffered formalin, after which they were
dehydrated in alcohol, cleared of fat with toluene, rehydrated and stained with carmine alum.
After staining, the whole mounts were dehydrated as described above, cleared in xylene, and
bagged in Kpak® SealPak heat-seal pouches (Kpak Corp., Minneapolis, MN) with methyl
salicylate.

Morphometric analysis
The whole mounts were viewed with a stereomicroscope Stemi 2000 (Carl Zeiss, Munchen-
Hallbergmoos, Germany) and the histological sections were visualized with an Axioskop 2
Plus microscope (Carl Zeiss). Images were captured with an AxioCam HR color digital camera
(Carl Zeiss) and the Axiovision software (version 4.3).

Three 5μm sections separated by 50μm were used to assess the presence of pre-neoplastic
lesions in the mammary glands of PND 50 and PND 95 females. The leading edge and TEBs
were localized and starting 400μm from the most proximal TEB, a 4mm2 box was drawn; all
the ducts located within this area were counted (Supplementary Figure 1) and classified
according to Singh et al [34]. The main criterion used to diagnose a ductal hyperplasia was an
increase in the number of epithelial cells lining the ducts (3–4 cells thick). The incidence of
preneoplastic lesions was expressed in comparison to the total number of ductal structures
present in the 4mm2 area analyzed. The diagnosis of CIS was performed following the criteria
described by Russo et al [42] and Singh et al [34].

Immunohistochemistry
An antigen retrieval method using microwave pretreatment and 0.01 M sodium citrate buffer
(pH 6) was performed as previously described [43]. A monoclonal mouse antibody for estrogen
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receptor α (ERα, Novocastra, Newcastle, UK) and rabbit polyclonal anti-Ki67 (Vector
Laboratories, Burlingame, CA) were used at 1:150 and 1:3000 dilutions, respectively. The
antigen-antibody reaction was visualized using the streptavidin-peroxidase complex, with
diaminobenzidine tetrahydrochloride (Sigma-Aldrich) as the chromogen. Counterstaining was
performed with Harris’ hematoxylin and the sections were imaged as described above. One
5μm section from the mammary gland of each animal was used to assess the presence of Ki67
and ERα immunostaining in PND 50 and PND 95 females. For each section, a 1mm2 box was
drawn at a distance 400μm from the most proximal TEB and all the ductal structures located
within this box were analyzed. The ducts were classified as normal or hyperplastic (including
CIS) and the numbers of positive and negative cells were recorded for Ki67 or ERα for each
structure.

Statistics
As individual offspring cannot be exposed prenatally, we exposed the dams. Hence, we were
careful to randomize maternal effects and maximize the number of maternal units represented
in each group. For each histological measurement, only one individual from a given litter was
assigned to each group and end point. All calculated parameters and statistical significance
were determined using SPSS statistical software (Chicago, IL). Overall differences in
parameters were analyzed by ANOVA. When significant, post-hoc tests (Bonferroni or planned
t-tests) were used to make comparisons between treatment groups. For all statistical tests,
results were considered significant at p<0.05. All results are presented as mean +/− standard
error of the mean (SEM).

Results
Growth and reproductive parameters

No statistically significant differences in body weight were observed between the females born
to BPA- and vehicle-exposed dams at any point between PND 4–110 (Supplementary Figure
2). Similarly, no differences were observed regarding age at vaginal opening, litter size, or sex
ratios among the treatment groups (Table 1). However, male offspring in the BPA250 group
had a significant reduction in AGD when compared to males born to control and BPA2.5 dams,
whereas AGD was not affected by BPA treatment in the female offspring (Table 1).

BPA induces preneoplastic lesions in prenatally exposed mammary glands
Analysis of whole mounts revealed the presence of densely stained structures mostly in
terminal ducts (Figure 1) consistent with the appearance of ductal hyperplasias. This diagnosis
was confirmed by histological analysis of the microdissected areas (not shown).

Histological sections of the mammary glands were analyzed at PND 50 and PND 95. While
ductal hyperplasias were observed in all animals analyzed, exposure of fetuses to BPA resulted
in a significant 3–4 fold increase in the incidence of hyperplastic ducts relative to the controls
at PND 50 (Figure 2A, p<0.05). This increase was quantitatively similar at all BPA doses. At
PND 95 the percentage of hyperplastic ducts was lower overall than the PND 50 animals
(Figure 2D). Interestingly, only the incidence of hyperplastic lesions observed in the BPA2.5
group was significantly higher than those of the vehicle-exposed controls (p=0.032).

In addition to the increased number of hyperplastic ducts, cribriform-like structures were also
observed in the mammary glands of BPA250 and BPA1000 rats at PND 50 (Figure 2B–C) and
PND 95 (Figure 2E–F). There was a 25% (BPA250: 1/4, BPA1000: 1/4) incidence in both
BPA-treated groups at PND 50, while it reached 33% (BPA250: 2/6, BPA1000: 2/6) in both
groups at PND 95. These structures were classified as CIS as they exhibited the hallmarks of
these structures, namely (i) an increased ductal size due to proliferation of the luminal epithelial
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cells, (ii) enlargement of the luminal epithelial cells along with the presence of nucleoli and a
variability in chromatin pattern and (iii) rounded luminal spaces (secondary lumina) formed
by trabecular rods of cells aligned perpendicular to the longer axis of the duct.

Increased ERα and Ki67 expression in ductal hyperplasias
Ki67 immunostaining was performed in sections from PND 50 and PND 95 animals to verify
that the epithelial cells in the hyperplasias and CIS were proliferating. Indeed, the number of
Ki67-positive epithelial cells was increased in the ductal hyperplasias (developed in all animals
regardless of the exposure) and CIS compared to the normal ducts, indicating an increased
proliferative activity in the aberrant structures at PND 50 (Figure 3 A–B) and PND 95 (data
not shown). Likewise, the hyperplastic lesions and CIS exhibited a higher percentage of
ERα-positive cells than the normal ducts (Figure 3 C–D). Quantification showed that, after
combining the data from all normal ducts and all hyperplastic lesions (regardless of dose), Ki67
and ERα expression were significantly increased in the lesions relative to normal ductal
structures (Figure 3E; PND50: Ki67, p=0.009, n=19; ERα, p<0.001, n=18; PND95: Ki67 and
ERα, p<0.001, n=26 for each marker).

Discussion
The results described in this report provide compelling evidence that developmental exposure
to BPA induces neoplastic transformation of the mammary gland, a concept inferred from our
previously published work, but never before tested. Indeed, fetal exposure to BPA increased
the number of intraductal hyperplasias in the mammary gland at all doses tested. The relevance
of this finding is that intraductal hyperplasias are considered to be the precursors of carcinomas
both in rodents and humans [34]. Moreover, intraductal hyperplasias have been shown to
develop into palpable tumors when transplanted into cleared fat pads of hosts with intact ovaries
[38]. Even more striking was the presence of CIS in the mammary glands of the animals
exposed to the two higher BPA doses which were observed at puberty (PND 50) and at three
months of age, the final time point of this study (PND 95). Whether the incidence of CIS might
be increased in the BPA-exposed animals at later time points remains to be determined.

The appearance of these lesions at puberty is reminiscent of the timing of appearance of DES-
induced clear cell carcinoma of the vagina in humans, which manifested with a peak incidence
at 19 years of age, suggesting that exposure to ovarian hormones contribute to the development
of these pathologies [13]. In the mammary gland, the peripubertal period is characterized by
intense ductal morphogenesis encompassing tissue remodeling, epithelial invasion of the
stroma, increased rates of cell proliferation and cell death; hence, the pubertal mammary gland
is particularly prone to neoplastic development [30,44]. Indeed, an increased percentage of
proliferating cells was observed in hyperplastic areas and CIS compared to the normal ducts.
In addition, the percentage of ERα-positive cells was also increased in these lesions, suggesting
that the proliferative activity in these lesions may be estrogen-mediated. One can speculate
that these epithelial cells are already primed and will respond more strongly to the high levels
of estradiol during puberty and adulthood. In this regard, it is worth noting that mammary
carcinomas in both rats and humans are predominantly “estrogen-dependent”. Further, the
peripubertal period is considered the most vulnerable regarding the sensitivity of the rat
mammary gland to chemical carcinogenesis [44,45], and of the human mammary gland to
irradiation [46].

A recent publication showed that BPA treatment induces proliferative pre-cancerous lesions
in the rat prostate [47]. In this study, neonatal exposure to 10μg BPA/kg BW/day on PND 1,
3 and 5 did not increase the incidence of prostatic intraepithelial neoplasias (PINs). However,
the increased propensity of the BPA-exposed animals to develop PINs was revealed when those
rats were given a hormonal stimulus (testosterone plus estradiol for 16 weeks) during
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adulthood. Similarly, Durando et al showed that fetal exposure to 25μg BPA/kg BW/day
induced the development of mammary gland neoplasia which was manifested after treatment
with NMU during adulthood [48].

The present report as well as the above-mentioned publications show that developmental
exposure to BPA enhances the likelihood of developing carcinomas in both the mammary gland
and the prostate [47,48]. Further work will be necessary to verify whether the ductal
hyperplasias and CIS we have observed in the mammary gland have the ability to generate
invasive carcinomas. This possibility is currently being tested in our laboratory by treating
animals exposed to BPA in utero with a subcarcinogenic dose of NMU at puberty [49].

The mechanisms underlying the origin and progression of neoplastic lesions after
developmental exposure to natural or synthetic estrogens or xenoestrogens are still largely
unknown. Supporters of the novel theory of fetal origins of adult disease are proposing that
epigenetic changes such as DNA methylation and chromatin remodeling play a central role in
carcinogenesis [50]. Ho and collaborators postulate that permanent alterations in the DNA
methylation patterns of multiple cell signaling genes identified in the BPA-exposed prostates
may be the underlying cause of neoplastic development later in life [47]. In contrast, most
investigators in the field of cancer research support the idea that cancer is due to the
accumulation of mutations in a cell (somatic mutation theory) [51]. Both the genetic and
epigenetic theories of carcinogenesis imply that cancer originates in a cell that has undergone
genetic and/or epigenetic changes, which ultimately result in dysregulated cell proliferation
[52].

Alternatively, the tissue organization field theory postulates that carcinogenesis represents a
problem of tissue organization, comparable to organogenesis gone awry, and that proliferation
is the default state of all cells [53,54]. According to this theory, carcinogens and teratogens
disrupt the normal dynamic interaction of neighboring cells and tissues during early
development and/or adulthood [40,41]. As a result of the disruption in tissue organization, cells
would regain their constitutive ability to proliferate and promote neoplastic development.

An example of tumor development likely due to the disruption of tissue organization is the
DES-induced clear cell carcinoma of the vagina. This carcinoma originates from areas of
cervicovaginal adenosis, which are regions of simple columnar epithelium that develop within
the stratified squamous epithelium of the vagina [55,56]. The development of cervicovaginal
adenosis has been attributed to aberrant cell-fate determination in which some vaginal epithelial
cells acquire a uterine fate and become a simple columnar epithelium rather than a stratified
squamous one [57]. The mesenchyme plays a major role in this epithelial fate determination
process [58]. DES may also act directly on the vaginal epithelial cells by blocking the
expression of p63, a protein that plays a major role in the fate determination of the vaginal and
other stratified squamous epithelia [57]. More recently, msx2 which plays a critical role in cell
fate determination in the vaginal epithelium, was shown to be repressed by DES [58]. This
homeodomain transcription factor is required for the correct expression of wnt7a, and the
absence of msx2 would result in a complete failure of stratification of the vaginal epithelium
[59].

In contrast with the genital tract, very little is known about how estrogens affect mammary
gland morphogenesis. Prenatal exposure of mice to 250ng BPA/kg BW/day resulted in
advanced maturation of the fat pad at E18 [60]. Changes in the appearance of the mammary
epithelium were also observed such as decreased cell size, delayed lumen formation, and
increased ductal area. Because maturation of the fat pad is the driving event for ductal growth
and branching, it is likely that the increased ductal area in BPA-exposed mice is due to the
acceleration of this process.
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Similar to the female genital tract, several members of the wnt signaling cascade and msx2 are
expressed during fetal mammary gland development [61]. The expression of wnt4, wnt5b, and
msx2 is regulated by estrogens in the adult mammary gland [62,63]. Hence, it is plausible that
fetal xenoestrogen exposure may result in the extemporaneous expression of this set of genes
that, in turn, may cause altered morphogenesis and neoplastic development as is the case for
clear cell carcinoma of the vagina. In addition, it is also conceivable that fetal BPA exposure
may result in alterations in the methylation patterns of genes involved in the reciprocal tissue
interactions that mediate morphogenesis.

In summary, the results presented in this report buttress the link between fetal exposure to BPA
and the development of neoplasias in the adult mammary gland. These neoplasias may have
their origin in the altered morphogenesis that occurs in the fetus during the period of BPA
exposure [64]. Finally, this study supports the hypothesis that environmental exposure to
xenoestrogens during fetal life may contribute to the increased incidence of breast cancer
observed over the past five decades.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Mammary gland whole mounts at PND 95 from control, BPA2.5 and BPA25 groups. The BPA
treated animals developed intraductal hyperplasias, mostly in the terminal ducts (arrowheads).
The denser staining represents the abundance of epithelial cells compared to normal terminal
ducts (arrows). Scale bar: 500μm.
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Figure 2.
Neoplastic lesions. The percentage of ductal hyperplasias is significantly increased in BPA
exposed animals at PND 50 (A) and PND 95 (D); *, p<0.05; **, p<0.005. Some of the ductal
lesions were identified as CIS and had a cribriform pattern. This can be observed at PND 50
(B and C) and at PND 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: 50μm
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Figure 3.
Ki67 and ERα expression in BPA exposed mammary glands. Ductal hyperplasias show an
increased expression of Ki67 and ERα (B and D, arrowheads) compared to normal ducts (A
and C). Representative pictures are from PND 50 animals. The bar graph depicts the percent
of Ki67 and ERα positive cells at PND 50 and PND 95. White bars represent normal ducts,
black bars represent neoplastic lesions (*, p<0.05; **, p<0.001 with respect to normal ducts).
Scale bar: 50μm.
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