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Abstract

Throughout life, mammary tissue is strongly influenced by hormones. Scientists have
hypothesized that synthetic chemicals with hormonal activities could disrupt mammary gland
development and contribute to breast diseases and dysfunction. Bisphenol S (BPS) is an estrogenic
compound used in many consumer products. In this study, CD-1 mice were exposed to BPS (2 or
200 pg/kg/day) during pregnancy and lactation. Mice exposed to 0.01 or 1 ug/kg/day ethinyl
estradiol (EE2), a pharmaceutical estrogen, were also evaluated. Mammary glands from female
offspring were collected prior to the onset of puberty, during puberty, and in early adulthood.
Growth parameters, histopathology, cell proliferation and expression of hormone receptors were
quantified. Our evaluations revealed age- and dose-specific effects of BPS that were different from
the effects of EE2, and distinct from the effects of BPA that have been reported previously. These
assessments suggest that individual xenoestrogens may have unique effects on this sensitive tissue.
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1. Introduction

In the mouse, the mammary gland begins to develop at embryonic day 10 as the epithelial
anlagen assembles over an underlying embryonic mesenchyme [1, 2]. By birth, the
mammary gland is comprised of a rudimentary ductal tree [3]. With the onset of ovarian
function and the production of estrogen at puberty, terminal end buds (TEBs) appear at the
ends of the mammary ducts, with highly proliferative cells that allow the ducts to progress
through the fat pad [4]. As the mouse reaches the height of puberty (approximately PND32—
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35, after vaginal opening is observed), the ductal tree grows past the lymph node, more
branching points are observed and a larger percentage of the fat pad is filled with epithelium.
By adulthood, the mammary ductal tree contains more secondary and tertiary branching, and
the TEBs regress and form terminal ends. The ductal tree begins to develop alveolar buds,
hollow epithelial structures capable of secreting milk, in response to hormones produced
throughout the estrus cycle [5]. During pregnancy, these alveolar buds undergo a massive
phase of proliferation and differentiation in preparation for lactation, producing
lobuloalveolar structures [6].

In embryonic development, the mesenchymal cells express estrogen receptor (ER), whereas
epithelial cells begin to express ER around the time of birth [7]. Studies from ER knockout
mice demonstrate that estrogen action is not required for mammary gland development until
the onset of puberty [8-10]. Yet, numerous studies have shown that the gland is sensitive to
estrogenic compounds when exposures occur during early development [11, 12]. For
example, mice exposed to 17p-estradiol, estradiol benzoate, diethylstilbestrol, the
phytoestrogen genistein, or the mycoestrogen zearalenone during the perinatal period
develop mammary glands with abnormal morphologies including ducts with a ‘beaded’
appearance [13-17]. Consistent with the concept of the developmental origins of health and
disease, the effects of early life xenoestrogen exposures often manifest after the period of
exposure, with some outcomes that are observed only in later adulthood [18, 19].

One estrogenic compound that has been extensively evaluated for its effects on the
mammary gland is bisphenol A (BPA) [19-21], a chemical found in everyday consumer
products including plastic water bottles and food containers, epoxy resins lining metal food
and beverage cans, dental sealants, thermal receipt paper, medical and sports equipment, and
others [22, 23]. BPA mimics estrogen in both cultured cells and live animals, although it also
acts via agonism or antagonism of other hormone receptors including thyroid hormone
receptor, androgen receptor, estrogen related receptor-vy, the aryl hydrocarbon receptor, and
others [24, 25]. Developmental exposures to BPA alter mammary gland morphology and
function in both mice and rats, with alterations to proliferation, increased numbers and
density of TEBs and terminal ends, advanced development of alveolar buds, pre-neoplastic
and neoplastic lesions, enhanced responses to estrogen and progesterone, and increased
sensitivity to chemical carcinogens [reviewed in [19-21, 26-28]].

After public concern was raised about the safety of BPA in consumer products, many
manufacturers began removing BPA from products and labeling them “BPA-free”. Only
recently has it become clear that many of these products are manufactured with other
bisphenols including bisphenol S (BPS), which has a similar chemical structure and similar
modes of action [29, 30]. In fact, BPS is now used in baby bottles, thermal receipt paper and
other paper products; it has also been detected in canned foods [31-34]. Biomonitoring
studies from the US and Asian countries indicate that human exposures to BPS are low but
widespread, vary by location [35] and have increased over the last decade [36]. Although the
effects of low dose BPS exposures are not yet well characterized, studies using human
preadipocyte cell lines have shown that it increases the rate of adipocyte differentiation,
induces lipid production in these cells, and increases the expression of adipogenic markers
[37]. In zebrafish, BPS can induce the production of new neurons (via a process known as
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neurogenesis) in the hypothalamus [38]. In rats, low dose BPS exposures alter function of
the heart at the whole organ, cellular, and protein levels of biological organization [39].
Finally, ongoing work in our lab has demonstrated that low dose exposures to BPS during
pregnancy and lactation can disrupt mouse maternal behaviors, alter ERa expression in the
maternal brain, and alter function of the lactating mammary gland [40-42]. Offspring
exposed to BPS during perinatal development display abnormal social behaviors, altered
body weight, abnormal responses of the female reproductive tract to estrogen, and
disruptions to maternal care [41-44]. The effects of developmental exposure to BPS on
mammary gland morphology, as well as mammary gland function and disease, remain
unexplored to date.

In this study, we evaluated the effects of perinatal low dose BPS exposures on the
developing mammary gland prior to puberty, during puberty, and in early adulthood. We also
evaluated the same endpoints in mice developmentally exposed to 17a-ethinyl estradiol
(EE2), a pharmaceutical estrogen commonly used as a positive control for estrogenicity [45,
46]. EE2 is the active estrogenic component found in oral contraceptives, which are used by
more than 100 million women worldwide [47, 48]. Accidental use of oral contraceptives
throughout the full duration of pregnancy is likely to be very rare, yet ~ 2 million women
become pregnant each year while using oral contraceptives [49], with approximately 3% of
preghant women reporting that they took estrogenic pharmaceuticals during their first
trimester [50]. Although EE2 has been used to study the effects of estrogens on sensitive
organs at multiple stages of development [51], the effects of perinatal exposures on the
developing mammary gland are poorly understood.

Using whole mount morphometric tools, histological and immunohistochemical analyses,
we found significant effects of both BPS and EE2 on the developing mammary gland.
Because of their similar modes of action, we hypothesized that the effects of BPS and EE2
would be comparable to previously published effects of low dose BPA exposures. Here, we
report distinct effects of BPS and EE2 on the developing mammary gland, providing support
that xenoestrogens promote compound-specific effects that also vary depending on the
period of evaluation (pre-puberty, puberty, and adulthood).

Methods

2.1 Administration of Test Compounds

Pregnant female CD-1 mice (Charles River Laboratories, Stoneridge, NY) were individually
housed (until parturition) in polysulfone cages with food (ProLab IsoDiet) and tap water (in
glass bottles) provided ad libitum. The animals were maintained in temperature and light
controlled (12h light, 12h dark, lights on at 0800 h) conditions at the University of
Massachusetts, Amherst Central Animal Facility. All experimental procedures were
approved by the University of Massachusetts Institutional Animal Care and Use Committee.

On pregnancy day eight, pregnant females were weighed and randomly allocated to
treatment groups using software to normally distribute dams to groups based on body
weight. From pregnancy day 9 to lactational day 20, dams were weighed daily and fed a
small whole wheat wafer (Nabisco) treated with BPS, EE2 or vehicle alone (70% ethanol,
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allowed to dry prior to feeding). Wafers were dosed with solutions designed to deliver 2 or
200 pg BPS/kg/day or 0.01 or 1 ug EE2/kg/day. The high dose of BPS was selected based on
two pilot studies showing that this dose disrupted maternal [40] and offspring behaviors
[43]. The low dose was selected to better approximate human exposures; it is approximately
1-10x higher than typical human intake [32, 35]. The high dose of EE2 was selected
because it has previously been shown to induce a uterotrophic response in prepubertal
animals [52]; the low dose was selected because it has been shown to alter gene expression
in the mouse mammary gland after prenatal exposures [7].

Dams delivered naturally with birth designated lactational day (LD) 0. Pregnancy loss was
observed in all treatment groups, but there were no significant differences by treatment.
These data were previously reported in [41, 53]. Litters were culled to 10 pups on LD1. Pups
were weaned on postnatal day (PND) 21. One female from each litter was selected for
necropsy at each age (PND24, PND32-35, week 9) as described below. Post-weaning
mortality was rare. One female developed hydrocephaly and had to be euthanized; see
description in [54].

2.2 Tissue Collections

At pre-pubertal (PND24), pubertal (PND32-35) and adult (9 week) periods of development,
female mice were euthanized via CO, inhalation. The left and right fourth inguinal
mammary glands were isolated using standard dissection methods. One mammary gland was
spread on a slide and fixed in neutral buffered formalin for later whole mount processing.
The other mammary gland was fixed in neutral buffered formalin for paraffin embedding
and histological analysis.

2.3 Whole Mount Processing and Evaluation

Whole mount mammary glands were fixed for 24-48 hours at room temperature, washed in
phosphate buffered saline, and then processed through a series of alcohols and toluene to be
defatted. The samples were rehydrated, stained overnight with carmine alum, dehydrated
through a series of alcohols and xylene, and then sealed in k-pax heat bags with methyl
salicylate.

Whole mount mammary glands were viewed and imaged using a Zeiss Axio Imager
dissection microscope and Zen Pro software. Quantification of epithelial structures in the
mammary glands was completed using methods developed previously [55, 56]. In the pre-
pubertal and pubertal glands, specific measurements included the area subtended by the
ductal tree (ductal area), the growth of the longest duct from the center of the lymph node
(ductal extension), the total number of terminal end buds (TEBs, defined as bulb-shaped
structures =0.03 mm?2), and area of TEBs. Average TEB size and TEB density were
calculated from these values.

In the adult glands, images were collected at 35x magnification in the region just anterior to
the central lymph node. A grid with 180 crosshairs was placed on each image, and the
structure at each crosshair was counted. Volume fraction of epithelial structures (ducts,
terminal ends, alveolar buds) was calculated from these measures (# of crosshairs with
specific structure / total crosshairs on mammary tissue).
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2.4 Embedding, Sectioning and Staining of Mammary Tissue

Tissues were fixed overnight at room temperature, washed in phosphate buffered saline, and
then processed through a series of graded alcohols, followed by vacuum infiltration of
paraffin and embedding. Paraffin-embedded tissues were sectioned with a Fisher rotary
microtome at a thickness of 5um and collected on positively charged glass slides. One
section from each animal was stained with hematoxylin and eosin (H&E) and coverslipped
with permanent mounting media using standard protocols. Samples were examined for basic
histological features using a Zeiss inverted microscope and high resolution color camera.

2.5 Immunohistochemistry

5 um sections were evaluated with immunohistochemistry for Ki67, a marker of
proliferation, ERa and progesterone receptor (PR) using standard protocols [56].
Commercial antibodies were used including rabbit anti-ERa (EMD Millipore, Cat# 06-935,
Temecula, CA); rabbit anti-Ki67 (Fisher Scientific, Cat# RM-9106-S1); rabbit anti-
progesterone receptor (PR; Abcam, Cat# ab131486, Cambridge, MA); secondary antibody
(goat anti-rabbit, Abcam, Cat# ab64256) followed by streptavidin peroxidase complex
(Abcam, Cat# ab64269); and diaminobenzidene (DAB) chromogen (Abcam, Cat# ab64238)
to visualize reactions. Samples were counterstained with hematoxylin and coverslipped with
permanent mounting media. Images were collected using a Zeiss inverted microscope and a
40x objective, and expression of each marker was determined by counting a total of 200-
1200 epithelial cells in each sample.

2.6 Statistics

SPSS v23 was used for all statistical analyses. All experiments (including dosing of animals
and collecting of tissues at necropsy) were conducted by experimenters blind to treatment
group. Further, all data were collected by experimenters blind to treatment group. For all
continuous data, one-way ANOVA tests (with treatment as the independent variable)
followed by Bonferroni posthoc analyses were used to compare treatment groups. Data were
typically normally distributed. Reported in the text are posthoc comparisons between treated
groups and the control group only. Chi Square analysis was used to compare categorical data
(e.g., the presence or absence of TEB-like structures in whole mount mammary glands, the
presence or absence of intraductal hyperplasias in histological sections). Because only one
female was evaluated from each litter at each timepoint, statistical corrections for litter were
not needed. Results were considered significant at p < 0.05 for all statistical tests. All data
exhibited in the graphs represent mean + SEM. Samples sizes are provided in each table and
figure legend.

3. Results

3.1 BPS, but not EE2, alters mammary gland morphology at PND24

To quantify the morphology of the mammary gland at the pre-pubertal stage, growth
parameters were evaluated in whole mount mammary glands at PND24 (Figure 1A).
Parameters included ductal area, ductal extension, TEB number, total TEB area, average
TEB size and TEB density. Quantification of these features revealed more developed
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mammary glands in both BPS-treated groups with significant increases in total TEB area
and average TEB size (Figure 1B). EE2-treated females were not significantly different from
controls for any growth parameter (Figure 1B).

3.2 Neither BPS or EE2 disrupts mammary gland morphology at puberty

To evaluate the effects of BPS and EE2 on the pubertal mammary gland, the same endpoints
evaluated at PND24 were examined in whole mount mammary glands collected from
animals at PND32-35, after vaginal opening (Figure 1C). No significant effects of either
BPS or EE2 were observed for any morphological parameters (Figure 1D).

3.3 Developmental exposures to BPS and EE2 alter morphology of the mammary gland in

adulthood

To examine the effects of developmental exposures to BPS and EE2 on the adult mammary
gland, images were collected from whole mounts in the region just anterior to the lymph
node (Figure 2A). A 180-point grid and unbiased stereological methods were used to
quantify structures in the mammary gland including ducts, terminal ends and alveolar buds.
Females exposed to 200 ug BPS/kg/day and either dose of EE2 had significantly more
alveolar buds compared to controls (Figure 2B). Females exposed to 2 ug BPS/kg/day also
had significantly more terminal ends compared to controls (Figure 2C). Finally, all treated
groups had more total epithelium in the mammary gland compared to controls, although
only the females exposed to 1 ug EE2/kg/day were significantly different from controls
(p<0.01, Figure 2D).

Additional evaluations of whole mount morphology revealed the presence of TEBs at the
leading edge of several mammary glands (Figure 2E). These TEBs had a similar appearance
to TEBs observed in pubertal mammary glands. Importantly, these TEB-like structures were
only observed in xenoestrogen treated females, with the majority observed in BPS-exposed
animals (Table 1).

3.4 Developmental BPS exposure decreases proliferation in the mammary epithelium at
PND24 and increases proliferation in adulthood

To evaluate the effects of both xenoestrogens on cell proliferation, the expression of Ki67, a
marker of proliferation, was quantified using immunohistochemistry in mammary samples
from females at PND24, puberty, and adulthood (Figure 3A). At PND24, Ki67 expression
was significantly lower in females exposed to 2 ug BPS/kg/day compared to controls (Figure
3B). Females developmentally exposed to 200 ug BPS/kg/day also exhibited lower Ki67
expression, although this difference was not statistically significant (p = 0.068, Bonferroni
posthoc). In contrast, developmental exposure to EE2 had no significant effect on
proliferation rates at PND24 (Figure 3B).

Mammary glands from females collected at puberty were similarly evaluated. BPS-treatment
induced almost 3-times more cell proliferation compared to controls, although these
differences were not statistically significant (Figure 3C). Similarly, developmental exposure
to 1 ug EE2/kg/day also increased rates of cell proliferation in pubertal glands (Figure 3C),
but this increase was also not statistically significant.
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Finally, Ki67 expression was evaluated in mammary glands at 9 weeks of age. Proliferation
rates were low in controls (approximately 2.3%), and exposure to 2 ug BPS/kg/day but not
200 pg BPS/kg/day significantly increased proliferation in the mammary epithelium (Figure
3D). Both doses of EE2 increased proliferation, although these effects were not statistically
significant (Figure 3D).

3.5 Both BPS and EE2 exposures increase the incidence of intraductal hyperplasias in
adult mammary glands

To determine if the increases in Ki67 expression observed in adult mammary glands were
consistent with changes in the histomorphology of mammary tissue, all ducts within a single
longitudinal section of each mammary gland were examined. Intraductal hyperplasias,
defined using the Annapolis criteria as an increase in cell number without cytologic atypia
[57], were observed in just one control animal, but in significantly more mammary glands
from females exposed to both doses of BPS and both doses of EE2 (Table 2, Figure 3E).
Importantly, ducts with epithelial cells within the lumen were also observed in BPS- and
EE2-treated females (Figure 3F). Although these observations may be an artifact of the
histological methods used, they are consistent with hyperplastic lesions.

3.6 Developmental stage specific effects of BPS and EE2 on ERa and PR Expression

The expression of two hormone receptors, ERa and PR, was assessed in all treatment groups
at PND24, puberty, and in adulthood (Figure 4A). At PND24, neither BPS nor EE2
significantly altered expression of ERa (Figure 4B). BPS also did not alter expression of
PR, although developmental exposure to EE2 increased its expression, with significant
effects observed at 0.01 pg EE2/kg/day compared to the control group (p < 0.05, Bonferroni
posthoc, Figure 4C).

At puberty, expression patterns of both ERa and PR were different from what was observed
in the pre-pubertal period. ERa-expression was increased in all four treatment groups
compared to controls, although statistical significance was only observed in females exposed
to 1 ug EE2/kg/day (p < 0.05, Bonferroni posthoc, Figure 4B). Compared to controls,
developmental exposure to either dose of BPS significantly increased the expression of PR
(Figure 4C). In contrast, EE2 had no significant effect on the percentage of epithelial cells
expressing PR at this age (Figure 4C).

Finally, the percentage of epithelial cells expressing ERa and PR was evaluated in adults.
BPS exposure induced decreases in expression of ERa. (p = 0.08, 2 ug BPS/kg/day versus
controls, Bonferroni posthoc; p < 0.05, 200 ug BPS/kg/day versus controls, Bonferroni
posthoc; see Figure 4B). In contrast, EE2 treatment increased the expression of ERa (p <
0.05, 1 ug EE2/kg/day versus controls, Bonferroni posthoc; Figure 4B). PR expression was
not affected by developmental BPS exposure, and although more epithelial cells in EE2-
treated females expressed PR compared to controls, these differences were not statistically
significant (Figure 4C).
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4. Discussion

This study examined the effects of developmental exposure to low doses of BPS and EE2 on
the mammary gland of female CD-1 mice at three stages of development: pre-puberty,
puberty, and early adulthood. There are several broad conclusions that can be drawn from
this study. First, the developing mammary gland is sensitive to low doses of several
xenoestrogens, with effects that manifest in later life after exposures have ceased. Second,
the effects of these two xenoestrogens, evaluated side-by-side with the same route of
exposure and evaluative tools, are distinct at every period of development we examined.
Finally, this study reveals that BPS induces long-lasting effects on the mammary gland that
may increase the animal’s risk for mammary cancer. Additional studies are needed to
evaluate the long-term consequences of BPS exposure, including its ability to induce or
promote carcinogenesis.

Here, we found that developmental BPS exposure, but not EE2 exposure, alters the
morphology of the mammary gland prior to puberty. BPS-exposed females had larger TEBs
and more area of the gland comprised of TEBs (Figure 1) even though these same females
also had fewer epithelial cells expressing Ki67, a proliferation marker (Figure 3). Although
these results might appear to be contradictory, they suggest that BPS may advance some
aspects of gland development while delaying others. Similar effects have been described for
BPA-treated animals, where developmental exposures increased the number and size of
TEBs while decreasing the length of ducts at puberty [58], and embryonic BPA was shown
to both advance development of the fat pad while decreasing lumen formation in the
epithelium [59]. At PND24, developmental EE2 treatment increased the expression of PR
without altering the percentage of epithelial cells expressing ERa. In the mammary gland,
PR expression is mediated by ERa [60, 61], suggesting that EE2 may alter development of
the mammary gland via activation of ER-dependent pathways prior to PND24. Increased
expression of PR may alter the mammary gland’s sensitivity to progesterone or induce an
increase in future branching points, an endpoint that is progesterone-sensitive [62-64]. In
fact, the more dense mammary glands observed in EE2-treated females in adulthood are
consistent with such an increase in branching points. Prior studies have shown that
developmental exposures to BPA increase the expression of PR in the mouse mammary
gland in adulthood and also sensitize the gland to progesterone [65]; these results may be
consistent with the effects of EE2 observed here.

At puberty, we were surprised to find that there were no significant effects of either BPS or
EE2 on any of the morphological endpoints we evaluated (Figure 1). Proliferation rates were
also not affected by developmental exposures to either BPS or EE2. Instead, only subtle
effects were observed on the percentage of cells expressing ERa (significantly increased
only in females exposed to 1 ug EE2/kg/day) and expression of PR (significantly increased
by both doses of BPS). These results deviate from previous studies of BPA, where
developmental exposures produced visible morphological effects at puberty [58, 66] by
altering the response of the mammary gland to both estrogen and progesterone [65, 67].
However, the effects we observed in adulthood suggest similarities in long-term responses of
the mammary gland to developmental BPA, BPS and EE2 exposures. All three compounds
increased the overall density of the adult mammary gland, with increases in ductal side-
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branching (producing more terminal ends) and advanced differentiation of the gland
(producing more alveolar buds).

TEBs are a characteristic of the pubertal mammary gland, yet we also observed these
structures in adult mammary glands in females exposed to xenoestrogens during
development (Figure 2). Although prior studies have reported that developmental
xenoestrogen exposures can shift the timing of puberty, including the appearance of TEBs
[68-70], to our knowledge, the presence of TEBs in adult mouse mammary glands have not
been reported previously. The retention of TEBs is consistent with the appearance of
intraductal hyperplasias in BPS-treated females, as well as the increased proliferation rates
observed in females exposed to 2 pg BPS/kg/day.

Why might the effects of two xenoestrogens on the mammary gland be different? EE2 is
widely considered a prototypical estrogen, although it has features that distinguish it from
the endogenous estrogen 17p-estradiol; for example, EE2 preferentially binds ERa over
ERP and never achieves maximal agonist activity via ERp [71]. BPS, in contrast,
preferentially binds to ERB [72] and may also alter progesterone signaling [73]. Because
ERP does not appear to be expressed in the mouse mammary gland until later adulthood
([74]; and Vandenberg, unpublished observation), it is surprising that BPS induces more
severe effects than EE2. EE2 and BPS are also known to act via non-genomic signaling
pathways including binding to the membrane ER [75, 76]. Thus, the characterization of
these compounds as ‘xenoestrogens’ is quite limiting and it should perhaps not be
unexpected that EE2 and BPS can induce different effects on estrogen-sensitive organs like
the mammary gland. Another possibility requires consideration of the biochemical pathway
by which estrogens act. Estrogens circulate in the blood, cross the cell membrane, and bind
to their receptors. Once bound, receptors can activate other transcription factors (e.g., AP1
and SP1) or translocate into the nucleus where they bind to estrogen response elements
(ERES), recruit co-activators and co-repressors, promoting (or repressing) gene expression
[77]. Thus, it is plausible that BPS and EE2 promote different dimerization patterns; for
example, one might promote ERa. homodimers, whereas another might promote ERa/ERB
heterodimers. It is also plausible that the different ligands promote the binding of receptors
to different EREs [78] or that the binding of different ligands promotes the recruitment of
different coregulators, which influences the expression of downstream genes [79, 80]. More
work is needed to understand the molecular basis for the divergent effects of BPS, BPA and
EE2 exposures.

We chose to study BPS because it is a common replacement chemical for BPA, found in
many consumer products, with what appears to be widespread human exposures [35, 36].
Although BPA is well-studied, and the effects of developmental BPA exposure on the rodent
mammary gland have been well elucidated [19, 20], BPS and other common replacements
remain poorly evaluated [30]. Recent work demonstrated that mice exposed to BPS during
pregnancy and lactation have modest disruptions to maternal behavior and altered expression
of ERa in specific regions of the maternal brain [41]. The lactating mammary gland was
disrupted by BPS exposures during this time period, with effects consistent with BPS-
induced early involution [42]. The exposed offspring were also affected by developmental
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BPS exposures, with abnormal maternal behaviors including infanticide [41], abnormal
social behaviors [43], and decreased body weight [42, 43].

EE2 is a pharmaceutical estrogen that is widely used in oral contraceptives. The US Centers
for Disease and Control and Prevention (CDC) reported in 2012 that approximately 10.2
million women in the US were using the pill as a form of contraceptive [81]. The CDC also
notes that approximately 9% of women will conceive within the first year of using oral
contraceptives, mostly due to missed doses. A recent study capitalizing on the availability of
extensive birth registries in Denmark questioned whether oral contraceptive use before or
during pregnancy would lead to an increased risk for birth defects [82]. Charlton and
colleagues found that the use of oral contraceptive during or before pregnancy had no
association with the frequency of major birth defects. Unfortunately, to our knowledge, no
study has evaluated whether inadvertent exposure of embryos and fetuses to EE2 alters
disease risk later in life. The tragic history of the pharmaceutical estrogen diethylstilbestrol
demonstrated that individuals exposed to synthetic estrogens during gestation can appear
‘normal’ at birth, but develop diseases at or after puberty [83, 84]. In a large multi-
generational study conducted by the National Toxicology Program (NTP), rats were orally
exposed to a range of doses of EE2 over four generations [85]. Adverse effects induced by
EE2 included decreased body weights, altered estrous cycles in the females, male mammary
gland hyperplasia and some mineralization of renal tubules. Our study examined doses
similar and lower to those evaluated in the NTP study (i.e., doses in the NTP study ranged
from 0.1 — 6 ug EE2/kg/day).

Many studies of endocrine disrupting chemicals historically use EE2 as a positive control.
Although these studies have revealed many effects of EE2, they have also shown that the
effects of other xenoestrogens do not always replicate the effects from EE2 exposure. For
example, one study observed how a mixture of xenoestrogens collected from the Douro
River were distinct from the effects of 100 ng/L EE2 on gametogenesis in fish [86]. Fish
exposed to the mixture developed higher levels of ovarian follicle atresia compared to the
EE2 exposed group. In our own studies, we have observed striking differences between the
effects of BPS and EE2 on a range of maternal behavior and brain endpoints [41, 42, 53, 54].
For example, females exposed to BPS during early development spent significantly less time
on the nest compared to untreated controls but this was not observed in EE2 treated females;
in contrast, EE2 treated females displayed decreases in the number of dopaminergic neurons
in the ventral tegmental area of the midbrain, but this was not observed in BPS treated
females. Here, the striking increase in retained TEBs in the adult mammary glands of BPS-
exposed females may be a unique feature of this xenoestrogen, whereas the presence of
intraductal hyperplasias is shared by females exposed to either BPS or EE2 and has also
been observed after developmental BPA exposures [56]. Addressing the mechanisms by
which different estrogenic compounds induce divergent effects on hormone sensitive
endpoints, including the mammary gland, is an important area for future work.

5. Conclusions

Here, we exposed CD-1 mice to BPS or EE2 during pregnancy and lactation, and examined
exposed offspring prior to puberty (PND24), in puberty (PND32-25), and in adulthood (9
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weeks of age). Both xenoestrogens altered mammary gland morphology, cell proliferation,
and the expression of hormone receptors. Our results suggest that, like BPA, BPS alters the
morphology of the mammary gland, with the most overt effects manifesting in adulthood.
BPS and EE2 induce different effects, providing further evidence that compounds can have a
similar mode of action (e.g., ER agonists) and yet contribute differently to disease risk.
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Highlights:

. Perinatal BPS exposures alter mammary gland morphology at pre-puberty and
adulthood

. Adult mice exposed to BPS during development have retained TEBs

. Developmental BPS or EE2 exposures induce intraductal hyperplasias in
adulthood

. The effects of BPS are distinct from EE2, a common estrogenic positive
control
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Figure 1: Perinatal exposures to BPS alter mouse mammary gland morphology prior to, but not

during, puberty.

A) Whole mount mammary glands collected from females at PND24, prior to the onset of
puberty [as measured by vaginal opening]. Arrowheads indicate TEBs. Scale bar = 4mm. B)
Quantification of growth parameters reveals significant effects of perinatal BPS exposure on
TEB parameters. EE2 treatment had no significant effects on any parameter. C) Whole
mount mammary glands collected from females during puberty. Arrowheads indicate TEBs.
Scale bar = 2mm. D) Neither BPS nor EE2 altered growth parameters in whole mount
mammary glands at puberty. In all panels, * p < 0.05, Bonferroni posthoc after significant
ANOVA. Sample sizes: control = 20; 2 ug BPS/kg/day = 14; 200 ug BPS/kg/day = 10; 0.01

ug EE2/kg/day = 15; 1 ug EE2/kg/day = 12.
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Figure 2: Developmental BPS and EE2 exposures alter adult mammary gland morphology
including the retention of TEBs.

A) Whole mount mammary gland collected from females in early adulthood (9 weeks of
age). Arrows indicate terminal ends, arrowheads indicate alveolar buds. Scale bar = 0.5mm.
B) Quantification of alveolar buds in adult mammary glands. C) Quantification of terminal
ends. D) Quantification of all epithelium. E) Examples of normal terminal ends
(arrowheads) and TEB-like structures (arrows) in adult mammary glands. In all panels, * p <
0.05, Bonferroni posthoc after significant ANOVA. Sample sizes: control = 23; 2 ug
BPS/kg/day = 16; 200 pg BPS/kg/day = 13; 0.01 ug EE2/kg/day = 16; 1 ug EE2/kg/day =
11.
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Figure 3: Proliferation is altered by developmental BPS exposure in an age-specific manner.
A) Representative images demonstrating changes in the expression of Ki67, a marker of

proliferation, during development. All images are from control females. Arrowheads
indicate positive cells. Scale bar = 20 pm. B) Quantification of proliferation at PND24. C)
Quantification of proliferation during puberty. D) Quantification of proliferation in
adulthood. Ki67 in control animals was low (typically in the range of 1-2%). Inset shows
higher levels of Ki67 expression in a gland from an adult female exposed to 1 ug EE2/kg/
day. E) Examples of intraductal hyperplasias from H&E stained images. Scale bar = 20 um.
F) Examples of ducts with epithelial cells located within the lumen. Scale bar = 20 ym. In all
panels, * p < 0.05, Bonferroni posthoc after significant ANOVA. Sample sizes (depending
on age): control = 15-17; 2 ug BPS/kg/day = 9-14; 200 ug BPS/kg/day = 8-12; 0.01 pug
EE2/kg/day = 8-10; 1 ug EE2/kg/day = 8-9.
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Figure 4. Expression of ERa and PR in the mammary gland changes during development.
A) Representative images illustrating ERa and PR expression in the mammary gland at

PND24, at puberty, and in adulthood. All images are from control females. Arrowheads
indicate positive cells. Scale bar = 20 ym. B) Quantification of ERa at PND24, puberty, and
in adulthood. C) Quantification of PR at PND24, puberty, and in adulthood. In all panels, * p
< 0.05, Bonferroni posthoc after significant ANOVA. Sample sizes (depending on age):
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control = 15-17; 2 ug BPS/kg/day = 9-14; 200 ug BPS/kg/day = 8-12; 0.01 ug EE2/kg/day
=8-10; 1 ug EE2/kg/day = 8-9.
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Table 1.

TEB-like structures are observed in BPS-treated females in adulthood

Page 23

Treatment group

Number of females evaluated

Incidence of TEB- like structures (%)

p-value, Chi Square compared to
controls

Controls 23 0/23 (0%)

2 g BPS/kg/day 16 10/16 (63%) p<0.01
200 pg BPS/Kkg/day 13 7/13 (54%) p<0.01
0.01 pg EE2/kg/day 16 2/16 (13%) n.s.

1 pg EE2/kg/day 11 0/11 (0%) n.s.
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Table 2.
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Intraductal hyperplasias are observed in BPS- and EE2-treated females in adulthood

Treatment group

Number of females evaluated

Incidence of intraductal hyperplasia (%)

p-value, Chi Square compared to
controls

Controls 23 1/23 (4%)

2 ug BPS/kg/day 16 8/16 (50%) p<0.01
200 pg BPS/Kkg/day 13 8/13 (62%) p<0.01
0.01 pg EE2/kg/day 16 9/16 (56%) p<0.01
1 ug EE2/kg/day 11 7/11 (64%) p<0.01
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