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Abstract Bisphenol-A (BPA) is a ubiquitous estrogen-like en-
docrine disrupting compound (EDC). BPA exposure in utero
has been linked to breast cancer and abnormal mammary gland
development in mice. The recent rise in incidence of human
breast cancer and decreased age of first detection suggests a
possible environmental etiology. We hypothesized that devel-
opmental programming of carcinogenesis may involve an ab-
errant immune response. Both innate and adaptive immunity
play a role in tumor suppression through cytolytic CD8, NK,
and Th1 T-cells. We hypothesized that BPA exposure in utero
would lead to dysregulation of both innate and adaptive immu-
nity in the mammary gland. CD1mice were exposed to BPA in
utero during gestation (days 9–21) via osmotic minipump. At
6 weeks, the female offspring were ovariectomized and estra-
diol was given at 8 weeks. RNA and protein were extracted
from the posterior mammary glands, and the mRNA and pro-
tein levels were measured by PCR array, qRT-PCR, and west-
ern blot. In mouse mammary tissue, BPA exposure in utero
significantly decreased the expression of members of the

chemokine CXC family (Cxcl2, Cxcl4, Cxcl14, and Ccl20),
interleukin 1 (Il1) gene family (Il1β and Il1rn), interleukin 2
gene family (Il7 receptor), and interferon gene family (interfer-
on regulatory factor 9 (Irf9), as well as immune response gene 1
(Irg1). Additionally, BPA exposure in utero decreased Esr1
receptor gene expression and increased Esr2 receptor gene ex-
pression. In utero exposure of BPA resulted in significant
changes to inflammatory modulators within mammary tissue.
We suggest that dysregulation of inflammatory cytokines, both
pro-inflammatory and anti-inflammatory, leads to a microenvi-
ronment that may promote disordered cell growth through in-
hibition of the immune response that targets cancer cells.

Introduction

Bisphenol-A (BPA) is an organic synthetic chemical used in
manufacturing of a variety of consumer products [1–3]. This
has resulted in the ubiquitous presence of BPA in industrialized
environments [2]. BPA is classified as an endocrine-disrupting
molecule with weak estrogenic activity, and it exerts its harmful
effects when it binds to a variety of physiological receptors
including estrogen receptors Esr1and Esr2 [4]. Humans are
exposed to BPA daily through food and drinks stored in bottles
and cans manufactured with BPA-containing materials, as well
as via dermal absorption from thermal receipts [5]. BPA is
detected in 90 % of the population in the USA [6] and has
become a public health concern, especially for pregnant wom-
en. Greater exposure to BPA has been associated with a wide
range of reproductive, cardiovascular, and metabolic disorders
and cancer [7, 8]. BPA has been detected in the blood of preg-
nant women, placental tissues, amniotic fluid, umbilical cord,
and neonatal blood [9, 10]. The presence of BPA in fetal circu-
lation can additionally reactivate any inactive BPA conjugates
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and enhance bioactive BPA levels in the developing fetus [11].
In animals, in utero exposure to BPA during pregnancy has
been shown to affect the developmental patterning of fetal or-
gans such as the uterus, testes, brain, heart, ovaries, lungs, and
mammary glands [12–20].

The mammary gland is an estrogen-responsive tissue, and
persistent alterations in the structure and function of these
glands have been reported in rodents exposed to BPA during
fetal and perinatal stages [21–24]. BPA has been associated
with adverse developmental outcomes in mammary gland tis-
sue, in both human and animal models. In human breast cancer
cell lines, BPA induces cell proliferation [25, 26]. Mammary
glands from mice exposed to BPA as fetuses showed acceler-
ated differentiation of the fat pad, increased adipose maturation,
and ductal growth in epithelium altered composition of the
stromal matrix and collagen localization in the mesenchyme,
delayed lumen formation, and decreased cell size and altered
gene expression in the stroma and epithelium [19, 20, 27].Mice
exposed to BPA perinatally that were ovariectomized at a pre-
pubertal age demonstrated increased ductal extension and lat-
eral branching, higher numbers of terminal end buds (TEBs),
greater TEB density and area, enhanced sensitivity to estradiol
at adulthood, and a delay in ductal invasion of the mammary
stroma at puberty [21, 27, 28]. Pre-natal exposure to BPA in
mouse and rat models resulted in the development of
intraductal hyperplasia and carcinoma in situ [29, 30]. In utero
exposure to BPA during embryonic development also enhances
the sensitivity of the rat mammary gland to chemical carcino-
gens [31, 32]. The timing of exposure to BPA can determine the
long-term outcome with earlier time points of exposure typical-
ly exerting a more severe effect [33, 34]. These studies reveal
that the fetal mammary gland is a target of BPA and that the
effects of this early exposure worsen at puberty and beyond,
long after exposure has ended.

Our laboratory previously reported that in utero exposure
to BPA leads to decreased methylation of Hoxa10 in the fe-
male reproductive tract [35]. Demethylation of the promoter
region of Hoxa10 after BPA in utero exposure was shown to
modulate the estrogen response of the Hoxa10 estrogen re-
sponse element (ERE) [36]. Epigenetic changes, such as
DNA methylation, are known to regulate gene expression
and are thought to be involved in cancer [37]. Despite accu-
mulated evidence linking BPA exposure to mammary carci-
nogenesis, the mechanisms by which BPA exposure affects
mammary tissue development and increases breast cancer risk
are unknown. BPA exposure has been previously associated
with increased expression of Esr2, which has known immu-
nomodulatory functions [38]. Here, we show that in utero
exposure to BPA in a mouse model resulted in significantly
altered developmental programming of inflammatory signal-
ing within the mammary tissue of exposed offspring. We sug-
gest that dysregulation of inflammatory cytokines (both pro-
and anti-inflammatory) creates a microenvironment that

promotes disordered cell growth and an inhibited immune
response to abnormal cells. This altered immune status may
contribute to an increased risk of breast cancer.

Materials and Methods

Animals

All animal experiments were conducted in accordance with
the Yale University Animal Care Committee Guidelines. CD-
1 mice were obtained from Charles River Laboratories
(Wilmington, MA, USA). Twelve 8-week old female CD-1
mice were mated with four 8-week old male CD-1 mice.
Detection of vaginal plug indicated day 1 of gestation.
Pregnant mice were treated with either BPA (5.0 mg/kg) or
sesame oil (vehicle control) on days 9–21 (inclusive of gesta-
tion) via osmotic minipump infusion. Injection of 5 mg/kg
daily produced an average serum BPA level similar to human
exposure as demonstrated in our prior study (40). However, in
our prior model, daily injection resulted in a peak soon after
injection and low levels after 24 h. To minimize these fluctu-
ations, we used a miniosmotic pump administering the same
total dose per 24 h. On day 9 of gestation, pregnant dams were
anesthetized via intraperitoneal injection of ketamine/
xylazine. An ALZET (Cupertino, CA, USA) model 1002 os-
motic minipump loaded with either 5.0 mg/kg/day BPA
(n=6) or vehicle control (n=6) was inserted in the peritoneal
cavity. Six weeks after birth, female offspring were ovariecto-
mized as follows: mice were anesthetized via intraperitoneal
injection using ketamine/xylazine rodent anesthesia mix.
Then, using aseptic technique, a lower abdominal longitudinal
incision was made. The ovaries were removed bilaterally in all
mice. The incision was closed in two layers using 4-0 Vicryl
sutures. Themice were monitored at least daily post-surgically
and allowed to rest for 14 days before further intervention. At
8 weeks, ovariectomized mice were treated with a single IP
injection of 300 ng estradiol (E2) or vehicle, and the mamma-
ry glands were collected after 6 h and processed immediately
for RNA andDNA isolation. At least two pups from each litter
were used in these studies. In each experiment, the data was
analyzed for six mice (n=6). Any remaining tissue sample
was stored in 1 mL of RNAlater solution (Qiagen, Valencia,
CA, USA) at −80 °C until RNA and DNA isolation.

RNA Isolation

Tissue samples frozen at −80 °C were thawed on ice. Each
sample was placed in 1 mL of TRIzol solution (Invitrogen,
Carlsbad, CA, USA) and homogenized on ice. After incubat-
ing the cell lysate, 0.2 mL of chloroform was added to the
samples. The lysates were added to Phase Lock Gel tubes (5
Prime, Gaithersburg, MD, USA) and centrifuged. The
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aqueous layer was then transferred to a fresh tube, and the
RNA was precipitated twice using 75 % ethanol. The pellet
was dried at room temperature and resuspended in RNase-free
water. The total RNAwas purified using the Qiagen RNeasy
Plus Mini Kit (Qiagen,Valencia, CA, USA), according to the
manufacturer’s instructions and quantified by NanoDrop.

Quantitative Real-Time Polymerase Chain Reaction
Analysis

Total RNA (500 ng) from each sample was reverse-transcribed
in a 20-μl reaction mixture using the iScript cDNA Synthesis
Kit (Bio-Rad, Hercules, CA, USA). The reaction mix was in-
cubated for 5 min at 25 °C, 30 min at 42 °C, and 5 min at 85 °C
using the Eppendorf Mastercycler (Eppendorf North America,
Hauppauge, NY, USA). Quantitative real-time polymerase
chain reaction (qRT-PCR) reactions were prepared using iQ
SYBR Green Supermix (Bio-Rad, Hercules, CA, USA). The
PCR reaction was carried out using 1 μl of cDNA template,
1 μl of forward and reverse primers (1 μM), 9.5 μl of nuclease-
freeH2O, and 12.5μl of iQ SYBRGreen Supermix in 40 cycles
at 95 °C for 15 s, 58.7 °C for 20 s, and 72 °C for 25 s. The Bio-
Rad iCycler iQ system (Bio-Rad, Hercules, CA, USA) was
used to quantify fluorescence of PCR products during amplifi-
cation. Specificity of the amplified products and the absence of
primer-dimers were confirmed by melting curve data analysis.
Gene expression was normalized toβ-actin expression for each
sample. Relative mRNA expression for each gene was calcu-
lated using the comparative cycle threshold (Ct) method
(known as 2ΔΔCT method) [39, 40]. All experiments were con-
ducted in triplicate.

Cytokines and Chemokines RT2 Profiler PCR Array

The Mouse Cytokines and Chemokines RT2 Profiler PCR
PAMM-150Z Array (Qiagen, Valencia, CA, USA) profiles
the expression of 84 key secreted proteins central to the im-
mune response and other functions. RNAwas extracted from
tissue samples by the previously stated TRIzol method. First-
strand cDNAwas prepared by using the RT2 First Strand Kit
(Qiagen, Valencia, CA, USA) following the supplier’s proto-
col. The RT2 SYBR Green/Fluorescein qRT-PCR master mix
was used to perform the PCR array using the iQ5 iCycler
Multicolor Real-Time PCR Detection System. The array data
was analyzed as per the instructions of the suppliers.

Western Blot Analysis

Mammary gland tissue was homogenized in RIPA buffer with
a protease inhibitor cocktail and PMSF protease inhibitor
(Sigma-Aldrich, St. Louis, MO, USA) using tungsten carbide
beads in a TissueLyser II (Qiagen, Valencia, CA, USA). The
homogenate was centrifuged at 12,000 rpm for 10 min and the

supernatant was collected. The protein concentrations of the
respective supernatants were assayed by the Bradford method
[41]. Protein samples were prepared with 4× Invitrogen
Sample Buffer (Thermo Fisher Scientific, Waltham, MA,
USA) and placed in a heat block at 95 °C for 6 min. Protein
samples (25 μg) were subjected to SDS-PAGE using
NuPAGE Novex 4–12 % Bis-Tris Midi protein gels (Life
Technologies, Carlsbad, CA, USA) with MOPS Running
Buffer (Invitrogen, Carlsbad, CA, USA). The separated pro-
teins were transferred from the gel onto a polyvinylidene fluo-
ride (PVDF) membrane and blocked with 5 % non-fat dry
milk. The membranes were then incubated with anti-
Esr1 (sc-542) and anti-Esr2 (sc-8974) primary antibod-
ies, followed by a secondary horseradish peroxidase
(HRP)-conjugated antibody. After washing the mem-
branes, protein bands were visualized by chemiluminescence
using the SuperSignal West Pico and Femto detection kit
(Thermo Scientific, Waltham, MA, USA) according to the
manufacturer’s protocol.

Statistical Analysis

Results are presented as the mean±S.E. Statistical signifi-
cance was determined using one-way ANOVA with the
Newman–Keuls multiple analysis. P values less than 0.05
were considered statistically significant. All statistical analysis
was carried out using GraphPad Prism 4.00 for Macintosh
(GraphPad Software for Science Inc., San Diego, CA, USA).

Results

BPA Exposure In Utero Affected Chemokine Gene
Expression

A PCR array and qRT-PCR were used to asses chemokine
expression in pre-natal BPA exposed and unexposed animals
(Table 1). Chemokine family ligand Cxcl2, Cxcl4, Cxcl5,
Cxcl14, Ccl8, and Ccl20 expression in the mammary tissue
of mice exposed to BPA in utero and later treated with estra-
diol was measured. Expression in BPA exposed animals was
compared to controls (Fig. 1). The mRNA expression levels
were significantly decreased by 15-fold for Cxcl2 (1A,
p<0.0007), 8-fold for Cxcl4 (1B, p< 0.002), 2.5-fold for
Cxcl14 (1D, p<0.005), and 2.8-fold for Ccl20 (1F, p<0.02)
in mice exposed to BPA in utero compared to control group
mice. Though not statistically significant, we also observed a
trend toward decreased expression of Cxcl5 and Ccl8
chemokines in BPA-exposed mice compared to control mice.
We have previously shown that BPA exposure in utero affects
subsequent adult estrogen responsiveness. To determine if ad-
ministration of estradiol could overcome the observed repres-
sion of these chemokines, we treated mice with estradiol and
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subsequently compared their chemokine expression levels
with those of untreated mice. In BPA exposed mice, the

estradiol treatment did not offset the effects of BPA on the
differential expression of all chemokines reported here.

Table 1 Primer sequence used
for qRT-PCR Gene Forward Reverse

Cxcl2 GTTTCTGGGGAGAGGGTGAG TGTTCTACTCTCCTCGGTGC

Cxcl4 GCTGTGTGTGTGTGAAGACC TATATAGGGGTGCTTGCCGG

Cxcl14 GCTTCATCAAGTGGTACAAT CTGGCCTGGAGTTTTTCTTTCCAT

Il1β CTGCCATCACTGAAGAAGCC TTCTGCCACCCTCACTACAG

Il1rn GCTGGGGATTAGATGCTCCT CTGTGGTAGGCTTGGAGTGA

Il7r GTCGTATGGCCTAGTCTCCC GCAGGAAGATCATTGGGCAG

Irg1 ACTGTCCCATCCTTCCACAG GATCTTCCTGGCTCAGTGGT

Irf9 GGAGCTCTTCAAGACCACCT GCTCCATCTGCACTGTGATG

CD45 ATGGTCCTCTGAATAAAGCCCA TCAGCACTATTGGTAGGCTCC

CD19 GGAGGCAATGTTGTGCTGC ACAATCACTAGCAGATGCCC

Ly6G TGCCCCTTCTCTGATGGATT TGCTCTTGACTTTGCTTCTGTGA

FSP1 GGCAAGACCCTTGGAGGAG CCTTTTCCCCAGGAAGCTAG

Esr1 TTACGAAGTGGGCATGATGA ATAGATCATGGGCGGTTCAG

Esr2 GAAGCTGGCTGACAAGGAAC GAACGAGGTCTGGAGCAAAG

Fig. 1 Pre-natal exposure to BPA
alters chemokine gene
expression. qRT-PCR shows the
decreased expression of genes
Cxcl2 (a), Cxcl4 (b), and Cxcl14
(d), while PCR array shows the
decreased expression of genes
Cxcl5 (c), Ccl8 (e), and Ccl20 (f)
in female offspring. Data repre-
sent the results obtained from four
treatment groups. Mice that had
been exposed to BPA in utero
were subsequently treated tran-
siently with either E2 or sesame
oil as vehicle control (CTL) as
adults (BPA-CTL,
BPA-E2; i.e, pre-natal exposure-
adult treatment). Similarly, ani-
mals exposed to vehicle in utero
subsequently received transient
E2 or vehicle control stimulation
(CTL-E2, CTL-CTL). The data
are presented as relative mRNA
expression in fold change relative
to vehicle-treated controls
(CTL-CTL). The bars in each
graph represent the mean± S.E. of
three individual experiments,
each performed in triplicate.
*Denotes statistical significance
(p < 0.05) compared to control
group (CTL-CTL)
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Consequently, BPA appears to program the expression of
chemokines in an estrogen-independent fashion.

Decreased Expression of Interleukin and Interferon
Family Members in Mice Exposed to BPA In Utero

The mRNA expression of interleukin genes Il1β and Il1rn in
BPA-exposed mice was significantly decreased by 3.0-fold
(p<0.02) and 3.46-fold (p<0.0003) compared to controls as
shown in Fig. 2a, b, respectively. Il7 receptor, another inter-
leukin 2 family gene, showed a 4.25-fold (p<0.01) decrease
in expression in mice exposed to BPA in utero compared to
controls (Fig. 2c). Estrogen treatment did not have a signifi-
cant effect on expression of these genes. Expression of the
interferon family genes Irg1 and Irf9 was significantly de-
creased in the mammary tissues of mice exposed to BPA in
utero by 3.75-fold (p<0.004) for Irg1 and 7-fold (p<0.01) for
Irf9 compared to controls as shown in Fig. 2d, e. Estrogen
treatment did not significantly change the mRNA expression
levels of these genes compared to controls.

BPA Exposure In Utero Decreased Expression
of the Leukocyte Cell Markers

Expression of leukocyte markers in mammary tissue from
mice exposed to BPA in utero was analyzed by qRT-PCR as
shown in Fig. 3. CD45 (3A), a marker for leukocytes, was
significantly decreased in mice exposed to BPA in utero by
7.75-fold (p<0.001) compared to the control group. In BPA
exposed mice, expression of CD19 (3B), a marker for B cell
lymphocytes, was reduced in by 7-fold (p< 0.002), Ly6G
(3C), a marker for neutrophils, decreased by 6.5-fold
(p<0.02), and FSP1 (3D), a marker for inflammatory macro-
phages and fibroblasts, decreased by 5.5-fold (p<0.004) com-
pared to the control group. Estradiol treatment alone did not
have a statistically significant effect onmRNA levels ofCD45
or CD19, but it did significantly increase expression of Ly6G
and FSP1 relative to the control group. Mice exposed to BPA
in utero that were also treated with estradiol showed reduced
mRNA levels compared to the control group for all four
markers (CD45, CD19, Ly6G, and FSP1). Surprisingly, estro-
gen treatment partially reversed the effect of BPA on Ly6G
expression. These data suggest a decrease in leukocytes in the
mammary glands of exposed animals with a partial restoration
of neutrophil numbers in adults after estrogen exposure.

BPA Exposure In Utero Decreased Esr1 Expression
and Increased Esr2 Expression

Expression of both estrogen receptors ERα (Esr1) and ERβ
(Esr2) was significantly altered in the mammary tissue of CD-
1 mice exposed to BPA in utero. Esr1 gene expression was
decreased by 2.5-fold (p < 0.03) in BPA-exposed mice

compared to controls. Estradiol treatment partially reversed
the effect of BPA on Esr1 gene expression, increasing it by
7-fold (p<0.002) in BPA-exposed mice (Fig. 4a). In contrast
to Esr1, Esr2 expression was increased 3-fold (p<0.04) in
BPA-exposed mice compared to controls. No significant
change was observed in gene expression following estradiol
treatment (Fig. 4b). The intensity of protein bands for Esr1 and
Esr2 proteins in all four different groups is shown in Fig. 4e, f,
respectively. The Esr1 and Esr2 protein bands were normal-
ized to GAPDH protein bands in each respective group. The
mRNA levels measured by qRT-PCR for both Esr1 and Esr2
genes were consistent with changes in protein levels as deter-
mined by western blot analysis.

Discussion

Pre-natal exposure to BPA has been shown to change normal
gene expression patterns in estrogen-responsive tissues in-
cluding human ovarian cells as well as endometrium and
mammary glands of CD-1 mice [42, 43]. Specifically, in mu-
rine mammary glands, exposure has been shown to result in
altered development, tissue organization, and estrogen sensi-
tivity, leading to an increased incidence of carcinoma and
ductal hyperplasia [22]. Here, we demonstrated that exposure
to the estrogenic endocrine disruptor BPA in utero causes
lasting changes in the expression of key inflammatory genes
in the mammary gland of CD-1mice. These alterations endure
into adulthood, long after exposure to BPA has been removed.
Inflammation is an important mediator of cancer risk, and the
changes demonstrated here likely contribute to cancer risk
after exposure.

Chemokines are small proteins that regulate leukocyte traf-
fic. Chemokines and their receptors have been demonstrated
to be inflammatory mediators in several solid tumor models,
with inflammation implicated as a possible mechanism for
promotion and progression of tumors [44]. The immune sys-
tem plays a key role in preventing cancer because it is capable
of detecting and destroying transformed cells. Thus, we chose
to evaluate inflammatory cytokines in our BPA-exposed
mouse model. Expression of members of the CXC family of
chemokines (Cxcl2, Cxcl4, Cxcl14, and Ccl20) was reduced
significantly in mice exposed to BPA in utero compared to
controls, and estrogen treatment did not alter that effect of
BPA. These results indicate a possible reduction of immune
cells present in mammary glands following BPA exposure due
to decreased chemoattraction of polymorphonuclear leuko-
cytes (Cxcl2), neutrophils and fibroblasts (Cxcl4), monocytes
and dendritic cells (Cxcl14), and lymphocytes (Ccl20).
Chemoattracting, or homing of immune cells, has been previ-
ously reported as an important mechanism for identifying and
destroying abnormal and diseased cells [45–47]. Reduced ex-
pression of cytokines Cxcl2, Cxcl20, and Cxcl14, as seen in
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the BPA-treated group of this study, may lead to a reduced
inflammatory response and hamper an organism’s ability to
react to infections or malignant cells.

Interleukin 1β and its complementary anti-inflammatory
cytokine, interleukin-1 receptor antagonist, are both key me-
diators of inflammation and apoptosis [48, 49]. Additionally,
secreted interleukin-1 receptor antagonist has been identified
as a novel mutp53 target gene, whose suppression may be
necessary for a chronic pro-inflammatory tumor microenvi-
ronment in mutp53 tumor malignancy [49]. Interleukin 7, a
representative member from the interleukin 2 family of cyto-
kines, plays a role in T lymphocyte apoptosis inhibition [50].
Suppressed Il1β and Il1rn could lead to aberrant inflammatory
response and regulation of apoptosis, both of which can lead
to an increased incidence of breast cancer. Specifically, down-
regulated Il1rn may lead to a chronic pro-inflammatory state,
facilitating mutp53 tumor growth. We found that interleukin 7
receptor expression was decreased in mammary tissue of mice
exposed to BPA in utero, suggesting that BPA-induced

suppression of immune response leads to subsequent de-
creased T-cell development and survival [51]. Interferon reg-
ulatory factor 9 is a transcription factor responsible for innate
immune response regulation via the inhibition of Sirt1
deacetylase activity, resulting in activated p53-mediated apo-
ptosis [52]. Immunoresponsive gene 1, another interferon cy-
tokine, is highly expressed in mammalian macrophages dur-
ing inflammation and is responsible for linking cellular me-
tabolism with immune defense by catalyzing itaconic acid
production [53]. In this study, mammary tissue samples from
mice exposed to BPA in utero showed decreased expression of
both these immune response factors compared to controls,
which could lead to a decrease in cell cycle regulation and
apoptosis. Immune responsive gene 1 (Irg1), a key component
in immune metabolism, and interferon regulatory factor 9
(Irf9), which can induce hepatocyte apoptosis, are both mem-
bers of the interferon cytokine family and were shown to be
downregulated in BPA-exposed mice versus control mice [54,
55]. Decreased overall expression may further indicate

Fig. 2 Pre-natal exposure to BPA
alters interleukin and interferon
family genes. qRT-PCR results
show the decreased expression of
interleukin genes IL1β (a), IL 1rn
(b), IL7 receptor (c), and interfer-
on genes Irg1 (d) and Irf9 (e) in
female offspring. Data represent
the results obtained from four
treatment groups. Mice that had
been exposed to BPA in utero
were subsequently treated tran-
siently with either E2 or sesame
oil as vehicle control (CTL) as
adults (BPA-CTL,
BPA-E2). Similarly, animals ex-
posed to vehicle in utero subse-
quently received transient E2 or
vehicle control stimulation as
adults (CTL-E2, CTL-CTL). The
data are presented as relative
mRNA expression in fold change
relative to vehicle-treated controls
(CTL-CTL). The bars in each
graph represent the mean± S.E. of
three individual experiments,
each performed in triplicate.
*Denotes statistical significance
(p < 0.05) compared to
control group (CTL-CTL)
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changes in the inflammatory environment of mammary tissue
exposed to BPA, resulting in a suppressed immune response.

The expression of cellular markers CD45, Ly6G, FSP1,
and CD19 on immune cells, leukocytes, neutrophils, fibro-
blasts, and B cells, respectively, was decreased significantly
in the mammary gland of mice exposed to BPA in utero com-
pared to the mammary gland of control mice. These results
reveal a decreased number of immune cells present in the
mammary gland of mice exposed to BPA compared to control
mice. Stimulation with estradiol did not fully offset any of the
effects induced by BPA exposure in utero on expression of
these immune cell markers.

The effect of BPA exposure in utero on estrogen receptor
expression in the mammary gland was specific to the receptor
subtype. This finding concurs with previous studies character-
izing the effects of hormone exposure during pregnancy on
breast cancer; significantly reduced expression of Esr1 and
increased Esr2 expression in the breast tissue of women after
pregnancy correlate with a time-dependent effect of pregnan-
cy on breast cancer risk via aberrant estrogen receptor gene
expression [56]. Similarly, aberrant high expression of Esr2
was reported in primary breast cancers [57, 58] and shown to
function as a carcinogenic factor [59]. The results presented

here are in agreement with those findings, as Esr1 expression
was decreased while Esr2 expression was increased in the
mice exposed to BPA in utero compared to control mice.
While exposure to estrogens has long been associated with
breast cancer, our data suggest that the action of estrogens
mediated through Esr1 may not be the mechanism of BPA-
induced breast cancer. Estrogensmaymediate the induction of
breast cancer through two distinct mechanisms, separately in-
volving Esr1 and Esr2. Esr1modulates themitogenic action of
estrogens on breast cancer cells. Esr2 has several demonstrat-
ed mechanisms of action involving both inflammation and
repression of Esr1 [60, 61]. Here, Esr1 expression was re-
pressed while Esr2 expression was increased. Esr2 is impli-
cated in modulating immune responses, suggesting that it is
preferentially responsible for estrogen-induced changes to in-
flammation and immune response cascades [62, 63].

The effect of BPA on Esr2 expression may be central to the
altered cytokine profile identified here, given the known immu-
nomodulatory functions of Esr2 [38, 62–64]. Further, common
variants of regulatory regions of theEsr2 genemay be involved
in pre-disposition to inflammation [65, 66]. An Esr2 isoform
(ERβ5) is abundantly expressed in breast tissue [67, 68]. The
discovery of five Esr2 isoforms indicates that the mechanism of

Fig. 3 Pre-natal exposure to BPA reduced the presence of immune cells
in mammary gland. qRT-PCR results show the decreased mRNA expres-
sion of markers for immune cells: CD45 (a) for leukocytes, CD19 (b) for
B cells, Ly6G (c) for neutrophils, and FSP1 (d) for inflammatory macro-
phages and fibroblasts in female offspring. Data represent the results
obtained from four treatment groups. Mice exposed to BPA in utero were
subsequently treated transiently with either E2 or sesame oil as vehicle

control (CTL) as adults (BPA-CTL, BPA-E2). Similarly, animals exposed
to vehicle in utero subsequently received transient E2 or vehicle control
stimulation as adults (CTL-E2, CTL-CTL). The data are presented as
relative mRNA expression in fold change relative to vehicle-treated con-
trols (CTL-CTL). The bars in each graph represent the mean ± S.E. of
three individual experiments, each performed in triplicate. *Denotes sta-
tistical significance (p < 0.05) compared to control group (CTL-CTL)
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estrogen action is much more complex than previously under-
stood, and the functions of estrogen receptors in the etiology of
breast cancer are still under investigation. Here, BPA exposure
caused aberrantly high gene expression of Esr2, likely leading
to subsequent changes in the expression of inflammation me-
diators. These changes could subsequently affect tumor surveil-
lance in addition to estrogen-mediated tumor proliferation.

The precise mechanism responsible for the developmental
programming of inflammatory regulators was not explored
here. BPA has been shown to exert estrogenic effects as a
selective estrogen receptor modulator, both through classic nu-
clear estrogen receptors and rapid response plasma membrane-

associated estrogen receptors [69]. Previously, it has been dem-
onstrated that epigenetic alterations are induced by exposure to
BPA and other estrogen-like EDCs [35, 36, 70–75]. BPA ex-
posure specifically affects DNA methylation leading to altered
programming of gene expression [35, 36, 76, 77]. BPA expo-
sure has been demonstrated to alter the epigenetic program-
ming of estradiol-regulatedRNAHOTAIR, a long non-coding,
antisense transcript responsible for gene silencing in breast
cancer risk [78]. Histone-modifying enzymes have been
shown to be activated by endocrine disruptors including BPA
and diethylstilbestrol in cultured breast cancer cells and in the
mammary glands of ovariectomized rats [79]. It is likely that

Fig. 4 a–d Pre-natal exposure to BPA alters the expression of estrogen
receptors Esr1 and Esr2 in mouse mammary gland. Results from qRT-
PCR show the decreased expression of Esr1 (a) and increased Esr2 (b)
mRNA levels in female offspring exposed to BPA in utero compared to
controls. The Esr1 expression was increased after estrogen treatment in
BPA-exposedmicewhile Esr2 expressionwas unchanged. Data represent
the results obtained from four treatment groups. Mice exposed to BPA in
utero were subsequently treated transiently with either E2 or sesame oil as
vehicle control (CTL) as adults (BPA-CTL, BPA-E2). Similarly, animals
exposed to vehicle in utero subsequently received transient E2 or vehicle
control stimulation as adults (CTL-E2, CTL-CTL). The data are

presented as relative mRNA expression in fold change relative to
vehicle-treated controls (CTL-CTL). The bars in each graph represent
the mean ± S.E. of three individual experiments, each performed in trip-
licate. *Denotes statistical significance (p < 0.05) compared to control
group (CTL-CTL). #Denotes statistical significance (p< 0.05) compared
to control group (CTL-CTL) and BPA exposed group (BPL-CTL). c, d
The western blot analysis of Esr1 and Esr2, respectively. Protein (25 μg)
from four treatment groups was subjected to 10 % SDS-PAGE and
immunoblotted against anti-Esr1 and anti-Esr2 antibodies. The intensity
of protein bands for Esr1 and Esr2 measured semi-quantitatively shown
in e, f, respectively
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epigenetic alterations affecting estrogen receptors as well as
inflammatory cytokines are responsible for many of the effects
observed in this study.

There are several limitations of this study.We acknowledge
that the BPA levels in this model may be higher than typical
average human exposure; however, the ability of any dose of
BPA to program the immune state of the mammary gland is
novel. Future studies will include several doses of maternal
circulating BPA to determine dose response and evaluate the
epigenetic mechanisms that regulates expression of these in-
flammatory genes. Further, future studies will fully character-
ize the leukocyte populations in the mammary gland.

In conclusion, we have demonstrated that BPA exposure in
utero leads to modulation of several inflammatory cytokines
in the mammary tissue of CD-1 mice. Fetal BPA expo-
sure likely causes epigenetic modifications, resulting in
altered developmental programming. Decreased inflam-
matory gene expression may correlate with a decreased de-
fense against pre-malignant cells. The altered inflammatory
cytokine environment and subsequent immune dysfunction
may lead to a cellular microenvironment that promotes breast
cancer development.
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