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Abstract: Bisphenol-A (BPA), a synthetic compound ubiquitously present in the environment, can act
as an endocrine disruptor by binding to both canonical and non-canonical estrogen receptors (ERs).
Exposure to BPA has been linked to various cancers, in particular, those arising in hormone-targeted
tissues such as the breast. In this study, we evaluated the effect of BPA intake through drinking
water on ErbB2/neu-driven cancerogenesis in BALB–neuT mice, transgenic for a mutated ErbB2/neu
receptor gene, which reproducibly develop carcinomas in all mammary glands. In this model, BPA
accelerated mammary cancerogenesis with an increase in the number of tumors per mouse and a
concurrent decrease in tumor-free and overall survival. As assessed by immunohistochemistry, BALB–
neuT tumors were ER-negative but expressed high levels of the alternative estrogen receptor GPR30,
regardless of BPA exposure. On the other hand, BPA exposure resulted in a marked upregulation
of progesterone receptors in preinvasive tumors and of Ki67, CD31, and phosphorylated Akt in
invasive tumors. Moreover, based on several infiltration markers of immune cells, BPA favored an
immunosuppressive tumor microenvironment. Finally, in vitro cell survival studies performed on
a cell line established from a BALB–neuT breast carcinoma confirmed that BPA’s impact on cancer
progression can be particularly relevant after chronic, low-dose exposure.

Keywords: endocrine-disrupting compound (EDC); breast cancer; ErbB2/neu-driven cancerogenesis;
mouse; immunohistochemistry

1. Introduction

Bisphenol-A (BPA), a widely used chemical compound found in polycarbonate plastics
and epoxy resins, possesses 9 out of 10 key properties to be classified as an environmental
endocrine-disrupting compound (EDC) [1].

Int. J. Mol. Sci. 2024, 25, 6259. https://doi.org/10.3390/ijms25116259 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms25116259
https://doi.org/10.3390/ijms25116259
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-7334-3966
https://orcid.org/0000-0001-9660-7509
https://orcid.org/0000-0002-2520-1306
https://orcid.org/0000-0002-2826-2956
https://orcid.org/0000-0003-0585-1309
https://orcid.org/0000-0003-2619-9153
https://orcid.org/0000-0002-7351-5676
https://orcid.org/0000-0003-0556-2056
https://orcid.org/0000-0003-0317-9854
https://orcid.org/0000-0002-4563-6630
https://orcid.org/0000-0001-7265-6429
https://orcid.org/0000-0001-5014-430X
https://orcid.org/0000-0001-9541-8896
https://doi.org/10.3390/ijms25116259
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms25116259?type=check_update&version=1


Int. J. Mol. Sci. 2024, 25, 6259 2 of 20

BPA’s ubiquitous presence in the environment, stemming from manufacturing, use,
and disposal processes, leads to its release into water, soil and air, contributing to human
exposure through multiple routes [2–4]. High temperatures or pH changes can trigger the
cleavage of the ester bond that links BPA monomers and enable their migration into food
and liquids [5–7]. BPA, in fact, leaches from products like food containers, cans, and dental
materials, increasing dietary exposure. Inhalation and dermal contact further contribute
to human exposure, highlighting the complex and multi-faceted aspects of BPA exposure
pathways [8–10].

Although hundreds of epidemiology studies have shown the direct correlation be-
tween BPA exposure and adverse effects (obesity, diabetes, infertility, thyroid dysfunction,
autism spectrum disorders, cancer, and toxicological effects in fetuses, neonates, and chil-
dren), regulatory agencies worldwide do not present common guidelines and, above all,
not all of them have updated guidelines for the “safe” use of this compound [1,11]. In 2010,
the World Health Organization (WHO) defined the upper limit of daily mean exposure for
food consumption, inhalation, or indirect ingestion of BPA for the general population [12].
Lately, supported by recent studies, the European Food Safety Authority (EFSA) suggested
lowering the tolerable daily BPA dosage from 4 µg/kg body weight/day established in
2015 to 0.04 ng/kg body weight/day, but the most recent EFSA approval available by the
end of 2022, fixed the tolerable daily intake at 0.2 ng/kg body weight/day [13,14].

Since the structure of BPA resembles that of the synthetic estrogen, diethylstilbestrol,
BPA has the ability to mimic estrogens and bind to canonical and non-canonical estrogen
receptors (ER) [5,15]. In fact, it not only interacts with nuclear ERsbut also activates
membrane ERs and GPR30, i.e., the non-classical membrane G protein-related receptors,
even at low concentrations [16].

Although the known primary effect of BPA relies on its estrogenic activity, it also pos-
sesses additional endocrine-disruptive functions. BPA, in fact, disrupts thyroid hormone
receptor function and exhibits a moderate anti-androgenic effect by inhibiting androgen
binding to the androgen receptor. Additionally, BPA can bind as an agonist to the glucocor-
ticoid receptor and peroxisome proliferator-activated gamma receptor (PPARγ) [17].

Actually, BPA exposure has been linked to various cancers, in particular those arising
in hormone-target tissues such as breast, prostate, testis, ovary, and endometrium [18–20].
It has been demonstrated that in males, BPA exposure at the early stage of life might
abnormally regulate the proliferation, growth, and migration of cells, thus, inducing a
predisposition to developing testicular and prostate cancer [21–24]. BPA also triggers the
proliferation and migration of different cell types, including lung, colorectal, and liver
cells [25,26]. Perinatal exposure to BPA could induce benign or malignant changes in the
female reproductive system, such as cysts, which may lead to the development of uterine
or ovarian tumors [27–33].

Breast cancer is the most common cancer among women [34]. Although it is primarily
classified on the basis of ER, progesterone receptor (PR), and human epidermal growth
factor 2 (ErbB2/neu or HER2) receptor expression, breast cancer is a heterogeneous disease
with multiple molecular subtypes that differ in terms of both clinical behavior and response
to therapy [35–37].

In this context, the different subtypes of ErbB2/neu-positive breast cancers are very ag-
gressive tumors with a high risk of recurrence and poor clinical outcome. Indeed, sustained
ErbB2/neu signaling stimulates proliferation, inhibits apoptosis, confers chemotherapy
resistance, and promotes invasion and metastasis of breast cancer cells [38–40].

Since mammary glands are particularly sensitive to hormones, they are at greater risk
of malignant transformation following exposure to environmental EDCs such as BPA [18,41].
Indeed, this compound can induce breast carcinogenesis through both estrogen-dependent
and -independent pathways, epigenetic changes, and DNA damage [42]. Several studies
highlighted that breast cancer cells exposed to BPA show increased proliferation and
migration, also through the activation of the GPR30/EGFR/ERK signaling pathway [43,44].
Moreover, BPA exposure can lead to the activation of other signaling pathways, such
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as Akt/PI3K or JAK-STAT pathways, and to the abnormal regulation of p53 expression
in breast cancer [5,45]. Furthermore, besides its effects on cancer cells, BPA has been
reported to affect the properties of the tumor microenvironment and to alter immune
surveillance, thereby potentially exerting additional detrimental effects on breast cancer
progression [46–48].

Given these premises, the aim of this study was to evaluate the effect of BPA intake
through drinking water on ErbB2/neu-driven cancerogenesis in BALB–neuT mice. These
mice are transgenic for a mutated version of the rat ErbB2/neu receptor gene and develop
multifocal carcinomas in all mammary glands with 100% penetrance [49–51]. In this breast
cancer model, the effect of the compound on the time of tumor onset, the number of tumors
per mouse, and mice survival was investigated, as well as its impact on the expression of
cell proliferation, angiogenesis, apoptosis, and immune cell infiltration markers in tumor
tissues. Our findings demonstrate that BPA in drinking water accelerates ErbB2/neu-
mediated mammary cancerogenesis in the transgenic BALB–neuT mouse model and favors
an immunosuppressive tumor microenvironment.

2. Results
2.1. Effect of BPA on ErbB2/neu-Mediated Mammary Carcinogenesis in the BALB–neuT Model

To evaluate the effect of BPA on ErbB2/neu-mediated mammary carcinogenesis, the
BALB–neuT mouse model, transgenic for an activated rat neu oncogene under the control of
the mouse mammary tumor virus promoter, was employed. Beginning at weaning (3 weeks
of age), BPA (25 µg/L) or its vehicle (0.08% EtOH) was supplied in the drinking water of
BALB–neuT female mice ad libitum. At weekly intervals, the volume of water drunk in
each cage was calculated as average. There were no significant differences in the amount of
water drank by the two groups of mice: those in the control group (CTR) drank an average
of 21.1 ± 0.8 mL of EtOH-containing water weekly, while those drinking BPA-containing
water ingested an average of 22 ± 1.2 mL of water per week (Figure 1A). Accordingly, mice
supplied with BPA-containing water ingested an average of 0.56 µg/mouse/week of BPA,
equivalent to 4 µg/kg body weight/day (Figure 1B).

At weekly intervals, mice were weighed to reveal whether the compound affected
their growth. Mouse weight, monitored up to around 30 weeks, was similar in both groups,
thus suggesting that BPA did not induce evident health effects (Figure 1C,D).

Mammary glands were analyzed each week to detect the appearance of tumors.
Tumors were palpable at week 12 in BPA-treated mice (9 weeks of BPA ingestion), while the
first appearance of tumors was recorded at 16 weeks of age in the CTR group (Figure 2A,B).
The difference in the number of tumors per mouse between BPA- and CTR-treated mice
became significant at 14 weeks of age (p < 0.01) when the presence of tumors was still not
evident in CTR mice and remained significant until week 26. In particular, mice drinking
BPA developed twice as many tumors as CTR mice up to 21 weeks of age (20th week: BPA
4.2 tumors per mouse vs. CTR 2 tumors per mouse, p < 0.01; 21st week: BPA 5.2 tumors
per mouse vs. CTR 2.75 tumors per mouse; p < 0.01) (Figure 2A). Later, the number of
tumors per mouse remained higher in BPA- vs. vehicle-treated mice up to 26 weeks of
age (22nd week: BPA 5.75 tumors per mouse vs. CTR 3.71 tumors per mouse, p < 0.01;
23rd week: BPA 7.0 tumors per mouse vs. CTR 4.25 tumors per mouse, p < 0.01; 24th week:
BPA 7.4 tumors per mouse vs. CTR 5.0 tumors per mouse, p < 0.01; 25th week: BPA
7.9 tumors per mouse vs. CTR 5.75 tumors per mouse, p < 0.01; 26th week: BPA 8.9 tumors
per mouse vs. CTR 6.75 tumors per mouse, p < 0.01). The weight of tumors collected from
age-matched mice was also recorded, highlighting an increased weight of the tumors from
BPA-treated mice as compared to those from CTR-treated mice (Figure 2B).
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Figure 2. Effect of BPA on tumor development and mice survival. (A) Average tumor multiplicity
in mice drinking BPA- or vehicle-containing water from weaning (3 weeks of age). Average tumor
multiplicity was defined by the cumulative number of tumors/number of animals, using an upper
limit of 10 tumors/mouse. (B) Weight of tumors collected from age-matched BPA-treated or CTR-
treated mice (n = 5). Results are expressed as mean ± SD values (*** p ≤ 0.001 vs. CTR). (C) Tumor-free
survival and (D) overall survival of mice drinking BPA- or vehicle-containing water from weaning.
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Tumor-free survival was 17 weeks in the CTR group, while it decreased to 15 weeks in
BPA-treated mice (p < 0.0001). All animals receiving BPA developed at least one mammary
tumor at 16 weeks of age, whereas all CTR animals developed at least one tumor at 19 weeks
of age (Figure 2A,C). In parallel, BPA- and CTR-treated mice significantly diverged in their
survival (p = 0.0031) (Figure 2D). Indeed, CTR-treated mice showed an average survival
of 29.5 weeks, while BPA-treated mice showed an average survival of 27 weeks. All BPA-
treated mice were sacrificed between 23 and 30 weeks due to the presence of tumors in all
mammary glands (Figure 2D).

Based on these findings, BPA intake accelerated ErbB2/neu mammary cancerogenesis
in the BALB–neuT mouse model, resulting in an increased number of tumors per mouse,
an increased tumor weight, and a concurrent decrease in tumor-free and overall survival.

2.2. Histological Analysis and Receptor Status of Mammary Tumor Tissues from BPA-Treated Mice

BALB–neuT female mice develop multifocal mammary lesions that reproducibly
progress from non-invasive to invasive breast carcinomas [49,50]. As previously described
by Di Carlo et al., in the early stage of life, the mammary tissue of BALB–neuT female
mice is characterized by atypical hyperplasia of small lobular ducts. Starting from the 11th
week, the tissue presents features typical of lobular carcinoma “in situ” such as an occlusive
intralobular growth of epithelial cells. Afterwards, although there was no evidence of a typ-
ical linear arrangement of neoplastic cells around lobules and normal ducts, morphological
alterations typical of alveolar and solid variants were detected [52,53]. Notably, atypical
lobular hyperplasia and lobular carcinoma “in situ” are part of a spectrum of preinvasive
lesions of lobular breast cancer, distinguished from each other solely by the quantitative
extension of the terminal duct lobular units (TDLUs) involved (less than half of the acini in
TDLUs for the atypical lobular hyperplasia, more than half of the acini for the lobular carci-
noma “in situ”) [54], therefore, in this study, the two categories were grouped into a single
entity called “preinvasive” lobular neoplasia. Accordingly, hematoxylin/eosin staining and
immunohistochemistry (IHC) were performed on sections from mammary tumor tissues
collected at the preinvasive (11 weeks) or invasive stage (30 weeks) of tumor progression
from both BPA- and CTR-treated mice. No major histopathological differences were found
between CTR- and BPA-treated mice at the different stages investigated (Figure 3A and
Supplementary Figure S1). CTR- and BPA-treated mice showed uniformly high levels of
ErB2/neu expression in all lesions, regardless of tumor stage (Figure 3B).

Hormone receptor expression was then analyzed. Overall, the percentage of cells
positive for the BPA-target receptor αER was lower than 1% at both tumor stages, with no
significant differences between CTR- and BPA-treated mice (Figure 3C). In both groups of
mice, the non-classical estrogen receptor and BPA-target GPR30 were instead expressed at
high levels in preinvasive as well as in invasive lesions (Figure 3D). As for PR, in CTR mice,
the percentage of cells positive for its expression showed a reduction from about 10% at
the preinvasive stage to less than 1% at the invasive stage. Interestingly, in BPA-treated
mice, PR expression was also downregulated with tumor progression, but the percentage
of PR-positive cells was significantly higher as compared to that of CTR-treated mice at
both the preinvasive (p < 0.001) and invasive stage (p < 0.05) (Figure 3E).
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Figure 3. Histological analysis and receptor status of mammary tumor tissues from BALB–neuT mice.
Mammary tissues were collected from BPA-treated and untreated (CTR) BALB–neuT mice at the
preinvasive or invasive stage of tumor progression (n = 3). (A) Hematoxylin/eosin (H/E) staining.
(B–E) Immunostaining for (B) ErbB2/neu, (C) αER, (D) GPR30, (E) PR, scored as described in Section
4. Tissue sections were counterstained with hematoxylin. The results are expressed as the mean
± SD values of three independent experiments performed in triplicate (* p ≤ 0.05; *** p ≤ 0.001 vs.
CTR). Images were acquired with an OLYMPUS BX53 microscope (Hachioji, Tokyo, Japan) (original
magnification 200×). Lower magnification images are available in Supplementary Figure S1.

2.3. Expression of Tumor Progression Markers in Mammary Tumor Tissues from BPA-Treated Mice

The expression of Ki67 and CD31, markers of proliferation and neoangiogenesis,
respectively, was investigated by IHC in tumor tissues from BPA- and CTR-treated mice.
The percentage of cells expressing the Ki67 proliferation marker was similar (~20%) in
preinvasive lesions from BPA- and CTR-treated mice. On the other hand, the percentage
of Ki67-positive cells was increased to a higher level (p < 0.001) in invasive lesions from
BPA-treated (~70%) as compared to CTR-treated mice (~50%) (Figure 4A). A similar trend
was observed for the expression of CD31: the number of CD31-positive vessels, which
was comparably low in preinvasive lesions from the two groups of mice, increased to a
greater extent in invasive lesions from BPA-treated mice vs. those from CTR-mice (p < 0.01)
(Figure 4B).

A small number of apoptotic cells, identified by positive immunostaining for the large
fragment of activated caspase 3, was revealed in invasive tumors from both BPA- and
CTR-treated mice without significant differences between the two groups (Figure 4C).
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Figure 4. Expression of proliferation, neoangiogenesis and apoptosis markers in mammary tumor
tissues from BALB–neuT mice. Mammary tissues were collected from BPA-treated and untreated
(CTR) mice at the preinvasive or invasive stage of tumor progression (n = 3) and immunostained for
markers of (A) proliferation (Ki67), (B) neoangiogenesis (CD31), and (C) apoptosis (cleaved caspase 3).
The immunostaining was scored as described in Section 4. Tissue sections were counterstained with
hematoxylin. The results are expressed as the mean ± SD values of three independent experiments
performed in triplicate (** p ≤ 0.01; *** p ≤ 0.001 vs. CTR). Arrows indicate CD31-positive vessels.
Images were acquired with an OLYMPUS BX53 microscope (original magnification 200×).

In light of its pivotal role in promoting breast cancer cell survival and proliferation [55],
the expression of Akt and its phospho-activated form (p-Akt) was also investigated. While
Akt was similarly expressed in preinvasive and invasive lesions from both BPA- and CTR-
treated mice (Figure 5A), a significant increase of p-Akt levels was observed in invasive
lesions from BPA-treated mice (p < 0.01) (Figure 5B).
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Figure 5. Expression of total and phosphorylated Akt in mammary tumor tissues from BALB–neuT
mice. Akt (A) and phospho-Akt (p-Akt) (B) immunostaining of mammary tumor tissues collected
from BPA-treated and untreated (CTR) mice at the preinvasive or invasive tumor stage (n = 3). The
immunostaining was scored as described in Section 4. Tissue sections were counterstained with
hematoxylin. The results are expressed as the mean ± SD values of three independent experiments
performed in triplicate (** p ≤ 0.01 vs. CTR). Images were acquired with an OLYMPUS BX53
microscope (original magnification 200×).

2.4. Evaluation of Tumor Immune Microenvironment in BPA-Treated Mice

Next, immunohistochemical studies were performed in order to investigate the impact
of BPA intake on the tumor immune microenvironment. The analysis of the immune cell
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infiltrate showed that both preinvasive and invasive lesions from BPA-treated mice had
an increased number of CD4+ T lymphocytes as compared to those of CTR-treated mice
(p < 0.05 and p < 0.01, respectively) (Figure 6A). Conversely, no significant differences in
the number of cells positive for CD8 or for the macrophage marker F4/80 were observed
between the two groups of mice at either stage of the lesions (Figure 6B,C).
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Figure 6. Expression of immune cell markers on mammary tumor tissues from BALB–neuT mice.
Mammary tissues were collected from BPA-treated and untreated (CTR) mice at the preinvasive
or invasive stage of tumor progression (n = 3) and immunostained for (A) CD4, (B) CD8, and
(C) F4/80. (D) Tissues collected from BPA-treated and untreated (CTR) mice at the invasive stage
were immunostained for Foxp3, PD-1, and PD-L1. The immunostaining was scored as described in
Section 4. Tissue sections were counterstained with hematoxylin. The results are expressed as the
mean ± SD values of three independent experiments performed in triplicate (* p ≤ 0.05; ** p ≤ 0.01,
*** p ≤ 0.001 vs. CTR). Arrows indicate positive CD4 (A), CD8 (B), F4/80 (C), and Foxp3 or PD-1 (D)
cells. Images were acquired with an OLYMPUS BX53 microscope (original magnification 200×).

Tissue samples from tumors at the invasive stage were also used to assess the expres-
sion of markers of an immunosuppressive microenvironment, including the regulatory T
cells (Tregs) marker Foxp3, the immune inhibitory receptor programmed cell death-1 (PD-1)
and its ligand PD-L1 [56–59]. In fact, invasive lesions from BPA-treated mice showed an
increased number of Foxp3 and PD-1 positive cells (p < 0.001 and p < 0.01, respectively),
whereas PD-L1 was constitutively expressed at high levels and in a high percentage of cells
in tumors from both groups of mice (Figure 6D).

To provide a deeper characterization of the immune infiltrate populating the tumor
microenvironment, flow cytometric analysis of immune cells extracted from tumor tis-
sues was performed on invasive lesions of BPA- and CTR-treated mice (Figure 7). A
significant increase in the frequency of exhausted, CD8+PD-1+ T lymphocytes (Figure 7A)
and of CD4+CD25+Foxp3+ Treg cells (Figure 7B) was found in tumors from BPA-treated
as compared to CTR-treated mice. The frequency of F4/80+CD11b+ macrophages [60]
also showed an increasing trend in tumors from BPA-treated mice (Figure 7C). By com-
parison, CD8+PD-1+ T lymphocytes, CD4+CD25+Foxp3+ Treg cells, and F4/80+CD11b+

macrophages collected from spleens of BPA- and CTR-treated mice showed similarly low
frequencies (Figure 7A,C).
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Figure 7. Flow cytometric analysis of immune cells extracted from invasive tumors of BALB–neuT
mice. Cells were extracted from spleens (Spl) and invasive tumors (Tum) of BPA- and CTR-treated
mice (n = 5) and processed for flow cytometric analysis. (A) Exhausted T lymphocytes (CD8+PD-1+),
(B) Treg cells (CD4+CD25+Foxp3+), and (C) macrophages (F4/80+CD11b+) were evaluated. The
results are expressed as mean ± SD values (** p ≤ 0.01; **** p ≤ 0.0001).

2.5. Dose-Dependent Effects of BPA on Survival of ErbB2/neu-Driven Breast Cancer Cells In Vitro

The effects of BPA on ErbB2/neu-driven breast cancer cell survival were investigated
in vitro using TUBO cells, a cell line previously established from a BALB–neuT mouse
breast carcinoma, and SRB assay (Figure 8A) [49,61]. TUBO cells were incubated with
increasing BPA concentrations (range: 0.1–100 µM) or EtOH as the control for 24, 48, and
72 h. As compared to control, a significant dose- and time-dependent reduction in cell
survival was observed when TUBO cells were treated with 100 µM BPA. Conversely, lower
concentrations of BPA (0.1–10 µM) significantly increased TUBO cancer cell survival. More-
over, the lowest BPA concentration appeared to be the most effective in increasing cancer
cell survival. After 72 h of treatment, the survival of TUBO cells treated with BPA 0.1 µM
was significantly higher than that observed with BPA 1 µM (110% vs. 105%, p < 0.05) or
BPA 10 µM (110% vs. 104%, p < 0.001). Reasonably, the small survival differences observed
after short-term BPA exposure would be amplified after chronic, long-term exposure.

We also evaluated by Western blotting analysis whether BPA treatment could affect
expression and phosphorylation levels of the pro-survival kinase Akt. Consistent with the
findings obtained in BALB–neuT mice studies, BPA increased the phospho-activation of
Akt in TUBO cells (Figure 8B).
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Figure 8. Effects of BPA on TUBO breast cancer cells in vitro. (A) Cell survival was evaluated by
SRB assay after 24, 48, and 72 h of treatment with BPA (0.1, 1, 10, and 100 µM) or EtOH 0.5% as the
vehicle (CTR). The percentage survival of BPA-treated TUBO cells was calculated relative to that of
EtOH-treated control cells. Results are expressed as the mean ± SD of three independent experiments
performed in triplicate. Statistical significance was calculated with one-way ANOVA (* p ≤ 0.05,
** p ≤ 0.01, *** p ≤ 0.001). (B) Effect of BPA on Akt expression and activation. Western blotting analysis
was performed on TUBO cells treated with BPA (0.1–1 µM) or EtOH 0.5% (CTR) for 24 h. The levels
of phospho-Akt (p-Akt) were compared with those of total Akt. Densitometric ratios and statistical
analysis are reported. Data are expressed as the mean ± SD of two independent experiments.

3. Discussion

The results presented herein first demonstrate that chronic exposure to a low dose of
BPA through drinking water [18], corresponding to an intake of 4 µg/kg body weight/day,
accelerates ErbB2/neu mammary cancerogenesis in BALB–neuT female mice. In partic-
ular, BPA-treated mice showed a decreased tumor-free survival, developing at least one
mammary tumor 3 weeks earlier than vehicle-treated mice, and a reduced overall survival.

Previous studies performed in different rodent models have shown that in utero or
postnatally, BPA exposure can increase susceptibility to chemically-induced mammary
carcinogenesis and that, in some cases, BPA can increase mammary tumor incidence even
when administered alone [18]. The impact of chronic BPA intake was also investigated in a
study performed using transgenic mice that spontaneously developed mammary tumors
driven by the overexpression of wild-type ErbB2/neu (MMTV-ErbB2 mice) but after a
longer latency and with a lower multiplicity as compared to BALB–neuT mice [62]. In
this study, similar to our results, BPA accelerated mammary cancerogenesis. Moreover,
BPA-treated MMTV-ErbB2 mice also showed an increased incidence of lung metastases [63].

In addition to the findings on mice survival, we show here that BALB–neuT mice
developed tumors that were ER-negative at both the preinvasive and invasive stages
regardless of BPA exposure. In this respect, guidelines recommend positive staining in ≥1%
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of tumor cells as the threshold for defining an αER-positive status [64], whereas the tumors
from CTR and BPA-treated mice had a percentage of αER-positive cells lower than 1% at
both the investigated stages. On the other hand, the alternative estrogen receptor GPR30
was highly expressed at the preinvasive and invasive tumor stages in tissues from both mice
groups. Therefore, even though in BALB–neuT mice, αER expression appears to be lost at
an early stage of ErbB2/neu-driven carcinogenesis, BPA can nonetheless promote tumor
progression by acting via GPR30. Indeed, besides the well-known role of αER-mediated
genomic and non-genomic pathways in enhancing breast cancer cell proliferation, survival,
and invasion [65,66], a key role in estrogen-dependent responses and in the progression of
breast cancer is played by GPR30 [67–70], and it has been previously demonstrated that
GPR30 can mediate BPA estrogenic signals in ER-negative breast cancer cells [44,71]. While
it is reported that about 60% of human breast cancers are positive for GPR30 expression [68],
that mammary tumors of BALB–neuT mice express high levels of this alternative ER has not
been reported before to our knowledge and highlights that these transgenic mice represent
a valuable model to investigate the crosstalk between GPR30 and ErbB2/neu in vivo [72].

At variance with αER and GPR30, PR levels showed significant changes related to
both tumor stage and BPA-exposure. In fact, BPA exposure caused a marked upregulation
of PRs in preinvasive tumors and a modest but significant PR upregulation in invasive
tumors. In particular, in preinvasive tumors from CTR mice, PRs were expressed in about
10% of cells, while in those from BPA-treated mice, more than 40% of cells were PR-positive.
Moreover, in invasive tumors from both mice groups, PRs were strongly downregulated,
but the percentage of PR-positive cells remained higher in tissues from BPA-treated than in
those from CTR mice.

That BPA could induce an increase of PR expression in mouse mammary tissues
has been previously reported, but given that PR expression is induced by ER activity, it
has been mainly regarded as a downstream result of ER’s activation by the endocrine
disruptor [73,74]. However, when considering that the mammary tumors of BALB–neuT
mice are ER-negative at both the preinvasive and invasive stages, the mechanisms re-
sponsible for the upregulation of PR by BPA at these stages of tumor progression will
deserve further investigations. Indeed, the increase of PR-positive cells could be a long-
term manifestation of the effects induced by BPA at an earlier stage of tumor development,
preceding the loss of ER expression by tumor cells [27]. Still, it is also possible that different
ER-independent mechanisms could mediate the effects of BPA on PR expression [75–77].

Although the role of PR in breast cancer has been debated, with some reports indi-
cating that the activation of this receptor could restrain tumor cell proliferation [77–79],
a growing body of evidence supports its role in promoting breast carcinogenesis [80–82].
For instance, by engrafting human breast cancer cells with either PR downmodulation
or ectopic expression into the milk ducts of immunodeficient mice, it has recently been
demonstrated that PR is required for cancer growth and that its activation is sufficient to
drive proliferation as well as invasion and metastasis [83].

The expression levels of Ki67 and CD31, markers of proliferation and neoangiogenesis,
respectively, were also increased in invasive tumors of BPA-treated BALB–neuT mice,
along with that of p-Akt. Notably, Akt signaling, which has a well-established role in
promoting breast cancer cell survival and proliferation [55], may also be involved in the
post-transcriptional downregulation of PR levels observed at the invasive stage [77].

The findings reported herein further demonstrate that chronic exposure to BPA at low
doses can participate in ErbB2/neu-driven mammary tumor progression by acting on the
tumor immune microenvironment. In this regard, we first investigated the frequency of
CD4+, CD8+, and F4/80+ cells in both preinvasive and invasive tumors from BALB–neuT
mice and observed that the number of cells positive for CD8 or for the macrophage marker
F4/80 were similar in CTR and BPA-treated mice at either stage of the lesions, whereas the
lesions from BPA-treated mice had an increased number of CD4+ cells. In particular, the
number of CD4+ cells infiltrating the tumors of BPA-treated mice was about three times
that found in tumors of CTR mice at the preinvasive stage and about two times that of CTR
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mice at the invasive stage. This finding may already indicate an adverse effect caused by
BPA exposure since, according to some studies, infiltration of breast cancer tissues by CD4+

T lymphocytes is associated with a more aggressive tumor phenotype and lymph node
metastasis and has a negative impact on patients’ prognosis [84–86]. However, there is no
general consensus on this matter [87,88]. On the other hand, more compelling evidence that
BPA can favor an immunosuppressive tumor microenvironment in the BALB–neuT model
is provided by the marked increase of Foxp3+ cells observed in invasive tumors of BPA-
treated mice. In fact, Foxp3 is regarded as the most specific marker for regulatory Tregs, i.e.,
a T cell subset that plays a crucial role in maintaining immune homeostasis in physiological
conditions but is also able to promote tumor immune evasion by suppressing anti-tumor
lymphocyte functions [56,89–91]. Specific flow cytometric analysis for CD4+CD25+Foxp3+

cells highlighted the increased frequency of Treg cells in tumors extracted from BPA-treated
mice. Studies performed in different cohorts of breast cancer patients have shown that the
presence of Foxp3+ cells is increased in high-grade tumors and is associated with increased
risk of relapse and decreased survival [86,92,93]. Interestingly, similar to our results, in a
different mouse model of breast cancer in which BALB/c mice received a single neonatal
administration of BPA and at sexual maturity were injected with syngeneic 4T1 mammary
adenocarcinoma cells, BPA exposure resulted in the formation of larger tumors infiltrated
by a higher amount of Foxp3+ cells [94].

An additional key mechanism of tumor immune escape is based on the interaction
between the immune inhibitory receptor PD-1, expressed on the membrane of T cells,
and its ligand PD-L1, expressed on cancer cells and different cell types of the tumor
microenvironment [57,58]. Activation of the PD-1/PD-L1 pathway impairs T cell activity,
diminishes cytokines production, and prompts immune tolerance towards tumor cells,
and the inhibition of this pathway appears as one of the most promising anticancer tools
developed recently [57,95–97]. In this study, we show that although PD-L1 was expressed at
similar levels in invasive tumors from CTR and BPA-treated mice, its cognate receptor PD-1
was instead significantly increased in the BPA-treated group. Moreover, we demonstrate
that tumors from BPA-treated mice had a higher frequency of CD8+PD-1+ (i.e., exhausted)
T lymphocytes. These findings highlight a further mechanism through which the endocrine
disruptor can favor tumor escape from immune surveillance.

Collectively, these results extend and support the findings obtained in different tu-
mor models, providing evidence that BPA exposure can affect breast cancer growth and
progression by acting on tumor cells as well as on the tumor immune microenviron-
ment [46,94,98,99], further suggesting that its effects should also be explored more generally
in the context of cancer immunotherapy [47,100–102]. As regards the direct impact of BPA
on tumor cells, our in vitro findings demonstrate that BPA has opposite, dose-dependent
effects on the survival of TUBO cells, a cell line established from a BALB–neuT mouse breast
carcinoma, with the lowest concentrations being the most effective in increasing tumor cell
survival. These results, consistent with previous studies performed using different cancer
cell lines [44,103–105], confirm that BPA’s impact on cancer progression can be particularly
marked after chronic exposure to a low dose of the compound.

4. Materials and Methods
4.1. Reagents

Bisphenol-A (BPA, 2,2-Bis(4-hydroxyphenyl)propane, cat. no. 239658) and ethanol
(EtOH) were purchased from Merck-Italy-Sigma Aldrich (St. Louis, MO, USA). For IHC
analysis, antibodies against estrogen receptor alpha (αER) (cat. no. ab241557; 1:1000),
progesterone receptor (PR) (SP42; cat. no. ab101688; 1:400), and anti-G-protein coupled
receptor 30 (GPR30) (cat. no. ab260033; 1:200) were purchased from Abcam (Cambridge,
UK). Antibodies against ErbB2/neu (C-18; cat. no. sc-284; 1:50), Akt (B-1; cat. no. sc-
5298; 1:100), phospho-Akt (S473) (C-11; sc-514032; 1:100), and Foxp3 (sc-53876; 1:100) were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The anti-cleaved caspase
3 antibody (D175; cat. no. #9661S; 1:400) was purchased by Cell Signaling Technology
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(Danvers, MA, USA). Antibodies anti-PD-1 (cat. no. ab-84286; 1:75) and anti-PD-L1 (cat. no.
ab-84131; 1:100) were purchased from Immunological Sciences (Rome, Italy). Antibodies
anti-CD31/PECAM-1 (WM59; cat. no. #MA1-26196; 1:200), anti-CD8 (RIV11; cat. no.
#MA1-7632; 1:100), and anti-CD4 (RIV6; cat. no. #MA1-7631; 1:100) were obtained from
Thermo Fisher Scientific (Waltham, MA, USA). The anti-F4/80 (CI:A3-1; cat. no. #BE0206;
1:100) antibody was obtained from BioXcell (Lebanon, NH, USA) and the antibody against
Ki67 (SP-6; cat. no. #MA5-14520; 1:250) from Invitrogen (Milan, Italy).

For Western blotting analysis, antibodies against Akt (C67E7; cat. no. #4691S; 1:1000)
and phospho-Akt (S473) (D9E; cat. no. #4060S; 1:500) were obtained from Cell Signaling
Technology (Danvers, MA, USA). Goat anti-rabbit IgG peroxidase-conjugated secondary
antibody (cat. no. A6154; 1:10,000) was obtained from Merck-Italy-Sigma Aldrich (St. Louis,
MO, USA).

4.2. Transgenic BALB–neuT Mouse Colony

Transgenic BALB–neuT male mice were routinely mated with BALB/c females (H-2d;
Charles River, Calco, Italy) in the animal facilities of the University of Rome Tor Vergata.
The progeny were confirmed for the presence of the transgene by PCR [106]. Mice were
bred under pathogen-free conditions and handled in compliance with European Union
and institutional standards for animal research under protocols approved by the Italian
Ministry of Health (authorization no. 577-2022-PR).

4.3. Treatment of BALB–neuT Mice

Two groups of twelve individually tagged virgin females were used. Since their
weaning (3 weeks of age) and up to sacrifice (30 weeks of age on average), mice were
supplied with BPA (25 µg/L) or with its vehicle (EtOH 0.08%) in drinking water ad libitum.
Water with BPA or EtOH vehicle alone was changed weekly, and the volumes drunk by
mice in each cage were recorded. On a weekly basis, mice were weighed and mammary
glands were inspected. Tumors were recorded at 3 mm in diameter, and tumor growth
was monitored until all 10 mammary glands displayed a palpable mass or a single tumor
mass exceeding 10 mm in diameter. At this point, or at earlier signs of distress, mice
were sacrificed, and tumors and organs collected for analysis. The time of initial tumor
appearance as well as tumor multiplicity, was averaged as the mean ± standard deviation
of incidental tumors [50]. For tissue analysis at the preinvasive stage, four more groups of
mice (n = 3 in each group) were similarly treated with BPA or vehicle up to 11 weeks of age,
when mammary tissues were collected.

4.4. Histological Analysis and Immunohistochemistry

At sacrifice, mammary tumors from three animals from each group were used for his-
tological examination after hematoxylin/eosin staining using 3 µm thick paraffin sections.
IHC was used to assess the presence of αER, PR, cleaved caspase 3 or Ki67 positive cells
and the expression of ErbB2/neu, GPR30, CD4, CD8, F4/80, CD31, Akt, and phospho-Akt
in samples from control- and BPA-treated mice. Serial sections were sliced in order to have
a more complete and similar histological frame.

Briefly, antigen retrieval was performed on 3 µm paraffin sections of each sample using
citrate pH 6.0 or EDTA citrate pH 7.8, for 30 min at 95 ◦C. Afterwards, sections were incu-
bated for 1 h at room temperature with primary antibodies. The antibody–antigen binding
was revealed by the Horseradish Peroxidase-3,3-diaminobenzidine (HRP-DAB) Detection
Kit (cat. no. AFN600 and ACH500, UCS Diagnostic, Rome, Italy) [107,108]. PBS/Tween 20
pH 7.6 was used to remove non-specific bindings. The count of αER- and PR-positive cells
was performed on tumor sections (20× objective) by two investigators in a blind fashion.
Ki67, cleaved caspase 3, CD4, CD8, and F4/80 expression was estimated by counting the
number of positive cells on 5 high power fields (HPF) (20×) by two investigators in a blind
fashion. CD31 expression was estimated by counting the number of positive vessels on
5 high power fields (HPF) (20×). The number of positive cells per field was normalized by
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the total number of cells per field in order to ensure consistency across samples. ErbB2/neu,
GPR30, Akt, and phospho-Akt expression were semi-quantitatively evaluated through a
combined scoring system. Specifically, for each HPF, the total score (0–3) was obtained by
adding the score associated with the number of positive cells to the score related to signal
intensity. The score associated with the number of positive cells was defined as follows:
0 (0–1 positive cells/HPF), 1 (2–10 positive cells/HPF), 2 (11–20 positive cells/HPF), or
3 (≥21 positive cells/HPF). The score related to signal intensity was defined as follows:
0 (absent/very low intensity), 1 (low intensity), 2 (moderate intensity), or 3 (high intensity).
Sections were observed and photographed using an Olympus BX53 microscope (Hachioji,
Tokio, Japan).

4.5. Cell Extraction from Murine Tissues and Flow Cytometry Assay

Tumors and spleens were collected and processed to obtain a single-cell suspension, as
previously described [107]. To extract tumor-infiltrating leukocytes, tumors were mechani-
cally dissociated in PBS 2% FBS onto a 70-µm cell strainer (cat. no. 352350, Falcon, Thermo
Fisher Scientific, Waltham, MA, USA) in a Petri dish, and leukocytes were enriched through
40/80 Percoll (cat. no. 17089101, GE Healthcare, Chicago, IL, USA) density gradient.
Splenocytes were obtained by mechanical dissociation, followed by incubation with Red
Blood Cell Lysis Buffer (cat. no. 11814389001, Roche, Basel, Switzerland) for erythrocyte
lysis. Cells (5 × 105) were stained with Fixable Viability Dye eFluor780 (cat. no. 65086514,
eBioscience, Thermo Fisher Scientific, Waltham, MA, USA), and the following antibodies
for surface markers from Sony Biotechnology Inc. were used: CD4 FITC (clone RM4-5,
cat. no. #1102550), CD3 FITC (clone 17A2, cat. no. #1101020), CD8a PE (clone 53–6.7, cat.
no. #1103540), CD25 PE-Cy7 (clone PC61, cat. no. #1110080), PD1 AF-647 (clone 29F.1A12,
cat. no. #1276150), F4/80 PE (clone BM8, cat. no. #1215550), and Cd11b BV-510 (clone
M1/70, cat. no. #1106225). Cells were fixed/permeabilized with Foxp3/Transcription
Factor Staining Buffer Set according to the manufacturer’s instructions (cat. no. 00-5523-
00, eBioscience), and staining was performed with Foxp3 AF-700 (clone MF-14, cat. no.
#1232110, Sony Biotechnology Inc., San Jose, CA, USA). Acquisition of 50,000 cells/sample
in the lymphocytes’ gate was performed on a CytoFLEX flow cytometer (Beckman Coulter,
Brea, CA, USA). Samples were analyzed using CytExpert version 2.5 software (Beckman
Coulter).

4.6. Cell Lines and Treatment

BALB–neuT mammary cancer cells (H-2d) (TUBO) that overexpress activated rat
ErbB2/neu were kindly provided by Prof. G. Forni and Prof. F. Cavallo (University of
Turin, Torino, Italy) and were maintained in Dulbecco’s modified Eagle medium (DMEM)
high glucose without phenol red containing 20% fetal bovine serum, 100 U/mL penicillin
and 100 µg/mL streptomycin (complete medium) (all purchased from Aurogene, Rome,
Italy) [49,109]. Cells were cultured at 37 ◦C in a humidified incubator with 5% CO2. BPA
was dissolved in 0.5% EtOH. For treatments, cells were incubated for the indicated times in
the presence of BPA at different concentrations (dose range: 0.1–100 µM) or 0.5% EtOH as
control (CTR).

4.7. Sulforhodamine B Assay

The sulforhodamine B (SRB) assay, performed as previously described [110], was used
to assess the survival of TUBO cells exposed to BPA. Briefly, TUBO cells were seeded in
flat-bottomed 96-well plates at 2500 cells/well. After 24 h, cells were treated for 24, 48, and
72 h with increasing concentrations of BPA (0.1, 1, 10, and 100 µM) or 0.5% EtOH as the
control in a complete culture medium. Cells were then fixed with cold trichloroacetic acid
(TCA, final concentration 10%, cat. no. T0699, Merck-Italy-Sigma Aldrich) for 1 h at 4 ◦C,
washed in distilled water, air dried, and stained for 30 min using 0.4% (w/v) SRB (cat. no.
S1402, Merck-Italy-Sigma Aldrich) solution in 1% acetic acid. After four washes with 1%
acetic acid, the plate was allowed to dry. Finally, the dye was dissolved by adding 100 µL of
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10 mM Tris pH 10 per well. The optical density (O.D.) of the samples was determined at 540
nm with a spectrophotometric plate reader. The percentage survival of BPA-treated cultures
was determined by normalizing their O.D. values to those of the control cultures treated
with EtOH [111]. The experiments were performed in triplicate and repeated three times.

4.8. Western Blotting

1 × 106 TUBO cells were seeded in 100-mm tissue culture dishes 24 h prior to the
addition of BPA (0.1–1 µM) or EtOH 0.5% (CTR). After 24 h of treatment, cells were lysed,
and 80 µg of cell lysates were resolved in 12% SDS-PAGE and then transferred to nitrocel-
lulose membranes. After blocking, the membranes were incubated with specific primary
antibodies at 1–2 µg/mL concentrations overnight at 4 ◦C. After being washed, the filters
were incubated with goat anti-rabbit IgG peroxidase-conjugated antibody and developed
by enhanced chemiluminescence system ECL LiteAblot (cat. no. EMP011005, Euroclone,
Milan, Italy) as previously described [97]. Densitometric analysis of autoradiographic
bands was performed with Image J software 1.53e (National Institutes of Health, Bethesda,
MD, USA) after blot scanning and expressed as bar graphs in the figures.

4.9. Statistical Analysis

Differences in mice weight, tumor weight, and multiplicity were evaluated by a two-
tailed Student’s t-test. Survival curves were analyzed using the Kaplan–Meier method
and compared with a log-rank test (Mantel-Cox) [112]. IHC scores and frequency of flow
cytometric data were compared by a two-tailed Student’s t-test. Data distribution of cell
survival assays was preliminarily verified using the Kolmogorov–Smirnov test, and the
data sets were analyzed using one-way analysis of variance (ANOVA) followed by the
Newman Keuls test. Differences in the intensity of immunoreactive bands were analyzed by
a two-tailed Student’s t-test. Statistical analyses were performed using the GraphPad Prism
software (version 6.0, La Jolla, CA, USA) with the significance threshold set at p ≤ 0.05.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ijms25116259/s1.

Author Contributions: Conceptualization, C.F., D.N., L.M., C.P. and R.B.; methodology, C.F., D.N.,
M.B. and M.S.; validation, M.S., F.S. and A.M.; formal analysis, C.F., D.N., M.B. and L.M.; investigation,
V.L., V.A. and R.C.; writing—original draft preparation, C.F., D.N., L.M., C.P. and R.B.; writing—
review and editing, Z.M.B., A.M., P.M., M.M., S.M., E.F. and L.C.; visualization, C.F., D.N., M.B., L.M.
and C.P.; supervision, L.M., C.P. and R.B.; funding acquisition, C.F., M.B., L.C., L.M. and R.B. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by grants from the Ministero dell’Università e della Ricerca,
PRIN 2020 grant (Prot. 20205HZBP8 to M.M., S.M., E.F., R.B.), PRIN 2022 grants (Prot. 2022WBBTBC
to C.F.; Prot. 20223RRASS to L.C., Prot. 2022TXHFSA to M.B., M.S., L.M.), PRIN 2022 PNRR grant
(Prot. P2022LZXNW to R.B.) and grants from the University of Rome “Sapienza” Ateneo 2021 and
Ateneo 2022 (RM12117A7F986146 and RM12218166C5057A, respectively, to L.M.).

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Review Board of the University of Rome Tor Vergata, and approved by the Italian Ministry of Health
(authorization no. 577-2022-PR, issued on 4 October 2022).

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article and supplementary material, further inquiries can be directed to the corresponding author/s.

Acknowledgments: TUBO cells and founder male BALB–neuT mice were kindly provided by G.
Forni and F. Cavallo (University of Turin, Italy). R.C. is a recipient of the Tor Vergata PhD program in
Tissue Engineering and Remodeling Biotechnologies for Body Functions. D.N. and V.A. are recipients
of the Sapienza PhD program in Molecular Medicine.

Conflicts of Interest: The authors declare no conflicts of interest.

https://www.mdpi.com/article/10.3390/ijms25116259/s1
https://www.mdpi.com/article/10.3390/ijms25116259/s1


Int. J. Mol. Sci. 2024, 25, 6259 16 of 20

References
1. La Merrill, M.A.; Vandenberg, L.N.; Smith, M.T.; Goodson, W.; Browne, P.; Patisaul, H.B.; Guyton, K.Z.; Kortenkamp, A.;

Cogliano, V.J.; Woodruff, T.J.; et al. Consensus on the Key Characteristics of Endocrine-Disrupting Chemicals as a Basis for
Hazard Identification. Nat. Rev. Endocrinol. 2020, 16, 45–57. [CrossRef]

2. Im, J.; Löffler, F.E. Fate of Bisphenol A in Terrestrial and Aquatic Environments. Environ. Sci. Technol. 2016, 50, 8403–8416.
[CrossRef]

3. Mishra, A.; Goel, D.; Shankar, S. Bisphenol A Contamination in Aquatic Environments: A Review of Sources, Environmental
Concerns, and Microbial Remediation. Environ. Monit. Assess. 2023, 195, 1352. [CrossRef]

4. Manzoor, M.F.; Tariq, T.; Fatima, B.; Sahar, A.; Tariq, F.; Munir, S.; Khan, S.; Nawaz Ranjha, M.M.A.; Sameen, A.; Zeng, X.-A.;
et al. An Insight into Bisphenol A, Food Exposure and Its Adverse Effects on Health: A Review. Front. Nutr. 2022, 9, 1047827.
[CrossRef]

5. Gao, H.; Yang, B.-J.; Li, N.; Feng, L.-M.; Shi, X.-Y.; Zhao, W.-H.; Liu, S.-J. Bisphenol A and Hormone-Associated Cancers: Current
Progress and Perspectives. Medicine 2015, 94, e211. [CrossRef]

6. Almeida, S.; Raposo, A.; Almeida-González, M.; Carrascosa, C. Bisphenol A: Food Exposure and Impact on Human Health.
Compr. Rev. Food Sci. Food Saf. 2018, 17, 1503–1517. [CrossRef]

7. Sajiki, J.; Yonekubo, J. Leaching of Bisphenol A (BPA) from Polycarbonate Plastic to Water Containing Amino Acids and Its
Degradation by Radical Oxygen Species. Chemosphere 2004, 55, 861–867. [CrossRef]

8. Becher, R.; Wellendorf, H.; Sakhi, A.K.; Samuelsen, J.T.; Thomsen, C.; Bølling, A.K.; Kopperud, H.M. Presence and Leaching of
Bisphenol a (BPA) from Dental Materials. Acta Biomater. Odontol. Scand. 2018, 4, 56–62. [CrossRef]

9. Reale, E.; Vernez, D.; Hopf, N.B. Skin Absorption of Bisphenol A and Its Alternatives in Thermal Paper. Ann. Work Expo. Health
2021, 65, 206–218. [CrossRef]

10. Vasiljevic, T.; Harner, T. Bisphenol A and Its Analogues in Outdoor and Indoor Air: Properties, Sources and Global Levels. Sci.
Total Environ. 2021, 789, 148013. [CrossRef]

11. Vom Saal, F.S.; Vandenberg, L.N. Update on the Health Effects of Bisphenol A: Overwhelming Evidence of Harm. Endocrinology
2021, 162, bqaa171. [CrossRef] [PubMed]

12. WHO. Joint FAO/WHO Expert Meeting Report. In Toxicological and Health Aspects of Bisphenol A; WHO: Geneva, Switzerland, 2011.
13. EFSA. Bisphenol A: EFSA Draft Opinion Proposes Lowering the Tolerable Daily Intake; EFSA: Parma, Italy, 2021. Available online:

https://www.efsa.europa.eu/en/news/bisphenol-efsa-draft-opinion-proposes-lowering-tolerable-daily-intake (accessed on 4
January 2024).

14. EFSA Panel on Food Contact Materials, Enzymes and Processing Aids (CEP); Lambré, C.; Barat Baviera, J.M.; Bolognesi, C.;
Chesson, A.; Cocconcelli, P.S.; Crebelli, R.; Gott, D.M.; Grob, K.; Lampi, E.; et al. Re-Evaluation of the Risks to Public Health
Related to the Presence of Bisphenol A (BPA) in Foodstuffs. EFSA J. 2023, 21, e06857. [CrossRef] [PubMed]

15. Rubin, B.S. Bisphenol A: An Endocrine Disruptor with Widespread Exposure and Multiple Effects. J. Steroid Biochem. Mol. Biol.
2011, 127, 27–34. [CrossRef] [PubMed]

16. Acconcia, F.; Pallottini, V.; Marino, M. Molecular Mechanisms of Action of BPA. Dose Response 2015, 13, 1559325815610582.
[CrossRef] [PubMed]

17. Yuan, M.; Chen, S.; Zeng, C.; Fan, Y.; Ge, W.; Chen, W. Estrogenic and Non-Estrogenic Effects of Bisphenol A and Its Action
Mechanism in the Zebrafish Model: An Overview of the Past Two Decades of Work. Environ. Int. 2023, 176, 107976. [CrossRef]
[PubMed]

18. Seachrist, D.D.; Bonk, K.W.; Ho, S.-M.; Prins, G.S.; Soto, A.M.; Keri, R.A. A Review of the Carcinogenic Potential of Bisphenol A.
Reprod. Toxicol. 2016, 59, 167–182. [CrossRef] [PubMed]

19. Khan, N.G.; Correia, J.; Adiga, D.; Rai, P.S.; Dsouza, H.S.; Chakrabarty, S.; Kabekkodu, S.P. A Comprehensive Review on the
Carcinogenic Potential of Bisphenol A: Clues and Evidence. Environ. Sci. Pollut. Res. Int. 2021, 28, 19643–19663. [CrossRef]
[PubMed]

20. Stillwater, B.J.; Bull, A.C.; Romagnolo, D.F.; Neumayer, L.A.; Donovan, M.G.; Selmin, O.I. Bisphenols and Risk of Breast Cancer:
A Narrative Review of the Impact of Diet and Bioactive Food Components. Front. Nutr. 2020, 7, 581388. [CrossRef]

21. Nanjappa, M.K.; Simon, L.; Akingbemi, B.T. The Industrial Chemical Bisphenol A (BPA) Interferes with Proliferative Activity and
Development of Steroidogenic Capacity in Rat Leydig Cells. Biol. Reprod. 2012, 86, 135. [CrossRef]

22. Prins, G.S.; Hu, W.-Y.; Shi, G.-B.; Hu, D.-P.; Majumdar, S.; Li, G.; Huang, K.; Nelles, J.L.; Ho, S.-M.; Walker, C.L.; et al. Bisphenol
A Promotes Human Prostate Stem-Progenitor Cell Self-Renewal and Increases in Vivo Carcinogenesis in Human Prostate
Epithelium. Endocrinology 2014, 155, 805–817. [CrossRef]

23. Prins, G.S.; Ye, S.-H.; Birch, L.; Ho, S.; Kannan, K. Serum Bisphenol A Pharmacokinetics and Prostate Neoplastic Responses
Following Oral and Subcutaneous Exposures in Neonatal Sprague-Dawley Rats. Reprod. Toxicol. 2011, 31, 1–9. [CrossRef]
[PubMed]

24. Derouiche, S.; Warnier, M.; Mariot, P.; Gosset, P.; Mauroy, B.; Bonnal, J.-L.; Slomianny, C.; Delcourt, P.; Prevarskaya, N.; Roudbaraki,
M. Bisphenol A Stimulates Human Prostate Cancer Cell Migration via Remodelling of Calcium Signalling. Springerplus 2013,
2, 54. [CrossRef]

25. Nomiri, S.; Hoshyar, R.; Ambrosino, C.; Tyler, C.R.; Mansouri, B. A Mini Review of Bisphenol A (BPA) Effects on Cancer-Related
Cellular Signaling Pathways. Environ. Sci. Pollut. Res. Int. 2019, 26, 8459–8467. [CrossRef]

https://doi.org/10.1038/s41574-019-0273-8
https://doi.org/10.1021/acs.est.6b00877
https://doi.org/10.1007/s10661-023-11977-1
https://doi.org/10.3389/fnut.2022.1047827
https://doi.org/10.1097/MD.0000000000000211
https://doi.org/10.1111/1541-4337.12388
https://doi.org/10.1016/j.chemosphere.2003.11.065
https://doi.org/10.1080/23337931.2018.1476869
https://doi.org/10.1093/annweh/wxaa095
https://doi.org/10.1016/j.scitotenv.2021.148013
https://doi.org/10.1210/endocr/bqaa171
https://www.ncbi.nlm.nih.gov/pubmed/33516155
https://www.efsa.europa.eu/en/news/bisphenol-efsa-draft-opinion-proposes-lowering-tolerable-daily-intake
https://doi.org/10.2903/j.efsa.2023.6857
https://www.ncbi.nlm.nih.gov/pubmed/37089179
https://doi.org/10.1016/j.jsbmb.2011.05.002
https://www.ncbi.nlm.nih.gov/pubmed/21605673
https://doi.org/10.1177/1559325815610582
https://www.ncbi.nlm.nih.gov/pubmed/26740804
https://doi.org/10.1016/j.envint.2023.107976
https://www.ncbi.nlm.nih.gov/pubmed/37236126
https://doi.org/10.1016/j.reprotox.2015.09.006
https://www.ncbi.nlm.nih.gov/pubmed/26493093
https://doi.org/10.1007/s11356-021-13071-w
https://www.ncbi.nlm.nih.gov/pubmed/33666848
https://doi.org/10.3389/fnut.2020.581388
https://doi.org/10.1095/biolreprod.111.095349
https://doi.org/10.1210/en.2013-1955
https://doi.org/10.1016/j.reprotox.2010.09.009
https://www.ncbi.nlm.nih.gov/pubmed/20887781
https://doi.org/10.1186/2193-1801-2-54
https://doi.org/10.1007/s11356-019-04228-9


Int. J. Mol. Sci. 2024, 25, 6259 17 of 20

26. Weinhouse, C.; Anderson, O.S.; Bergin, I.L.; Vandenbergh, D.J.; Gyekis, J.P.; Dingman, M.A.; Yang, J.; Dolinoy, D.C. Dose-
Dependent Incidence of Hepatic Tumors in Adult Mice Following Perinatal Exposure to Bisphenol A. Environ. Health Perspect.
2014, 122, 485–491. [CrossRef]

27. Ayyanan, A.; Laribi, O.; Schuepbach-Mallepell, S.; Schrick, C.; Gutierrez, M.; Tanos, T.; Lefebvre, G.; Rougemont, J.; Yalcin-
Ozuysal, O.; Brisken, C. Perinatal Exposure to Bisphenol a Increases Adult Mammary Gland Progesterone Response and Cell
Number. Mol. Endocrinol. 2011, 25, 1915–1923. [CrossRef]

28. Murray, T.J.; Maffini, M.V.; Ucci, A.A.; Sonnenschein, C.; Soto, A.M. Induction of Mammary Gland Ductal Hyperplasias and
Carcinoma in Situ Following Fetal Bisphenol A Exposure. Reprod. Toxicol. 2007, 23, 383–390. [CrossRef]

29. Acevedo, N.; Davis, B.; Schaeberle, C.M.; Sonnenschein, C.; Soto, A.M. Perinatally Administered Bisphenol a as a Potential
Mammary Gland Carcinogen in Rats. Environ. Health Perspect. 2013, 121, 1040–1046. [CrossRef]

30. Tharp, A.P.; Maffini, M.V.; Hunt, P.A.; VandeVoort, C.A.; Sonnenschein, C.; Soto, A.M. Bisphenol A Alters the Development of the
Rhesus Monkey Mammary Gland. Proc. Natl. Acad. Sci. USA 2012, 109, 8190–8195. [CrossRef] [PubMed]

31. Newbold, R.R.; Jefferson, W.N.; Padilla-Banks, E. Prenatal Exposure to Bisphenol a at Environmentally Relevant Doses Adversely
Affects the Murine Female Reproductive Tract Later in Life. Environ. Health Perspect. 2009, 117, 879–885. [CrossRef] [PubMed]

32. Fernández, M.; Bourguignon, N.; Lux-Lantos, V.; Libertun, C. Neonatal Exposure to Bisphenol a and Reproductive and Endocrine
Alterations Resembling the Polycystic Ovarian Syndrome in Adult Rats. Environ. Health Perspect. 2010, 118, 1217–1222. [CrossRef]

33. Newbold, R.R.; Jefferson, W.N.; Padilla-Banks, E. Long-Term Adverse Effects of Neonatal Exposure to Bisphenol A on the Murine
Female Reproductive Tract. Reprod. Toxicol. 2007, 24, 253–258. [CrossRef] [PubMed]

34. Arnold, M.; Morgan, E.; Rumgay, H.; Mafra, A.; Singh, D.; Laversanne, M.; Vignat, J.; Gralow, J.R.; Cardoso, F.; Siesling, S.; et al.
Current and Future Burden of Breast Cancer: Global Statistics for 2020 and 2040. Breast 2022, 66, 15–23. [CrossRef] [PubMed]

35. Testa, U.; Castelli, G.; Pelosi, E. Breast Cancer: A Molecularly Heterogenous Disease Needing Subtype-Specific Treatments. Med.
Sci. 2020, 8, 18. [CrossRef] [PubMed]

36. Yersal, O.; Barutca, S. Biological Subtypes of Breast Cancer: Prognostic and Therapeutic Implications. World J. Clin. Oncol. 2014, 5,
412–424. [CrossRef] [PubMed]

37. Orrantia-Borunda, E.; Anchondo-Nuñez, P.; Acuña-Aguilar, L.E.; Gómez-Valles, F.O.; Ramírez-Valdespino, C.A. Subtypes of
Breast Cancer. In Breast Cancer; Mayrovitz, H.N., Ed.; Exon Publications: Brisbane, Australia, 2022; ISBN 978-0-645-33203-2.

38. Lv, Q.; Meng, Z.; Yu, Y.; Jiang, F.; Guan, D.; Liang, C.; Zhou, J.; Lu, A.; Zhang, G. Molecular Mechanisms and Translational
Therapies for Human Epidermal Receptor 2 Positive Breast Cancer. Int. J. Mol. Sci. 2016, 17, 2095. [CrossRef] [PubMed]

39. Fan, Y.; Wang, Y.; He, L.; Imani, S.; Wen, Q. Clinical Features of Patients with HER2-Positive Breast Cancer and Development of a
Nomogram for Predicting Survival. ESMO Open 2021, 6, 100232. [CrossRef] [PubMed]

40. Palumbo, C.; Benvenuto, M.; Focaccetti, C.; Albonici, L.; Cifaldi, L.; Rufini, A.; Nardozi, D.; Angiolini, V.; Bei, A.; Masuelli, L.; et al.
Recent Findings on the Impact of ErbB Receptors Status on Prognosis and Therapy of Head and Neck Squamous Cell Carcinoma.
Front. Med. 2023, 10, 1066021. [CrossRef] [PubMed]

41. Sprague, B.L.; Trentham-Dietz, A.; Hedman, C.J.; Wang, J.; Hemming, J.D.; Hampton, J.M.; Buist, D.S.; Aiello Bowles, E.J.; Sisney,
G.S.; Burnside, E.S. Circulating Serum Xenoestrogens and Mammographic Breast Density. Breast Cancer Res. 2013, 15, R45.
[CrossRef] [PubMed]

42. Wang, Z.; Liu, H.; Liu, S. Low-Dose Bisphenol A Exposure: A Seemingly Instigating Carcinogenic Effect on Breast Cancer. Adv.
Sci. (Weinh.) 2017, 4, 1600248. [CrossRef]

43. Kim, J.-Y.; Choi, H.-G.; Lee, H.-M.; Lee, G.-A.; Hwang, K.-A.; Choi, K.-C. Effects of Bisphenol Compounds on the Growth and
Epithelial Mesenchymal Transition of MCF-7 CV Human Breast Cancer Cells. J. Biomed. Res. 2017, 31, 358–369. [CrossRef]

44. Pupo, M.; Pisano, A.; Lappano, R.; Santolla, M.F.; De Francesco, E.M.; Abonante, S.; Rosano, C.; Maggiolini, M. Bisphenol
A Induces Gene Expression Changes and Proliferative Effects through GPER in Breast Cancer Cells and Cancer-Associated
Fibroblasts. Environ. Health Perspect. 2012, 120, 1177–1182. [CrossRef] [PubMed]

45. Lloyd, V.; Morse, M.; Purakal, B.; Parker, J.; Benard, P.; Crone, M.; Pfiffner, S.; Szmyd, M.; Dinda, S. Hormone-Like Effects
of Bisphenol A on P53 and Estrogen Receptor Alpha in Breast Cancer Cells. Biores. Open Access 2019, 8, 169–184. [CrossRef]
[PubMed]

46. Kim, H.; Kim, H.S.; Piao, Y.J.; Moon, W.K. Bisphenol A Promotes the Invasive and Metastatic Potential of Ductal Carcinoma In
Situ and Protumorigenic Polarization of Macrophages. Toxicol. Sci. 2019, 170, 283–295. [CrossRef] [PubMed]

47. Kwon, Y. Potential Pro-Tumorigenic Effect of Bisphenol A in Breast Cancer via Altering the Tumor Microenvironment. Cancers
2022, 14, 3021. [CrossRef] [PubMed]

48. Ruiz, T.F.R.; Colleta, S.J.; Dos Santos, D.D.; Castro, N.F.C.; Cabral, Á.S.; Calmon, M.F.; Rahal, P.; Gil, C.D.; Girol, A.P.; Vilamaior,
P.S.L.; et al. Bisphenol A Disruption Promotes Mammary Tumor Microenvironment via Phenotypic Cell Polarization and
Inflammatory Response. Cell Biol. Int. 2023, 47, 1136–1146. [CrossRef] [PubMed]

49. Rovero, S.; Amici, A.; Di Carlo, E.; Bei, R.; Nanni, P.; Quaglino, E.; Porcedda, P.; Boggio, K.; Smorlesi, A.; Lollini, P.L.; et al. DNA
Vaccination against Rat Her-2/Neu P185 More Effectively Inhibits Carcinogenesis than Transplantable Carcinomas in Transgenic
BALB/c Mice. J. Immunol. 2000, 165, 5133–5142. [CrossRef] [PubMed]

50. Masuelli, L.; Marzocchella, L.; Focaccetti, C.; Lista, F.; Nardi, A.; Scardino, A.; Mattei, M.; Turriziani, M.; Modesti, M.; Forni, G.;
et al. Local Delivery of Recombinant Vaccinia Virus Encoding for Neu Counteracts Growth of Mammary Tumors More Efficiently
than Systemic Delivery in Neu Transgenic Mice. Cancer Immunol. Immunother. 2010, 59, 1247–1258. [CrossRef] [PubMed]

https://doi.org/10.1289/ehp.1307449
https://doi.org/10.1210/me.2011-1129
https://doi.org/10.1016/j.reprotox.2006.10.002
https://doi.org/10.1289/ehp.1306734
https://doi.org/10.1073/pnas.1120488109
https://www.ncbi.nlm.nih.gov/pubmed/22566636
https://doi.org/10.1289/ehp.0800045
https://www.ncbi.nlm.nih.gov/pubmed/19590677
https://doi.org/10.1289/ehp.0901257
https://doi.org/10.1016/j.reprotox.2007.07.006
https://www.ncbi.nlm.nih.gov/pubmed/17804194
https://doi.org/10.1016/j.breast.2022.08.010
https://www.ncbi.nlm.nih.gov/pubmed/36084384
https://doi.org/10.3390/medsci8010018
https://www.ncbi.nlm.nih.gov/pubmed/32210163
https://doi.org/10.5306/wjco.v5.i3.412
https://www.ncbi.nlm.nih.gov/pubmed/25114856
https://doi.org/10.3390/ijms17122095
https://www.ncbi.nlm.nih.gov/pubmed/27983617
https://doi.org/10.1016/j.esmoop.2021.100232
https://www.ncbi.nlm.nih.gov/pubmed/34392135
https://doi.org/10.3389/fmed.2023.1066021
https://www.ncbi.nlm.nih.gov/pubmed/36817764
https://doi.org/10.1186/bcr3432
https://www.ncbi.nlm.nih.gov/pubmed/23710608
https://doi.org/10.1002/advs.201600248
https://doi.org/10.7555/JBR.31.20160162
https://doi.org/10.1289/ehp.1104526
https://www.ncbi.nlm.nih.gov/pubmed/22552965
https://doi.org/10.1089/biores.2018.0048
https://www.ncbi.nlm.nih.gov/pubmed/31681507
https://doi.org/10.1093/toxsci/kfz119
https://www.ncbi.nlm.nih.gov/pubmed/31143956
https://doi.org/10.3390/cancers14123021
https://www.ncbi.nlm.nih.gov/pubmed/35740686
https://doi.org/10.1002/cbin.12007
https://www.ncbi.nlm.nih.gov/pubmed/36906806
https://doi.org/10.4049/jimmunol.165.9.5133
https://www.ncbi.nlm.nih.gov/pubmed/11046045
https://doi.org/10.1007/s00262-010-0850-0
https://www.ncbi.nlm.nih.gov/pubmed/20364378


Int. J. Mol. Sci. 2024, 25, 6259 18 of 20

51. Conti, L.; Ruiu, R.; Barutello, G.; Macagno, M.; Bandini, S.; Cavallo, F.; Lanzardo, S. Microenvironment, Oncoantigens, and
Antitumor Vaccination: Lessons Learned from BALB-neuT Mice. BioMed Res. Int. 2014, 2014, 534969. [CrossRef] [PubMed]

52. Di Carlo, E.; Diodoro, M.G.; Boggio, K.; Modesti, A.; Modesti, M.; Nanni, P.; Forni, G.; Musiani, P. Analysis of Mammary
Carcinoma Onset and Progression in HER-2/Neu Oncogene Transgenic Mice Reveals a Lobular Origin. Lab. Investig. 1999, 79,
1261–1269. [PubMed]

53. McCart Reed, A.E.; Kutasovic, J.R.; Lakhani, S.R.; Simpson, P.T. Invasive Lobular Carcinoma of the Breast: Morphology,
Biomarkers and ’omics. Breast Cancer Res. 2015, 17, 12. [CrossRef]

54. Tan, P.H.; Ellis, I.; Allison, K.; Brogi, E.; Fox, S.B.; Lakhani, S.; Lazar, A.J.; Morris, E.A.; Sahin, A.; Salgado, R.; et al. The 2019 World
Health Organization Classification of Tumours of the Breast. Histopathology 2020, 77, 181–185. [CrossRef] [PubMed]

55. Miricescu, D.; Totan, A.; Stanescu-Spinu, I.-I.; Badoiu, S.C.; Stefani, C.; Greabu, M. PI3K/AKT/mTOR Signaling Pathway in
Breast Cancer: From Molecular Landscape to Clinical Aspects. Int. J. Mol. Sci. 2020, 22, 173. [CrossRef] [PubMed]
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