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A B S T R A C T

Breast cancer is closely associated with the hormonal sensitization that the mammary gland (MG) undergoes. We 
evaluated the effects of endogenous (E2) and synthetic (EE2) estrogens, commonly used as hormonal therapies 
during menopause, in a context of a pro-carcinogenic environment of endocrine disruption. This scenario was 
modeled to mimic the menopausal involution of the MG during aging in the Mongolian gerbil experimental 
model under previous bisphenol A exposure, during pregnancy and lactation. Our findings revealed significant 
remodeling of the epithelial compartment, characterized by increased branching density and loss of normal 
features, including decreased CD117+ luminal cells and loss of E-cadherin expression. Hormonal therapy with E2 
or EE2 led to the development of epithelial lesions, characterized by an increase in invasive microcarcinomas and 
a decrease in basal (p63+α-SMA-) and myoepithelial (p63+α-SMA+) progenitor cells, contributing to increased 
neoplastic invasiveness. These changes were orchestrated by overexpression of EZH2 and a decrease in BRCA1, 
indicating a poor prognosis, especially for EE2. Furthermore, an imbalance between proliferation (PH-H3+ cells) 
and apoptosis (cleaved caspase 3) was observed in the MG of females treated with E2 and EE2. Additionally, 
distinct hormone receptor profiles were identified, with consistent upregulation of ERα and concomitant 
downregulation of ERβ and PR, particularly in EE2-treated MG. These alterations may contribute to the observed 
dysregulation of proliferation and apoptosis. Our results demonstrate that estrogenic hormonal therapies pro
mote neoplastic progression of the aging MG previously subjected to endocrine disruption.

1. Introduction

Breast cancer classification relies on molecular markers and the 
progression pattern of epithelial lesions (Makki, 2015). The mammary 
gland (MG) is highly dynamic, undergoing significant structural changes 
throughout the reproductive cycle (Monteiro et al., 2020; Paine and 
Lewis, 2017; McCave et al., 2010). These changes are primarily 
orchestrated by ovarian hormones, estrogens and progesterone, which 
drive morphogenesis and are critical to both normal development 

(Mallepell et al., 2006; Dawson and Visvader, 2021) and could be crucial 
for carcinogenesis (Liao et al., 1998; Cheung et al., 2003). Estrogens 
stimulate epithelial proliferation and expansion of the MG epithelial 
surface (Dawson and Visvader, 2021) (Sternlicht et al., 2006; Gagniac 
et al., 2020). These periods of hormonal oscillations are known as 
windows of susceptibilities (Terry et al., 2019; Rodgers et al., 2018), 
since the remodeling resulting from these hormonal oscillations agrees 
with pro-neoplastic features (Del Pup et al., 2019). Compensation that 
prevents tumor progression occurs through elevated apoptotic pathways 

* Corresponding author. Department of Biological Sciences, IBILCE, São Paulo State University (Unesp), Cristóvão Colombo St., 2255, Jardim Nazareth, São José do 
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by the enhancement of tumor suppressor genes, such as BRCA1, p53, and 
histone methylation proteins (V Fernandez et al., 2012; Freneaux et al., 
2000) that control the exacerbated remodeling of the epithelial and 
stromal compartments (Dawson and Visvader, 2021; Inman et al., 
2015). This preventive machinery may have deficiencies due to several 
processes and agents to which women are ubiquitously exposed and 
susceptible.

Aging remodels MG as well, as during menopause, a drastic decrease 
in hormonal levels induces the involution of the MG epithelium (Butler 
and Santoro, 2011; Lobo, 2017). However, in addition to these 
intra-mammary events, women at this stage of life suffer from side ef
fects of hormonal decline, which are commonly resolved with exoge
nous hormone supplementation (Raafat et al., 1999; Santen et al., 2010; 
Sood et al., 2014). Estrogenic compounds are the basis for these medi
cations or hormonal therapies, as they greatly influence reproductive 
organs and behavioral cycles (Stuenkel, 2015). Despite their supple
mentary indication, these compounds, similarly to endogenous and 
synthetic estrogens, may offer a risk for developing neoplastic features 
in the MG (Lobo, 2017; Marchese and Silva, 2012; Gomez et al., 2017). 
By activating proliferative pathways and disrupting their compensatory 
balance through anti-proliferative pathways, the development of ductal 
lesions and carcinomas is commonly reported in women at these stages 
(Hunter, 2017). These changes are mainly linked to alterations in the 
epithelial compartment’s profile, as its cell types are estrogen-sensitive 
(Terry et al., 2019). Myoepithelial and basal cells support the develop
ment and homeostasis of luminal cells derived from progenitor lineages, 
which are essential for the self-renewal of MG (Stingl et al., 2005; Pel
lacani et al., 2016; Shalabi et al., 2021). Changes in this profile signal 
disordered development and, consequently, neoplasia in this gland 
(Ingthorsson et al., 2015), which can be enhanced in different scenarios, 
such as exposure to deregulatory agents.

Endocrine disruptors have recently been defined as a potential 
trigger of breast cancer. Studies introduced in past decades indicate that 
exogenous chemical compounds affect endocrine pathways, which 
interfere with gland development (Khan et al., 2021; Segovia-Mendoza 
et al., 2020; Bleak and Calaf, 2021). The endocrine-disrupting chemicals 
(EDC) are found in several environments, and constant exposure to them 
causes irreversible pathological conditions (Paterni et al., 2017; Vabre 
et al., 2017). Bisphenol A (BPA) is a plastic-derived EDC that has been 
extensively explored due to its wide distribution and origins (Corrales 
et al., 2015). The effects reported for BPA are related to xenoestrogen 
activity, impairing the main development of the MG (Dumitrascu et al., 
2020; Soto et al., 2013), and binds ubiquitously to several receptors 
(Shafei et al., 2018). BPA leads to tissue remodeling that triggers 
endocrine-related MG cancer, altering cellular characteristics and pro
moting a pro-tumor microenvironment (Dumitrascu et al., 2020; 
Buteau-Lozano et al., 2008; Bhan et al., 2014). Among the main impacts 
of BPA, changes at the epigenetic level stand out, as these can alter 
cascades and molecular pathways that directly influence tumor devel
opment (Fernandez and Russo, 2010; Doshi et al., 2011). These changes 
can be verified through the expression of epigenetic modulators that are 
related to gene overexpression and silencing, such as EZH2 (Bhan et al., 
2014; Leonel et al., 2020a), and confirmed by altered BRCA1 expression 
(Qin et al., 2012; Atlas and Dimitrova, 2019), relevant for the prognosis 
of breast cancer.

Estrogenic therapies could be potential carcinogenic factors under 
endocrine disruption. We hypothesized that BPA exposure of mothers 
during pregnancy and lactation induces the onset of mammary carci
nogenesis at aging and hormonal therapies (Ruiz et al., 2021a, 2021b). 
In addition to tumoral invasive features, the MG presents a high 
responsivity to estrogens due to hormonal receptor expression (Kanaya 
et al., 2019a). Thus, our objective was to assess the carcinogenic po
tential of two standard estrogen compounds: endogenous 17β-estradiol 
(E2) and synthetic 17α-ethynylestradiol (EE2) (Kuhl, 2005; Stuenkel, 
2015) in the MG of Mongolian gerbil (experimental model) mothers 
previously exposed to BPA-induced endocrine disruption, with 

treatments and analyses conducted during aging. The Mongolian gerbil 
(Meriones unguiculatus) provides a valuable model for hormone-related 
MG research. Previous work demonstrated that BPA exposure during 
sensitive windows, such as pregnancy and lactation, induces persistent 
epithelial remodeling and later carcinogenic features in aged females 
(Ruiz et al., 2021a, 2022; Leonel et al., 2020b, 2020c), supporting its use 
for studying long-term endocrine effects. The gerbil thus offers a com
plementary system to mouse and rat models for investigating estrogenic 
and endocrine disruption pathways (Ruiz et al., 2023a). Our study 
revealed significant changes in epithelial compartments and cell rear
rangement, as well as imbalances in proliferative indices and in the 
expression of EZH2 and BRCA1.

2. Materials and methods

2.1. Animals and experimental design

Fifty female Mongolian gerbils were housed with fertile males (3 
months old) under a light/dark cycle (12h/12h) in a temperature- 
controlled room (24 ◦C) and ad libitum feeding. After pregnancy was 
confirmed through the presence of sperm cells in the vaginal smear, each 
female was exposed to daily pro-carcinogenic oral doses of BPA (50 μg/ 
kg/day) diluted in 0.1 ml corn oil from the 8th day of pregnancy to the 
21st day of lactation, for a total of 39 days of exposure. This treatment in 
both windows of susceptibility (pregnancy and lactation) aimed to 
induce the onset of carcinogenesis during aging (Ruiz et al., 2021c). 
Then, at 12 months age, BPA-exposed females were subdivided into four 
experimental groups (n = 15/group): EDC – females exposed only to 
BPA during pregnancy/lactation, with no post-treatment; E2 – 
BPA-exposed females were treated daily by gavage with 17β-estradiol 
(0.5 mg/kg) (Sigma-Aldrich, E8875) diluted in 0.1 ml corn oil (Stuenkel 
et al., 2015; Hodis et al., 2016), for 6 months; and EE2 – BPA-exposed 
females were treated by gavage with 17α-ethynilestradiol (35 μg/kg) 
(Sigma-Aldrich, E4876) diluted in 0.1 ml corn oil (Ruggiero and Likis, 
2002; De Leo et al., 2016) for 6 months. A control group was also 
established with uniparous females, one pregnancy only (n = 15), not 
treated. Chosen doses remain hormonal therapy dosages for estrogen 
replacement (Stuenkel, 2015) or perimenopause symptoms (Ruggiero 
and Likis, 2002; De Leo et al., 2016), described for E2 and EE2, 
respectively. For estrogenic compounds and their doses, the pharma
cokinetic aspects of oral absorption were considered (Hodis et al., 2016).

All females were euthanized at 18 months of age (aging period), and 
inguinal MGs were collected and destined to fixation either in 4 % 
paraformaldehyde (histopathology) or Kahle’s (Whole mounted) fixa
tive solutions or frozen at − 80 ◦C (Western Blotting).

2.2. Histopathological analysis

2.2.1. Mammary gland whole mounts
MG whole mounts (WM) were prepared during euthanasia. Methods 

and preparations were based on Stanko and Fenton (2017) and Tolg 
et al. (2018). Collected inguinal MG (n = 5/group) were placed in 
Fisherbrand™ Superfrost™ Plus Microscope Slides and fixed in Kahle’s 
fixative (37 % formaldehyde, 95 % ethanol, Acetic acid) for 4 h. WM 
slides were stained overnight in 2 % Carmine-Potassium Alum, and then 
dehydrated with ethanol and cleared with xylene. Slides were sealed and 
observed under an Olympus® BX60 microscope.

For quantification of morphometric parameters in WM slides, 15 
random fields (200x magnification) per animal were measured with a 
grid (200 crosshairs) in each image. Volume fraction of ductal struc
tures, alveolar buds (terminal regions of ductal structures, not 
expanded), and terminal end buds (TEB-like structures) (bulb-shaped 
structures) was obtained. The percentage of the total volume fraction 
per structure was evaluated as (number of crosshairs/total crosshairs) ×
100.
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2.2.2. Sholl’s analysis
Branching density of MG was analyzed by Sholl’s method, as 

described in Stanko et al. (2015) and Stanko and Fenton (2017). This 
parameter indicates the level and complexity of MG development. WM 
slides were scanned in an Olympus BX61VS system, and images were 
captured at the same magnification. Using the ImageJ software, glan
dular portions of MG were selected, excluding the lymph node. Skele
tonized images were obtained after color channel separation and 
overlaid onto the original image to compare the structures selected by 
the software. The ImageJ plugin “Advanced Sholl Analysis” was used to 
run the analysis and obtain the following parameters: enclosing radius 
(longitudinal growth of MG epithelium); mammary epithelial area (MEA 
– considering all mammary perimeter selected); N (number of radial 
intersections, referring to ductal tree); and Sholl coefficient regression (k 
– branching complexity of glandular epithelium). All data were plotted 
in Table 1.

2.2.3. Histological analyses
Epithelial lesions and alterations were evaluated under histological 

slides. Samples were embedded in paraffin and sectioned (4 μm). For 
histopathological analysis (Hematoxylin-Eosin staining and immuno
histochemistry), sections were obtained at three different depths and 
analyzed. Slides were stained with Hematoxylin-Eosin; an immunohis
tochemistry assay was performed to detect the proteins. General 
immunohistochemistry and double-immunohistochemistry procedures 
were performed according to the following protocols: samples were 
deparaffinized and rehydrated, then antigen-retrieved with 10 mM 
Citrate Buffer (pH 5.8) at 95–99 ◦C. After, the slides were destined to 
endogenous peroxidase blockage with 10 % H2O2 in methanol. Endog
enous protein blockage was performed with 5 % skimmed milk or 10 % 
BSA in wash buffer. Primary antibody incubation was overnight; for 
double-immunohistochemistry, two antibodies of different hosts were 
incubated together. Dilution and identification of antibodies were as 
follows: BRCA1 (MA1-23164, Invitrogen, 1:75, mouse monoclonal); 
Caspase 3 (E− 8, Santa Cruz Biotechnology, 1:50, mouse monoclonal); 
CD117/c-Kit (34–8800, Invitrogen, 1:100, rabbit monoclonal); Cleaved 
Caspase 3 (D175, Elabscience, 1:75, rabbit polyclonal); EZH2 (D2C9, 
Cell Signaling, 1:75, rabbit monoclonal); p63 (D-9, Santa Cruz 
Biotechnology, 1:75, mouse monoclonal); Pan-cadherin (4086, Cell 
Signaling, 1:100, rabbit monoclonal); phosphor-histone H3 (PHH3 
9701, Cell Signaling, 1:75, rabbit monoclonal); smooth muscle α-Actin 
(sc-130617, Santa Cruz Biotechnology, 1:100, mouse monoclonal; or 
17H19L35, Invitrogen, 1:100, rabbit monoclonal); Vimentin (D21H3, 
Cell Signaling, 1:100, rabbit monoclonal). For immunohistochemistry, 
detection of primary antibodies was performed by Novolink™ Polymer 
detection system (Leica Biosystems), and positive reaction was observed 

by 3–30 diaminobenzidine tetrahydrochloride (DAB) (Novolink™ DAB, 
RE7270-CE, Leica Biosystems Ltd.). For double immunohistochemistry, 
antibodies from different hosts were detected using Multiplex Detec
tionTM MACH 2 Double Stain 1 (Biocare Medical, Concord, CA) and 
reacted with DAB and Alkaline Phosphatase (AP) using the Vulcan Fast 
Red Chromogen Kit 2 (Biocare Medical). All slides were counterstained 
with hematoxylin and mounted. Whole sections were scanned in an 
Olympus BX60 Scanner Microscope and analyzed in OlyVIA software (v. 
4.1). Analyses were performed in QuPath software, considering only 
epithelial cells, with calibration steps used to select and separate the 
epithelial and stromal compartments.

2.2.4. Analysis of histopathological alterations
Epithelium was evaluated in whole scanned sections (3 different 

depths), and identification followed the classifications (Duivenvoorden 
et al., 2018): normal epithelium, hyperplasic foci (>2 layers of luminal 
epithelial cells showing myoepithelial layer integrity), ductal carcinoma 
in situ (loss of lumen shape due to proliferation of epithelial cells, high 
epithelial content, and myoepithelial layer integrity – noninvasive), and 
microinvasive carcinoma (loss or rupture of myoepithelial layer with 
epithelial cell proliferation, including carcinomas poor, moderate and 
high differentiated). These features were evaluated in two slides per 
animal, stained with H&E and with double-immunohistochemistry for 
α-SMA (smooth muscle actin, for myoepithelial cells) and CD117 (for 
luminal cells). The incidence of epithelial lesions was quantified as the 
number of alterations per total epithelial focus observed per section, 
expressed as the percentage of each alteration.

For Pan-cadherin immunostaining, the deconvolution method was 
applied to the samples using ImageJ. Five fields (10 × ) per animal (n =
4) were analyzed per section. Image deconvolution was performed with 
the Color Deconvolution plugin to separate the DAB and hematoxylin 
channels. The DAB channel was used to quantify Pan-cadherin immu
noreactivity, and the relative positive area was measured using a fixed 
threshold to ensure consistent analysis across samples.

To identify basal/luminal progenitors (p63+αSMA-) and myoepi
thelial progenitor cells (αSMA+), a double immunofluorescence assay 
was also employed. Slides were deparaffinized and rehydrated; subse
quently, antigen retrieval was performed with 100 mM Citrate buffer 
(98 ◦C), followed by PBS washes. Non-specific proteins were blocked 
with 5 % skimmed milk for 1 h, followed by overnight incubation with 
primary antibodies (1:50), with the same antibodies employed in 
immunohistochemistry. Secondary antibodies incubation was per
formed for 2 h, using FITC anti-mouse (sc-2010, 1:100, Santa Cruz 
Biotechnology, USA) and Texas Red anti-rabbit (sc-2780, 1:100, Santa 
Cruz Biotechnology, USA). The slides were mounted with a DAPI 
mounting medium (Fluoroshield™ with DAPI, F6057, histology 

Table 1 
Whole-mounted morphometric analysis (mean ± SEM).

Control EDC E2 EE2

Volume Fraction (%)
Alveolar buds 26.72 ± 3.689ab 29.45 ± 5.436a 21.5 ± 4.265b 15.72 ± 3.997c

TEB-like structures 11.78 ± 3.384c 22.5 ± 3.449b 21.11 ± 5.856b 31.28 ± 7.388a

Ducts 28.78 ± 6.377a 29.31 ± 6.808a 12.83 ± 5.562b 17.39 ± 3.833b

Sholl Analysis
Enclosing radius (mm) 5.875 ± 2.4c 16.62 ± 2.665ab 12.93 ± 2.364b 14.89 ± 1.851b

N 984.1 ± 84.21c 2940 ± 473.3b 2983 ± 558.5b 4099 ± 456.9a

MEA (mm2) 74.35 ± 9.316b 135.5 ± 25.71a 168 ± 41.11a 158.9 ± 28.28a

Branching density (N/MEA) 13.43 ± 2.003c 22.87 ± 8.06ab 18.68 ± 5.31bc 26.3 ± 4.331ab

k 0.573 ± 0.081a 0.453 ± 0.133b 0.426 ± 0.152b 0.260 ± 0.054b

Enclosing radius (mm).
N: number of intersections.
MEA: mammary epithelial area.
k: Sholl regression coefficient.
a,b,c superscript letters indicate significative differences among groups by ANOVA analysis for parametric or non-parametric data.
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mounting medium, Merck, Darmstadt, Germany), to detect the nuclei. 
Analyses were performed in 15 random images/fields per animal and 
presented as a percentage of epithelial cells expressing or not both 
markers.

2.2.5. H-score
To evaluate the intensity of EZH2 and BRCA1 staining as a significant 

result for histopathology (Biondi et al., 2021). The H-score of these 
proteins was quantified among groups. Three sections per animal were 
analyzed, and epithelium positivity was considered for H-score analysis 
by the QuPath® tissue separation method. The H-score consisted of the 
staining intensity (0–3; light to strong staining) of each cell, considering 
the percentage of positive cells (0–100 %). H-score was calculated by [1 
x (% cells1+) + 2 x (% cells2+) + 3 x (% cells3+)], resulting in values 
between [0–300] scores.

2.3. Western Blotting analysis

Molecular analyses were performed with MG frozen at − 80 ◦C. The 
protocol followed the previously described steps for MG in Mongolian 
gerbils (Leonel et al., 2020b; Ruiz et al., 2023b). From MG, protein ex
tracts were obtained by tissue digestion using RIPA lysis buffer (Merck 
Millipore), adding a Protease/Phosphatase Inhibitor Cocktail (1:100). 
Total protein concentration was quantified using the BCA Protein Assay 
kit (Pierce BCA Protein Assay Kit, ThermoFischer Scientific, Rockford, 
IL, USA). After this step, protein samples (20 μg) were subjected to 
SDS-PAGE (90V) and transferred to nitrocellulose membranes (Amer
sham Protran, 10,600,003, GE Healthcare). Samples were loaded into 
the gel wells in a randomized order, rather than grouped by experi
mental condition, to minimize potential loading or detection bias. An 
immunoblotting assay was performed with transferred nitrocellulose 
membranes. Non-specific proteins were blocked with 5 % skimmed milk 
in TBS-0.1 % Tween followed by incubation with primary antibodies 
overnight (4 ◦C): BRCA1 (MA1-23164, Invitrogen, 1:1000, mouse 
monoclonal); Caspase 3 (E− 8, Santa Cruz Biotechnology, 1:1000, mouse 
monoclonal); EZH2 (D2C9, Cell Signaling, 1:1000, rabbit monoclonal); 
Pan-cadherin (4086, Cell Signaling, 1:2000, rabbit monoclonal). After, 
membranes were incubated with corresponding secondary antibodies 
(Anti-mouse IgG, HRP-linked Antibody, #7076, 1:2000, Cell Signaling 
or Anti-rabbit IgG, HRP-linked Antibody, #7074, 1:2000, Cell Signaling) 
and detection was performed by chemiluminescent method (Pierce ECL 
detection substrate solution, ThermoFischer, Rockford, IL, USA). Pho
todocumented membranes were analyzed using ImageJ software 
(version 1.52a, Wayne Rasband, NIH, USA) to quantify protein band 
density. Normalization was performed with β-actin (4967, Cell 
Signaling, 1:1000, rabbit monoclonal), and results were expressed as the 
relative density of the target protein to the endogenous protein.

2.4. Statistical analysis

Data analyses were performed using GraphPad Prism 8.00 (Win
dows). For stereology, immunohistochemistry, and Western Blotting, 
normality was assessed using the Kolmogorov-Smirnov test. One-way 
ANOVA was employed, followed by Tukey’s test for parametric data; 
and Kruskal-Wallis’s test, followed by Dunn’s test, was applied for non- 
parametric data. Significant comparative analysis (p < 0.05).

2.5. Ethical statements

All animal experiments followed ARRIVE guidelines (https://arr 
iveguidelines.org/) under protocol of the Ethical Institutional Commit
tee (Prot. Num. 235/2022).

3. Results

3.1. Estrogens promoted morphometric and histopathological alterations 
in MG during aging

To determine alterations in the alveolar buds, TEB-like structures, 
ducts, and branching pattern of MG with different estrogenic therapies, 
stereological analysis in whole-mounted slides was performed 
(Fig. 1A–D). Duct frequency was decreased in E2 and EE2 compared to 
the control and EDC groups (Fig. 1 B). Females exposed to EE2 presented 
a high-density percentage of TEB-like structures compared to control, 
E2, and EDC (Fig. 1 B). Sholl analysis (Fig. 1C) aided in determining 
branching density among groups, presented by the Sholl coefficient (k). 
Enhanced branching was found in EDC and EE2-exposed females due to 
enhanced values of branching density (N/MEA) analysis compared to 
the control group (Fig. 1D–D’) (details in Table 1).

To assess alterations in the epithelial compartment, histopatholog
ical analysis was performed to assess the integrity of MG epithelia 
(Fig. 1E–F). Normal epithelial features were frequently observed in 
control MG and reduced in response to estrogenic treatments. However, 
hyperplasia, DCIS, and microinvasive carcinoma lesions were enhanced 
under endocrine disruption and estrogenic therapies (Fig. 1E). Hyper
plasia incidence was enhanced in all treated groups compared to the 
control. E2 showed an increase in hyperplastic frequency compared to 
all treatments; also, EDC and EE2 increased hyperplastic incidence 
compared to the control group (Fig. 1E). The DCIS percentage in MG was 
higher in EDC and EE2 than in E2-exposed females. DCIS was based on 
α-SMA positivity to detect myoepithelial cells (Fig. 1F). Microinvasive 
carcinoma did not present a myoepithelial cell layer and was absent in 
control MG (Fig. 1F). In EE2-exposed females, microinvasive carcinoma 
was increased, in which MG presented values over 9 % of total epithelial 
structures (Fig. 1E), compared to control and EDC.

Luminal epithelial cells expressing CD117 were decreased in all MG 
under endocrine disruption (Fig. 2A–B). EE2 presented a drastic 
decrease in CD117+ cells compared to other groups. Evaluation of 
epithelial integrity was also performed by pan-cadherin expression in 
MG (Fig. 2B–C). As predicted by CD117 expression, endocrine disrup
tion promoted a decrease in the expression of cadherin epithelial 
structures (Fig. 2B–C). Generally, neoplastic features presented negative 
or weak immunoreactivity for pan-cadherin. A significant reduction in 
the pan-cadherin-positive area was observed in the mammary glands of 
E2-and EE2-exposed animals compared with the control group (Fig. 2C). 
Quantitative analysis of the deconvoluted images showed that the Pan- 
cadherin-positive area was 35.2 % ± 4.8 in controls, 32.5 % ± 3.9 in the 
EDC group, 17.6 % ± 2.7 in the E2 group, and 14.3 % ± 2.1 in the EE2 
group (mean ± SEM, n = 4). The pan-cadherin protein level decreased 
only in EE2 samples, with a drastic decrease compared to other groups 
(Fig. 2D). This was reflected in the Western Blotting assay, where the 
amount of pan-cadherin (~110 kDa) was diminished in EE2 (Fig. 2D–E).

The expression of key proteins of progenitor differentiation also 
evaluated damage in the epithelial compartment. Nuclear p63 (p63n) 
(Fig. 2F–G) indicates basal progenitor clusters for epithelial cells 
(p63n+αSMA− ) and myoepithelial progenitor cells (p63n+αSMA+) 
(Fig. 2H), evaluated by double immunofluorescence assay (Fig. 2I). 
Total p63n was decreased under EE2 treatment compared with all 
experimental groups (Fig. 2F). Basal/Luminal progenitor cells 
(p63n+αSMA− ) cluster decreased in MG of E2 and EE2 (Fig. 2G) in 
comparison to EDC. For myoepithelial progenitor cells (p63n+αSMA+), 
EE2 females showed a reduction in comparison to the control (Fig. 2 G).

3.2. Epithelial-mesenchymal transition (EMT) parameters were enhanced 
in the MG under E2 and EE2 therapies

Due to the increased incidence of carcinoma observed in the treated 
groups (as presented in the previous section), EMT was evaluated by 
EZH2 and BRCA1 expression (Fig. 3A) (Li et al., 2020a; Cho et al., 2019; 
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Bai et al., 2022; Landragin et al., 2025), as well as by vimentin and 
pan-cytokeratin expression in MG epithelium (Fig. 3B). Both estrogenic 
therapies increased EZH2+ cells compared to the control and EDC 
groups (Fig. 3C). The EZH2 evaluation was also performed using an 
H-score (p ANOVA <0.005) based on staining intensity (Fig. 3 inset). 
Endocrine disruption enhanced the H-score, with estrogens showing 
increased values for this parameter: E2 (129.5 ± 13.17) and EE2 (136.8 
± 16.49), compared to the control group (5.17 ± 1.18) and the EDC 

group (97.44 ± 5.42). In contrast, BRCA1 nuclear expression in 
epithelial cells demonstrated a reduction in endocrine-disrupted MG 
(Fig. 3D). Females treated with E2 and EE2 presented a drastic reduction 
in BRCA1+ cells. This status was reflected in the H-score (p ANOVA 
<0.005) (Fig. 3D inset), in which BRCA1+ levels in MG under endocrine 
disruption was lower than the cutoff (score 100) - EDC (49.61 ± 5.36), 
E2 (34.22 ± 3.94), and EE2 (13.69 ± 4.69)-, contrarily from control MG 
(control: 141.5 ± 14.1). WB analysis confirmed that the amount of EZH2 

Fig. 1. General morphology of the MG. (A) Whole-mount images. (B) Volume fraction of ducts, terminal end bud (TEB)-like structures, and alveolar buds plotted as 
percentages. (C) Sholl regression coefficient (k), representing the decline in ductal insertions; lower values indicate increased branching complexity. (D) Branching 
density, quantifying the extent of epithelial network proliferation into the fat pad. (E) The distribution of epithelial lesions is shown as the percentage of total 
epithelial foci per slide, categorized by lesion type. (F) Representative double immunohistochemistry images display CD117 (a luminal marker, brown) and α-SMA (a 
myoepithelial marker, pink), illustrating epithelial features across different groups: normal alveoli (N); ductal carcinoma in situ (DCIS); arrowheads in the E2 group 
highlight the loss of CD117+ cells in alveoli-like structures alongside normal ones; in EE2 groups, microinvasive carcinoma (Mc - dotted line) did not express CD117 
nor α-SMA. Statistical representation (among groups): *P < 0.05, **P < 0.01, and ***P < 0.001. Scale Bars: (A) 500 μm; (F) 20 μm.
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increased in EE2-exposed MG compared to other groups (Fig. 3E–F). 
However, BRCA1 expression did not present statistical differences 
among groups (Fig. 3E–F).

3.3. Proliferation and cell death indices under endocrine disruption- 
induced carcinogenesis and estrogenic therapy

Proliferation was evaluated by nuclear staining of PHH3. The per
centage of proliferative cells was analyzed in the MG, and epithelial 
positive staining was considered (Fig. 4A–B). An increase in E2 and EE2- 
exposed females was observed (Fig. 4A). Cell death index was evaluated 
by the expression of the final apoptotic cascade protein, caspase 3, in 
inactive/pro-caspase (pro-CASP3) and activated/cleaved (cleaved- 
CASP3) isoforms (Fig. 4C–D). The level of pro-CASP3 expression was 
slightly decreased in the EDC-treated group, whereas the control, E2, 
and EE2 groups showed comparable levels without significant differ
ences among them (Fig. 4D). An imbalance was observed in the control 
group, with an increase in cleaved-CASP3 relative to pro-CASP3, sug
gesting increased apoptotic induction in MG of aged females. Only 
exposure to EE2 promoted an anti-apoptotic imbalance, as evidenced by 
lower levels of cleaved-CASP3 than pro-CASP3 (Fig. 4C–D). Positive 
staining for both immunostainings in the control was observed in serial 
sections of the same region for caspase 3 isoforms (Fig. 4C).

WB analysis showed that the correlation between pro-CASP3 and 
cleaved-CASP3 modulated the cell death pathway when their levels 
were imbalanced. Pro-CASP3 was increased in all treatments exposed to 
BPA (EDC, E2, and EE2) (Fig. 4E–F), and cleaved-CASP3 decreased in 
these groups, compared to the control (Fig. 4E–F).

3.4. Hormone receptors expression

Immunohistochemical analysis revealed significant modulation of 
hormone receptor expression in the MG under endocrine-disrupting 
conditions and hormonal exposure (Fig. 5A). A marked increase in 

ERα expression was observed across all experimental groups (Fig. 5 B), 
suggesting an upregulation possibly triggered by exposure to the EDC. In 
contrast, ERβ expression was drastically reduced (Fig. 5C), with the EE2- 
treated group showing significantly lower expression than the EDC 
group. Progesterone receptor (PGR) expression also declined in all 
treated groups compared with the control, with E2 treatment resulting 
in a more pronounced reduction than EE2 (Fig. 5D). HER2 expression 
did not differ significantly between the groups (Fig. 5E), suggesting 
limited sensitivity to the experimental treatments. For the androgen 
receptor (AR), an increase was observed in the EDC group compared to 
the control group; however, no significant differences were observed 
between the EE2 group and either the control or EDC groups, whereas 
E2 differed significantly from both EDC and EE2 (Fig. 5F).

4. Discussion

In the present study, we evaluated the development of carcinogenesis 
in the mammary gland under three interacting perspectives: endocrine 
disruption, endocrine therapies, and aging. As far as we know, these 
scenarios have been explored separately in breast cancer research, but 
the association of factors is poorly understood. Estrogenic compounds 
used for endocrine therapies were able to promote carcinogenesis in MG 
of aged females under endocrine disruption by BPA during pregnancy 
and lactation, two critical windows of susceptibility for females (Terry 
et al., 2019; Rodgers et al., 2018). Previous studies from our research 
group indicated that the onset of carcinogenesis occurred with aging due 
to imbalances caused by exposure of mothers to BPA during pregnancy 
and lactation (Ruiz et al., 2021c, 2023b). A slight increase in EDC-
treated females stated the onset of MG carcinogenesis. An important 
limitation of our study concerns the use of corn oil as the vehicle. Corn 
oil contains phytoestrogens; therefore, it is not biologically inert. 
Moreover, only BPA-exposed females received corn oil during the 
gestation-lactation window, and animals in the E2 and EE2 groups were 
exposed to corn oil again from twelve to eighteen months of age. This 

Fig. 2. Epithelial compartment characterization. (A) Quantification of CD117+ luminal cells. (B) Immunohistochemistry of CD117 and pan-cadherin expression. (C) 
Positive area percentage for pan-cadherin. (D) Relative protein density of pan-cadherin normalized to β-actin by Western blotting. (E) Representative Western blot 
bands. (F–G) Immunohistochemistry of total nuclear p63+ progenitor cells. (H–I) Double immunofluorescence images identifying basal (p63+α-SMA− ) and 
myoepithelial (p63+α-SMA+) progenitor cells. Graphs in (H) represent a percentage of cells expressing p63 and αSMA. Statistical representation (among groups): *P <
0.05, **P < 0.01, and ***P < 0.001. Scale Bars: (B) 20 μm; (G) 20 μm.
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Fig. 3. EZH2 and BRCA1 expression in the MG. (A) Immunohistochemistry of EZH2 and BRCA1. (B) EMT characterization by pan-cytokeratin and vimentin co- 
expression. (C) Quantification and H-score of EZH2 expression. (D) Quantification and H-score of BRCA1 expression. (E) Western blot analysis of EZH2 and 
BRCA1 with relative density normalized to β-actin. Statistical representation (among groups): *P < 0.05, **P < 0.01, and ***P < 0.001. Scale Bars: 20 μm.

Fig. 4. Proliferation and apoptosis regulation. (A–B) PHH3 immunostaining as a marker of proliferation. (C) Immunohistochemistry for pro-caspase 3 and cleaved 
caspase 3 in control and EE2 groups. (D) Quantification of pro- and cleaved caspase 3-positive cells (arrows) across all groups. (E) Western blot bands for caspase 3 
isoforms. (F–G) Densitometric quantification of pro-caspase 3 and cleaved caspase 3, respectively, normalized to β-actin. Statistical representation (among groups): *P 
< 0.05, **P < 0.01, and ***P < 0.001. Scale Bars: 20 μm.
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unequal vehicle exposure could introduce mild endocrine or metabolic 
influences and represents an additional lipid intake in those groups. 
Although our supplementary data show no significant differences in 
body weight or fat pad mass (Supplementary Table 1), these factors may 
still contribute to subtle effects on females. Future experiments will use a 
vehicle administered identically across all groups and will preferentially 
use oils with minimal estrogenic activity, thereby reducing potential 
confounding effects.

The development of tumoral features in MG was observed following 
estrogenic therapies, which induced a proliferative response and pro
tective apoptotic machinery mediated by CASP3 in the epithelium, 
thereby allowing the progression of malignant and pre-malignant le
sions. In addition, this imbalance affected the epithelial cell profile, 
leading to the loss of CD117+ luminal cells and a reduction in p63+
cells. Our data demonstrated the reorganization of the epithelial 
compartment following the induction of the EMT process, as evidenced 
by increased expression of the cancer marker EZH2 and decreased 
expression of BRCA1, and by the acquisition of mesenchymal features, 
such as the loss of cadherins. Our findings parallel human data linking 
hormone therapy to breast cancer risk. Clinical studies show that 
exogenous estrogens increase mammographic density (Ellingjord-Dale 
et al., 2014), a strong predictor of epithelial proliferation and cancer 
incidence. Similarly, estrogenic therapies in disrupted gerbil glands 
promoted epithelial lesions, altered receptor balance, and impaired 
apoptotic control. These results suggest that prior endocrine disruption 
may enhance tissue susceptibility to subsequent hormone exposure, 

underscoring the need to account for exposure history in menopausal 
therapy risk assessment.

Both estrogens used in the present study are relevant in hormonal 
replacement due to their action as an endogenous-similar (E2) and 
synthetic estrogen (EE2) (Stuenkel, 2015; De Leo et al., 2016). However, 
a pro-carcinogenic activity had already been assigned to both com
pounds under various conditions (Lobo, 2017; Hunter, 2017; Chen et al., 
2006; Flores and Taylor, 2015). Aging is a critical period for menopause 
in females, in which a drastic decrease in serum estrogen happens, 
inducing an involution in the MG epithelium (Oh et al., 2016). Endo
crine disruption, for example, with BPA exposure, characteristically 
changes this process, since it acts as a xenoestrogen and enhances 
neoplastic activity in MG (Soto et al., 2013; Acevedo et al., 2013). 
However, estrogen supplementation contributes to remodeling of 
branching density by inducing and reinforcing epithelial proliferation 
and lesion development. This effect is consistent with evidence that 
higher mammographic density reflects increased epithelial and stromal 
proliferation, which is strongly associated with elevated breast cancer 
risk (Azam et al., 2018). In agreement, experimental findings have 
shown that estrogens potentiate pre-existing epithelial alterations, such 
as hyperplastic foci, ductal carcinoma in situ (DCIS), and microinvasive 
carcinoma, thereby promoting the progression of early neoplastic 
changes (Itou et al., 2020). Although no palpable tumors were observed, 
histopathological and immunohistochemical analyses revealed epithe
lial lesions displaying neoplastic features consistent with DCIS or 
microinvasive carcinoma patterns, as defined in previous studies 

Fig. 5. Hormone receptor expression in mammary glands under endocrine disruption and estrogenic therapies. (A) Representative immunohistochemistry images of 
ERα, ERβ, PGR, HER2, and AR among control, EDC, E2, and EE2 groups. Scale bars: 20 μm. (B–F) Quantification of positively stained cells (% per field): (B) ERα was 
significantly upregulated in all treated groups. (C) ERβ expression was drastically reduced in E2 and EE2 groups, particularly under EE2. (D) PGR expression declined 
in all exposed groups, with a pronounced reduction under E2. (E) HER2 showed no significant differences among groups. (F) AR expression was elevated in the EDC 
group, whereas E2 treatment led to lower AR expression compared to EDC and EE2. Statistical representation (among groups): *P < 0.05, **P < 0.01, and ***P < 0.001. 
Scale Bars: 20 μm.
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(Makki, 2015; Hu et al., 2008; Lodillinsky et al., 2016; Zheng et al., 
2014). Histological analysis allowed for the observation of the increase 
of hyperplasia and the occurrence of carcinoma, which are relevant 
grades for breast cancer diagnosis (Dall et al., 2018; Tawfik et al., 2007). 
These lesions were identified through disruption of the integrity of 
myoepithelial cells (α-SMA + cells) and loss of CD117 expression, which 
defines epithelial luminal cells (Kim and Villadsen, 2018). Micro
invasive carcinomas were increased in EE2 groups, whereas hyperplasia 
was predominant in E2-exposed females. Both lesions, malignant and 
pre-malignant, impair the functioning of MG beyond the installation of a 
tumoral process (Makki, 2015).

Remodeling of epithelial cell organization enables carcinogenesis, as 
these are the primary cells disrupted in breast cancer (Lí̌ska et al., 2016; 
Visvader and Stingl, 2014). Luminal cells are commonly associated with 
neoplastic activity due to their plasticity during reproductive cycles and 
their hormonal sensitization (Li et al., 2020b). Most luminal cells 
expressing CD117 and cytokeratin represent the proliferative population 
during homeostatic conditions in MG (Kim and Villadsen, 2018). Ma
lignant mammary carcinoma shows decreased expression of CD117 
(Schulmeyer et al., 2023). Besides high-grade carcinomas with EMT 
characteristics (Tsuda et al., 2005a, 2005b), reduced CD117 expression 
indicates a transition from in situ to differentiated carcinomas in his
topathological analysis (Kondi-Pafiti et al., 2010). Our results demon
strated that a relative decrease in CD117+ luminal cells is associated 
with a diminishment of other epithelial cell types, probably due to EMT, 
which impairs the self-renewal of mammary epithelium (Zhao et al., 
2021; Sikandar et al., 2017).

Progenitor cells, clustered by p63 positivity (Forster et al., 2014) 
originate from both main cell types of the epithelium: myoepithelial 
cells and luminal cells. In general, progenitor cells promote the ductal 
and alveolar epithelium identity (Visvader and Stingl, 2014), which is 
disrupted in cancer (Oakes et al., 2014). Neither myoepithelial pro
genitors (p63n+αSMA+) nor basal/luminal progenitor (p63n+αSMA− ) 
cells were disrupted by BPA exposure, but estrogenic therapies led to a 
reduction in both populations, related to the loss of epithelial features 
(Forster et al., 2014). P63 is absent in metastatic phenotypes, associated 
with a decrease in the myoepithelial cell layer (Ding et al., 2019), which 
favors the invasiveness. Myoepithelial cells are responsible for the po
larity of luminal cells since their contact with the basement membrane 
segregates the compartments (Ingthorsson et al., 2015; Gudjonsson 
et al., 2002; Man and Sang, 2004Man and Sang, 2004). The decrease in 
myoepithelial progenitor cell and basal/luminal progenitor cell 
numbers was expected due to the low number of progenitor cells for 
both populations. Corroborating this feature, BRCA1 expression is 
associated with the disruption of cells of the myoepithelial and basal 
lineage (Shalabi et al., 2021; Ding et al., 2019), which was decreased in 
both estrogenic therapies. This state affects the entire epithelial profile, 
as a proliferative disarray was assigned to this compartment in the 
present study. These associated events, with an inversion in the 
expression of distinctive markers for epithelium (pan-cytokeratin) and 
stroma (vimentin), indicate changes of EMT, which consequently dis
rupts polarity and epithelial unity.

Cadherins are calcium-dependent transmembrane proteins that 
promote the adhesion of cells (Son and Moon, 2013). E-cadherin is 
primarily in the luminal epithelial cells of MG (Dias et al., 2017), 
whereas P-cadherin is expressed by basal cells (Sirka et al., 2018). 
Pan-cadherin, a general marker, was expressed in MG exposed to es
trogen therapies, with a significant decrease in EE2. This data corrob
orates the diminishment of normal epithelial cells and the increase of 
neoplastic cells in MG. Since estrogens are the main modulatory hor
mones of the epithelial layer (Cunha et al., 2004; Brisken and Ataca, 
2015; Stingl, 2011), they generally promote increasing cell adhesion 
(Förster et al., 2002; Deng et al., 2020). Although estrogens can increase 
E-cadherin in ER-positive cancer cells (Maynadier et al., 2012; Bischoff 
et al., 2020), in our experiment, we observed that E2 reduced cadherin 
expression and favored microinvasive features in the mammary 

microenvironment previously exposed to BPA. This indicates that 
BPA-induced disruption modifies the epithelial response to estrogens 
and contributes to the establishment of a more invasive phenotype. For 
MG exposed to EE2, demonstrate that the decrease in pan-cadherin, 
followed in both morphological and molecular analyses, is related to 
an increased incidence of carcinoma phenotypes. Due to the impact of 
E-cadherin on the polarity of epithelium and tissue differentiation (Lee 
et al., 2017; Oral et al., 2016), the process that follows EE2 exposure 
could indicate a progression of EMT. The differences observed in the 
effects of estrogenic therapies and cadherin expression could be attrib
uted to the dosing regimens applied, which were based on established 
therapeutic guidelines (Stuenkel et al., 2015; Ruggiero and Likis, 2002; 
De Leo et al., 2016) and to the differential receptor-binding affinities of 
the compounds (Merki-Feld et al., 2012; Escande et al., 2006; Chever
asan et al., 2018), which determine their relative potency in eliciting 
mammary gland responses. One aggravating factor is that exposure to 
BPA increases EMT with aging (Ruiz et al., 2021a; Wang et al., 2013), a 
differential effect observed in our study.

EMT is a critical factor in carcinoma development, and BPA exposure 
during the window of susceptibility in pregnancy and lactation con
tributes to this process as age progresses (Ruiz et al., 2021a). This pro
cess can be detected by the expression of mainly markers that 
demonstrate mutagenic changes associated with neoplastic develop
ment (Suriyamurthy et al., 2019; Katsuno et al., 2013). In the present 
work, we evaluated 2 of the main markers involved in EMT of the 
mammary gland, EZH2 and BRCA1 (Li et al., 2020a; Bai et al., 2022; 
Landragin et al., 2025). Our results allowed us to confirm that exposure 
to both estrogenic compounds led to the induction of this process 
through an inverse modulation of these two proteins. EZH2, a polycomb 
protein member of the methyltransferase of histone H3, acts as an 
activator of oncogenes linked to EMT (Li et al., 2020a; Adibfar et al., 
2021). BRCA1 is one of the main histopathological markers for breast 
cancer, and its modulation is associated with mutagenic changes (V 
Fernandez et al., 2012; Mahmoud et al., 2017). Its reduction in tissues is 
related to severe tumor phenotypes (Shalabi et al., 2021) since it acts as 
a DNA repair protein (Thompson, 2010). The overmodulation under 
estrogenic treatment is reflected mainly in the histopathological diag
nosis. EZH2 expression is primarily observed in hyperplastic foci and 
invasive carcinomas (Vougiouklakis et al., 2020; Li et al., 2009). BRCA1 
decreasing indicates high histologic grade breast cancer (Hedau et al., 
2015; Chang et al., 2022), as observed for the increased invasive 
microcarcinoma incidence in E2 and EE2-treated females. It was re
flected in the histological score (H-score) accessed by histopathological 
analysis, established for EZH2 and BRCA1 (Reid et al., 2021; Pierceall 
et al., 2011). Our study used values < 100 for EZH2 and >100 for BRCA1 
as cutoffs for the H-score to indicate a free-neoplastic diagnosis, as 
previously employed (Vougiouklakis et al., 2020; Madjd et al., 2011). 
Both cancer markers showed a range distribution, indicating a generally 
poor prognosis for disrupted groups (Reid et al., 2021; Madjd et al., 
2011). Notably, BPA exposure was a key factor in the expression of both 
markers, as no statistical differences were observed between the 
BPA-exposed and BPA plus estrogen-treated groups in the H-score 
analysis compared with the control. Thus, exposure to estrogenic com
pounds can use this machinery to increase tissue susceptibility and favor 
the transition to more aggressive and invasive phenotypes (Mahmoud 
et al., 2017; Mørch et al., 2017). Despite not presenting metastatic foci 
or palpable tumors, the MG of females exposed to both estrogenic 
compounds showed epithelial changes that favored a transition 
scenario.

Both endogenous and synthetic estrogens had the potential to 
negatively modulate tissue expression of BRCA1. This event, associated 
with exposure to BPA (Ruiz et al., 2021a), is unfavorable in an aging 
environment, making MG susceptible to tumor development (Raafat 
et al., 2012; Miyano et al., 2017). Estrogens promote cellular in
stabilities that require BRCA1 repair (Fan et al., 2001; Wang and Di, 
2014), and its low expression indicates potential breast cancer 
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progression (Chang et al., 2022; Lambie et al., 2003). Estrogen-induced 
proliferation is mediated through the activation of downstream effec
tors, and BRCA1 serves as an essential modulator that suppresses ER–
driven transcription and limits proliferative signaling, thereby 
maintaining epithelial homeostasis (Wang and Di, 2014; Lamb et al., 
2000). Since proliferative activity was enhanced by endocrine disrup
tion and estrogenic therapies further boosted it, the investigation into 
imbalances in cell death also revealed damage to the apoptotic cascade. 
Caspase 3 is a key executor of apoptosis that keeps molecular pathways 
related to repair proteins in cancer (Pu et al., 2017; Asadi et al., 2022). 
EZH2 overexpression and BRCA1 downregulation alter cell fate, pro
moting the survival of cancerous cells (Puppe et al., 2019; Wang et al., 
2021), as observed in the present work by diminishing caspase 3 acti
vation. This phenomenon was observed in EE2 females, in which 
active-CASP3 was decreased relative to pro-CASP3. Contrarily, during 
perimenopause, as observed in the control group, MG is under involu
tion due to low hormonal support (Martinson et al., 2013). Then, es
trogenic therapies under endocrine disruption led to dysregulation of 
caspase 3 activation by cleavage, promoting an imbalance in prolifera
tive index and aiding the increase of malignant lesions in MG.

Our data also demonstrated a distinct modulation of hormonal re
ceptor expression profiles in MG exposed to E2 and EE2. ERα expression 
was consistently elevated across all experimental groups, which aligns 
with previous observations of estrogenic overstimulation following BPA 
exposure and hormonal supplementation (Leonel et al., 2020b; Kanaya 
et al., 2019b). The PGR also decreased in all treated groups, with E2 
leading to a more severe reduction, corroborating findings that link 
ER/PR imbalance to proliferative lesions and lower differentiation po
tential (Dall et al., 2018). Interestingly, HER2 levels remained unaf
fected, suggesting limited responsiveness in this context. Furthermore, 
AR was increased only in the EDC group compared to the control group, 
while E2-treated females showed a significant decrease compared to 
EDC-treated females, reinforcing AR’s context-dependent role in tumor 
progression (Cheung et al., 2003; Cunha et al., 2004; Tarulli et al., 
2019). Together, these findings delineate a receptor-specific profile that 
may inform mechanistic insights into the differential carcinogenic po
tential of E2 and EE2 under endocrine disruption.

In summary, our results showed that both endogenous and synthetic 
estrogen therapies enhanced mammary gland carcinogenesis under 
conditions of endocrine disruption and aging. The main findings sup
porting tumor progression for both estrogenic compounds relate to im
balances in EZH2 and BRCA1 expressions, which affect proliferation and 
apoptotic balance. Remodeling of the epithelial cell profile led to a loss 
of CD117 luminal expression and reduced pan-cadherin expression, 
compromising compartment identity. In our model, endocrine-disrupted 
mammary glands that progressed from DCIS to invasive carcinoma also 
showed a reduction in p63+ progenitor cells, which are known to sustain 
epithelial self-renewal (Boulevard, 2016). Similar findings have been 
reported in previous studies, in which loss of p63 was associated with 
disruption of the myoepithelial layer and the transition to invasive 
carcinoma (Hu et al., 2008; Lodillinsky et al., 2016). The high incidence 
of malignant lesions underscores the risk that estrogens pose for the 
development of breast cancer under endocrine disruption. Also, the 
hormone receptor profile induced by E2 and EE2, characterized by ERα 
upregulation and ERβ/PR suppression, reinforces the proliferative, 
apoptotic, and structural imbalances that lead to mammary 
carcinogenesis.
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