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ABSTRACT

Mammary glands development is influenced by endocrine signaling, which remodels epithelial and stromal compartments. Reactive
stroma phenotype is observed when stromal disturbances occur, leading to changes in extracellular matrix composition and occur-
rence of reactive cell types. One of the triggers of these alterations is endocrine-disrupting chemical exposure, such as bisphenol A
(BPA). Studies suggest that BPA acts on receptor binding sites of several hormones interfering the endocrine response. The aim of this
study was to investigate the reactive stroma features on mammary glands of aged female gerbils (Meriones unguiculatus) exposed to
BPA during windows of susceptibility. Thus, the analysis of cellular profile and growth factor expressions was provided. Fibroblastic
population changed in BPA-exposed mammary glands, with a remarkable increase of myofibroblasts (vimentin*/a-SMA™) and active
fibroblasts (FAP*). Normal fibroblasts (vimentin*/a-SMA™) were decreased mainly associated with the increase of FGF-10, an
inductor of fibroblastic polarization. CD34* stromal cells were also identified and detected among epithelial cells after BPA-induction
disruption. Angiogenesis was supported by VEGF increasing in the gland tissue, which promoted an increase in blood vessel density.
Thus, our results demonstrated that reactive stroma was raised in the mammary gland after BPA exposure. This profile was supported
by changes in the fibroblastic population due to an induction to synthetic phenotypes and the expression of FGF-10, as well as the
angiogenic activity that could corroborate with the malignancy and aggressiveness induced by BPA exposure.

1 | Introduction myoepithelial and basal cells (Macias and Hinck 2012;

Vandenberg 2021), and surrounded by a connective tissue,
Mammary glands are tubule alveolar apocrine glands, mainly known as stroma (Biswas et al. 2022). The gland development
constituted of glandular epithelial tissue (20%-30%) involved by and activity are hormone-dependent (Musumeci et al. 2015),
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which remodel tissue compartments in alternated phases for
growth, differentiation, and involution. The major components
remodeling relates to the connective tissue, since it is respon-
sible not only for support but also for the paracrine signaling for
epithelial development, modulation, and functional targeting
(Godfrey 2009). Its composition varies according to the tissue,
presenting structural, cellular, and noncellular components
quantity differences (Theocharis et al. 2016). The noncellular
components, as collagen and elastic fibers, are secreted by fi-
broblasts population. The mammary gland stroma thereby
regulates proliferation, development, and differentiation in this
gland, through synthesis and/or activation of some collagen
types, hormones, and growth factors secretion and by expres-
sion of matrix metalloproteinases (Xu, Boudreau, and
Bissell 2009). Thus, stroma acts both as an epithelial physical
support and a tissue functional and morphological driver, also
maintaining the organ homeostasis (Tuxhorn et al. 2001;
Vandenberg 2021).

Several adverse conditions, such as exposition to endocrine-
disrupting chemicals that promote disturbances in the mam-
mary gland, triggers important epithelial, and stromal changes.
When neoplastic development occurs, stroma homeostasis is
affected, leading to hypervascularization and changes in extra-
cellular matrix components, condition known as reactive
stroma (Barron and Rowley 2012; Bussard et al. 2016). The
reactive stroma is characterized by the occurrence and/or dif-
ferentiation of novel cellular types, alteration, and increase in
healthy tissue present cellular types (e.g., increase and changes
in fibroblasts smooth muscle cells and mesenchymal stem
cells), promoting signals to tumoral development and growth
and neoplastic cells invasion (Brivio et al. 2017; San Martin
et al. 2014).

In the reactive stroma, two main cell types are commonly
observed. First, the activated fibroblasts, which present intense
expression of fibroblast activation protein (FAP), promoting a
high rate of extracellular matrix elements secretion (Kalluri and
Zeisberg 2006). Also, the cancer associated fibroblasts (CAFs),
which have a continuous activation character and extracellular
matrix cytokines and components secretion (Brivio et al. 2017).
This cell presents a high expression of cell markers, such as
vimentin, smooth muscle a-actin («-SMA), FAP, and fibroblast
growth factor 10 (FGF-10) (Cui and Li 2013; Nissen, Karsdal,
and Willumsen 2019).

One of the most studied endocrine-disrupting chemical mole-
cules is bisphenol A (BPA). BPA is one of the best known and
worldwide distributed endocrine-disrupting chemicals, with
major production intensity (Abraham and Chakraborty 2019).
BPA is a petroleum-derived molecule present especially in
polycarbonate plastics and epoxy resins (Bujalance-Reyes
et al. 2022; Huang et al. 2012), which can also be used as an
additive to other plastic types (Staples et al. 1998). Due to its wide
employment, BPA can be identified in different sources, such as
water and food, owing to anthropogenic only processes, being
observed at high rates in industrial and densely populated areas
(Abraham and Chakraborty 2019; Lalonde and Garron 2020).

Some studies demonstrated that BPA exposition presents
effects mainly connected to reproductive parameters (Manfo

et al. 2014; Oehlmann et al. 2009). Its exposition was also
associated to cardiovascular diseases, diabetes (Huang
et al. 2012), insulin resistance, and low glycose tolerance
(Bujalance-Reyes et al. 2022; Lind and Lind 2018). Mammary
gland and prostate pre-neoplastic alterations were also linked to
this compound, besides acting as a strong estrogen-like agent
(Leonel et al. 2020; Vandenberg et al. 2007). BPA has known
effects for changing involution time, altering the stromal com-
partment, extracellular matrix components, and worsening
inflammation (Ruiz et al. 2022). Also, it causes disturbances in
hormonal reception and signaling of estrogen and androgen, as
well as changing epigenetic response (Ruiz, Taboga, and
Leonel 2021). Previous studies of our research group indicated
that exposure to BPA during pregnancy and lactation promotes
the development of malignant features in the mammary gland
at aging, with a remarkable remodeling on the extracellular
matrix fibers network (Ruiz et al. 2021). Thus, the present study
aimed to evaluate reactive stroma cell types and growth factors
related to tissue remodeling, morphological changes, and
angiogenesis in aged female Mongolian gerbil exposed to BPA
during windows of susceptibility.

2 | Materials and Methods
2.1 | Experimental Model and Sample Processing

In the present study, Mongolian gerbil females (N =15) were
kept in BPA-free polysulfone cages, according to the manu-
facturer's specifications (Alesco), during all experimental
periods. Those cages were placed on ventilated shelves, under
a 12 h light/shadow period and controlled temperature. Ani-
mals were provided with ad libitum water and food. Females
were allocated with fertile males and submitted to daily gavage
for 39 days period, corresponding to gestational period
(24-26 days) and lactation (21 days). To establish the onset of
pregnancy, females had their 1st litter discarded and after
8 days, when occurs the blastocyst implantation (Norris and
Adams 1972), the treatment was started. Then, the animals
were subdivided into thre groups: Control (n=15): 0.1 mL
water gavage; Vehicle (n=5): 0.1 mL corn oil gavage; BPA
(n=15): gavage of BPA diluted in corn oil (50 pg/kg). The BPA
dosage—50 pg/kg/day—was considered as a pro-carcinogenic
dose for mammary glands (Ruiz, Taboga, and Leonel 2021;
Ruiz, Taboga, and Leonel 2021; Ruiz et al. 2022; Ruiz, Taboga,
and Leonel 2021; Ruiz et al. 2023), considered a safe dose
according to the United States Environmental Protection
Agency (USEPA; Hu et al. 2022) in the study realization
period. This dose was reduced to 2 ng/kg/day, which is cur-
rently the safe dose according to the European Food Safety
Authority (EFSA; EFSA Panel on Food Contact Materials,
Enzymes and Processing Aids et al. 2023). At 18 months, in
aged period of life, all females were weighed, anesthetized
with 3% isoflurane in O, and euthanized by decapitation.

Mammary glands were then collected and fixed in para-
formaldehyde 4% for 24 h and processed under standard his-
tology procedures or fixed in glutaraldehyde 2.5% for electron
microscopy technique. This study followed Ethic Committee in
Animal Utilization (CEUA) procedures, under the protocol n°
217/2019.
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2.2 | Cytochemistry Analysis

For the histological analysis, the samples fixed in para-
formaldehyde 4% were destined to tissue paraffin inclusion
realized in Leica Automatic System (TP 1020), and paraffin
blocks were prepared in the Leica Inclusion Central (1150 H).
The blocks were sectioned using a Leica automatic rotating
microtome (RM 2255) at 5 um thin, lied on silanized slides for
histology and immunohistochemistry analysis.

To evaluate stromal vascularization, Gomori trichrome stain
was performed due to the strong red blood cells staining (red)
and a blue staining to collagen fibers (blue). To this stain
technique, slides used were submitted to standard histology
protocol to deparaffinization and rehydration, then in blue
Gomori stain, washed in distilled water, counterstained with
hematoxylin, washed, dehydrated, and mounted with Canada
balsam. To quantify the blood vessels' frequency, the M130
multipoint test (WEIBEL 1963) was employed to evaluate tissue
vascularization (a total of 10 photos of each sample were ran-
domly taken, totalizing 50 photos per group and 150 total fields
per group at 400x magnification).

2.3 | Immunohistochemistry

This technique was employed to evaluate the expression of
growth factors, vascular endothelial growth factor (VEGF) and
FGF-10, as well as for the identification of cell clusters FAP*
(activated fibroblasts) and CD34" stromal cells. The following
protocol was followed, with PBS (VEGF, CD34; with tween
addition; pH = 7.4) or TBS (FGF-10, FAP; pH = 7) buffer wa-
shes between each step: sample rehydration by submerging the
slides in xylene, xylene/alcohol, a decreased progression of
alcohols, and water for rehydration. Then, citrate buffer
(10 mM) was added to the slides and submerged in a heated
water bath (92°C-98°C) for antigen recovery. For peroxidase
blocking, 10% H,0, in methanol was used. Nonspecific pro-
teins were blocked using a solution of 5% skimmed milk in the
wash buffer. Then, the primary antibodies were diluted with
BSA 1% (in PBS/TBS) and left overnight: VEGF (1:50, sc-152,
rabbit polyclonal, Santa Cruz Biotechnology Inc., United
States); FGF-10 (1:50, sc-7375, Santa Cruz Biotechnology Inc.,
United States, goat polyclonal); FAP (1:50, sc-65398, Santa
Cruz Biotechnology Inc., United States, mouse monoclonal);
CD34 (1:50, Invitrogen, PA5-85917, VH3062113, rabbit poly-
clonal). After that, the secondary antibody was added to the
samples to incubation and polymer link (polymer detection
system Novolink™, Leica Biosystems Newecastle Ltd., New-
castle, United Kingdom). Antigen-protein binding was
observed by reaction with DAB (1:100, 3'-3'diaminobenzidine;
Novolink™ DAB, RE7270-CE, Leica Biosystems, Buffalo 121
Grove, United States) and counterstained with hematoxylin.
To quantify the VEGF, as well as FAP™ and CD34% cells, the
M130 multipoint test was employed (50 fields per group, at
400x magnification). To the FGF-10, 50 images per group at
200x magnification were taken and evaluated at the QuPath
software. All the FGF-10" cells were counted, and the total
was divided by the section area, obtaining the number of cells™
per mm?. The stromal expression of FAP was also evaluated
utilizing the M130 test.

2.4 | Immunofluorescence

This technique was employed to quantify total fibroblasts
(vim*/a-SMA™) and myofibroblasts (vim*/a-SMA™) quantifi-
cation. For this technique, a similar protocol to immuno-
histochemistry was used, differing in a few steps: after
unspecific protein block, a mix with both primary antibodies
(1:50 each) in BSA 1% in PBS was added to the samples and left
overnight. To this technique, the following antibodies were
used: vimentin (vim; Cell Signaling Technology, D21H3, 57418,
rabbit monoclonal) and smooth muscle a-actin («-SMA; Santa
Cruz Biotechnology Inc., sc-32251, H1111, mouse monoclonal).
After, the samples were incubated with secondary antibodies
Texas Red (TR; 1:50; sc-2780, 1:50, Santa Cruz Biotechnology
Inc.; hosts: mouse and rabbit) or Fluorescein Isothiocyanate
(FITC; 1:50; sc-2010, 1:50, Santa Cruz Biotechnology Inc.; hosts:
mouse and rabbit) for 2h. Then, slides were washed and
mounted with 4',6-diamidino-2-phenylindole (DAPI; Fluor-
oshield™ with DAPI, F6057, histology mounting medium,
Merck), to nuclei distinguishment. Peroxidase blocking was not
proceeded. Slides were analyzed using the Zeiss AX10 fluores-
cence microscope (Zeiss) and AxioVision Software (Zeiss). PBS
(pH=7.4) was used as the washing buffer. To quantify the
stromal myofibroblasts and total fibroblasts, 50 fields per group,
at 400x magnification were analyzed performing and adapta-
tion of Weibel's technique where a total counting was employed
and the cells divided by the total amount of 150 points/image).

2.5 | Transmission Electron Microscopy

For this technique, the samples fixed in glutaraldehyde 2.5%
were post-fixed in osmium tetroxide 1%. Then, samples were
dehydrated in a gradual progression of acetones (30% — 100%).
Between fixation steps, the samples were washed with Mill-
onig's phosphate buffer. Samples were pre-infiltrated with an
araldite/acetone solution (1:1) overnight, followed by an infil-
tration in araldite (32°C) and an inclusion in araldite (48-72h
at 60°C). Semithin sections were performed for field analysis by
Toluidine blue 1% staining. After field selection, ultrathin sec-
tions (50-70 nm) were performed in Leica Ultramicrotome (EM
UC7), put on copper grids, and contrasted with 2% uranyl
acetate (SPI-Chem Inc.) and 0.2% lead citrate (Merck). The
image analysis was performed under the JEM-2100 Transmis-
sion Electron Microscope (Jeol) equipped with EDS
(ThermoScientific) in the LabMic at the Federal University of
Goias (UFG).

2.6 | Statistical Analysis

Image-Pro Plus (v. 6.0) was used to cellular and growth
factors quantification using a multifield counting technique.
QuPath (v. 0.5.1; Bankhead et al. 2017) software was used to
evaluate the FGF-10 expression. GraphPad Prism 8
(GraphPad Software, www.graphpad.com, v.8.0.1) and Mi-
crosoft Excel 2019 were used to graph assemble and to per-
form the following statistic tests: Shapiro-Wilk normality
test; one-way ANOVA; Turkey's multi-comparison test. Data
is expressed as relative frequency (%) + standard deviation
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and cells/mm? + standard deviation. a=5% (p <0.05) was
adopted. In the blood vessels, the median and interquartile
range (IQL) were also employed. In each technique em-
ployed, a total of 15 slides (5 slides per group) with 1 tissue
sample were used to perform the quantification. A total of 10
photos of each sample were taken to perform both the
multifield counting technique and QuPath quantification,
totalizing 50 photos per group and 150 total.

3 | Results

3.1 | Fibroblastic Population and FGF-10
Expression

The analysis allowed to observe and quantify, due to vimentin
and a-SMA double immunofluorescence, the fibroblasts (vim*a-
SMA™) and myofibroblasts (vim*a-SMA*) population in the
mammary gland reactive stroma (Figure 1A-F). The distribution
of fibroblasts and myofibroblasts was found in the surrounding
stroma of epithelial structures (Figure 1A-C), as well as into the
lymph node (Figure 1D-E) of all groups. Total fibroblasts amount
was similar in the control and BPA groups compared to vehicle
group (Figure 1F). Although, the relative frequency (%) of total
fibroblasts (vim*a-SMA™) was decreased in the BPA group
(0.39% +0.16) compared to the control group (1.25% + 0.68—
p=0.0368) (Figure 1F), myofibroblasts (vim*a-SMA™*) were

Control

Vehicle

drastically increased in the BPA-exposed organ (1.38% + 0.25)
comparing to the control and vehicle groups (0.79% + 0.23—
p =0.033; and 0.33% + 0.34—p = 0.0012, respectively).

An increase in FAP" cells (Figure 2A) was also observed in the
BPA group (6.52% + 1.18) compared to the control (4.79% + 0.88—
p=0.045) and vehicle groups (3.36% = 0.67—p = 0.0006),
observed in Figure 2B. The expression of FGF-10, a phenotypic
fibroblastic inductor, was observed as cytoplasmic staining or a
diffuse among extracellular matrix elements (Figure 2C). An
increased FGF-10 stromal expression (Figure 2D) was observed in
the BPA group (27.31% +2.04) compared to the control and
vehicle groups (9.49% +2.34—p <0.0001; and 1.4% +0.57—
p < 0.0001, respectively).

3.2 | CD34+ Stromal Cells

By immunohistochemistry technique, CD34" cells were iden-
tified in stromal compartment (Figure 2E). These cells were
observed among all experimental groups in stroma surround-
ing glandular epithelium and blood vessels. However, no sta-
tistical difference was observed when comparing all
experimental groups (Figure 2F). The analysis was performed
using relative frequency (%) by the multipoint technique,
comprising all cellular extensions of these cells, such as telo-
cytes and pericytes.

BPA

Myofibroblasts (Vim*/a-SMA™")
and Fibroblasts (Vim+/a-SMA")

=3 Vim'/a-SMA"

2 Vim'/a-SMA®

:

Relative Frequency (%)

-
a
b
1 1L b
Z ab
a
0 T T T
Control Vehicle BPA

FIGURE 1 | Myofibroblasts and total fibroblasts of the mammary gland. (A-C) Glandular epithelium. Myofibroblasts (vim*a-SMA™) and fi-

broblasts (vim*a-SMA™) were identified in surrounding stroma among experimental groups. (D, E) MG lymph node was used as positive control for
positive fibroblasts and myofibroblasts. (F) Data graph. Quantification of positive myofibroblasts and total fibroblast by immunofluorescence. Letters
(a, b) indicate the significance and comparison among experimental groups. Myofibroblasts ANOVA p value: Control-BPA = p =0.033; Vehicle-
BPA =p =0.0012. Total fibroblasts ANOVA p value: Control-BPA = p = 0.0368. Symbols: arrow: glandular epithelium (vim~/a-SMA™ for myoe-
pithelial cells); black arrowhead: myofibroblasts (vim*/a-SMA™); white arrowhead: fibroblasts (vim*/a-SMA™). Scale bars: A-D = 20 um; E: 10 um.
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FIGURE 2 | Activated fibroblasts, CD34" stromal cells, and FGF-10 expression. (A, B) FAP™ cells indicate activated fibroblast in the reactive
stroma. (C, D) FGF-10 expression (cytoplasmic and diffuse staining). (E, F) CD34" stromal cells. Scale bars: 50 um.

3.3 | Ultrastructural Identification of Stromal
Cells

By transmission electron microscopy analysis, stromal cells were
classified in surrounding stromal compartment. Previous analysis
of semithin section provided a guide to identification of target
cellular types in the stroma (Figure 3A-B). The control group
(Figure 3A) presented normal morphology of fibroblastic popu-
lation compared to the BPA, which demonstrated several fea-
tures commonly associated with synthetic/activated phenotypes
(Figure 3B). A strong-stained cytoplasmic with an evident
nucleolus demonstrated the presence of myofibroblasts and
activated fibroblasts in the stromal compartment of the BPA
group (Figure 3B-insets). Telocytes-like cells were also observed
in these sections, abundantly near to the epithelial compartment.

Under the transmission electron microscope, these features were
clearly highlighted to precisely detect the cellular network
(Figure 3C). The surrounding stroma of the BPA-exposed mam-
mary glands presented myofibroblasts, telocytes, and active fibro-
blasts (Figure 3D-G). Myofibroblasts were characterized by the
presence of electron dense structures in cytoplasm (Figure 3C).
Also, a synthetic activity was detected due to the presence of new
fibrillar content around these cells (Figure 3C). Telocytes were
found near the epithelial compartment (Figure 3D-F) and among

epithelial cells under endocrine disruption (Figure 3D) by the
identification of its telopodes, podomers, and podoms among these
cells. Although it was not possible to obtain a clear field with the
nucleus, the characterization of telocytes was possible due to the
clear podoms features, such as the presence of multiple
mitochondria, multivesicular bodies, and endoplasmic reticulum
(Figure 3E,F). Also, secretory activity was associated with telocytes
since secretory vesicles and sites of elastin and collagen deposition
were identified (Figure 3D). Activated fibroblasts were identified
by the increased number of Golgi apparatus and rough en-
doplasmic reticulum, both with large cisternae and large nucleus
(Figure 3G).

3.4 | Angiogenesis and VEGF

Blood vessels were quantified by the Gomori trichrome stain
(Figure 4A). The BPA-exposed mammary glands presented an
increase in the relative frequency of vascular supply (5.95% + 0.64)
compared to the control and vehicle groups (4.54% + 0.59—
p=0.0153; and 3.53% + 0.62—p = 0.0002, respectively) (Figure 4B).
VEGF expression was observed in both stroma and epithelium of
the organ (Figure 4C). A decrease in the BPA group, mainly in the
epithelial expression (7.53% + 1.94), was observed compared to the
control group (10.6% +0.92—p =0.0367). In contrast, was also

401 of 418

85U8017 SUOWIWOD SA[ea.D 3deotdde aupy Ag peusenob a1 sajole YO ‘SN JO Sa|nI o Akeiqi8UIIUQ AB]IA UO (SUO N IPUOD-PUE-SWB) LD A8 | 1M Aled 1[pul [UO//SANL) SUORIPUOD Pue SWLB | 8U1 89S *[6202/£0/0T] U0 Akeiqi8ulluo A8]IM ‘URANDT 8@ anbijoyed als,eAIUN AQ 0822T UIGO/Z00T 0T/I0p/Lco" A3 1M Al 1jul JUo//SAny WOy pepeoiumod ‘v ‘520z ‘GSE8560T



FIGURE 3 | Identification of reactive stromal cells. (A, B) Semi-thin sections of glandular epithelium and surrounding stroma of control and BPA
groups, respectively. Insets indicate the morphology major cells identified. Telocyte-like cells were identified by telopodes (arrows) and podoms
(white arrowheads). (C) Ultrastructure. Elements of reactive stroma surrounding glandular epithelium. Highlighted myofibroblast (green), active
fibroblast (orange), and telocyte (blue) were demonstrated. For myofibroblast, a large nucleus with evident nucleoli was identified, and fibrillar
components of extracellular matrix recently synthesized (green arrows). For active fibroblasts, the extracellular matrix (asterisk) was also identified.
For telocyte, the projections of telopods (black arrow) and podoms (white arrowheads) were demonstrated. (D) Interface epithelium-stroma non-
disrupted. MG glandular epithelium (purple) surrounded by myoepithelial cells (red), and in the surrounding stroma telopodes and podoms of
telocytes. Basement membrane continuity was observed in these areas (yellow). (E, F) Telocyte invasion of epithelial compartment in disrupted areas.
Multivesicular bodies (asterisks) and high mitochondrial content were found in the telopods. (G) Active fibroblast was described by large nucleus and
synthetic apparatus. Large cisternae of Golgi apparatus (arrows) and rough endoplasmic reticulum (arrowheads), as well as mitochondrias, were

present in the cytoplasm. Ep, epithelium; m, mitochondria; Me, myoepithelial cells; Mf, myofibroblast; Tp, telopodes.

observed an increased stromal expression in the BPA group
(8.2% + 1.29) compared to both control (3.7% + 1.05—p = 0.0105)
and vehicle groups (3.6% + 1.05—p = 0.0055) (Figure 4D).

4 | Discussion

The present study aimed to analyze the modulation of main
stromal cellular elements under a BPA pro-carcinogenic dosage
exposure. Previous studies describe that aged gerbil females,
when exposed to BPA during pregnancy and lactation, develop
tumoral features in the epithelial compartment as the onset of
mammary gland carcinogenesis (Leonel et al. 2021; Ruiz et al.
Taboga, and Leonel 2021, 2023). The BPA group had a signifi-
cant increase in myofibroblasts (vim*/a-SMA™) and a decrease
in fibroblasts (vim*/a-SMA™), indicating a modulation in the
total fibroblastic population in the mammary gland stroma.

This increase suggests a transition from fibroblasts to myofi-
broblasts, accompanied by a rise in activated fibroblasts (FAP*
cells), which alters the stromal microenvironment creating
invasive conditions of the reactive stroma. The modulation of
fibroblastic population arises as the main target of endocrine
disruption, since other cells, such as CD34% cells, did not
present significant differences among groups in surrounding
gland stroma. These findings underscore the impact of BPA on
cellular dynamics and have implications on the angiogenesis
within the mammary gland stroma, as well as carcinogenic
progression.

FAP* cells are found in normal tissue development, but they
play important roles in pathological conditions. This protein is
highly expressed in the stroma of most epithelial tumors and
has an immunosuppressive character, being also expressed by
stromal invasive cells (Hamson et al. 2014). However, the high
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rates of FAP™ cells are related to the occurrence of CAFs, tissue
remodeling, and cancer progression (Tao et al. 2017). As
observed in the present analyses, the BPA group showed high
expression rates, suggesting an increase in fibroblasts activation
and tumoral/cancer progression, as well as the worst prognosis
for the BPA-exposed females. Despite that, it was observed a
decrease in the typical fibroblast in the stroma and an increase
in myofibroblasts. This downgrade of fibroblasts can be related,
as mentioned previously, to an increase in fibroblasts rates
followed by a transition to a morphologically different, more
active, and invasive type of fibroblasts, the myofibroblasts
(Michalik et al. 2018).

Myofibroblasts are stromal cells that present similar features of
fibroblasts but with the ability of contraction, like smooth
muscle cell, and playing an important role in tissue repair,
being activated by stress conditions, and are commonly found
in tissue damage regions (Pakshir et al. 2020). Nonetheless,
when upregulated, it can also be related to tissue fibrosis
(changing collagen microarchitecture), enhancing cancer pro-
gression and aggressiveness (Seo et al. 2020), leading to poor
prognostics. Therefore, the elevated frequency of this cell type
observed in the BPA group, compared to the control, suggests a
damaged tissue with a possible change in extracellular matrix
fibers, which can lead to tissue fibrosis, confirmed in a previous
paper with the same experimental groups (Ruiz et al. 2021).
This work demonstrated that the BPA-exposed gerbil females
showed an increase in collagen and a decrease in elastic fibers
in the mammary gland stroma surrounding the epithelium.
Some myofibroblasts were also found in the gland lymph nodes
in the BPA group. The presence of myofibroblasts in the
lymph nodes can be a potentially major problem, as this cell

type plays a major role in lymphoma tumoral micro-
environment and, due to its pro-invasive action, associated to
a-SMA expression, promotes metastasis to the lymph nodes
(Catteau, Simon, and Noél 2014; Yeung et al. 2013). The uprise
in these cell types occurred due to disruption in the tissue
homeostasis, derived from the reactive stroma, leading to tissue
rearrangement and tumoral progression (Brivio et al. 2017).

The high myofibroblastic increase observed can be related to
FGF-10 high expression rates in the BPA-exposed groups, since
this increased growth factor expression is related to epithelial-
mesenchymal transition, which changes fibroblasts activity and
alters the occurrence of epithelial and stromal breast cancer cell
markers (Qazvini et al. 2019). The FGF-10 is a member of the
FGF7 subfamily (composed of FGFs 3, 7, 10, and 22), who has a
paracrine pathway and interacts with the fibroblast growth
factor receptor 2 (Farooq et al. 2021). The FGF-10 expression is
elevated in most human tumors and cancers (Rivetti
et al. 2020). This growth factor regulates stromal tissue com-
position and plays an important role by regulating and targeting
epithelial proliferation and branching mechanisms (Cui and
Li 2013). Therefore, the high expression observed in the BPA
group suggests an abnormal tissue development, as epithelial
branching, and proliferation, that can corroborate to a tumoral
microenvironment formation.

Another explanation for the myofibroblasts frequency observed
in the BPA group is the increase of the transforming growth
factor beta-1 (TGF-£,) in the BPA-exposed females. There is
observed an upregulation in TGF-3; expression after BPA ex-
position, as observed in a previous paper with these same ex-
perimental groups (Ruiz et al. 2022), being that higher
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expression driving to fibroblasts transition. This growth factor is
one of the inducers of the myofibroblast transition that leads to
full expression of a-SMA by fibroblasts and, consequently, its
contractile capability (Hinz et al. 2001). Thus, as the TGF-f;
expression was elevated in the BPA group (as demonstrated in
Ruiz et al. 2022), it can be assumed that myofibroblasts
observed in the BPA-exposed group are mature and, therefore,
more active. Also, as myofibroblasts show a capacity of cyto-
kines and growth factors secretion, this uprise represents a
significant driver in angiogenesis promotion due to VEGF
secretion (Vong and Kalluri 2011).

CD34* stromal cells are interstitial cells that play important
roles in extracellular matrix organization and are closely related
to blood and lymphatic vessels (Diaz-Flores et al. 2021). These
cells, along with pericytes, are important angiogenesis regula-
tors, participating in blood vessels ramification (Diaz-Flores
et al. 2022). An interesting finding in this study is the presence
of telocyte cells in the mammary gland. Telocytes (TC) are
interstitial cells, present in several organs, with a variable
morphology and cytoplasm prolongments named telopodes
(Pellegrini and Popescu 2011). These prolongments have a
moniliform aspect with dilated zones called podoms (which
presents important cellular functional unities) and thin seg-
ments called podomers (Cretoiu and Popescu 2014). TCs are
linked to immunoregulatory capacity by releasing cytokines and
modulating macrophages and B cells (Zhang and Tian 2023).
They are also related to control tissue structure organization,
microenvironment homeostasis, and especially, in females, a
hormone-responsive character (TCs express estrogen and pro-
gesterone receptors in females' reproductive organs, as mam-
mary glands) (Klein et al. 2022). Also, the presence of this cell
type inside the epithelial compartment suggests both a tissue
invasiveness due to the BPA exposition or an in-time relation of
telocytes and the epithelial cells. As it is a newly identified cell
type, further studies are needed for a better understanding of its
function and role in both healthy and injured tissue. Although
the CD34" cells did not show statistical difference between the
groups, was observed a strong angiogenesis in the aged females
after BPA exposition.

VEGF is a widely known growth factor related to endothelial
cells migration and tissue wound healing (Farooq et al. 2021).
However, its upregulation is related to invasive angiogenic blood
vessels ramifications (Ucuzian et al. 2010). The VEGF expression
was observed in all groups, both in epithelium and stroma, which
can be related to this marker high expression rates in both health
tissues and in tumors (Fukumura et al. 1998). Although it was
observed a higher expression in the stroma and a decrease in the
epithelial region of the BPA-exposed group, it is well known that
the VEGF expression is severally related to malignant tumors
than health tissue (Qiu et al. 2008). Also, VEGF induces TGF-f3;
angiogenesis capacity by stimulating endothelial cells survival,
proliferation, and migration, as well as a necessary initial apo-
ptotic effect (Ferrari et al. 2009). This angiogenic promotion of
VEGF and TGF-$; is observed in the experimental groups since
the BPA-exposed animals showed an increase in stromal blood
vessels frequency. Therefore, the results obtained showed that
BPA exposition can lead not only to a disturbance in the mam-
mary gland stromal cell types and quantity but also promote
changes in extracellular matrix composition and leads to a pro-

angiogenic condition. These facts together enhance the capacity
of a malignant tumoral phenotype formation.

5 | Conclusion

The results showed that exposure to BPA during periods of
hormonal modulation, also known as windows of susceptibility,
triggers the development of a phenotype known as reactive
stroma during aging. The transition in fibroblasts morphology
into a more active phenotype, related to an altered fiber pro-
duction, was observed in the stromal compartment. The also
observed increase in FGF-10 and stromal expression of VEGF is
associated with the intensification of the cellular modification,
as well as an angiogenesis intensification. Therefore, it was
possible to observe that BPA exposition leads to a disruption in
tissue homeostasis, with stromal cellular types change and
increase in blood vessels formation, promoting the formation of
a stromal environment conducive to tumorigenesis.
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