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In the mammary gland (MG), the developmental window for gestational/lactational differentiation and growth is
highly vulnerable to hormonal disruption. Here we describe that the MG involution process in female gerbil
mothers is delayed by bisphenol A (BPA) exposure during gestation and lactation. The process is directly
influenced by changes in expression of extracellular matrix proteases MMP-2, MMP-9, and FAP, and the inci-
dence of collagen and elastin is reduced after 7 and 14 days of weaning. A pro-inflammatory environment in the

late involution process was confirmed by higher expression of TNF-a, COX-2 and phospho-STAT3 n the MG
stroma, allied to increases in the incidence of macrophages and mast cells. These aspects impacted the prolif-
erative pattern of epithelial cells, which decreased on the 14th post-weaning day. These data confirm that the
milk production window of susceptibility is vulnerable to the impact of BPA, which promotes a suggestive pro-
tumoral microenvironment during mammary involution.

1. Introduction

Breast cancer is the most commonly diagnosed type of cancer among
women worldwide (Jemal et al., 2011) and its incidence has been
related to genetic (Kandel et al., 2021) and epigenetic (Doherty et al.,
2010) factors. In addition, environmental compounds have been related
to mammary gland neoplastic disturbances; having, for example, a
detrimental effect on the expression of hormone receptors in this gland,
inducing a mechanism of endocrine disruption (Koual et al., 2020).
Disturbances in signaling pathways that impact the epithelium/stroma
relation have been widely related to endocrine disruptor exposure,
especially in plastic and hormonal responsive glands such as the mam-
mary gland (Wadia et al., 2013). The main concern is triggering of
neoplastic development, since this promotes oncogenic transformation
in tissues in a short- or long-term manner (Miret et al., 2019).

Exposure to endocrine disruptors that exert estrogenic effects, the

xenoestrogens, is ubiquitous. Human biomonitoring guidance values for
the chemical bisphenol A (BPA), released by plastics, indicate that
230 ug/L and 135 pg/L of this compound are present in the urine of
adults and children, respectively (Ougier et al., 2021). Daily contact
with BPA induces toxic impacts, such as metabolic diseases, altered liver
function, and estrogen action (vom Saal and Vandenberg, 2021). BPA
binds to steroid hormone receptors by an inappropriate transcriptional
conformation (Acconcia et al., 2015). As a result, the proliferative
mechanisms of estrogen receptors are disturbed, leading to epithelial
deregulation and lesions (Durando et al., 2006).

When exposure to endocrine disruptors takes place during the
developmental phases of a steroid responsive gland the impacts may be
worsened (Colborn et al., 1994). Several research groups have focused
on studying the impacts of BPA on mammary gland exposure during
windows of susceptibility, such as the perinatal (Altamirano et al., 2017
Gomez et al., 2017; Leonel et al., 2020) and pubertal (Schoeters et al.,
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2008; Wang et al., 2014) developmental phases. This is due to the
presence of a dynamic environment in the limits between epithelium
and stroma, where a basal membrane rupture is present (Cowin and
Wysolmerski, 2010), promoting contact between precursor mammary
epithelial cells and BPA in the bloodstream.

Conversely, the impacts of this exposure during adult developmental
windows of susceptibility, such as the gestational and lactational pro-
liferative/secreting phases have not been well addressed. This mam-
mary gland stage of development is equally unstable and may provide a
hyper exposed environment (Terry et al., 2019). This is because, at this
moment, cells are preparing to reorganize and establish a completely
developed milk productive gland; consequently, the extracellular matrix
undergoes deep changes in its composition and structure (Mori et al.,
2013), leaving the cells exposed to serum variations in hormones and
disrupting chemicals. The next phase, involution, naturally provides a
pro-inflammatory environment that may lead to metastasis and tumor
development; thus, previous exposure to disruptors could worsen the
risk of developing neoplastic lesions (Faupel-Badger et al., 2012).

It is imperative to understand the impacts on tissue homeostasis
during vulnerable initial developmental phases. However, the conse-
quences of this exposure during the mammary gland milk production
window of susceptibility have been neglected. Even in rodent models,
little is known about what happens to the mothers’ mammary gland
after exposure to a disrupting environment during the secretory window
of susceptibility. Furthermore, impacts may be worsened by mecha-
nisms involved in the gland involution after weaning. Thus, the current
work aimed to analyze the morphological features and protein expres-
sion in Mongolian gerbil involuting mammary gland from mothers
exposed to 17p-estradiol and BPA during the gestational and lactational
gland developmental phases.

2. Materials and methods
2.1. Ethics and environment

Female Mongolian gerbils (Meriones unguiculatus), a species with a
natural tendency to develop mammary neoplasia, were used as an
experimental model for endocrine disruption (Ruiz et al., 2021b). Ani-
mal experimentation was conducted according to the standards defined
by the National Council of Animal Experimentation Control (CONCEA,
Brazil, www.mctic.gov.br). The manipulations — gavage, weaning, and
euthanasia — were approved by the local Ethics Committee on the Use of
Animals (CEUA) (IBILCE/UNESP protocol number 113/2015).

Animals were kept in BPA free isolators (Alesco, Monte Mor, SP,
Brazil), organized in racks, with ventilation and a controlled environ-
ment: light/dark cycle of 12/12 h, room temperature of 23-26 °C, and
50% relative humidity. Fresh water and a commercial chow (Presence,
Paulinia, SP, Brazil) were provided ad libitum during the experiment.
Virgin female gerbils were housed with fertile males to mate. Pregnancy
was confirmed by the presence of sperm cells in the vaginal smears —
pregnancy day 0. The pregnant females were the object of study for this
experiment, while the males and the offspring were applied for other
experiments.

2.2. Animals and treatments

Pregnant gerbils (N = 34) were divided into four groups and sub-
jected to treatments from the 8th gestational day until the end of
lactation (39 days of treatment). The manipulation was always per-
formed during the morning (8-10 a.m.) and was suspended only on the
parturition day. All pregnant females were subjected to oral gavage and
classified as follows: (Control) daily gavage with vehicle corn oil
(Mazola, Mairinque, SP, Brazil); (E2) 35 pg/kg of 17f-estradiol (E8515,
Sigma Aldrich, St. Louis, MO, USA), applied as a source of natural
occurring estrogen (Kuhl, 2005; Pinkerton et al., 2017; Pinto et al.,
2008) diluted in 0.1 ml corn oil 3 times/week; (|/BPA) 50 ug/kg
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bisphenol A (BPA) (239,658, Sigma Aldrich), safe dose recognized by
the European Food Safety Authority, diluted in 0.1 ml corn oil daily
(Vandenberg et al. 2012; EFSA, 2015); and (1BPA) 5000 pg/kg BPA
(239,658, Sigma Aldrich) diluted in 0.1 ml corn oil daily, referring to an
acute exposure.

After weaning, females from each group were kept with no other
treatments and were euthanized on either the 7th or the 14th day post
weaning, being sorted into two subgroups (n = 5 animals per subgroup
of |BPA and 1BPA; n = 4 animals per subgroup of control; n = 3 animals
per subgroup of E2) allowing evaluation of two different periods of
mammary gland involution. The euthanasia was performed during the
morning and comprised sedation with 3 mg/kg xylazine (Anasedan,
Ceva, Paulinia, SP, Brazil) and 10 mg/kg ketamine (Cetamin, Syntec,
Barueri, SP, Brazil) followed by decapitation.

2.3. Tissue preparation and morphological analysis

The right abdominal mammary gland was removed and immediately
fixed in paraformaldehyde 4% for 24 h at 4 °C. Samples were transferred
to ethanol 70% and histologically processed in a semi enclosed system
according to standard protocols (TP1020, Leica Biosystems, Buffalo
Grove IL, USA). The paraffin blocks obtained were sliced (4 um thick)
and hematoxylin and eosin (HE) staining was conducted. Stained slides
were digitally scanned (400 x magnification) using a Bx 61VS camera
(Olympus Corporation, Tokyo, Japan) coupled to an Olympus VS120
Virtual Microscope Slide Scanning System (VS120-S5) from the same
company.

2.4. Tissue general morphology analysis

To evaluate the mammary gland regression process, a first analysis of
the gland general morphology was performed. For this, sections from
three different depths (40 pm of interval) were evaluated from each
animal (OlyVIA 3.2, Olympus). Areas of epithelium, stroma surrounding
epithelium (fibroblasts + ECM), and adipose tissue occupation were
quantified. A percentage of occupation over the total area of the section
was calculated and applied to statistical analysis to infer about the
involution process.

2.5. Collagen and elastin fiber quantification

To compare collagen fiber deposition rates in the mammary tissue
among groups, picrosirius staining was performed. The slides were
stained for 1 h in Sirius Red solution (Direct Red 80 in saturated picric
acid solution), washed and counterstained with hematoxylin for 10 min,
dehydrated, and mounted. For elastin analysis, the slides were stained
using the Weigert’s Resorcin-Fuchsin technique, by staining with
Resorcin-Fuchsin solution followed by picric acid solution washing. Ten
random fields (200x magnification) per animal were evaluated and the
area occupied by collagen fibers was quantified automatically by ImageJ
software (version 1.52a, Wayne Rasband, NIH, USA).

2.6. Histochemistry and Immunohistochemistry

Sections were dewaxed following standard protocols. Histochemistry
was performed for identification of mast cells: sections were stained
with 1% toluidine blue (pH 4.0). For immunohistochemistry, antigens
were retrieved, endogenous peroxidases were blocked in 5% H,0, and
nonspecific proteins were blocked using 5% skimmed milk diluted in
TBS. Sections were incubated overnight with the following primary
antibodies: a-actin (mouse monoclonal, 1A4, 1:100, sc-32251, Santa
Cruz Biotechnology, Dallas, TX, USA), MMP-2 (mouse monoclonal, 8B4,
1:50, sc-13595, Santa Cruz Biotechnology), MMP-9 (mouse monoclonal,
2C3, 1:100, sc-21733, Santa Cruz Biotechnology), FAP (fibroblast acti-
vation protein) (mouse monoclonal, F11-24, 1:100, sc-65398, Santa
Cruz Biotechnology), Phospho-Stat3 (rabbit monoclonal, 1:100, D3A7,
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#9145, Cell Signaling, Danvers, MA, USA), Cox2 (rabbit monoclonal,
1:100, D5H5, #12282, Cell Signaling), F4/80 (rabbit monoclonal,
1:100, D2S9R, #70076, Cell Signaling), TNF-a (rabbit monoclonal,
1:100, D2D4, #11948, Cell Signaling), TGF-p1 (rabbit polyclonal, 3c11,
1:100, sc-146, Santa Cruz Biotechnology), active/cleaved caspase-3
(rabbit polyclonal, 1:100, NB100-56113, Novus Biological, Littleton,
CO, USA), and Phospho-Histone H3 (P-H-H3, rabbit polyclonal, H3,
1:75,Ser10, 9701, Cell Signaling). Washes in PBS or TBS were performed
between steps. The slides were then incubated with a post-primary
antibody and Polymer kit (Novolink ™ polymer detection system 1,
Leica Biosystems Newcastle Ltd., Newcastle, United Kingdom) according
to the manufacturer’s descriptions. Detection of positive staining was
performed with 3-30 diaminobenzidine tetrahydrochloride (DAB)
(Novolink TM DAB, RE7270-CE, Leica Biosystems, Buffalo Grove, USA)
and counterstaining with hematoxylin. Compatibility of the primary
antibody in mammary tissue of Mongolian gerbils was confirmed in
previous studies (Leonel et al., 2020, 2021; Ruiz et al., 2021a).

2.7. Statistical analysis

Results obtained 7- and 14-days post-weaning were compared in
each group by the paired sample T test. The difference between the two
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correlated samples was evaluated among groups.

To compare the results of each post-weaning period between the
groups, the data were checked for normality using the Kolmogorov-
Smirnov test. Parametric data (collagen area, PHH3, caspase-3, TGF-f,
COX-2, TNF-a, p-STAT3, F4/80, mast cells) were analyzed by one-way
ANOVA followed by Tukey’s test; non-parametric data (stereological
data, elastin area, MMP-2, MMP-9, FAP) were analyzed by the Kruskal-
Wallis test followed by Dunn’s test. Differences were considered statis-
tically significant when p < 0.05. Statistical analyses were performed
using GraphPad Prism 5.00 for Windows (GraphPad Software, San
Diego, CA, USA, www.graphpad.com).

3. Results

3.1. The morphological features of mammary gland involution were
impacted by BPA exposure

The area occupied by epithelial structures in the mammary gland
showed a decrease from the 7th to the 14th day in control and E2 groups
(Fig. la-c). However, mothers treated with BPA presented a lower
epithelial occupation area on the 7th day, with no significant reduction
from the 7th to 14th day (Fig. 1a).

~

14th day

Fig. 1. Morphological features of mammary gland during involution. (a) Percentage of epithelial occupation (mean + SEM) on 7th and 14th days. Mammary
involution from 7th (b) to 14th days (c) in the control group. (d) Stromal area from 7th tol4th days of involution. 1BPA exposure reduced stroma surrounding
epithelial structures from 7th (e) to 14th days (f). (g) Adipose tissue area percentage during involution. The appearance of myoepithelial layer thickness, as shown by
a-actin staining, changes from the 7th (h) to the 14th (i) post-weaning days, showing a discontinuous pattern on the 14th day (j). Different letters in a, d, and g
indicate statistical differences (p < 0.05) among groups and * indicate differences between involution periods in the same group (|BPA and 1BPA: n = 5 per sub-
groups; control: n = 4 per subgroups; E2: n = 3 per subgroups). Abbreviations: av: alveoli; ad: adipose tissue; st: stroma; vs: blood vessel. Scale Bars: (b-c) 100 pm; (e-

f; h-k) 20 pm; (1) 10 pm.
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The non-epithelial compartment was evaluated regarding the occu-
pation rate of adipose tissue and of stroma. Differences in the stromal
areas (Fig. 1d) between 7- and 14-days post-lactation were only present
in the tBPA group (Fig. 1le and f). Both groups treated with BPA showed
larger areas of stroma in comparison to all other groups at 7 days post-
weaning (Fig. 1 f); no differences between any groups were found for
stroma area after 14 days.

The areas of adipose tissue (Fig. 1 g) were larger after 14 days in
comparison to 7 days only in the E2 and the tBPA treated groups. Both
doses of BPA presented a smaller adipose tissue area at 7-days post-
weaning in comparison to the control and E2 groups. Control and
1BPA did not differ statistically at 14 days of involution, whereas |BPA
was lower in the same period when compared to all groups.

3.2. The thickness and shape of myoepithelial cell layer changed between
7- and 14-days post-weaning

During mammary gland involution, the epithelium acquired a typical
morphological aspect that resembles a damaged structure (Fig. 1 h).
This is evidenced by a-actin staining for detection of myoepithelial cells.
After 14 days, however, alveoli already showed a better-organized
structure (Fig. 1i and j). There was a clear reduction in the myoepithe-
lial layer thickness from the 7th to the 14th post-weaning day (Fig. 1 h
and j) and the myoepithelial layer showed a discontinuous pattern on
the 14th day (Fig. 1j), confirming that at this stage, there was still a clear
disruption in the epithelial delimitation that involves the basal layer.

3.3. The incidence of extracellular matrix fibers changed during
mammary gland involution

The ECM remodeling was impacted by exposure to BPA and E2. On
the 7th day of involution, collagen area percentage (Fig. 2a) was higher
in BPA groups compared to control (Fig. 2b and c); at this period,
collagen deposition in the E2 group was also higher (Fig. 2d and e) than
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that of the control. On the 14th day of involution, collagen area in
mammary gland exposed to BPA did not differ from the control group
(Fig. 2f and g); whereas in the E2 group, it was lower (Fig. 2h and i)
compared with all other groups. Elastin area in the |BPA group (Fig. 2j)
was enhanced in relation to the control group, but there were no dif-
ferences between 1BPA and E2 groups and control on the 7th day. On the
14th day of involution, elastin area did not differ among groups. From
the 7th to thel4th day elastin (Fig. 2k) and collagen presented increased
density in the control group, which was not observed in BPA groups. E2
and BPA groups did not present significant differences from 7th to
thel4th days of involution for elastin fiber area (Fig. 21-n).

3.4. The expression of MMPs and FAP during mammary gland involution
is impacted by BPA exposure

The quantification of ECM remodeling protein expression showed
that BPA exposure modulates MMPs and FAP expression in mammary
involution. MMP-2 expression (Fig. 3a-d), on the 7th day presented no
differences among groups; on the 14th day of involution, MMP-2
expression was slightly increased in the 1BPA (Fig. 3d) and E2 groups,
compared with that in control. On the 7th day MMP-9 expression
(Fig. 3e) was low in all treated groups compared to control. Further-
more, the lowest expression of MMP-9 ocurred in | BPA and E2 groups on
the 7th day. The expression did not change between groups on the 14th
day (Fig. 3f and g). From the 7th to 14th days, the MMPs expression
decreased only in the control group. while in BPA groups, cells
expressing MMPs were spread in stroma surrounding epithelial struc-
tures (Fig. 3d and g) and associated to blood vessels.

FAP positive cells (Fig. 3h) were present only in stroma during the
involution period. E2 presented drastically increased FAP expression
compared to all groups, in both periods of involution (Fig. 3i and j). FAP
expression in BPA groups on the 7th and 14th days was lower than E2
but higher than the control group, which presented the lowest rates of
FAP expression.
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3.5. The expression of proliferative marker Phospho-Histone H3 was
modulated by E2 and BPA exposure

BPA and E2 groups presented high rates of positive cells for PHH3 on
the 7th day of involution (Fig. 4a). This scenario changed on the 14th
day, when PHH3 expression did not change in the mammary gland of
mothers among all groups. Rare PHH3-positive cells were observed in
the control group (Fig. 4b). In BPA groups, this proliferative marker was
expressed in epithelial (Fig. 4c) and stromal cells (Fig. 4d). The |BPA,
1BPA, and E2 groups showed a decrease in the proliferative activity
between the 7th and 14th days of mammary regression, unlike what was
observed in the control group, which presented an opposite pattern of
PHH3 expression.

3.6. BPA increased TGF-f1 and active Caspase-3 expression in mammary
tissue during involution

At 7 days of involution, the number of TGF-1 positive cells (Fig. 4e)
increased in mammary gland of mothers exposed to BPA in comparison
to control and E2 groups. Interestingly, this contrast was not maintained
on the 14th day of involution, when there were no differences among
groups. Only BPA groups and control (Fig. 4f-h) showed differences

when comparing 7th to 14th days.

For active caspase-3 (Fig. 4i), BPA groups demonstrated higher rates
than control and E2 on the 7th day post-weaning, in which 1BPA was
statistically higher than |BPA. Control and E2 groups presented only
cytoplasmic staining for caspase-3 (Fig. 4j), whereas BPA groups pre-
sented both cytoplasmic and nuclear staining at 7 days (Fig. 4k), and
only cytoplasmic staining at 14 days (Fig. 41). Although a different
pattern of intracellular staining was observed, the quantification of
positive cells/mm? was based on either nuclear or cytoplasmic reaction.
From the 7th to the 14th day the number of active caspase-3 positive
cells did not change in the control, whereas its expression was reduced in
BPA groups and increased in E2 groups.

3.7. BPA and E2 impacted the expression of inflammatory markers
during mammary gland involution

Mothers exposed to BPA and E2 presented different expression pat-
terns of inflammatory markers TNFa, COX-2, and p-STAT3. For TNFa
(Fig. 5a), control (Fig. 5b) and BPA groups (Fig. 5d) presented lower
rates in comparison to the E2 group (Fig. 5¢) on the 7th day post-
weaning, which showed a high density of positive cells in stroma. This
difference was not observed on the 14th day of involution, when none of
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control group presented cytoplasmic staining (arrows) (j), whereas BPA presented

cytoplasmic (arrows) and nuclear (arrowheads) staining (k). On the 14th day of involution, only cytoplasmic staining was observed in BPA groups (1). Different letters
in a, e, and i indicate statistical differences (p < 0.05) among groups and * indicate differences between involution periods in the same group (|BPA and tBPA:n =5
per subgroups; control: n = 4 per subgroups; E2: n = 3 per subgroups). Scale Bars: (b, h, j) 20 um; (c, d, f, g, h-inset, k, 1) 10 pm.

the groups differed. Furthermore, TNFa positive cells increased in BPA
groups from the 7th to 14th days.

COX-2 positive cells (Fig. 5e) presented a higher incidence on the 7th
day in the control group (Fig. 5f) which decreased on the 14th day. The
expression of COX-2 in mammary gland of mothers exposed to BPA was
lower on the 7th day and increased on the 14th day of involution
(Fig. 5g-h, respectively). Furthermore, COX-2 did not differ statistically
in the E2 group when comparing the 7th and 14th days.

The number of p-STAT3 positive cells (Fig. 5i) remained constant in
the control group (Fig. 5j) but was higher on the 7th than 14th day in the
E2 group (Fig. 5k). BPA groups showed an increase in the incidence of
positive cells between 7 and 14 days of involution (Fig. 51 — |BPA;
Fig. 5m - t1BPA). P-STAT3 expression was present as a cytoplasmic and
nuclear staining (Fig. 5j-m), which were both considered positive during
counts. Lower rates were observed in |BPA on the 7th day, when
compared to 1BPA, E2, and control.

3.8. BPA exposure modulated the recruitment of macrophages and mast
cells during involution

BPA increased the macrophage population, as shown by F4/80
staining (Fig. 6a), from the 7th to 14th days of involution. Macrophages
were scarce in mammary gland tissue on the 7th day in the control
(Fig. 6b) and BPA groups and abundant in E2 (Fig. 6¢). On the 14th day
of involution, |BPA presented a high increase in the active macrophage

population (Fig. 6d). From the 7th to the 14th days of mammary
regression, the macrophage population drastically decreased in E2.
BPA promoted a marked enhancement in mast cell numbers from 7 to
14 days (Fig. 6e). Mast cells in BPA groups were found in epithelial,
adipose tissue, and stromal compartments (Fig. 6f, g, and h, respec-
tively). In BPA groups, mast cells were present at intact and degranu-
lated stages. The control group did not present differences between 7
and 14 days. Mast cell recruitment presented opposite modulation in E2
in comparison to BPA, being higher on the 7th than on the 14th day.

4. Discussion

The present experiment revealed that xenoestrogen exposure during
the gestational/lactational periods impacts not only neonates’, but also
the mothers” mammary gland homeostasis in the short-term. Histo-
chemical analysis showed that the normal regression process of the
mammary gland is impacted by exposure to BPA and E2, in terms of
epithelial and stromal occupation (cells and ECM). Allied to this, the
immunohistochemical approach showed that ECM remodeling mecha-
nisms are also impacted by these disruptors in terms of MMPs and FAP
expression. Furthermore, indices of cell proliferation and death, as well
as inflammatory marker expression, are impacted by this exposure. A
schematic representation of the results and discussion is provided in
Fig. 7.
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Fig. 5. Inflammatory markers during mammary gland involution. (a) TNFa positive cells (mean + SEM). On the 7th day, the control group presented low positive
cells (b), whereas the E2 group presented high rates of TNFa expression (c). |BPA group showed sparse positive cells (d). (e) COX positive cells (mean + SEM).
Control group presented high rates on the 7th day (f). |BPA group showed the lowest rates on the 7th day (g), and a drastic increase on the 14th day (h). (i) p-STAT3
expression during involution (mean + SEM). Arrows indicate stromal cells with cytoplasmic staining in control on the 14th day (j) and E2 on the 7th day (k). Besides
stromal cells, |BPA (1) and tBPA (m) presented epithelial cells with nuclear staining (arrowheads). Different letters in a, e, and i indicate statistical differences
(p < 0.05) among groups and * indicate differences between involution periods in the same group (|BPA and 1BPA: n = 5 per subgroups; control: n = 4 per sub-
groups; E2: n = 3 per subgroups). Scale Bars: (b, ¢, g, h, 1, m) 10 um; (d, f, j, k, n, o, p) 20 pm.

4.1. BPA accelerates the mammary gland involution

We have previously described the physiological regression process of
Mongolian gerbil mammary gland (Leonel et al., 2017). In that manu-
script, the 3rd and 5th post-weaning days were morphologically char-
acterized, and the events of the regression period occurred in a fast
manner in comparison to gestational development. One limitation of the
present study was that we only analyzed a later period of mammary
involution, not describing the possible negative impacts in this first
phase (3-5 days post-weaning). These differences could be relevant
when associated with exposure to different exogenous estrogenic agents,
such as BPA and E2. This relevance is noteworthy in the experimental
model applied, which presents neoplasia in hormone-responsive glands
and age-related estrogenic sensibilization (Custodio et al., 2008). Based
on these results, for better evaluation of the impacts caused by endocrine
disruption during gestation and lactation, here we focused on longer
involution periods.

The control group showed a reduction in the epithelial compartment
between 7 and 14 days, but this was not observed in the BPA groups.
This was due to an increase in the apoptotic rate in the epithelial
compartment, resulting from high expression of apoptotic proteins such
as p-STAT3 and active caspase-3. These proteins are responsible for the
initiation of breast involution after milk stasis (Jena et al., 2019), which
occurs through the recruitment of phagocytes for tissue remodeling
(Hughes et al., 2012) and apoptosis in the epithelial compartment
(Chapman et al., 1999; Sargeant et al., 2014).

The second phase of the involution is influenced by the events from

the first phase (Hughes and Watson, 2012). At this stage, a physiological
ECM remodeling occurs, interfering with the epithelium dynamics and
leading to a second apoptotic wave of the compartment (Watson, 2006).
E2 exposure led to an epithelial apoptosis delay related to an estrogenic
effect (Warri et al., 2018). However, in the BPA groups, a 2-fold increase
was observed in cell death rates in comparison to control. The BPA
dose-dependent caspase-3 activity was induced by TGF-f1, which was
previously described to establish an apoptotic process (Bailey et al.,
2004). This mechanism is often associated with oncogenic activation in
tumoral cells (Zhang et al., 2006) supported by an inflammatory
microenvironment (Fouad et al., 2014). Our results show that when
epithelial cells are subjected to disruption by BPA, they deregulate the
cycle by an increase in cell proliferation and in expression of the
apoptotic cascade. Thus, it is probable that BPA endocrine deregulation
occurs from different cell responses to tissue physiological processes,
increasing the sensitivity of mammary gland to hormones and growth
factors (Ayyanan et al., 2011; Pupo et al., 2012).

Our results suggest that BPA reprograming of the epithelial cell cycle
(Dairkee et al., 2013) extended cell survival time and enhanced lesions,
being a hallmark for mammary cancer (Tarullo et al., 2020). In addition,
the myoepithelial layer rupture, observed in BPA exposed glands, is an
opportunity for invasive ductal carcinoma progression in the mammary
gland (Allred et al., 2008). Nevertheless, despite a non-monotonic BPA
impact, as previously described (Montévil et al., 2019), p-STAT3 was the
main protein that presented different levels of expression in the tissue
under low doses of BPA.
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Fig. 6. Macrophage and mast cell incidence during mammary gland involution. (a) Macrophage density (cells/mm2) (mean + SEM). Macrophages were found in the
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epithelial compartment (inset). (e) Mast Cell density (cells/mm2) (mean + SEM). (f-h) Mast cells population: epithelial compartment (f), adipose tissue (g), and in
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(p < 0.05) among groups and
groups; E2: n = 3 per subgroups). Scale Bars: (c-g) 10 um; (h-n) 20 pm.

4.2. BPA alters the stromal compartment and extracellular remodeling
proteins in mammary gland during involution

After elimination of epithelial apoptotic cells, stem cells proliferate
to reconstruct the epithelium of involuted structures, i.e., terminal-end
buds and primary ducts (Maller et al., 2010; Wang et al., 2010).
Stroma aids in polarity organization of these cells (Boyd et al., 2007) and
is regulated by the estrogenic pathway, which led to a softness condi-
tion. Contrarily, findings of BPA groups suggest a stiffness condition.
This failure to decrease collagen deposition in mothers treated with BPA
may impact the process of breast regression (Simian et al., 2009). Under
E2 exposure, ECM softness is promoted by enhanced FAP expression.
During involution, fibroblasts and other stromal cells are responsible for
the synthesis of proteinases that rearrange the collagen network (Dzic-
gelewska and Gajewska, 2019). FAP is recognized as a marker for
reactive stromal cells (RSC) and carcinoma-associated fibroblasts (CAFs)
(Jacob et al., 2012). Despite the absence of differences in the incidence
of stroma in the E2 compared to control group, the increase in FAP
positive cells may indicate the presence/activation of CAF and RSC,
which is favored by the recruitment of macrophages (Tchou et al.,
2013). Furthermore, the expression of MMPs in E2 and {BPA was sup-
ported by higher expression of p-STAT3 (Yuan et al., 2017).

The establishment of a collagen-rich microenvironment in post-
partum contribute to pro-tumoral development during breast involution
(Provenzano et al., 2006). This invasive condition is promoted by
fibrillar collagen, but not by a degraded collagen matrix (Lyons et al.,
2011). In the E2 group, however, the presence of FAP determines a
degradation activity. The fibrotic phenotype in mammary gland was
supported by COX-2 upregulation (Lyons et al., 2011) in BPA groups,
mainly on the 14th day of involution.

4.3. BPA aggravates inflammation during mammary gland involution

The expression of inflammatory markers in BPA groups presented an
opposite pattern from that observed in control and E2 groups. STAT3 is a
first phase marker of mammary gland involution, as previously

* indicate differences between involution periods in the same group (IBPA and 1BPA: n = 5 per subgroups; control: n = 4 per sub-

described (Jena et al., 2019). STAT3 expression is modulated by BPA
exposure (Huang et al., 2019) and promotes cell proliferation, typical of
breast cancer (Nair et al., 2020). Mammary glands exposed to BPA
presented high proliferative activity at 7 days, when p-STAT3 expression
was low. However, at 14 days of involution, BPA acts by increasing
STAT3 phosphorylation, and hence, decreasing cell proliferation. Of
note, BPA exposure can trigger a switch in p-STAT3 and STAT3
expression (Canesi et al., 2005) that could increase the risk of primary
breast cancer (Shafei et al., 2018).

E2 is more efficient in binding to estrogen receptors than BPA
(Sheehan, 2000). This possibly explains the earlier impacts of E2
exposure (7th day of involution) in the expression of inflammatory
markers, being opposite to BPA. The early inflammatory effect promoted
by E2 is modulated by TNFa (Xu et al., 2017) and comprises macrophage
and mast cell recruitment (Need et al., 2014). However, the significant
increase in the incidence of these cells between 7 and 14 days in BPA
groups indicates substantial modulation of the inflammatory process
(Hennigar et al., 2015), not related to involution. TNFa is a
pro-inflammatory cytokine that participates in innate immune response
(Perkins, 2007) and is expressed by macrophages when exposed to BPA
(Liu et al., 2014).

COX-2 increase in the mammary gland is related to induced-
inflammation due to cytokines and hormonal stimuli (Wallace et al.,
2019). If its expression is upregulated, it inhibits epithelial cell prolif-
eration and apoptosis (Lu et al., 2005). This inhibition was observed in
mammary glands exposed to BPA. In fact, COX-2 is related to chronic
inflammation and increases due to high rates of TNFa (Hugo et al.,
2015). Post-weaning mammary involution itself is a natural inflamma-
tory microenvironment (Lyons et al., 2011). Thus, enhancement of in-
flammatory markers represents a risk for post-gestational neoplasia and
tumor development (Wallace et al., 2019). Considering this suggestive
pro-tumoral microenvironment, BPA modulates the expression and,
consequently, the activity of COX-2 in immune-cell recruitment and
ECM fibers (Wallace et al., 2019), which may contribute to tumor
progression.
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Fig. 7. Morphological features of
mammary gland during involution
under normal conditions, estradiol, and
BPA disruption on 7th and 14th days
post-weaning. (a) In a physiological
situation, on 7th post-weaning day
epithelial cells are apoptotic and stro-
mal cells, such as macrophages and
immune cells, express cytokines and
COX-2. On the 14th day, the fat pad is
reestablished and proliferative activity
(PHH3-positive cells) takes place in the
epithelial compartment; collagen fibers
increase as well. (b) On the 7th day E2
exposure increases proliferation of
epithelial cells and the stromal
compartment is remodeled by MMP-2,
which enhances the expression of
TNFoa by inflammatory cells, such as
mast cells. On the 14th day, E2 induces
the presence of apoptotic cells in
epithelium and FAP expression in stro-
mal reactive cells. (¢) BPA modulates
the epithelial compartment through an
imbalanced proliferative and apoptotic
process on the 7th day, and the stromal
compartment is remodeled by MMP-2
and MMP-9. Immune cells express
TGFp in stroma. On the 14th day, TGFp
recruits mast cells, which express COX-2
and TNFa as well as immune cells and
macrophages. P-STAT3 is upregulated
in both stages in BPA exposed mam-
mary gland.
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4.4. BPA recruits mast cells and macrophages during mammary gland
involution

Tissue macrophages are recruited in involution to phagocyte the
epithelial cells in the apoptotic process, but decrease in number during
late involution (Dawson et al., 2020). These cells express MMP-9 (Zollo
et al., 2014) in response to the estrogenic pathway, and TNFa, which
acts as a signal for new recruitment and activation of pro-inflammatory
cells (Fleming et al., 2012). E2 stimulated the recruitment of macro-
phages on the 7th day. Contrarily, BPA showed a late effect, related to

the increase in TNFo from 7th to the 14th day. Another factor that could
contribute to macrophage infiltration in BPA groups is the high
expression of p-STAT3 (Stein et al., 2003). STAT3 expression changed in
|BPA and 1BPA groups from the 7th to 14th day and could stimulate this
infiltration by the cited pathway. These inflammatory features and
expression of MMPs contribute to create and amplify a suggestive
tumorigenic microenvironment by enhancing the macrophage popula-
tion in BPA groups (Fleming et al., 2012; Xu, 2017).

TGF-f1 is a chemotactic protein for monocytes (Zollo et al., 2014)
and mast cells (Ramirez-Valadez et al., 2017). The increased expression
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in BPA groups on the 7th day of mammary gland involution was fol-
lowed by a drastic enhancement in these cell numbers on the 14th day.
Elgert and colleagues (1998) associated the loss of antitumoral macro-
phage activity with TGF-f1 enhancement in tissue, similarly to the
mammary gland microenvironment described here on the 7th day in
BPA groups. These macrophages could contribute to cancer progression
and are found early in breast tumors (Dawson et al., 2020).
Tumor-associated macrophages (TAMs) are a myeloid cell type recruited
by the tumor site to produce an inflammatory microenvironment for
cancer progression and metastasis (Mao et al., 2018; Wani et al., 2014).
In the present study, BPA groups showed a correlation of chemo-
attractant protein TGF-B1 on the 7th day, which allowed the infiltration
of TAMs. p-STAT3 in turn supported their recruitment and activation
(Clarkson et al., 2006), as observed by the enhancement in COX-2
expression (Gan et al., 2016).

Mast cells trigger the interaction between epithelium and stromal
compartments (Durando et al., 2006) and stimulate proliferation in
ductal epithelium and the development of carcinoma in situ. Both events
were observed in BPA groups during involution (7th to 14th day). As
discussed above, the proliferative-apoptotic balance of involution is
impaired by BPA exposure and has been deployed in a suggestive pre-
neoplastic and inflammatory microenvironment. Furthermore, the in-
crease in TNFo expression in the E2 group explains the reduction in mast
cell numbers, since this is a cytokine that regulates the local degranu-
lation of mast cells in involution (Ramirez et al., 2012).

Exposure to E2 induces a pro-invasive microenvironment, while BPA
promotes a fibrotic and inflammatory phenotype. Even though BPA and
E2 act in similar pathways, our study showed that inflammatory re-
sponses — i.e., recruitment of mast cells and macrophages, proliferation/
apoptosis — were opposite between 7 and 14 days of involution. Thus,
compared to E2, BPA acts in several other pathways to alter the normal
and synthetic-sensitized tissue. This evidence brings to light a perspec-
tive for future analysis: estrogenic receptor expression could unveil
much of what is still to be clarified, since their affinity varies according
to the estrogenic compound. Exposure during the pregnancy and lacta-
tion windows of susceptibility induce a progression of features related to
the increase in breast cancer incidence (Shafei et al., 2018). BPA expo-
sure contributes to different types of breast cancer (Engin and Engin,
2021) and neoplasia (Sprague et al., 2013) development. The exposure
period of the present study should be taken into consideration as a
trigger point of pro-tumoral establishment.

5. Conclusion

Gestational and lactational exposure to BPA appears to be crucial for
progression of a suggestive pro-tumoral feature and microenvironment
of mammary gland, which potentially aggravate the risks of cancer
development. The epithelium and stroma of mammary gland during
regression (Fig. 7a) negatively respond to E2 (Fig. 7b) and BPA (Fig. 7c)
exposure. This pro-tumoral microenvironment is depicted by variations
in cell death and proliferation indices and in expression of inflammatory
markers, which promote a favorable cancer microenvironment.
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