Ecotoxicology and Environmental Safety 188 (2020) 109918

Contents lists available at ScienceDirect

ECOTOXICOLOGY
ZENVIRONMENTAL
SAFETY

Ecotoxicology and Environmental Safety

journal homepage: www.elsevier.com/locate/ecoenv

Impact of perinatal bisphenol A and 17 estradiol exposure: Comparing R

Check for

hormone receptor response Updates

Ellen Cristina Rivas Leonel®, Silvana Gisele Pegorin Campos’, Luiz Henrique Alves Guerra®,
Carolina Marques Bedolo?, Patricia Simone Leite Vilamaior®, Marilia Freitas Calmon?,
Paula Rahal”, Christiani Andrade Amorim*®, Sebastiao Roberto Taboga™"

2 Department of Biology, Institute of Biosciences, Humanities and Exact Sciences, Sdo Paulo State University (UNESP), Rua Cristévdo Colombo 2265, Jardim Nazareth,
15054-000, Sdo José do Rio Preto, Sdo Paulo, Brazil

b Federal University of Sdo Jodo del Rei (UFSJ), Campus Centro Oeste Dona Lindu, Avenida SebastiGo Gongalves Coelho, 400, Bairro Chanadour, 35501-296, Divindpolis,
Minas Gerais, Brazil

¢ Laboratory of Gynecology, Institute of Experimental and Clinique Research, Université Catholique de Louvain (UCL), Avenue Mounier 52, Bte B1.52.02, 1200, Brussels,
Belgium

ARTICLE INFO ABSTRACT

Hormonal regulation controls mammary gland (MG) development. Therefore some hormone-related factors can
disrupt the early phases of MGs development, making the gland more susceptible to long term modifications in
its response to circulating hormones. Endocrine disruptors, such as bisphenol A (BPA), are able to cause al-
terations in hormone receptor expression, leading to changes in the cell proliferation index, which may expose
the tissue to neoplastic alterations. Thus, we evaluated the variations in hormone receptor expression in the MG
of 6-month old Mongolian gerbils exposed to BPA and 17f estradiol during the perinatal period. Receptors for
estrogen alpha (ERa), beta (ERP), progesterone (PGR), prolactin (PRL-R), and co-localization of connexin 43
(Cx43) and ERa in gerbils were analyzed, and serum concentrations of estradiol and progesterone were assessed.
No alterations in body, liver, and ovary-uterus complex weights were observed. However, there was an increase
in epithelial ERa expression in the 17( estradiol (E2) group and in PGR in the BPA group. Although im-
munohistochemistry did not show alterations in ERP expression, western blotting revealed a decrease in this
protein in the BPA group. PRL-R was more present in epithelial cells in the vehicle control (VC), E2, and BPA
groups in comparison to the intact control group. Cx43 was more frequent in E2 and BPA groups, suggesting a
protective response from the gland against possible malignancy. Serum concentration of estradiol reduced in VC,
E2, and BPA groups, confirming that alterations also impacts steroid levels. Consequently, perinatal exposure to
BPA and the reference endogenous estrogen, 17 estradiol, are able to increase the tendency of endocrine
disruption in MG in a long term manner, since repercussions are observed even 6 months after exposure.
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1. Introduction

The rise in human innovation and consequent industrialization ne-
cessitate technological adaptations. The development of practical ma-
terials, particularly plastic, was revolutionary and its benefits are un-
deniable in different areas, such as industry, medical compounds, and
commodities (Kumar, 2018). However, the manufacturing of plastic
must be rethought, according to the UN World Environment Day Out-
look 2018, since huge amounts of plasticizers, elements added to
polymeric materials that assist its processing and formulation (Pereira
et al., 2015) are applied. The widely adopted compound bisphenol A
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(BPA) is frequently used for the manufacture of plastic and synthesis of
epoxy resins (Andrady and Neal, 2009; Hoekstra and Simoneau, 2013).

BPA is known as an endocrine disruptor due to its capacity to mimic
the effects of endogenous hormones (Taylor et al., 2011). It is also
classified as a xenoestrogen, due to its capacity to bind to estrogen
receptors (ERs) (Wetherill et al., 2007). Because of its structure, BPA is
able to bind both ERa and ERp. Since these are transcription factors,
after ligand binding these receptors migrate to the nucleus, aiming to
regulate the expression of estrogen target genes (Ascenzi et al., 2006).
However, the post binding conformation of ERs may change according
to the ligand, in such a way that xenoestrogens may promote
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“inappropriate” binding (Acconcia et al., 2015). These receptors play an
important role in the growth and maintenance of a variety of tissues:
mammary gland (MG), uterus, bone, and cardiovascular system
(Delfosse et al., 2014). Both, ERa and ERf are present in the MG and
exert different functions. As a result, the proliferative and anti-pro-
liferative effects of ERa and ERJ, respectively, may be disturbed due to
impacts in the balance between their functions (Acconcia et al., 2015).
Besides binding to ERs, BPA also exerts an impact in the expression of
these receptors (Somogyi et al., 2016).

In addition, progesterone (PGR) (Krishnan et al., 1993; Li et al.,
2016; Munoz-de-Toro et al., 2005), androgen (Delfosse et al., 2012),
growth hormone (Dang et al., 2009), and thyroid hormone receptors
(Somogyi et al., 2016) may also be disrupted by BPA exposure. Some
PGR dependent uterine functions have shown to be altered after pro-
longed BPA exposure (Li et al., 2016), affecting embryo implantation
and decidualization during early pregnancy. In rats perinatally treated
with BPA, increased induction of hormone function key mediators was
observed (Durando et al., 2011). Prolactin release has also been de-
monstrated to be altered by BPA, since it mimics estradiol in inducing
hyperprolactinemia after binding to ERs in the pituitary (Steinmetz
et al., 1997).

It has been confirmed that even when xenoestrogen exposure occurs
in the first stages of development, long term effects are present, with
the adult individuals still being vulnerable to the consequences of
perinatal exposure (Durando et al., 2006; Gomez et al., 2019; T.D et al.,
2019; Munoz-de-Toro et al., 2005). This effect is known as estrogenic
imprint due to the long term consequences of estrogen exposure (Perez
et al., 2016; Prins et al., 2007). Despite acting through different path-
ways, 17 estradiol has a more potent effect (Nomiri et al., 2019) since
its estrogenic activity at a concentration of 10 8 M is similar to that of
BPA at a concentration of 10~ ®M (Hiroi et al., 1999). Thus, we used
17 estradiol as an endogenous estrogen control reference. Therefore,
in this work we verified the influence of perinatal BPA and 17f3 estra-
diol exposure in the expression of hormonal receptors in the MGs of
adult Mongolian gerbils, verifying alterations in hormone response later
in life.

2. Material and methods
2.1. Ethics statement and environment

The procedures described for these experiments were conducted
according to the standards defined by the National Council of Animal
Experiment Control (CONCEA, Brazil, www.mctic.gov.br) and were
approved by the Ethics Committee on the Use of Animals (CEUA) from
IBILCE/UNESP (protocol number 113/2015). The animals were main-
tained in a BPA free isolator (Alesco, Monte Mor, SP, Brazil), placed in a
rack with ventilation, in a controlled environment: room temperature of
23-26 °C, 50% relative humidity, and light/dark cycle of 12/12 h. Fresh
water and a commercial chow (Presence, Paulinia, SP, Brazil) were
provided ad libitum to all animals during the experiment. Before the
experiment began, female Mongolian gerbils (Meriones unguiculatus)
were housed with fertile males. Pregnancy was confirmed through the
presence of sperm cells in the vaginal smears — pregnancy day 1. The
offsprings obtained from treated pregnant/lactating animals were the
focus of this experiment and were maintained under the same en-
vironmental conditions until euthanasia was performed.

2.2. Animals and experimental design

The pregnant gerbils were divided into four groups (n = 5). The first
group was kept as the intact control group (C) and did not receive any
treatment. The exposed groups were as follows: (VC) only corn oil
(vehicle control; Mazola, Mairinque, SP, Brazil) daily; (E2) 17 estra-
diol (E8515, Sigma Aldrich, St. Louis, USA) 35ug/kg (Pinto et al.,
2008) diluted in 0.1 ml corn oil 3 times/week; and (BPA) 50 pg/kg BPA

Ecotoxicology and Environmental Safety 188 (2020) 109918

(239,658, Sigma Aldrich, St. Louis, USA) diluted in 0.1 ml corn oil daily
(Vandenberg et al., 2012). The treatments were performed in the mo-
thers from the 8th gestational day until the end of lactation (46 days of
treatment); it was suspended only on the parturition day. The gavage
was always performed during the morning (8-10 a.m.).

After weaning, one female from each offspring was randomly
chosen and used for analysis (n = 5); other individuals obtained in the
same offspring group were used in other experiments. The selected fe-
males were maintained under the previously described conditions until
reaching 180 days of age. After this period, they were anesthetized with
xylazine (3mg/kg) and ketamine (10 mg/kg) and euthanized by de-
capitation. The euthanasia procedures were performed during the
morning with the animals in the estrous phase of the cycle, indicated by
vaginal smears.

2.3. Biometrical analysis

During the euthanasia procedure, the body weight was evaluated
before decapitation. After dissection, the weights of the liver and ovary-
uterus complex were obtained; the relative weight of these organs was
calculated as a proportion, dividing the organ weight by the body
weight. The organs were further evaluated for the possible presence of
macroscopic lesions.

2.4. Histological processing and cytochemical staining

The MGs were collected for morphological and im-
munohistochemical (IHC) analysis. The right abdominal gland was
carefully removed and immediately fixed in paraformaldehyde 4% for
24 h. Next, samples were transferred to ethanol 70% and histologically
processed under a semi enclosed system (TP1020, Leica Biosystems,
Buffalo Grove IL, USA). The paraffin blocks were sliced (4 um thick) and
the cuts placed on glass slides. Cytochemical staining was performed
with hematoxylin and eosin (HE) for general morphological evaluation
of the mammary tissue.

2.5. Immunohistochemistry

The primary antibodies used were anti-ERa (ERa, rabbit polyclonal,
IgG, MC-20, sc-542, Santa Cruz Biotechnology, Dallas, TX, USA); anti-
ER( (ERB, mouse polyclonal, IgG2a, B-1, sc-390243, Santa Cruz
Biotechnology, Dallas, TX, USA); anti-PGR (Alpha PR6, mouse mono-
clonal, IgG2a, GTX22765; GeneTex, Irvine, CA, USA), and anti-PRL-R
(Anti-Prolactin receptor U5, mouse monoclonal ab2772, Abcam,
Cambridge, UK). Details on the solutions and protocols adopted are
described in the Supplementary Table 1. In summary, antigen retrieval
was performed, endogenous peroxidases were blocked by immersing
the slides in 3% H,0, at room temperature, and nonspecific proteins
were blocked. The sections were incubated overnight at 4 °C with pri-
mary antibodies then secondary antibodies were applied for 1 h at room
temperature. Positive staining was detected by using 3-30’-diamino-
benzidine tetrahydrochloride (DAB) chromogen (NovolinkMaxDAB,
RE7270-CE, Leica Biosystems, Buffalo Grove IL, USA) and counter-
stained with Mayer's hematoxylin.

Double IHC was also performed to check the concurrent expression
of connexin 43 (Cx43) and ERa in cells of different MG compartments
between the groups. For this protocol, slides were subjected to antigen
retrieval in citrate buffer 0.1 M (75 min at 98 °C), endogenous perox-
idase blockage in 0.3% H,0, (30minat RT), endogenous biotin
blockage (Avidin/Biotin blocking system, SP-2001, Vector Laboratories,
Burlingame, CA, USA), inhibition of unspecific proteins with protein
concentrate stock solution (Mouse on Mouse basic KIT, BMK-2202,
Vector Laboratories, Burlingame, CA, USA), and incubation with first
primary antibody (1:100, mouse anti-connexin 43,CXN6, sc-59949,
Santa Cruz Biotechnology, Dallas, TX, USA) at 4 °C overnight. A sec-
ondary anti-mouse biotinylated antibody (rabbit anti-mouse E0464,
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Dako, Santa Clara, CA, USA) was used. The slides were then incubated
with DAB for staining of Cx43. Immediately after, a second inhibition of
unspecific proteins was performed, then the protocol was repeated: ERa
antibody (1:250 rabbit monoclonal, NB300-560, Novus Biologicals,
Centenial, CO, USA) was used for incubation overnight at 4 °C, sec-
ondary antibody coupled to alkaline phosphatase (1:100 goat anti-
rabbit IgG H&L, ab97048, Abcam, Cambridge, UK) was applied for
60 min at RT and the revelation was performed with fast red (TR/
Naphthol AS-MX Tablets, F4648, Sigma Aldrich, St. Louis, MO, USA).

2.6. Quantification of cell expression and intracellular localization of
hormonal receptors

For ERa, ERpP, and PGR, 6 random fields per animal (n =5, 30
fields/group) were digitized (400 x magnification) using a Bx61VS
camera (Olympus Corporation, Tokyo, Japan) coupled to an Olympus
VS120 Virtual Microscope Slide Scanning System (VS120-S5) from the
same company. The relative frequency of epithelial cells with positive
nuclei was calculated in the MG secretory epithelium. The percentage
was calculated by dividing the number of positive nuclei by the total
number of cells counted. The results were expressed as percentages.

2.7. Protein expression in mammary gland samples (western blotting)

The left abdominal MG was removed and frozen at —80 °C and the
protein content extracted with a lysis buffer according to the protocol
described by Li et al. (2010). In summary, samples were smashed and
left for extraction (CelLytic MT cell lysis reagent, C3228, Sigma Aldrich
St. Louis, MO, USA) at 4°C during 1 h under agitation. The protease
activity was blocked by adding an inhibitor (Protease Inhibitor Cock-
tail, P8340, Sigma Aldrich, St. Louis, MO, USA), then the samples were
centrifuged for 20 min at 14,000 rpm, 4 °C. For quantification of protein
concentration, a BCA Protein Assay Kit (Pierce BCA Protein Assay Kit,
23,227, Thermo Fischer Scientific, Rockford, IL, USA) was used and the
absorbance was read in a microplate reader (SPECTROstar Omega,
BMG Labtech, Ortenberg, Germany). The extracts were stored at
—80 °C until analysis.

ERa, ERJB, and PGR were quantified in MG samples by western
blotting. A total protein amount of 15 pug was placed in each well in the
SDS page gel and subjected to electrophoresis (90 V for 120 min). The
bands were transferred (100 V for 1 h) to a nitrocellulose membrane
(Amersham Protram, 10,600,003, GE Healthcare, Darmstadt,
Germany). Blots were blocked using skimmed milk 5% in TBS +0.1%
Tween (TBSt) for 1 h at room temperature. Overnight incubation under
agitation with anti-ERa, ERf, PGR (previously described), and GAPDH
(mouse monoclonal MB374 Millipore, 1:10,000) diluted in skimmed
milk 1% in TBSt was performed. Subsequently, the membranes were
washed in TBSt and incubated at room temperature for 1 h under agi-
tation with horseradish peroxidase conjugated secondary antibodies
(1:10,000 rabbit anti-mouse ab6728, Abcam, Cambridge, UK, or
1:10,000 goat anti-rabbit 115-035-144, Jackson Immunoresearch,
Jannersville, PA, USA). After washing the membranes, antibody de-
tection was revealed with ECL Substrate Pierce (32,109,
ThermoFischer, Rockford, IL, USA) and Super Signal (34,094,
ThermoFischer, Rockford, IL, USA) reagents. The membranes were re-
vealed in an imaging system machine (ChemiDoc MP, BioRad,
Hercules, CA, USA) and the band densities were analyzed in a densi-
tometry program — Image J (version 1.52a, Wayne Rasband, NIH, USA).

2.8. Hormonal analysis

Blood was collected from the neck immediately after decapitation.
Samples were centrifuged (1200 g, 20 min) and the serum was stored at
—80 °C for later hormonal analysis. Estradiol and progesterone were
quantified in duplicate by capture/sandwich ELISA using specific
commercial kits, according to the manufacturer's instructions (estradiol
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EIA Kit, 582,251, Cayman Chemical Company, Ann Arbor, MI, USA and
progesterone Accu-Bind ELISA Microwells, 4825-300, Monobind Inc.,
Lake Forest, CA, USA). The readings were performed in a
SpectraMaxPlus 384 microplate reader (Molecular Devices, San Jose,
CA, USA).

2.9. Statistical analysis

Statistical analyses were performed using GraphPad Prism 5.00 for
Windows (GraphPad Software, San Diego, CA, USA, www.graphpad.
com). First, the data were checked for normality using the Kolmogorov-
Smirnov test. Parametric data were analyzed by one-way ANOVA fol-
lowed by Tukey's test. For non-parametric data, the Kruskal-Wallis test
followed by Dunn's test was adopted. Differences were considered sta-
tistically significant when p < 0.05.

3. Results
3.1. Influence of disruptors on biometric parameters

The administration of compounds to mothers during gestation and
lactation did not interfere in the weight of the body, ovary-uterus
complex, or liver of daughters at 6 months of age (Table 1). Macro-
scopic lesions were not found either.

3.2. Influence of disruptors on hormone receptor expression and
localization (immunohistochemistry)

The percentages of cells with positive nuclear staining are shown in
Table 2. ERa increased in the E2 group (34.7 = 3.4) in comparison to
the C group (21.6 * 2.8); the values found for VC and BPA groups did
not demonstrate any differences in comparison with other groups
(Fig. 1B). The percentages of ER[} positive cells, however, did not
present any differences between the groups (Fig. 1D). The incidence of
PGR (Fig. 1F) positive cells was higher in the BPA (21.4 = 3.1) in
comparison to the C group (8.2 + 0.5).

The oscillating pattern of PRL-R expression did not allow for stan-
dard quantification of this protein. Thus, an evaluation of its expression
pattern in both epithelial and stromal compartments between the
groups was performed. The samples from C group showed PRL-R ex-
pression as an intense staining in cells from the adipose tissue (Fig. 2A).
In this group, the secretory structures only showed positive staining in
the fibroblasts (Fig. 2B), being rare in epithelial cells. In adipose tissue,
only some fibroblasts (arrowheads) were positive (Fig. 2C), while adi-
pocytes (arrows) did not stain for this protein (Fig. 2D). In the VC
group, usually epithelial cells were positive for PRL-R; the epithelial
staining, however presented a different pattern in comparison to fi-
broblasts, being diffuse and badly delimited (Fig. 2E). Both the E2 and
BPA groups showed positive epithelial cells with the same pattern as
seen in VC: the E2 group (Fig. 2F), however, apparently showed less

Table 1
Biometric data of Mongolian gerbils from Control (C), Vehicle Control (VC),
Estradiol (E2) and Bisphenol A (BPA) groups. Data shown as mean + SEM.

C vC E2 BPA
Body weight (g) 71.6 = 4.8 70.6 = 1.5 68.5 = 2.3 72.4 = 2.4
Ovary-Uterus (g) 0.26 = 0.04 0.27 = 0.03 0.24 = 0.04 0.28 = 0.03
Ovary-Uterus 3.63 = 0.36 3.83 = 0.52 3.51 = 0.59 3.88 = 0.44
relative
x1073)
Liver (g) 268 = 0.17 274 = 0.15 265 = 0.11 3.01 = 0.13
Liver relative 378 = 0.25 3.86 = 0.15 3.88 = 0.12 412 = 0.11
x107?)

Parametric data: liver and liver relative weight; non-parametric data: ovary-
uterus and ovary-uterus relative weight.
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Table 2

Percentages of positive cells for ERa, ERB and PGR in the epithelium of
Mongolian gerbils mammary gland from the Control (C), Vehicle Control (VC),
Estradiol (E2) and Bisphenol A (BPA) groups. Data shown as mean * SE.
Asterisks indicate different results from the C group.

C vC E2 BPA
ERa 21.6 = 2.8 30.7 = 2.1 34.7 + 3.4 31.2 = 29
ERPB 50.9 = 6.3 63.9 = 6.3 57.3 = 9.1 47.1 = 6.7
PGR 8.2 = 0.5 11.7 = 2.2 155 £ 2.3 21.4 = 3.1%

ANOVA was followed by Tukey's test for ERa and ERP analysis (parametric
data), and Kruskal-Wallis was followed by Dunn's test for PGR analysis (non-
parametric data).

areas of positive epithelium in comparison to BPA (Fig. 2G). Although
positive cells in adipose tissue were present in all groups, they were
clearly less frequent in E2 and BPA samples.

ERa

ERB

PGR
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3.3. Influence of disruptors on co-localization of ERa and connexin 43

Mlustrative pictures of double IHC reaction for ERa and Cx43 are
shown in Fig. 3. It was observed that Cx43 was constantly present in
cells negative for ER-a. The expression of Cx43 was always cytoplasmic,
present only in the periductal region; ER-a was predominantly nuclear,
despite some rare staining being present in the cytoplasm of some cells
(Fig. 3B’). Although no quantification was performed, higher avail-
ability of Cx43 cells was present in the treated groups, especially the
BPA group.

3.4. Influence of disruptors on protein expression (western blotting)
The quantifications of estrogen and progesterone receptor protein
expression are shown in Fig. 4. For ERa, a similar pattern as that ob-

served in the IHC quantification was present: an increase from C to E2
and a lower concentration in BPA groups. Despite this similarity, the

p=0.03

30+

20+

% Positive cells

10+

O

60+

% Positive cells
8

204

-

304

204

% Positive cells

C vC E2 BPA

Fig. 1. Photomicrographs of nuclear receptors ERa (A, Estradiol group), ERP (C, Vehicle Control group), and PGR (E, Bisphenol A group) immunostaining and their
corresponding percentages of positive cells in the epithelium (B, D and F). Values expressed as mean + SEM (ANOVA test followed by Tukey's test in B and D,
Kruskal-Wallis test followed by Dunn's test in F). AT: adipose tissue; MGT: mammary gland tissue. Bars: 25 um in A and E and 20 um in C.



E.C.R. Leonel, et al.

A

Ecotoxicology and Environmental Safety 188 (2020) 109918

Fig. 2. PRL-R staining pattern in the Mongolian gerbil mammary gland from different groups. Control group showed a constant pattern of staining in the adipose
tissue (A), surrounding the epithelial structures (B), specifically in fibroblasts (arrowheads) (C) but not in adipocytes (arrows) (D); in this group the staining of
epithelial cells was rare. Vehicle Control (E), Estradiol (F) and Bisphenol A (G) groups showed epithelial structures usually presenting positive staining of epithelium.

Negative control is shown in (H). Bars: 10 um in B and H, and 20 pm in A, C-G.

relative concentration in BPA was considerably lower in comparison to
VC and E2 groups. ERp also demonstrated lower concentrations in the
BPA, which differed statistically from E2. PGR expression, on the other
hand, did not present differences between the groups.

3.5. Influence on serum estradiol and progesterone

The mean levels of serum estradiol are shown in Table 3. They were
higher in the intact control group (328.8 = 92.45 pg/ml) in compar-
ison to the VC (126.7 = 18.02 pg/ml), E2 (57.06 = 11.16 pg/ml), and
BPA (38.06 + 12.89 pg/ml) groups. However, no differences were
found between the C (4.37 = 1.37ng/ml), VC (7.41 = 1.58 ng/ml),
E2 (3.86 = 1.01ng/ml), and BPA (5.17 = 1.24ng/ml) groups for

serum progesterone (Fig. 5).

4, Discussion

The experiments performed in the present work assessed the protein
expression of ERa, ERP, PGR and PRL-R. In terms of ITHC, we found that
the percentage of cells expressing ERa was higher in the 17f estradiol
group in comparison to the control and that treatment with BPA in-
creased the presence of PGR. Western blotting demonstrated differences
between the BPA and 17§ estradiol groups, not evidenced in the IHC
analysis. Furthermore, different patterns of PRL-R and Cx43 expression
were described among groups. Regarding the serum concentrations of
estradiol, there were significant decreases in all groups in comparison
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Fig. 3. Photomicrographs from Mongolian gerbil mammary gland subjected to double immunohistochemistry with Cx43 (arrows — brown staining) and ERa (double
arrows — pink staining) in Control (A), Vehicle Control (B), Estradiol (C), and Bisphenol A (D) groups. There was no protein expression overlapping in the cells. Some
cytoplasmic staining of ERa was observed (B’). Bars: 20 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

to the intact control. In summary, the findings described above showed
that perinatal exposure to xenoestrogen BPA and 170 estradiol is able to
cause molecular alterations in the MG and fluctuations in the serum
levels of estrogen, suggesting considerable long-term repercussions, as
observed in other experiments (Acevedo et al., 2018; Mandrup et al.,
2013).

Despite the known obesogenic effect of some endocrine disruptors
(Griin and Blumberg, 2006), body weight presented no significant
changes between the groups; in the same way, the ovary-uterus and
liver weights did not change. Contrarily, at 21 weeks of age, rats
showed higher body weight after perinatal BPA treatment (Xia et al.,
2014). Despite this, the authors did not observe any differences in ab-
solute or relative liver weights between treated and control animals, as
seen in our results. Increases in liver weight due to hepatotoxic injuries
may be caused by inflammation related to adduct formation, leading to
hepatic scar depositions in long term or proliferative lesions (Zachary
and McGavin, 2013). In addition, the challenge of BPA metabolism
during fetal life may cause adult metabolic diseases as observed in other
experiments with rodents (Le Magueresse-Battistoni et al., 2018). Our
evaluations suggest that the treatment adopted was not sufficient to
cause these systemic alterations in Mongolian gerbils, not even in terms
of the female reproductive tract, as demonstrated by similar weights of
ovary-uterus complexes.

Contrarily, steroid hormone receptors showed responses to the
treatments. Their expression in mammary tumors is usually a biological
marker for prognosis prediction and treatment decisions. More speci-
fically, ERa and PGR have been linked to breast cancer risk in humans
(Burns and Korach, 2012; Khan et al., 1998). However, the relation of
both receptor expressions was not observed in a study performed a
decade ago, where the authors found that, among postmenopausal
women, breast cancer risk was inversely associated with expression of

ERa and PGR (Lagiou et al., 2009).

In Mongolian gerbils, to date, western blotting analysis of hormone
receptors is limited to some organs, such as the testes (Negrin et al.,
2018) uterus, and stomach (Saqui-Salces et al., 2008); thus, this is the
first description of ERa, ER[}, and PGR protein bands detection in MG in
this rodent species. Bands of 68 kDa were detected for ERa, 56 kDa for
ERp, and 120 kDa for PGR, suggesting the exclusive detection of PGR-B
isoform (Datasheet: Progesterone Receptor antibody [Alpha PR6],
Genetex, 2019). With the exception of ERJ, the other receptors have
been described in gerbils by Saqui-Salces et al. (2008), who could not
detect ERP bands and found 85 kDa PGR bands, indicating PGR-A iso-
form. These differences may have been due to the use of different an-
tibodies and evaluation of different tissues; or, alternatively, this may
represent a specificity of Mongolian gerbils.

In the present experiment IHC analysis showed lower expression of
ERa in the intact control in comparison to the 17f estradiol treated
group; however, no difference was present when compared to the BPA
exposed group. Western blotting, in contrast, was able to evidence that
the slight reduction in ERa expression in the BPA shown by IHC is
significant when the whole tissue is evaluated. Since our IHC quanti-
fication was performed exclusively in the epithelial compartment, it is
possible that the ERa expression in other mammary components was
significantly higher in VC and E2 groups. Indeed, positive cells for ERs
and PGR were present in the stromal compartment. For PGR, no dif-
ferent results were found, showing that this receptor did not vary be-
tween the groups as an effect of BPA or 17f estradiol. ERf3, however,
showed lower expression in BPA treated animals. In terms of human
disease, no correlation was demonstrated for ER} and breast cancer
malignity (Borgquist et al., 2008). Furthermore, the expression pattern
of this receptor tends to be higher in the involution phases, as pre-
viously described for Mongolian gerbils (Leonel et al., 2017), suggesting
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Fig. 4. Relative density of ERa (A), ERp (B), and PGR (C) normalized to
GAPDH, here used as positive control. Same letters above bars indicate similar
results (n = 4 animals per group). Values are expressed as mean + SEM,
p < 0.05 (ANOVA followed by Tukey's test).

that this receptor is not associated with MG proliferation. In fact, it has
previously been stated that ERP serves to facilitate ERa return to the
nucleus, restoring its responsiveness to estrogens (Cheng et al., 2004),
and does not relate to proliferative malignancy of the MG epithelium.
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Table 3

Levels of serum estradiol and progesterone of Mongolian gerbils from the
Control (C), Vehicle Control (VC), Estradiol (E2) and Bisphenol A (BPA) groups.
Data shown as mean *+ SE. Asterisk indicate different result from the C group.

C VvC E2 BPA
Estradiol (pg/ 328.8 + 92,4 126.7 = 180 57.0 = 11.1* 38.0 = 12.8
ml)
Progesterone 43 = 1,3 74 =15 3.8 £ 1.0 51 £ 1.2
(ng/ml)

ANOVA followed by Tukey's test.

Regarding the pattern of expression, in humans, ERa and PGR tend
to be more localized in epithelial cells, whereas ERJ tends to be more
widespread (Burns and Korach, 2012; Li et al., 2010). Our analysis by
IHC and blots showed similar fluctuation patterns for both ERa and ER3
between the groups. However, the statistical difference observed in ERf}
blots between BPA and E2 suggests that this receptor is more expressed
in the non-epithelial compartment of the gland in E2. According to
Paech et al. (1997), the presence of estrogen makes ERa an activator
and ERP an inhibitor of transcription. However, it was suggested that
ERp plays the role of an independent regulator, with distinct cellular
functions (Saji et al., 2000), including a protective role since this re-
ceptor can down-regulate ERa transcription capacity (Paech et al.,
1997). In this line, since ER is normally more abundantly expressed in
rodent MG (Saji et al., 2000), its reduction in the BPA may indicate a
malignant effect caused by perinatal exposure to BPA.

Contrary to estrogen and progesterone receptors, PRL-R showed
different patterns of expression, including nuclear and cytoplasmic re-
activity. Thus, we described its cell localization and compared it with
data previously described in the literature for other species, since no
information regarding Mongolian gerbils was available. The presence of
PRL-R in epithelial cells increases during pregnancy and lactation in the
rat model, suggesting its necessity during proliferation and milk pro-
duction MG phases (Camarillo et al., 2001). In summary, that work
stated that stromal expression of PRL-R did not change among different
developmental stages; epithelial expression, however, considerably in-
creases in pregnancy and lactation, leading one to conclude that pro-
lactin action shifts to epithelium in fully differentiated MG cells. The
constant presence of PRL-R in the fat pad may be explained by its
regulation of lipoprotein lipase (Hang and Rillema, 1997), an important
enzyme for fatty acid metabolism. Further experiments, however, must
be performed on this point of interest to answer this question.

The Cx43 MG malignancy marker, also known as gap junction
protein alpha 1, although normally localized in cell junctions is also
found in vesicles in the cytoplasm and nucleoplasm (Thul et al., 2017).
Even though this protein function is normally a component of gap
junctions, we could not find it in the epithelial cells, as expected. The
idea that Cx43 is linked to MG malignancy (Plante et al., 2011) led us to
evaluate the relation between its expression and that of ERa, a marker
for cells that respond to estradiol and tend to proliferate. However,
Cx43 was only present in cells not expressing ERa, normally present in
epithelial cells. In fact, the family of gap junction proteins, in addition
to intercellular communication, is involved with cell proliferation, cell
differentiation, and the cell homeostasis phenomenon (Hervé et al.,
2007). Previous experiments described the expression of Cx43 in
myoepithelial cells (Pozzi et al., 1995; Yamanaka et al., 1997), sug-
gesting that they were interconnected by gap junctions formed by Cx43.
According to Yamanaka et al. (1997), this expression increases right
after delivery in myoepithelial cells, suggesting an important role of
Cx43 in the lactating process (Plum et al., 2000). The expression of
Cx43 in the Mongolian gerbil MG was present as punctate plaques, as
previously described (Stewart et al., 2013). The presence of Cx43 in the
cytoplasm suggests preparation for cells that will need more contraction
abilities, such as its pattern of expression in the endometrium during
pregnancy, which increases in preparation for birth but is concentrated
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Tukey's test).

in the cytoplasm; at the time of birth, it migrates to the plasma mem-
brane, where it will exert its function (Hendrix et al., 1992). Thus, an
apparent increase in Cx43 positive cells in the BPA may be related to a
protective response of the gland due to a possible risk environment,
since Cx43 is frequently present in stroma of invasive carcinomas
(Jamieson et al., 1998; McLachlan et al., 2007).

Despite some experiments reporting the increase in serum estradiol
after BPA treatment in mice (Xi et al., 2011) and in rats (Fernandez
et al., 2010) we found a considerable decrease in this parameter. Xi
et al. (2011) assume that the effects of perinatal BPA administration
cause alterations in gonad steroidogenesis; however, these authors
evaluated pups, while Fernandez et al. (2010) analyzed the serum from
4 to 5 month old rats. These authors assumed that the high estrogen
levels found were due to the presence of ovarian cysts. These cysts may
increase the serum levels of BPA (Crain et al., 2008) since they may
cause a reduction in BPA clearance (Diamanti-Kandarakis et al., 2009).
The decrease in serum estradiol levels after perinatal treatment with
BPA and ethinyl estradiol has been observed in rats (Patel et al., 2017),
similarly to that described in the present experiment. A presumable
explanation for the increase in estradiol levels in that experiment is the
route of exposure, subcutaneous, which may result in the absorption of
higher levels of BPA in comparison to the oral route. It is important to
state that in our experiment, euthanasia was always performed in the
same phase of the estrous cycle, avoiding changes due to the natural
cyclic variation in hormonal production.

The alterations observed in the VC group were not expected. Despite
this oil has been applied as a vehicle for lipophilic compounds (Bostanci
et al., 2016; Garcia et al., 2015) its long-term effect was closer to the
treated groups in terms of hormone receptor expression and serum le-
vels of estradiol. As previously stated, administration of lipid com-
pounds may cause a stress response (Brown et al., 2000) as well as
alterations in gene expression profiles (Geng et al., 2012). Still, estro-
genic isoflavones are known to be present in genetically modified corn
(Schettler, 2003). It was proposed that n-6 fatty acids present in corn oil
may have developmental impacts (Hilakivi-Clarke et al., 1997). How-
ever the exact identity of substances with hormonal activity present in
corn is still unknown. We believe that corn oil applied alone changed
patterns of protein expression. Experiments aiming to unveil lipophilic
and hydrophilic vehicles mechanism in different tissues are being de-
veloped in our laboratory.

In order to answer the main question of this work, one should
speculate on the results to evaluate similarities and differences between
the mechanisms of action of BPA and 17 estradiol. The endogenous
estradiol mechanism of action is well known and is based exclusively on
receptor binding. BPA, however may have an action after binding to
different receptors, such as peroxisome proliferator-activated receptor y
(Delfosse et al., 2014), to non-canonical estrogen receptors not

localized in the nucleus (Marino et al., 2012), or even inhibit the action
of androgen receptors (Delfosse et al., 2014). Thus, even though we
could not specify the actual mechanism of action, the effects of peri-
natal exposure to BPA and 17f estradiol in the adult female MG are
distinct and peculiar for this species. Furthermore, the decrease in
serum estrogen may have led to modulation or disruption of the es-
trogenic pathway in adult female gerbils exposed during neonatal life.
In conclusion, our results indicate that perinatal exposure to BPA
and 17 estradiol may alter the expression of ERs, allowing hormonal
disruption in adulthood; the decrease in serum estradiol levels supports
this conclusion. Exposure also affects the levels of PGR epithelial ex-
pression and the localization pattern of PRL-R, also in addition to the
responses to progesterone and prolactin in the MG of female gerbils.
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