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RESUMO  
 
As glândulas mamárias apresentam grande plasticidade morfológica devido ao seu 

remodelamento associado à modulação por hormônios durante as fases da vida. O 

estabelecimento do câncer de mama vem sendo relacionado com compostos chamados 

desreguladores endócrinos. O bisfenol A (BPA), um xenoestrógeno disseminado nos 

ambientes, é alvo de estudos aprofundados sobre seu potencial cancerígeno devido à sua 

atuação em diversos níveis dos sistemas biológicos. Ainda, a exposição à este desregulador 

endócrino causa efeitos persistentes nos organismos observados tardiamente. Assim, o 

objetivo do presente estudo foi avaliar o potencial desregulador do BPA nas glândulas 

mamárias de fêmeas senis expostas durante duas janelas de remodelamento mamário, a 

gestação e lactação. Foram utilizados gerbilos da Mongólia (Meriones unguiculatus) como 

modelo experimental devido seu potencial para o desenvolvimento espontâneo de neoplasias. 

Vinte fêmeas foram divididas em 4 grupos experimentais: controle (gavadas com água); 

veículo (gavadas com óleo de milho); BPA (50 µg/kg/dia); e BPA (5000 µg/kg/dia). As fêmeas 

foram expostas durante 39 dias (gestação e lactação) e eutanasiadas aos 18 meses de idade 

(senis). Análises histopatológicas demonstraram o início do desenvolvimento tumoral, 

associados à transição epitélio-mesenquimal (EMT) das células epiteliais. Ainda, a exposição 

ao BPA apresentou um aumento na expressão de TGF-β1, indicado como marcador do 

processo de EMT. Um perfil microinvasivo foi observado pela expressão de metaloproteases 

(MMP-2, MMP-3, MMP-9) pelas células tumorais. O BPA promoveu um microambiente 

estromal com aumento de fibroblastos associados ao câncer e remodelamento das fibras 

colágenas e elásticas. Em relação aos receptores, no carcinoma induzido pelo BPA 

apresentou um aumento expressivo no receptor de estrógeno ERα, e uma perda da expressão 

dos receptores ERβ, de progesterona e de prolactina. Nas células que expressaram ERα foi 

co-localizado o marcador epigenético EZH2, relacionado à instalação tumoral ERα-positivo. 

Ainda, o BPA modulou a localização dos receptores de andrógeno (AR) e HER2/ErbB2 nas 

células do epitélio mamário. Por fim, a exposição ao BPA promove um microambiente tumoral 

(TME) que corrobora com o desenvolvimento neoplásico mamário. O recrutamento de 

elementos como perfis de macrófagos e mastócitos associados ao câncer expressando 

meidadores inflamatórios foi observado no estroma. Ainda, a expressão de COX-2 e fosfo-

STAT3 nas células neoplásicas contribuem com a sinalização epitélio-estroma para o 

desenvolvimento do TME. Em conclusão, o BPA apresenta-se como um indutor carcinogênico 

do câncer de mama durante a senilidade após a exposição na janela gestacional/lactacional. 

 

Palavras–chave: Neoplasia. Transição epitélio-mesenquimal. Microambiente. 

Inflamação. Receptores. 



 

  

 

ABSTRACT 
 

Mammary glands present a great morphological plasticity due to their remodeling associated 

to hormonal modulation during the phases of life. The establishment of breast cancer has been 

related to compounds called endocrine disruptors. Bisphenol A (BPA), a xenoestrogen 

widespread in environments, is the target of in-depth studies on its carcinogenic potential due 

to its action on several levels of biological systems. Furthermore, exposure to this endocrine 

disruptor causes persistent effects in organisms observed in long term. Thus, the aim of the 

present study was to evaluate the deregulatory potential of BPA in the mammary glands of 

aged females exposed during two windows of mammary remodeling, pregnancy and lactation. 

Mongolian gerbils (Meriones unguiculatus) were used as an experimental model due to their 

potential for the spontaneous development of neoplasias. Twenty females were divided into 4 

experimental groups: control (gavaged with water); vehicle (gavaged with corn oil); BPA (50 

µg/kg/day); and BPA (5000 µg/kg/day). Females were exposed for 39 days (pregnancy and 

lactation) and euthanized at 18 months of age (aging). Histopathological analyses 

demonstrated the onset of tumor development, associated with epithelial-mesenchymal 

transition (EMT) of epithelial cells. Also, exposure to BPA showed an increase in the 

expression of TGF-β1, indicated as a marker of the EMT process. A microinvasive profile was 

observed by the expression of metalloproteases (MMP-2, MMP-3, MMP-9) by the tumor cells. 

BPA promoted a stromal microenvironment with increased cancer-associated fibroblasts and 

remodeling of collagen and elastic fibers. Regarding receptors, BPA-induced carcinoma 

showed an expressive increase in the estrogen receptor ERα, and a loss of expression of ERβ, 

progesterone and prolactin receptors. In cells expressing ERα, was observe co-localization of 

the epigenetic marker EZH2, related to ERα-positive tumor establishment. Also, BPA 

modulated androgen receptor (AR) and HER2/ErbB2 localization in the mammary epithelial 

cells. Finally, BPA exposure promotes a tumor microenvironment (TME) that corroborates with 

mammary neoplastic development. Recruitment of elements, such as cancer-associated 

phenotypes of macrophage and mast cells, that express inflammatory mediators was observed 

in the stroma. Also, COX-2 and phospho-STAT3 expression in neoplastic cells contribute to 

epithelium-stroma signaling for TME development. In conclusion, BPA presents as a 

carcinogenic inducer of mammary cancer during aging, especially when exposure occurs in 

the gestational/lactational window. 

 

Keywords: Neoplasia. Epithelial-mesenchymal transition. Microenvironment. 

Inflammation. Receptors. 
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1. INTRODUÇÃO  
 

1.1. Glândula Mamária: morfologia e fisiologia 

A glândula mamária constitui uma das glândulas anexas ao sistema reprodutor 

feminino que apresenta secreção exócrina e é influenciada pelo sistema endócrino 

(PAWLINA; ROSS, 2016; TOPPER; FREEMAN, 1980). Este órgão apresenta grande 

importância para os mamíferos uma vez que produz e secreta o leite para nutrição da 

prole (INMAN et al., 2015). Estruturalmente são glândulas túbulo alveolares 

constituídas por um epitélio simples circundado por um estroma conjuntivo (DAWSON; 

VISVADER, 2021; WISEMAN; WERB, 2002). As principais células presentes nos 

alvéolos mamários são as células secretoras, seguidas pelas células basais 

proliferativas e as mioepiteliais, estas apresentando função contrátil (INMAN et al., 

2015; MAN; SANG, 2004). Já o estroma apresenta grandes quantidades de fibras 

colágenas, elásticas e proteoglicanos, assim como fibroblastos, células de defesa, 

adipócitos, vasos sanguíneos e linfáticos (CUNHA; COOKE; KURITA, 2004; 

WISEMAN; WERB, 2002). A interação entre estes compartimentos, epitélio e estroma, 

em indivíduos adultos e senis vem sendo estudados e divulgados na literatura para a 

compreensão dos mecanismos associados às glândulas anexas (NIETO; RIDER; 

CRAMER, 2014). 

Alterações estruturais e funcionais são observadas em diferentes etapas da 

vida reprodutiva e se relacionam às mudanças hormonais de acordo com o ciclo 

estral/menstrual (INMAN et al., 2015; RUSSO; RUSSO, 1996). Ainda, a glândula 

mamária apresenta plasticidade morfológica relacionada ao remodelamento dos 

compartimentos epitelial e estromal durante a gestação, lactação e involução 

(RODGERS et al., 2018; TERRY et al., 2019). Vários hormônios e fatores de 

crescimento do sistema endócrino interferêm na dinâmica tecidual: hormônios 

esteróides femininos, como estrógenos e progesterona; hormônios hipofisários-

hipotalâmicos, como a prolactina e ocitocina; adipocinas, como a leptina e 

adiponectina; e fatores de crescimento, como o fator de crescimento transformador 

(TGFβ). Estes são modulados em diferentes fases promovendo efeitos em janelas de 

remodelamento tecidual (Figura 1), também chamadas janelas de susceptibilidade, 

uma vez que estas drásticas alterações morfológicas propiciam microambientes pré-

neoplásicos (TERRY et al., 2019). 
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Figura 1. Ação hormonal no remodelamento da glândula mamária durante a gestação, lactação e involução. (A) 

Gestação. O estabelecimento da estrutura alveolar durante a gestação ocorre por meio da remodelação estromal e 

proliferação epitelial induzida pelo estrógeno (E) e progesterona (P). Os estrógenos atuam promovendo a 

proliferação e modulando a síntese de MMPs. Já a progesterona promove a proliferação epitelial luminal e estimula 

a síntese de HGF para diferenciação de células do mesmo compartimento. A anfiregulina (Areg) e EGF apresentam 

imporntantes funções na diferenciação e remodelamento estromal. (B) Lactação. Durante a lactação, a prolactina 

(PRL) induz a proliferação e secreção das células epiteliais, por vias associadas à progesterona, estrógenos, leptina 

(Lep) e hormonio do crescimento (GH). Para expelir o leite dos alvéolos, a ocitocina (Oxy) atua nas células 

mioepiteliais para promover sua contração. No estroma, EGF e FGF são sintetizados pelos fibroblastos, enquanto 

os adipócitos são estimulados pela prolactina a produzir leptina, inibindo a ação de agentes mitóticos. (C) Involução. 

Durante a involução mamária, o TGFβ, assim como o adiponectina (Adip), atuam como promotores apoptótico, 

inibindo a ação proliferativa dos estrógenos. O TGFβ atua na proliferação de células estromais para aumentar este 

compartimento, inibindo a ação da MMP e atuando como fator quimiotático para células inflamatórias. O GH atua 

no compartimento estromal para a proliferação de fibroblastos. Imagens autorais adaptadas de Ruiz et al. (2021). 

 

Na gestação, estrógenos e progesterona sinergizam para o estabelecimento 

das estruturas mamárias finais, os alvéolos (MACIAS; HINCK, 2012). Os estrógenos 

são de grande importância para o aumento da taxa proliferativa do compartimento 

epitelial e estromal para formação dos alvéolos (CUNHA; COOKE; KURITA, 2004; 

RUSSO et al., 1999). Durante a fase de amamentação/lactação, o lúmen dos alvéolos 

mamários altera seu tamanho de acordo com a secreção dos componentes 

glandulares, sendo este processo mediado principalmente pela ocitocina e 

progesterona (MASSO-WELCH et al., 2000). Além da ocitocina, as glândulas 

mamárias são controladas pela testosterona e hormônios adrenais, como o 

dehidroepiandrosterona (DHEA) (LABRIE et al., 2005). Assim, os receptores destes 

hormônios sofrem modulações durante as fases de proliferação, diferenciação e 

produção da glândula (LEONEL et al., 2017). Devido a tais alterações e modulações 

de receptores no desenvolvimento das mamas e à alta predisposição a patologias na 

fase senil em fêmeas, os efeitos de desreguladores endócrinos (DE) vêm sendo 

estudados para compreender a ação destes em diferentes fases de vida. 

 

1.2. Biologia da Glândula Mamária: Janelas de Desenvolvimento 
 

Durante o desenvolvimento fetal, a glândula mamária tem sua origem a partir 

das células epidérmicas, que invaginam para formar a árvore ductal. Na superfície da 

pele, o tecido mesenquimal torna-se mais espesso para se tornar o mamilo mamário 

(HYTTEL; SINOWATZ; VEJLSTED, 2012). Desde o nascimento até a puberdade, a 

MG mostra um crescimento alométrico e nenhuma diferenciação significativa ocorre 
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[6]. Uma vez que a puberdade chega, o eixo hipotálamo-hipófise-gonadal maduro 

promove a secreção cíclica de gonadotrofinas e hormônios sexuais, contribuindo para 

modificações dramáticas na glândula (MACIAS; HINCK, 2012). 

A plasticidade morfológica do MG é baseada em um processo de ramificação 

e remodelação tecidual durante cada ciclo estral/menstrual, bem como durante a 

gestação, lactação e involução. A sinalização molecular e o controle fisiológico atuam 

na morfogênese da glândula por diferentes vias intra e extracelulares. No ciclo 

estral/menstrual, o MG sofre um processo de proliferação seguido de apoptose de 

suas estruturas ductais. Na gravidez, ocorre rápida proliferação do ducto e epitélio 

secretor estimulado pelo estrogênio e a progesterona leva à diferenciação de células 

epiteliais específicas para a síntese e secreção do leite (MASSO-WELCH et al., 2000). 

Essa estrutura epitelial, denominada alvéolo, apresenta células epiteliais luminais que 

sintetizam componentes do leite por estímulo de prolactina a ser liberada durante a 

lactação (Figura 3) (INMAN et al., 2015). Células-tronco mamárias bipotentes (MSC) 

proliferam e se diferenciam em lúmen e células progenitoras mioepiteliais 

(VISVADER; STINGL, 2014). Estes últimos estão localizados ao redor do sistema 

ductal e de alvéolos e, quando estimulados pela ocitocina, se contraem para expelir o 

leite das células luminais para os mamilos (INMAN et al., 2015). No desmame, a falta 

de estímulo de sucção diminui a produção de ocitocina e posteriormente dos 

hormônios lactantes, levando ao processo de involução da glândula mamária, com 

drástico rearranjo dos compartimentos celulares mediado por eventos apoptóticos 

(GREEN; STREULI, 2004; WANG; SCHERER, 2019). 

Durante as fases de proliferação, o compartimento epitelial interage com o 

compartimento estromal, remodelando a matriz extracelular e permitindo o rearranjo 

celular, expansão e alveologênese (FEINBERG et al., 2016; MORI et al., 2013). O 

tecido adiposo atua como armazenamento local de energia para as células epiteliais 

durante a gravidez e lactação, quando a população de adipócitos diminui 

(DZIĘGELEWSKA; GAJEWSKA, 2019). Durante a involução, entretanto, eles se 

restabelecem por processo de desdiferenciação (NEVILLE et al., 1998; WANG; 

SCHERER, 2019). Os fibroblastos atuam secretando proteases que desmontam o 

arcabouço do estroma mamário e produzem fatores de proliferação durante a gravidez 

(DZIĘGELEWSKA; GAJEWSKA, 2019; UNSWORTH; ANDERSON; BRITT, 2014). Na 

involução, os fibroblastos são ativados para produzir metaloproteinases, remodelando 
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o compartimento estromal (MALLER; MARTINSON; SCHEDIN, 2010; WANG et al., 

2010). 

O desenvolvimento e a diferenciação de células epiteliais e estromais 

respondem a estímulos fisiológicos durante cada etapa morfológica da remodelação 

tecidual. Hormônios, fatores de crescimento, citocinas e vários metabólitos interagem 

entre vias complexas para desencadear proliferação, diferenciação e/ou apoptose em 

células epiteliais e estromais e na matriz extracelular (MEC). O papel de elementos-

chave fisiológicos e moleculares tem sido pouco estudados para entender os 

mecanismos envolvidos nos processos da glândula mamária e a atuação de 

desreguladores endócrinos (DE) (AKERS, 2016; ENGLUND et al., 2019; FEINBERG 

et al., 2016; PAMARTHY et al., 2016; RUIZ; TABOGA; LEONEL, 2021). 

 

1.3. Desreguladores Endócrinos 

Os DE são substâncias químicas de origem exógena que interferem no sistema 

endócrino de modo a mimetizar substâncias endógenas. Isto afeta diretamente o 

metabolismo e desenvolvimento dos órgãos influenciados pelo sistema endócrino 

podendo causar danos estruturais e funcionais (BIGSBY et al., 1999; TOPPARI, 

2008). Estes DE competem pelo mesmo sítio de ligação das substâncias endógenas, 

ligando-se aos receptores específicos nas células. Assim, estudos sobre as 

repercussões da ação de certos DE sobre a glândula mamária vêm sendo feitos e 

uma crescente compreensão das relações morfológicas e endócrinas tem sido obtida. 

O potencial de desreguladores endócrinos já foi relatado e relacionado à 

neoplasias na próstata feminina (glândulas parauretrais de Skene) de gerbilos, onde 

os DE causaram um aumento na expressão de receptores de andrógenos no epitélio 

(SILVA et al., 2019). Também foi amplamente descrito nas glândulas mamárias e 

relacionado a patologias da mama em gerbilos e várias outras espécies (ACEVEDO; 

AMAYA; LÓPEZ-GUERRA, 2014; BROMER et al., 2010; LEONEL et al., 2020; 

MAFFINI et al., 2006). Recentemente, nosso grupo de pesquisa publicou uma revisão 

sobre a modulação dos hormônios durante as fases de remodelamento da glândula 

mamária e implicações do DE bisfenol A (BPA) (APÊNDICE A) (RUIZ; TABOGA; 

LEONEL, 2021). 
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1.4. BPA: Exposição e Efeitos 

O BPA é um desregulador endócrino da classe dos xenoestrógenos, 

reconhecido por promover efeitos estrogênicos e anti-androgênicos (GOLOUBKOVA; 

SPRITZER, 2000; STAPLES et al., 1998; VIÑAS; JENG; WATSON, 2012). É 

encontrado em plásticos policarbonados e é um dos compostos mais disseminados 

no meio ambiente (PRINS, 2008; TIMMS et al., 2005). O BPA atua na desregulação 

da sinalização endócrina pelo aumento do estímulo nos sítios de ligação, além de 

desencadearem mecanismos moleculares e epigenéticos de regulação gênica, que 

podem levar a repercussões histopatológicas negativas e pró-tumorais (ACCONCIA; 

PALLOTTINI; MARINO, 2015; MEANEY; SZYF; SECKL, 2007). Assim, seu potencial 

desregulador atinge múltiplos níveis dos sistema biológicos (Figura 2), interagindo 

com diversos receptores celulares (SHAFEI et al., 2018) e alterando caracteres 

morfológicos e epigenéticos (BASAK; DAS; DUTTAROY, 2020; FERNANDEZ; 

RUSSO, 2010).  

 

Figura 2. Disrupção multinível nos sistemas biológicos pelo BPA. Na glândula mamária, o BPA atua promovendo a 

proliferação das células epiteliais luminais, por meio das vias Nf-κB e AKT/ERK. Ainda, estas vias são ativadas pela 

interação do BPA com diversos receptores celulares, principalmente AR, PR, ERα e ERβ. A expressão destes 

receptores é modulada também por vias epigenéticas de disrupção promovidas pelo BPA. No estroma repercussões 

relacionadas com a síntese e degradação de matriz extracelular são observadas. Autoria da Imagem: Thalles Ruiz©. 

 

Apesar do interesse científico dos efeitos de DE nas mães expostas durante a 

gestação e lactação ser limitado, alguns trabalhos descrevem as consequências desta 

exposição. Alguns estudos sugerem que a exposição ao BPA durante a gestação e 

lactação, assim como em longo prazo, podem causar danos cerebrais e mudanças na 
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expressão de ERα no cérebro de ratas (ALOISI et al., 2001; SETA et al., 2005). Ainda, 

podem causar alterações negativas relacionadas a insulina e glicose. Segundo os 

estudos de Alonso-Magdalena e colaboradores (2010, 2015), ratas tratadas com BPA 

podem apresentar a longo prazo um desbalanço no metabolismo da glicose podendo 

aumentar a incidência de doenças como diabetes e obesidade. Estes dois distúrbios 

metabólico-fisiológicos estão ligados à modulação em nível celular causada pelo BPA 

relacionados a resistência insulínica e à leptina (adipocina) (MELI et al., 2020), ao 

efeito de diferenciação dos adipócitos causado pela forma glicurosidada BPA-G 

(BOUCHER et al., 2015), e alterações no ciclo celular do pâncreas aumentando o nível 

sérico de insulina (ALONSO-MAGDALENA et al., 2015, 2016). 

Efeitos como estresse oxidativo e inflamação estão ligados à exposição ao 

BPA. Alterações na modulação da síntese de mediadores oxidativos levam a uma 

desregulação nas funções de organelas celulares importantes, como as mitocôndrias, 

além de desencadear vias de sinalização celular que causam a expressão de 

proteínas apoptóticas (GASSMAN, 2017). Em mulheres na fase de pré- e pós-

menopausa, a exposição ao BPA aumenta a produção de marcadores inflamatórios e 

de estresse oxidativo, o que pode induzir efeitos adversos nas células de modo geral 

e a debilidade na saúde dos indivíduos (YANG et al., 2009).  

Assim, observa-se que este composto apresenta efeitos em múltiplos órgãos e 

um potencial cancerígeno deste composto em órgãos do sistema reprodutor (HASS 

et al., 2016; RUBIN, 2011; WISNIEWSKI et al., 2015). Entretanto, pouco se conhece 

sobre as respostas da glândula mamária após exposição gestacional/lactacional a 

este DE.  

 

1.5. Modelo Experimental e Justificativa do Estudo 

No modelo experimental gerbilo da Mongólia (Meriones unguiculatus), espécie 

poliéstrica (NISHINO; TOTSUKAWA, 1996), a estrutura básica das glândulas 

mamárias foi descrita em nosso laboratório por Leonel et al. (2017), que demonstrou 

as mudanças estruturais ocorridas durante os períodos de gestação, lactação e 

involução da glândula. 

O estudo das repercusões histopatológicas ocasionadas por DE faz-se 

necessário em modelos experimentais como o gerbilo da Mongólia, espécie que 

apresenta desenvolvimento espontâneo de neoplasias (CUSTODIO et al., 2010; 
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NORRIS; ADAMS, 1972), o que mimetiza o ambiente natural no qual observa-se uma 

maior propensão ao desenvolvimento cancerígeno e inflamatório. Assim, visando à 

possibilidade de expansão do conhecimento para novas espécies, como o gerbilo da 

Mongólia, estudos que aproximem as condições experimentais às ambientais são 

necessários. Ainda, a avaliação do potencial desregulador do BPA nas glândulas 

mamárias em fêmeas senis são necessárias para compreender as possíveis 

associações com processos inflamatórios e cancerígenos nesta glândula. 

No presente estudo, nós Hipotetizamos que a exposição das mães ao BPA nas 

janelas gestacional-lactacional pode ser um fator de risco para o desenvolvimento 

neoplásico, potencializando-se devido ao envelhecimento. Repercussões 

histopatológicas, expressão de receptores imortantes para o desenvolvimento 

mamário, e alterações inflamatórias importantes foram propostas para analizar tal 

hipótese 
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2. OBJETIVO 

Este projeto teve como objetivo principal avaliar, tardiamente na fase senil, os 

efeitos nas glândulas mamárias de gerbilos após exposição ao BPA, durante as fases 

de desenvolvimento alveolar mamário (gestação) e de produção láctea (lactação), em 

doses seguras e elevadas. 

 

2.1. Objetivos específicos 

• Avaliar os aspectos histopatológicos e morfométricos do epitélio da glândula 

mamária após exposição ao BPA, bem como da manutenção de estruturas 

epiteliais de acordo com a identificação de células mioepiteliais, e do estroma 

periglandular; 

• Analisar a expressão dos receptores hormonais de estrógeno (ERα e ERβ), 

progesterona (PR),  prolactina (PRL-R), HER2/ErbB2, e andrógeno (AR) no 

epitélio da glândula mamária de animais expostos ao BPA. 

• Comparar as repercussões inflamatórias tecido mamário, avaliando marcadores 

de inflamação TNFα, COX-2 e p-STAT3, assim como a população de 

macrófagos (F4/80+, CD68+ e CD163+) e de mastócitos (triptase e quimase); 
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3. MATERIAL E MÉTODOS 

3.1. Delineamento Experimental 

Foram utilizadas 20 fêmeas de gerbilo da Mongólia mantidas em isoladores de 

polisulfona equipados com comedouro e bebedouro (ração balanceada e água fresca 

ad libitum). As fêmeas de aproximadamente 3 meses de idades, ainda virgens, 

formaram famílias com machos da mesma idade para suas duas gestações. O 

primeiro dia da segunda gestação foi determinado após o nascimento da primeira 

ninhada, que foi descartada. Este descarte assegura que após 6 horas do nascimento 

da primeira prole ocorrerá cópula e nova gestação. As fêmeas, com exceção daquelas 

do grupo controle, foram acompanhadas e expostas ao BPA durante o período 

correspondente à sua segunda gestação (24-26 dias) e lactação (21 dias). Todos os 

animais foram eutanasiados aos 18 meses de idade (fase senil). Para os diferentes 

tratamentos as fêmeas foram divididas em 4 grupos experimentais (Figura 3):  

Figura 3: Delineamento dos grupos experimentais e tempo experimental dos grupos expostos 

ao BPA. A exposição às respectivas dosagens iniciam no 8º dia após o nascimento da primeira 

geração (implantação pós-cópula), finalizando no 21º dia de lactação. Ao final de 18 meses 

de idade, as mães foram eutanasiadas para as análises. 
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• Grupo 1: Controle (n=5) – fêmeas mantidas em isoladores até atingirem 18 

meses de idade, submetidas à administração de água a partir do 8º dia da 

segunda gestação até o final da lactação; 

• Grupo 2: Veículo (n=5) – fêmeas mantidas em isoladores até atingirem 18 

meses de idade, submetidas à administração de óleo de milho (veículo) a partir 

do 8º dia da segunda gestação até o final da lactação; 

• Grupo 3: ↓BPA (n=5) – foram administradas às fêmeas doses diárias seguras 

(50 µg/kg) de BPA segundo a US EPA (United States Environmental Protection 

Agency) (SORIANO et al., 2019), diluído em óleo de milho por gavagem a partir 

do 8º dia da segunda gestação até o final da lactação; 

• Grupo 4: ↑BPA (n=5) – foram administradas às fêmeas doses diárias 100 vezes 

maiores do que as doses ambietais (5000 µg/kg) de BPA diluídas em óleo de 

milho por gavagem a partir do 8º dia da segunda gestação até o final da lactação. 

 

Para estes grupos foram administrados seus respectivos compostos ou 

veículos durante 39 dias (gestação e lactação). Aos 18 meses de idade, as fêmeas 

foram anestesiadas com isofluorano 3% em oxigênio, pesadas e eutanasiadas por 

decapitação. As glândulas mamárias abdominais (direita) foram coletadas e fixadas 

em paraformaldeído 4% e submetidas ao processamento de rotina para histologia. As 

glândulas mamárias abdominais (esquerda) foram congeladas à -80ºC para análises 

de quantificação proteica por Western Blotting. 

Todos os protocolos e procedimentos adotados no presente estudo seguiram 

as diretrizes do Conselho Nacional de Controle de Experimentação Animal (Concea) 

e devidamente registrado e aprovado pelo Comitê de Éticaa no Uso de Animais 

(CEUA) do Instituto de Biociências, Letras e Ciências Exatas (IBILCE, Unesp), sob 

Protocolo Nº 217/2019 (Anexo). 

 

3.2. Estudos histológicos e histoquímicos 

As glândulas mamárias de todos os grupos experimentais foram submetidas à 

inclusão em parafina no processador automático modelo Leica TP 1020 e os blocos 

histológicos foram obtidos a partir da central de inclusão Leica Modelo 1150HeC. Os 

blocos foram seccionados a 4µm de espessura em micrótomo rotativo automático 

Leica RM 2255. 
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Os cortes foram submetidos primeiramente à rotina de coloração em 

Hematoxilina-Eosina para avaliação da morfologa geral e controle de qualidade das 

glândulas mamárias. Posteriormente foram analisadas e quantificadas as alterações 

morfológicas, como lesões, focos hiperplásicos e estruturas neoplásicas. 

A seguir, foram feitos testes histoquímicos para detecção fibras conjuntivas do 

estroma, como resorcina-fucsina de Weighert para elastina e picrossírius para fibras 

colágenas. Foram avaliados e quantificados os elementos fibrilares do estroma para 

comparação entre os diferentes grupos experimentais. Para tanto, campos aleatórios 

foram capturados e digitalizados, e quantificados por densidade de área pelo software 

ImageJ. 

 

3.3. Imunohistoquímica 

O procedimento contou com as seguintes etapas: desparafinização e 

reidratação dos cortes com banhos de xilol, álcool e água. A recuperação antigênica 

foi realizada em tampão citrato 10 mM ou Tris EDTA, em banho Maria a 92°C ou 98ºC. 

Em seguida, foi realizado o bloqueio das peroxidases endógenas com H2O2 10% em 

metanol. A inibição das proteínas inespecíficas foi feita com albumina sérica bovina 

ou leite desnatado 5%. Após isto, foi realizada a incubação do anticorpo primário para 

os anticorpos específicos (overnight) citados na Tabela 1. Após este procedimento foi 

realizado a incubação com anticorpo pós-primario e polímero (Novolink™ polymer 

detection system 1, Leica Biosystems Newcastle Ltdde acordo com as descrições do 

fabricante. A revelação das ligações anticorpo-proteína foi feita com 3-30 

diaminobenzidine tetrahydrochlorido (DAB) (Novolink™, DAB, RE7270-CE, Leica 

Biosystems) e contracoloração com hematoxilina. As etapas descritas foram 

intercaladas com lavagens em PBS ou TBS e as lâminas foram analisadas em 

microscópio de luz. 

 

Tabela 1. Anticorpos Primários – Imunohistoquímica e imunofluorescência. 

MARCADORES Anticorpo Primário Diluição Host Fabricante 

ESTRUTURAIS 

Alfa-actina 1:100 Mouse Santa Cruz Biotech. 

P63  1:100 Mouse Santa Cruz Biotech. 

Pan-citoqueratina 1:100 Mouse Santa Cruz Biotech. 

Vimentina 1:100 Mouse Santa Cruz Biotech. 
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FAP 1:100 Mouse Santa Cruz Biotech. 

REMODELAMENTO 

MMP-2 1:50 Mouse Santa Cruz Biotech. 

MMP-3 1:100 Rabbit Invitrogen 

MMP-9 1:100 Mouse Santa Cruz Biotech. 

TGF-β1 1:100 Rabbit Santa Cruz Biotech. 

PROLIFERAÇÃO Fosfo-histona H3 1:75 Rabbit Cell Signaling 

APOPTOSE 
Caspase 3 

(ativa/clivada) 
1:100 Rabbit Novus Biological 

RECEPTORES 

ERα 1:50 Mouse Invitrogen 

ERβ 1:50 Rabbit Invitrogen 

Progesterona (PR) 1:50 Mouse GeneTex 

Prolactina (PRL-R) 1:100 Rabbit Cell Signaling 

HER2/ErbB2 1:50 Mouse Abcam 

Andrógeno (AR) 1:75 Mouse Santa Cruz Biotech. 

EPIGENÉTICO 
Enhancer of zeste 

homolog 2 (EZH2) 
1:75 Rabbit Cell Signaling 

INFLAMATÓRIOS 

Fosfo-STAT3 1:75 Rabbit Cell Signaling 

TNFα 1:50 Rabbit Cell Signaling 

COX-2 1:50 Rabbit Cell Signaling 

Interleucina 6 (IL-6) 1:50 Mouse Santa Cruz Biotech. 

F4/80 1:75 Rabbit Cell Signaling 

FcεRI 1:50 Rabbit Sigam-Aldrich 

 

A quantificação das células positivas (marcação citoplasmática e nuclear) foi 

realizado aplicando o software QuPath (versão 0.1.2, an open-source pathology 

software platform). O total área de cortes histológicos foi considerada para o 

quantificação da marcação positiva e os dados foram expresso em células/mm2. 

 

3.4. Imunofluorescência 

A imunofluorescência foi realizada para detectar a localização de alguns 

receptores celulares (HER2/ErbB2, AR e co-localização de ERα e EZH2), marcadores 
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celulares específicos (CD68, CD163, iNOS, Triptase, Quimase, FcεRI), e 

marcadores/mediadores inflamatórios em co-localização em células específicas 

(COX-2, TNFα, TGF-β1, MMP-2, MMP-9, IL-6). A recuperação do antígeno e o 

bloqueio de proteínas inespecíficas foram realizados conforme estabelecido acima 

para imuno-histoquímica. A incubação do anticorpo primário foi realizada overnight 

(4ºC). Em seguida, foi realizada a incubação de fluorocromos conjugados com 

anticorpos secundários específicos: anti-mouse FITC (sc-2010, Santa Cruz 

Biotechnology); anti-rabbit FITC (sc-2359, Santa Cruz Biotechnology); anti-mouse 

Rhodamine (sc-2092, , Santa Cruz Biotechnology); anti-goat Texas Red (sc-2783, 

Santa Cruz Biotechnology) e/ou anti-rabbit Texas Red (sc-2780, Santa Cruz 

Biotechnology), por 1 hora em temperatura ambiente. As lâminas foram montadas 

com DAPI (Fluoroshield ™ com DAPI, F6057, meio de montagem de histologia, Merck, 

Darmstadt, Alemanha) para fluorescência nuclear. As seções foram analisadas com 

um Microscópio de Fluorescência Zeiss AX10 (Zeiss, Oberkochen, Alemanha) 

acoplado ao software AxioVision (Zeiss). 

 

3.5. Western Blotting 

As glândulas mamárias armazenadas à -80ºC foram encaminhadas para 

análise de Western blotting. Esta análise foi aplicada para os resultados que não 

apresentaram diferença significativa na quantificação para imuno-histoquímica 

(TNFα). A extração de proteínas foi realizada com tampão de extração contendo 

inibidor de protease (Protease Inhibitor Cocktail, P8340, Sigma Aldrich, St. Louis, MO, 

EUA) em amostras maceradas, as quais foram centrifugadas (20 min; 14.000 rpm; 

4ºC). A concentração de proteína foi quantificada por absorbância usando BCA 

Protein Assay Kit (Pierce BCA Protein Assay Kit, 23,227, Thermo Fischer Scientific, 

Rockford, IL, EUA) em leitor de microplaca SPECTROstar Omega (BMG Labtech, 

Ortenberg, Alemanha). A eletroforese foi realizada em SDS page gel (15 ug de 

amostra; 105 V; 90 min) e a transferência eletroforética foi realizada posteriormente 

para uma membrana de nitrocelulose (Amersham Protram, 10.600.003, GE 

Healthcare, Darmstadt, Alemanha). Para o ensaio de Western Bloting, foi realizado o 

bloqueio de proteínas com leite desnatado 3% em TBS + Tween (0,1%). Após isto, as 

membranas foram incubadas com anticorpos primários anti-TNFα (coelho 

monoclonal, D2D4, #11948; Cell Signaling) e anti-GAPDH (coelho monoclonal, 
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14C10, #2118, Cell Signaling, usado como controle positivo endógeno) overnight. A 

incubação do anticorpo secundário foi realizada com conjugado de peroxidase (IgG 

anti-coelho, anticorpo ligado a HRP, #7074). Todas as etapas foram intercaladas com 

lavagens com TBSt. A detecção do anticorpo foi feita com substratos 

quimioluminescentes - Luminol Enhancer e reagentes de solução de peróxido (Westar 

Antares, Cyanagen, XLS142,0250) e revelada no ChemiDoc Image System (BioRad, 

Hercules, CA, EUA). O software Image J (versão 1.52a, EUA) foi usado para análise 

densitométrica e quantificação de proteínas. 

 

3.6. Análises estatísticas 

Os dados morfométricos e quantificações das imunoistoquímicas – dados 

estereológicos e as porcentagens de células positivas – foram expressos em média ± 

erro da média (SEM). Os testes foram escolhidos de acordo com a determinação de 

normalidade dos valores: paramétricos (ANOVA) ou não-paramétricos (Kruskall-

Wallis). As análises foram seguidas de pós-teste (Tukey ou Dunns). 
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4. RESULTADOS 
 

Os resultados do presente trabalho são apresentados em forma de artigos 

científicos de acordo com os objetivos propostos. O primeiro capítulo apresenta os 

resultados já publicados na Revista Endocrine-Related Cancer (doi: 10.1530/ERC-21-

0198.), com a caracterização do início do processo carcinogênico induzido pelo BPA 

nas fêmeas senis quando expostas durante a gestação e lactação. O segundo capítulo 

foi publicado na Revista Life Sciences (doi: 10.1016/j.lfs.2021.120010) e apresenta a 

expressão e papel dos receptores hormonais na glândula mamária durante o 

desenvolvimento da carcinogênese induzida pelo BPA. O terceiro capítulo apresenta 

dados do manuscrito submetido para Revista International Journal of Cancer (ISSN: 

1097-0215) contendo os resultados relacionados ao microambiente tumoral instalado 

na glândula mamária após exposição ao BPA.  

  Como parte integrante dos resultados desta Pesquisa foram redigidos um 

artigo de revisão sobre os efeitos do BPA nas diferentes janelas de susceptibilidade 

da glândula mamária publicado na Revista Reproductive Toxicology (doi: 

10.1016/j.reprotox.2021.07.011) (Anexo II). Ainda, foi publicado um trabalho sobre as 

repercussões histopatológicas na glândula mamária durante a involução após a 

exposição das mães ao BPA (Revista Environmental Toxicology and Pharmacology – 

doi: 10.1016/j.etap.2021.103785). Este trabalho complementa o objetivo do presente 

estudo e completa o estudo da exposição e efeito do BPA nas mães em diferentes 

janelas de susceptibilidade (Anexo III). 
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4.1. Capítulo 1: Mammary carcinoma in aged gerbil mothers after endocrine 
disruption in pregnancy and lactation 
Revista Endocrine-Related Cancer (IF: 5.678) 

 

ABSTRACT 

Compounds that trigger breast cancer onset and establishment are of great interest in 

biological research. Endocrine disruptors are relevant because they initiate 

carcinogenesis by changing endocrine pathways. Bisphenol A (BPA), as a ubiquitous 

xenoestrogen, is largely associated with dysfunctions in the female reproductive 

system and associated organs. This study proposes an investigation of the mammary 

gland (MG) in aged Mongolian gerbil (Meriones unguiculatus) mothers after their 

exposure to BPA in two windows of morphophysiological plasticity: pregnancy and 

lactation. A low dose (50 μg/kg), and a high dose (5000 μg/kg) were considered and 

results showed few differences between them. As expected, we observed contrasts 

among control and BPA-exposed MG. The control groups presented a regressive 

phase with high apoptotic activity and elastic stroma. However, BPA damaged 

mammary tissue and provoked multifocal carcinoma development supported by an 

apparent epithelial-mesenchymal transition (EMT) and reactive stroma establishment. 

BPA remodeled stromal fibers deposition and enhanced the recruitment of tumor-

associated cells, contributing to a tumoral microenvironment. Overexpression of TGF-

β1 was induced by BPA in epithelial compartment of exposed MG and increased 

expression of metalloproteinases (MMP-2, MMP-3, MMP-9) was present in carcinoma 
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cells. In conclusion, exposure of mothers to BPA during the gestational/lactational 

window of susceptibility leads to carcinogenic impacts with aging. 

  

Introduction 

Carcinogenesis in the breast is a complex pathological process of the female 

reproductive system. Due to the occurrence of different types of breast cancer, diverse 

onset and dynamics are attributed to its progression and the regulation of tumor growth 

and metastatic dissemination (Alvarado-Cabrero et al. 2020). A central feature in 

breast cancer is deregulation of cell homeostasis and microenvironment, associated 

with tumor development (Zhang et al. 2017). 

Considering the risk factors, age and parity are relevant aspects for the onset 

and advancement of breast cancer. In addition, due to the fact that the mammary gland 

(MG) is one of the most plastic organs, oncogenesis in this tissue is closely related to 

stages of susceptibility that this gland undergoes during a woman's life (Terry et al. 

2019). Pregnancy and lactation are two windows of susceptibility where MG is 

subjected to major morphological compartment rearrangements to perform its 

functionality (Faupel-Badger et al. 2013). 

Several triggering factors have been attributed to carcinogenesis. Some of them 

are environmental chemicals that disrupt mammary tissue, leading to the development 

of endocrine-related cancers (Vandenberg et al. 2019), in women (Giulivo et al. 2016) 

and rodent models (reviewed by Seachrist et al. 2016). Endocrine disrupting chemicals 

(EDCs) act by different pathways in the reproductive system, causing different 

consequences, mainly through establishing a tumoral microenvironment (Soto et al. 

2013). Exposure to EDCs has also been implicated in increasing the incidence of 

breast cancer (Terry et al. 2019). Among EDCs, xenoestrogens, especially bisphenol 

A (BPA), promote disruptive effects by estrogenic routes, interacting with other 

receptors, such as androgen (AR) and mitogen receptors linked to MAPK/ERK, for 

promoting a disruptive activity (reviewed in Shafei et al. 2018a). Studies have 

demonstrated the development of carcinoma and tumor progression in prostate 

(Huang et al. 2018), endometrium (Leung et al. 2020) and ovaries (Seachrist et al. 

2016) after perinatal experimental BPA exposure. 

In the MG, studies analyzing different perinatally exposed experimental models 

describe the impacts in offspring when mothers are exposed to BPA during pregnancy 

and lactation (Mileva et al. 2014; Mandrup et al. 2016; Leonel et al. 2020). These 
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exposure-periods are susceptible to the development of pathologies in MG, mainly 

neoplasia (Terry et al. 2019), being BPA a triggering agent for the incidence of breast 

cancer (Soto et al. 2013; vom Saal & Vandenberg 2021). In women, BPA has been 

associated with increase in breast stromal density (Sprague et al. 2013), in addition to 

provoking modifications in molecular and epigenetic pathways that can trigger or 

promote breast cancer installation (Goodson et al. 2011; Soto et al. 2013; Dhimolea et 

al. 2014; Shafei et al. 2018b; Atlas & Dimitrova 2019). In fact, BPA has non-monotonic 

effects in the MG (Montévil et al. 2019), which may contribute to carcinogenic effects 

at different doses. 

Thus, in the present study we analyze MG from mothers directly exposed to 

BPA endocrine disruption during their gestation and lactation. We investigated long-

term effects in aging phase of a rodent experimental model, the Mongolian gerbil 

(Meriones unguiculatus), which shows spontaneous development of neoplasms 

(Norris & Adams 1972; Custodio et al. 2010), thus mimicking a natural environment 

with greater propensity for tumoral and inflammatory development. Also, aging in the 

gerbil is a critical point to the development of hormone-related disorders (Vincent et al. 

1980; Campos et al. 2008), previously studied in prostate from males and females 

(Skene’s paraurethral glands) (Custodio et al. 2008; Biancardi et al. 2017). 

The relevance of this study lies in the fact that aging is related to the 

establishment of a tumor favorable microenvironment (Li et al. 2020). Therefore, we 

hypothesize that gerbil mothers’ exposure to BPA in gestational-lactational windows 

can be a risk factor for tumor development, increased with aging. In addition, we 

present relevant aspects of the MG neoplastic developmental process caused by an 

EDC and morphological aspects associated with tumoral microenvironment. 

 

Materials and Methods 

Experimental Design 

Twenty female Mongolian gerbils (Meriones unguiculatus) were used. The 

animals were kept in polysulfone isolators with wood shaving bedding. They were fed 

LABMIX® commercial chow (Agromix, SP, Brazil), containing only traces of soy and 

corn, and fresh filtered water ad libitum. The three-month-old females were housed 

with fertile males of the same age. The gerbil females were divided into four 

experimental groups (n=5 for each group): control – subjected to daily gavage with 

water; vehicle – subjected to daily gavage with corn oil; treated groups: ↓BPA (50 
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μg/kg) – subjected to daily gavage with a dosage considered safe (not capable of 

provoking disruption), according to US EPA (Soriano et al. 2019) and EFSA (EFSA 

2015) – and ↑BPA (5000 μg/kg) – subjected to daily gavage of 100x the safety 

dose/high exposure, both diluted in 0.1 ml corn oil. The experimental design is shown 

in Figure 1. Gerbil mothers were monitored and exposed to the treatments from the 

8th day after first parturition, when second pregnancy started (first offspring was 

discarded), until the end of lactation. The treatment comprised 39 days of exposure in 

total (length of second pregnancy: 24-25 days, length of lactation: 21 days). The 

second offspring were separated (used in other studies) and all mothers were kept until 

18 months of age (elderly females). One animal was maintained per cage to avoid 

social stress. Euthanasia was performed during the morning, after confirmation of the 

exclusive presence of cornified cells in the vaginal smear. The animals were 

anesthetized in 3.0% isoflurane vaporized with oxygen and euthanized by decapitation. 

 

 

Figure 1. Experimental design. Pregnant female gerbils were divided into four experimental groups 

(n=5): control (water gavage); vehicle (corn oil gavage); ↓BPA (50 µg/kg); ↑BPA (5000 ug/kg). They 

were exposed from the 8th day after the birth of the 1st offspring (period corresponding to the pregnancy 

of the second offspring) until the end of lactation (total of 39 days). At 18 months of age, gerbil mothers 

were euthanized and MG was transversally sectioned for histopathological analysis. 
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Histological procedures 

The abdominal MG was collected. The entire gland with the skin and nipple was 

placed flattened in histological cassette and fixed with paraformaldehyde 4% for 24 

hours. Then, skin was removed and nipples were maintained. Samples were washed 

in ethanol 70% and processed by routine histology in a Leica Semi Enclosed System 

(TP1020, Leica Biosystems, Buffalo Grove, USA). Taking the nipple as a reference, 

histological sections (4.5 μm thickness – serial) were made transversally to it (Figure 

1) and placed on silanized slides. All samples were collected within the MG sentinel 

lymph node region, visually observed during euthanasia. Hematoxylin and Eosin-

Floxin (HE) staining was performed for histopathological analysis and description of 

tissue alterations using ordinary light microscopy and fluorescent light microscopy 

(Carvalho & Taboga 1996). Techniques for stromal connective fiber identification were 

performed: Weigert resorcin-fuchsin for elastin, and picrosirius for collagen fibers using 

polarized light microscopy (Junqueira et al. 1979). 

 

Immunohistochemistry 

The slides were subjected to immunohistochemistry (IHC). The procedure 

followed the steps described below and was adapted according to the specificity of 

each primary antibody. The sections were first deparaffinized and rehydrated in a 

gradient of xylol, alcohol, and water, followed by antigenic retrieval, in 10 mM citrate 

buffer or EDTA Tris, at 92 °C or 98 °C. Next, endogenous peroxidases were blocked 

with 10% H2O2 diluted in methanol. The inhibition of nonspecific proteins was 

performed in 5% bovine serum albumin or skimmed milk. Subsequently, the following 

primary antibodies were incubated overnight with specific dilution: MMP-2 (mouse 

monoclonal, 8B4, 1:50, sc-13595, Santa Cruz Biotechnology), MMP-3 (rabbit 

polyclonal, PA5-27936, 1:100, Invitrogen, ThermoFisher), MMP-9 (mouse monoclonal, 

2C3, 1:100, sc-21733, Santa Cruz Biotechnology), α-smooth muscle actin (α-SMA) 

(mouse monoclonal, 1A4, 1:100, sc-32251, Santa Cruz Biotechnology), FAP (mouse 

monoclonal, F11-24, 1:100, sc-65398, Santa Cruz Biotechnology), TGF-β1 (rabbit 

polyclonal, 3c11, 1:100, sc-146, Santa Cruz Biotechnology), active/cleaved caspase-

3 (rabbit polyclonal, 1:100, NB100-56113, Novus Biological), Phospho-Histone H3 

(PH-H3, rabbit polyclonal, 1:75, Ser10, 9701, Cell Signaling), p63 (mouse monoclonal, 

D-9, 1:100, sc-25268, Santa Cruz Biotechnology), pan-cytokeratin (mouse 

monoclonal, AE13, 1:100, sc-57012, Santa Cruz Biotechnology), and vimentin (mouse 
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monoclonal, V9, 1:100, sc-6260, Santa Cruz Biotechnology). The steps described 

were interspersed with washes in PBS or TBS. 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. Pictures of 

IHC positive and negative controls are provided in Supplementary Figure 1. 

 

Histopathological analysis 

The areas of different MG compartments (epithelium, stroma and adipose 

tissue) were assessed by analysis of HE sections (3 sections per animal from different 

depths) and evaluated by the adapted M130 multipoint test system (Leonel et al. 2020). 

The incidence and multiplicity of microscopic lesions in the MG of aged female gerbils 

were also evaluated. For this, α-SMA staining was applied for myoepithelial cells 

identification – aiming to evaluate the maintenance of basal membrane and structure 

of the epithelial unit – and mammary epithelial structures were divided into 3 

classifications: normal morphology (without hyperplasia or rupture of the myoepithelial 

layer); hyperplasia (more than two layers of luminal epithelial cells, without disruption 

of myoepithelial layer); and carcinoma/neoplasia (total or partial loss of myoepithelial 

layer and disruption of epithelial compartment). The quantification was performed 

taking into account the incidence of normal alveoli, hyperplasia, and carcinoma regions 

in relation to all the epithelial structures in the same histological section. Data were 

expressed as a percentage of epithelial lesions found in the same section of MG. 

The area of collagen and elastic fibers was quantified by the automated system 

from ImageJ software (version 1.52a, Wayne Rasband, 130 NIH, USA). For these 

quantifications, 15 random fields (200x magnification) were selected in 3 different 

sections, corresponding to different depths of the MG sample, from the slides stained 

with Picrosirius (for collagen analysis, under polarized microscopy) and Resorcin-

Fuchsin (for elastic fibers analysis, under light microscopy). 

The quantification of IHC positive staining for identification of cytoplasmic and 

nuclear markers was performed by applying QuPath software (Version 0.1.2, an open-

source pathology software platform). The total area of histological sections was 
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considered for quantification of the positive staining and data were expressed in 

cells/mm2. 

 

Statistical Analysis 

Analyses of stereological parameters (incidence of compartments) and areas of 

collagen and elastic fibers were performed in 3 sections from different depths of the 

mammary gland sample. The mean of the 3 analyzed sections was calculated and this 

mean was used as the individual value for each animal in statistical analyses. For IHC 

analyses, one random section per animal was analyzed and values of cells/mm2, 

presented as means ± SEM, were considered for the statistical analyses. 

All data were checked for normality by the Kolmogorov-Smirnov test. Parametric 

data (epithelial area and lesions incidence, elastin area; IHC positive staining: PHH3, 

TGF-β1, FAP, MMP-2, MMP-3, MMP-9) were analyzed by one-way ANOVA followed 

by Tukey's test. For non-parametric data (collagen area, stromal and adipose tissue 

areas; IHC positive stains: p63, active caspase-3) we applied the Kruskal-Wallis test 

followed by Dunn's test. Statistical differences among groups were considered 

significant when p < 0.05. For all statistical analyses, GraphPad Prism 5.00 for 

Windows (GraphPad Software, San Diego, CA, USA, www.graphpad.com) was 

applied. 

 

Ethical Standards 

The animals were kept at the Animal Breeding Center of the Institute of 

Biosciences, Humanities and Exact Sciences (IBILCE) of the São Paulo State 

University (UNESP) throughout the experiment, under controlled temperature (24 ± 2 

°C) and luminosity (12 h light / dark cycle). The procedures followed the standards 

according to the National Council of Animal Experiment Control (CONCEA, Brazil), and 

were authorized by the Ethics Committee on the Use of Animals (CEUA) from 

IBILCE/Unesp (Protocol number: 217/2019). 

 

Results 

Histopathological repercussions of BPA exposure in aged female MG 

All tissue compartments showed differences when comparing control and vehicle 

groups to both BPA groups (Figure 2 A-D). The areas of epithelial and stromal 

compartments in both BPA groups were increased (Figure 2 C-D; E-F) in comparison 
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to control and vehicle groups. At 18 months of age, MG from control and vehicle groups 

presented an increase in adipose tissue (Figure 2 G) compared to the BPA-exposed 

gerbils MG. The stromal area increased in both BPA groups, being statistically different 

from control and vehicle groups (Figure 2 F). MG epithelium occupation in BPA groups 

was almost 4-fold (↑BPA) and 3-fold (↓BPA) increased compared to control (Figure 2 

E). These groups also showed disorganization of the epithelial compartment with loss 

of differentiated luminal cells and alveolar shape, with development of multifocal 

carcinoma regions. These regions showed heterogeneous nuclear atypia (Figure 2 H), 

with no apparent cytokeratin expression (Figure 2 I), and enhanced vimentin 

expression (Figure 2 J).  

 

Figure 2. Tissue compartments and carcinoma features. (A-D) Morphology of normal mammary tissue 

in control (A), vehicle (B), ↓BPA (C), and ↑BPA (D) groups. (E-G) Incidence (percentage) of epithelial 

(E), stromal (F), and adipose tissue (G) compartments in different groups (n=5). Asterisks indicate 

statistical differences among groups, considering significance when p<0.05 (Statistical analysis: 

Parametric data: One-Way ANOVA followed by Tukey’s test (epithelial percentage); non-parametric 

data: Kruskal-Wallis test followed by Dunn's test (stromal and adipose percentage). (H-J) Carcinoma 

feature in MG of BPA-exposed aged females. Nuclear atypia and nuclear irregularity were observed (H) 

with absence of pan-cytokeratin (I) and presence of vimentin (J) expression. Staining: (A-D, H) HE. 

Scale Bars: (A) 50 µm; (B-D, H, J) 20 µm; (I) 30 µm. 



37 

 

 

 

 

In comparison to control and vehicle groups (Figure 3 A, B), MG from BPA-

exposed female gerbils showed an increase in hyperplastic structures and the 

presence of neoplastic features (Figure 3 C, D, respectively). Hyperplastic structures 

were identified by the presence of two (Figure 3 C) or more layers (Figure 3 D) of 

epithelial cells. Control and vehicle groups presented hyperplastic foci incidence 

(Figure 3 E) 2-fold lower than BPA groups. Neoplastic structures showed discontinuity 

of the myoepithelial cell layer, as shown by α-SMA immunostaining; thus, a 

carcinoma/neoplastic phenotype was characterized by the absence of this layer 

around normal alveoli (Figure 3 F). In addition, ↓BPA and ↑BPA groups presented 

alveoli with secretory activity (Figure 3 F-inset), which was not observed in the other 

groups. These secretory structures were dispersed in MG parenchyma and identified 

in all ↓BPA and ↑BPA samples. 

The vehicle group (Figure 3 I) demonstrated a slight increase in p63 basal cell 

expression, but did not differ significantly from the control, which showed only nuclear 

staining (Figure 3 H). Contrarily, in the BPA groups, the expression increased almost 

3-fold compared to the control. Furthermore, in these groups the expression of p63 

was nuclear and cytoplasmic in the regions of early carcinoma (Figure 3 H, J). ↑BPA 

showed the highest expression rates but did not differ significantly from ↓BPA. 

The proliferative and apoptotic activity was evaluated by PH-H3 (Figure 4 A-D) 

and active caspase-3 (Figure 4 E-H) nuclear staining, respectively. The control group 

presented rates of PH-H3 positive cells almost 10-fold lower compared to BPA groups 

(Figure 4 I). Carcinoma in BPA groups and hyperplasia in both BPA and vehicle groups 

induced a high proliferative rate in comparison to control group. ↓BPA and ↑BPA 

groups did not differ from each other and showed the highest values of PH-H3-positive 

cells in epithelial and stromal compartments (Figure 4 C-D). Nuclear expression of 

active caspase-3 was only observed in the epithelial compartment, from all groups. At 

18 months of age, the control group presented a high number of apoptotic cells 

(caspase-3 positive cells) (Figure 4 J), while a drastic decrease in their expression was 

observed in ↓BPA and ↑BPA groups compared to control and vehicle. In multifocal 

carcinoma structures, present only in BPA exposed gerbils MG, scarce expression of 

caspase-3 was observed in ↓BPA (Figure 4 G) and was absent in ↑BPA (Figure 4 H). 
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Figure 3. Mammary epithelial lesions, myoepithelial layer, and p63 expression. (A-D) 

Myoepithelial cell layer (α-SMA) in mammary tissues indicates continuity of myoepithelial layer 

in control (A) and vehicle (B), whereas in ↓BPA and ↑BPA there is discontinuity (C) or absence 

(D) of this layer. (E) Epithelial lesions (% of total epithelial structures): normal, hyperplasia, and 

neoplasia, were quantified. ↓BPA and ↑BPA groups presented a high incidence of both lesions, 

with multifocal carcinoma development (F, arrow) among normal alveoli (F, asterisks). Note 

alveoli with secretory activity (F-inset). (G) Incidence of p63 positive cells. (H-K) Expression of 

p63 in MG. Control (H) and vehicle (I) presented only nuclear staining, indicating basal 

epithelial cells. In ↓BPA and ↑BPA, in addition to nuclear staining, basal-like stemness was 

assigned by cytoplasmic staining in carcinomas. Asterisks indicate statistical differences 

among groups, considering p<0.05 of significance (n=5, parametric data: One-Way ANOVA 

followed by Tukey’s test (epithelial lesions percentage); non-parametric data: Kruskal-Wallis 

test followed by Dunn's test (p63). Scale Bars: (A-D, F-inset) 10 µm; (F) 50 µm; (H-K) 30 µm. 
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Expression of TGF-β1 in MG of aging BPA-exposed females  

TGF-β1 was overexpressed in BPA groups (Figure 4 K). Gerbil MG of control 

and vehicle groups presented low rates of TGF-β1-positive cells, which were restricted 

to the stromal compartment (Figure 4 L-M). However, BPA groups presented a drastic 

increase (3-fold) in TGF-β1-positive cells with epithelial and stromal staining (Figure 4 

N-O). Epithelial staining of TGF-β1 was observed in normal and hyperplastic ducts, 

whereas carcinoma cells did not stain for this marker. 

 

Figure 4. Proliferative and apoptotic activity, and TGF-β1 expression. (A-D) Phospho-histone 

H3 positive cells indicating proliferative activity and (E-H) active caspase-3 indicating apoptosis 

signaling (both nuclear staining - arrowheads). (I) and (J) show the proliferative/apoptotic 

opposite dynamics of mammary tissue among groups. Proliferation was increased in ↓BPA 

and ↑BPA groups, whereas in control, apoptosis was enhanced in epithelial cells. (K) TGF-β1 

expression in MG of aged females. Overexpression was observed in BPA groups. Control and 

vehicle groups presented positive cells only in stroma (L and M, respectively), whilst BPA 

presented overexpression in epithelial compartment (N and O). Asterisks indicate statistical 
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differences among groups, considering p<0.05 of significance (n=5, parametric data: One-Way 

ANOVA followed by Tukey’s test (PHH3, TGF-β1); non-parametric data: Kruskal-Wallis test 

followed by Dunn's test (active caspase-3). Scale Bars: (A, E, L, M) 20 µm; (B-D, F-H, N, O) 

30 µm. 

__________________________________________________________________________ 

 

Stromal fiber density of BPA exposed MG in aged females 

Collagen area occupation presented low values in control and vehicle groups 

(Figure 5 A, B), with more than 2- and 3-fold increase in ↓BPA and ↑BPA (Figure 5 C, 

D), respectively, compared to control group. Epithelial structures and carcinoma areas 

were surrounded by a collagen-rich stroma. The percentage of collagen and elastin 

fibers was different among groups (Figure 5 E-F). For elastin fibers, a high percentage 

was observed in control and vehicle, comparing to both BPA exposed groups (Figure 

5 G-G’; H-H’; I-I’). Furthermore, elastic fibers surrounding stroma of intact ductal 

structures in BPA-exposed gerbil MG were ruptured (Figure 5 H’). 

 

Figure 5. Stromal fibers in disrupted MG. (A-D’) Collagen fibers were enhanced in BPA groups in 

surrounding stroma. Furthermore, ↑BPA presented the highest values in % of collagen area and differed 

from all groups (E). (F) Elastin showed a continuous feature and its area % increased in control and 

vehicle (G-G’) groups. (H-H’, I-I’) In addition to a decreased area BPA groups presented rupture of 

elastin layer in MG stroma (arrowheads in H’). Staining: (A-D) Picrosirius red under polarized 

microscopy; (G-I) HE-Floxin under light and (G’-I’) fluorescent microscopy. Asterisks indicate statistical 
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differences among groups, considering p<0.05 of significance (n=5, parametric data: One-Way ANOVA 

followed by Tukey’s test (elastin area); non-parametric data: Kruskal-Wallis test followed by Dunn's test 

(collagen area). Scale Bars: 20 µm.  

__________________________________________________________________________ 

 

Metalloproteases expression and FAP-positive cells in stroma of normal and 

altered BPA exposed MG 

The BPA exposed groups presented a higher incidence of cells expressing all 

MMPs compared to control and vehicle groups (Figure 6 A-C). MMP-2 positive cells 

were observed in the stromal compartment (Figure 6 D-E). Cells in carcinoma regions 

presented poor staining (Figure 6 E). MMP-3 positivity was also observed in fibroblasts 

among carcinoma cells (Figure 6 G), stromal cells, and the non-disrupted myoepithelial 

layer (Figure 6 H-I). MMP-3 cytoplasmic expression was predominant but several cells 

also presented nuclear positivity (Figure 6 H). MMP-9 was observed in stromal cells 

and poorly-diffused in ECM (Figure 6 J-L). Cytoplasmic staining of MMP-9 was 

observed in the disrupted epithelial compartment (Figure 6 K). 

FAP expression (Figure 6 M-Q) in stromal cells was different between BPA 

exposed groups and both control and vehicle groups (Figure 6 N-O). FAP-positive 

fibroblasts (i.e., cancer-associated fibroblasts, CAFs) increased around 2- and 3-fold 

in MG of ↓BPA and ↑BPA groups in comparison to control (Figure 6 M). Furthermore, 

FAP-positive cells in BPA-exposed gerbil MGs were predominant in surrounding 

stroma and carcinoma (Figure 6 Q). 

 

Discussion 

Tumorigenic development was observed in MG of aged gerbils exposed to BPA 

The female gerbils were exposed to BPA during two drastic remodeling periods 

for MG, pregnancy and lactation. We demonstrate the susceptibility of MG tissue to 

endocrine-chemical disruption and its potential to induce carcinogenesis during these 

exposure periods. Furthermore, aging is an aggravating factor to the onset of 

tumorigenic process (Fane & Weeraratna 2020). In the present study we observed the 

development of multifocal neoplastic structures in MG of aged gerbils exposed to BPA 

during pregnancy and lactation. These exposure windows deserve to be focus of 

discussion related to the development of neoplastic triggering after pregnancy 

(Schedin 2006; Hsiao et al. 2010; Allouch et al. 2020).  
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Figure 6. Metalloproteinases expression and FAP-positive cells BPA-exposed MG. (A), (B), and (C) indicate 

the incidence of positive cells per mm2 for MMP-2, MMP-3, and MMP-9, respectively. (D-F) MMP-2. 

Cytoplasmic staining in stromal (arrowheads) and carcinoma cells (arrows) were observed. (G-I) MMP-3. (G) 

Fibroblasts (arrows) among disrupted epithelium expressing MMP-3 were found. (H-I) In normal alveoli and 

ducts, myoepithelial cells (arrowheads) express MMP-3. Arrows in both images demonstrate nuclear staining 

for MMP-3 in carcinomas. (J-L) MMP-9. Stromal (arrowheads) and carcinoma cells (arrows) present 

cytoplasmic staining for MMP-9. (M-Q) Incidence of FAP-positive cells. FAP-positive fibroblasts were observed 

only in peripheric stroma of control and vehicle groups (N-O, arrowheads), whereas in both BPA groups they 

were found among disrupted carcinoma (P-Q, arrowheads). Asterisks indicate statistical differences among 

groups, considering p <0.05 of significance (n=5, parametric data: One-Way ANOVA followed by Tukey’s test). 

Scale Bars: (D-L) 50 µm; (N-O) 20 µm; (P-Q) 30 µm. 
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In addition, pregnancy-lactational window must be recognized as a vulnerability 

period, which impacts a third window related to ageing. In fact, this study shows 

evidence that exposure to BPA (without the use of other carcinogenic inducers 

(Cheung et al. 2003)) is capable of promoting mammary cancer in a susceptible animal 

model. These negative impacts were demonstrated in MG of mothers directly exposed 

to BPA, a susceptible group not evaluated in the majority of published works, in which 

the main concern is the transgenerational effect (Yoshida et al. 2004; Wadia et al. 

2007; Kunz et al. 2011; Lozada & Keri 2011; Gomez et al. 2017) resulted from 

disruption during the perinatal window of susceptibility. 

The tumor development process was observed in the tissue, from stages for 

cancer establishment (nuclear atypia, phenotypic changes in epithelial cells, and 

hyperplasia) to alveolar remodeling and tumorigenic interaction of the epithelial and 

stromal compartments (Mallon et al. 2000). Hyperplasia was present in all groups, but 

enhanced in females exposed to BPA. Hyperplastic structures were characterized by 

discontinuity of the myoepithelial cell layer, which acts as a barrier between the 

secretory luminal epithelial cells and the stroma (Li et al. 2020). The myoepithelial cell 

layer also signals to the polarization of luminal epithelial cells (Gudjonsson et al. 2002). 

Thus, its loss leads to a disorder in the epithelial compartment where cells undergo 

proliferative disarray. Another marker considered for evaluating tumor progression to 

malignant and invasive phenotype was cytoplasmic expression of p63 (Hsiao et al. 

2010), which increased in BPA exposed MG. 

High neoplasia rates in BPA exposed aged female gerbils demonstrate the 

carcinogenic potential of this xenoestrogen (Seachrist et al. 2016). In vitro studies 

showed the ability of BPA to induce neoplastic development in breast epithelial cells 

(Fernandez & Russo 2010). Shafei and colleagues reviewed BPA molecular 

mechanisms of action and related mammary disorders to epigenetic changes and anti-

apoptotic activity (Shafei et al. 2018a). In the present study, the proliferation rates in 

the BPA groups were high; contrarily, the number of cells in apoptotic process was 

reduced, establishing the tumorigenic process. MG from female Mongolian gerbil 

individuals at 18 months of age, when not exposed to the xenoestrogen BPA, 

presented similar characteristics of perimenopause involution phase (Oh et al. 2016). 

This is also an evidence that BPA alters cell machinery (Lee et al. 2013) to promote 

survival and transformation of cancer cells at late age. 
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Also, increase in proliferative activity was observed in MG of female gerbils from 

vehicle group, mostly associated to hyperplasia. Indeed, this finding can be related to 

the activity of phytoestrogens found in the vegetal oil (Lorand et al. 2010), which could 

promote hyperplasic features in gerbils MG, as described (Leonel et al. 2020), and a 

morphological feature often associated to aging (Attia 1996; Gomez et al. 2017). 

 

BPA induces epithelial-mesenchymal transition in MG of aged gerbils 

The epithelial-mesenchymal transition (EMT) is one of the initial processes in 

tumor progression and invasion of adjacent tissues (Lee et al. 2017). When exposed 

to BPA, breast cancer cells modulate key signal-proteins of endocrine response to 

promote EMT signaling, such as loss of cytokeratin and vimentin expression (Patel et 

al. 2015), similarly to that observed in our study. TGF-β1 is a cytokine with major 

responsibility for leading breast cancer cells to the EMT process, also contributing to 

the next invasiveness steps (Zhang et al. 2020). Its high expression in BPA groups, 

especially in ↑BPA, corroborates the EMT mechanism observed in MG of aging gerbils. 

Dong and colleagues associated TGF-β1 expression during mammary carcinoma 

development as a remarkable modulating signal for MMP-9 stromal overexpression in 

MG (Dong et al. 2019). The TGF-β1 increase in response to stromal modifications 

indicates the relevance of epithelial-stromal interactions. Thus, the interaction between 

compartments supports carcinoma development induced by BPA. 

Even though stromal features influence the EMT process, epithelial protein 

expression also contributes to tumorigenic development. High epithelial expression of 

TGF-β1 in mammary cells of BPA exposed gerbils indicates that this marker 

participates in susceptibility to BPA-disruption (Betancourt et al. 2014). As TGF-β1 

amplifies the EMT process (Goulet & Pouliot 2021) and cancer modulation in ECM 

(Vandenberg et al. 2012), its expression in normal epithelial cells and tissue of BPA 

groups indicates its role as a mediator in the tumor induction by this xenoestrogen in 

gerbil MG. Clearly, the tumorigenic process has several molecular influences, but TGF-

β1 expression in disrupted tissue suggests its key role in BPA action. 

Compared to non-exposed tissue of control and vehicle groups, in BPA groups 

a proliferative pathway was induced (Dairkee et al. 2013) by means of a cell surviving 

mechanism (Muraoka-Cook et al. 2006) in an environment supposed to show apoptotic 

and regressive patterns. This cell survival leads to the perpetuation of a tumoral 

architecture that allows a clonal and disordered growth (Zhang et al. 2017) through the 
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proliferative process, confirmed by an increase in PH-H3 positive cells in aged gerbil 

MG. BPA acts through estrogenic pathways to disrupt the cell cycle, such as in prostate 

(Huang et al. 2018). In addition, even though this EDC promotes mammary hyperplasia 

(Dumitrascu et al. 2020), in the present study we denote its tumor development 

potential in aging through the EMT mechanism, which could develop into an invasive 

and aggressive cancer. 

The invasive profile can be monitored through p63 expression in carcinoma 

cells. Cytoplasmic and nuclear staining for this protein enables diagnosis of 

invasiveness and is present in early breast cancer (Sundqvist et al. 2020) and 

pregnancy-associated breast cancer (Hsiao et al. 2010). Here, after BPA exposure 

during pregnancy and lactation, gerbil MG tissue from aged females presented 

enhanced p63 expression mainly in the cytoplasm, indicating a poor prognosis. This 

increase is one of the mechanisms activated by the BPA disruption activity in mammary 

tissue, known as basal programming (Cheung et al. 2013), which contributes to the 

structural maintenance of carcinomas and leads to a collective stromal invasion. 

Furthermore, its expression in tissues prone to tumorigenesis can amplify the functions 

of TGF-β1 as an EMT promoter, leading to invasiveness (Sundqvist et al. 2020). The 

expression of p63 demonstrates regulation of the EMT process in tumor tissue, 

exhibiting a permissive character to the collective invasion of cells in transformation 

associated with the remodeling of ECM in pro-tumor conditions (Gatti et al. 2019). 

 

Stromal remodeling promotes a tumor microenvironment in MG exposed to BPA 

A favorable tumor microenvironment is provided by disrupted stroma in several 

breast cancer types (Bussard et al. 2016). Collagen and elastin constitute the major 

fibrillar components of ECM and its degradation and synthesis support tumor 

progression (Brassart-Pasco et al. 2020). In our study, this process occurred in stroma 

of MG from BPA exposed females with a strong correlation with MMP expression. 

Indeed, loss of fibrillar elastin in BPA leads to a decline in mechanical properties and 

fibrosis in the stromal compartment, that also affects the epithelial compartment 

(Brassart-Pasco et al. 2020). In contrast, the collagen area increased drastically in BPA 

groups and this ECM remodeling is a remarkable step, previously described for breast 

cancer promotion (Gehmert et al. 2020). 

Collagen fibers were frequent around carcinoma and normal mammary 

structures in MG from aged females. TGF-β1 is known to increase the collagen 
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deposition in ductal areas (Silberstein et al. 1990) creating a fibrotic aspect of ECM, 

stimulating proliferative disorders in the epithelial compartment, and thus supporting 

tumor increase. Collagen and elastin dynamic in the MG of females exposed to BPA 

exhibits a tissue microenvironment that has undergone high remodeling. BPA 

promotes ECM stiffness in the MG of females exposed in utero through cellular 

machinery reprogramming for synthesis of extracellular elements (Wormsbaecher et 

al. 2020). Thus, we propose that this EDC promotes a tumor-associated collagen 

signature that rearranges the collagen matrix of the stroma (Lyons et al. 2011), 

supporting the development of carcinoma, in addition to being able to influence local 

invasiveness (Provenzano et al. 2006). 

Tumor growth invasiveness is promoted by upregulation of ECM proteases. The 

reactive stroma concerns not only changes in the ECM fiber components, but also 

those in cellular assembly (Mao et al. 2013), either by differentiation or by cell 

recruitment. Increases in the expression of MMP-2, MMP-3, and MMP-9 were 

observed in the MG of aged females exposed to BPA. Although each one presents a 

specific action in the mammary tissue, in the present study these MMPs contributed to 

tumor growth and the installation of multifocal carcinoma in gerbil MG. MMP-2 and 

MMP-9, which showed an expressive increase in the BPA groups, were exclusively 

expressed in ECM and are related to stromal cells that promote its remodeling (Di Cara 

et al. 2018). Both are proteases that aid local invasion of tumor cells and tumor growth 

(Dong et al. 2019). However, interestingly, we detected MMP-3 expression in different 

cell types, which assisted in the understanding of remodeled tissue mechanisms. Cells 

potentially in the EMT process showed cytoplasmic MMP-3 staining, similarly to 

myoepithelial cells in the basal epithelium, when discontinuous or not. 

In our study the expression profile of these MMPs suggests two tumorigenic 

process mechanisms induced by BPA: (I) EMT reprogramming is supported by MMP-

3 expression in the epithelium and MMP-2 and MMP-9 expression in the stroma to 

develop a tumor feature; and (II) invasiveness and expansion of carcinoma occurred 

due to myoepithelial cell expression of MMP-3 and proteolytic activity in basement 

membrane. The first mechanism is related to the main role of MMPs described during 

breast cancer establishment (Radisky & Radisky 2015). These proteases decrease 

cell adhesion (Marcus et al. 2019) and regulate signals of stemness (Radisky et al. 

2017), leading to the consequent EMT process. Specifically, MMP-9, which is also 

overexpressed in other cancer types after BPA disruption (Kim et al. 2015), promoted 
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the tumor signaling pathway of TGF-β1. MMP-9 intensifies TGF-β1 signaling during 

induction of the EMT process in breast tissue (Dong et al. 2019). This “cell adhesion” 

effect can also be induced by MMP-2 (Di Cara et al. 2018). In terms of basement 

membrane, the second mechanism correlates to the degradation activity of MMPs. 

MMP-3 expression in myoepithelial cells of BPA exposed MG promotes rupture of the 

last barrier between carcinoma and stroma (Deng et al. 2020). The surrounding stromal 

cells are recruited by BPA-induced carcinoma signaling pathways to express MMP-2 

and MMP-9 for basement membrane discontinuity (Blavier et al. 2006). With basement 

membrane loss, disrupted epithelial cells are stimulated to a disordered proliferation 

and expansion towards stroma (Slepicka et al. 2019). BPA changes basement 

membrane deposition in MG, which impacts breast alveoli morphogenesis by epithelial 

cells (Marchese & Silva 2012). Thus, our results suggest that BPA disruption increases 

MMP-3 expression for tumor progression and collective invasion of the stroma, 

whereas MMP-2 and MMP-9 expression in stromal cells is increased to support 

invasion in MG from exposed aged females, mediating the epithelium-stroma 

interaction. 

The epithelial-stroma interaction for tumor progression requires CAFs 

(Alexander & Cukierman 2020). Despite their multiple origins, CAFs are cellular 

elements that apparently arise from the establishment of reactive stroma in the breast 

(Elwakeel et al. 2019). According to Wormsbaecher and colleagues the mammary 

fibroblast phenotype is altered when an in-utero BPA exposure occurs, leading to 

subsequent ECM remodeling (Wormsbaecher et al. 2020). It is important to note that 

the recruitment of these cells increases dramatically in gerbil MG exposed to BPA, as 

observed by the staining of FAP-positive cells (Tao et al. 2017), suggesting that the 

endocrine disruption acts in some pathway for the establishment of this cell type. One 

of the pathways of fibroblast activation in cancer is through induction by TGF-β1 and 

FGF (Tao et al. 2017), both highly expressed in BPA-disrupted MG, which can be 

stated as a BPA endocrine disruption pathway for recruiting CAFs. 

In summary, the gestational and lactational windows in MG represent an 

exposure period in which BPA imposes a delayed carcinogenic risk during aging. The 

analysis allowed us to identify cancer progression in gerbil MG associated with several 

elements that support tumoral invasiveness (Figure 7). TGF-β1 was highly expressed 

in normal epithelium of disrupted tissue and seems to be a remarkable feature in BPA 

disruption, not addressed in aged females so far. These BPA induced mechanisms 
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contribute to EMT reprogramming and stromal signaling for tumor microenvironment 

establishment. Furthermore, the epithelial-stromal interaction, by molecular pathways 

and remodeling MMPs, emphasizes the alterations provoked by the studied EDC and 

the repercussions which favor carcinogenesis in disrupted mammary tissue. 

 

 

Figure 7. Graphical illustration of BPA-induced disruption in three stages of tumorigenesis in gerbil 

mammary gland. 
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4.2. Capítulo 2: Hormone receptor expression in aging mammary tissue and 
carcinoma from a rodent model after xenoestrogen disruption 
 

Revista Life Sciences (IF: 5.037) 

Abstract 

Aims: Hormone receptors are the main markers applied for prognosis of breast cancer 

subtypes. Among modulators, exogenous chemical agents known as endocrine 

disruptors interact with certain receptors, triggering molecular pathways or increasing 

their expression. Bisphenol A (BPA), a xenoestrogen, interacts with several hormone 

receptors. Thus, our aim was to characterize the hormone receptor status in the 

mammary gland (MG) of aged female Mongolian gerbils exposed to BPA in pregnancy 

and lactation.  

Methods: We evaluated the expression of receptors for estrogens (ERα and ERβ), 

progesterone (PR), prolactin (PRL-R), HER2/ErbB2, and androgen (AR) in normal and 

hyperplastic mammary tissue and in carcinomas developed after BPA exposure.  

Key findings: BPA-exposed MG presented increased ERα, whereas ERβ, PR, and 

PRL-R showed lower expression. AR and HER2/ErbB2 showed similar expression in 

normal and hyperplastic tissue from control, vehicle, and BPA groups. Both receptors 

were found in cytoplasm and nucleus in BPA-induced carcinoma. We demonstrate the 

presence of EZH2 expression, an epigenetic and epithelial-mesenchymal transition 

(EMT) marker, with a high H-score in BPA-exposed MG, which was associated with 

poor prognosis of cancer. Co-localization of ERα and EZH2 was present in normal and 
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carcinoma features, corroborating the installation of ERα-positive mammary cancer 

associated with the EMT process. Enhanced EZH2 in BPA-exposed mammary tissue 

could decrease ERβ expression and promote tumorigenesis progress through 

HER2/ErbB2.  

Significance: The present study proposes the Mongolian gerbil as an experimental 

model for mammary carcinogenesis studies, based on BPA disruption that triggers a 

phenotype of increased ERα/HER2 positivity and depletion of ERβ/PR expression. 

Keywords: Bisphenol A, Cancer marker, Mongolian gerbil, Morphology, Pathology 

  

Introduction 

The receptor-hormone binding signal is the base of hormone-responsive 

organs, such as the prostate and breast (Rodriguez-Gonzalez et al. 2008; Higa & Fell 

2013; Levin & Hammes 2016). This signal alters molecular pathways that could 

accelerate pathological processes of cancer installation (Dhiman et al. 2018). The 

mammary gland is one of the most susceptible organs to hormonal regulation 

(Sternlicht et al. 2006; Brisken, Cathrin; O’Malley 2010; Brisken & Ataca 2015). 

Diagnosis of neoplastic lesions in this tissue is commonly based on the expression of 

key markers, such as estrogen receptors (ERα and ERβ), progesterone receptors 

(PR), and human epidermal growth factor receptor 2 (HER2/ErbB2) (Shah et al. 2014; 

Levin & Hammes 2016; Waks & Winer 2019). Variations in the expression of these 

receptors in mammary gland neoplastic lesions are related to impacts in tissue 

homeostasis through proliferative activity (Reis-Filho & Pusztai 2011) and changes in 

signaling for establishment of a tumor microenvironment t (Dhiman et al. 2018). 

Specifically, a decline or absence of these three receptors characterizes a triple 

negative (ER-/PR-/HER2-) tumor, which is one of the most aggressive types of breast 

cancers (Abramson et al. 2015). A new tumor subtype (quadruple negative) has been 

considered based on the absence of androgen receptor (AR) expression (Mina et al. 

2017; Huang et al. 2020), which has a relevant role in healthy tissue (Wang et al. 

2014a) and breast cancer (Caswell-Jin & Curtis 2021). Thus, the decreased 

expression of hormone receptors in neoplastic mammary tissue represents a poor 

prognosis for breast cancer, indicating low responsiveness to hormonal therapies 

(Aloisi et al. 2001; Thomas & Gustafsson 2015; Ma et al. 2017). 

Recently, efforts have been made to describe an effective relationship between 

compounds known as endocrine disruptors (ED) and breast cancer (Seachrist et al. 
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2016; Terry et al. 2019; Vandenberg et al. 2019). EDs act by pathways that mimic or 

modulate the action of hormones and factors (Toppari 2008; Rodgers et al. 2018) to 

develop carcinogenesis. Among them, xenoestrogens have great relevance because 

they act mainly through ER binding (Viñas et al. 2012). However, bisphenol A (BPA), 

a ubiquitous xenoestrogen, acts by interacting with several other hormone receptors 

for disruption (Shafei et al. 2018). Furthermore, studies have suggested that the 

receptor-related action of BPA goes beyond direct binding interaction: it further 

promotes expression or silencing of genes related to these receptors (Zhang et al. 

2021), and consequently impacts the expression of these proteins (Bhan et al. 2014). 

Indeed, epigenetic changes have been linked to BPA, as strong evidence of the 

endocrine disruption of this compound that leads to tumorigenesis (Doherty et al. 

2010). Among these epigenetic alteration pathways (Monteiro et al. 2020), methylation 

is one of the main mechanisms of BPA disruption (Singh & Li 2012; Mileva et al. 2014). 

Enhancer of zeste homolog 2 (EZH2) is a methyltransferase of histone H3 (in lysine 

27) from the polycomb protein group (Holm et al. 2012). It largely modulates the 

expression of genes that encode relevant proteins for tumor progression (Li et al. 2009; 

Bae & Hennighausen 2014) including some linked to estrogen-like compounds 

(Greathouse et al. 2012; Bhan et al. 2014). This modulation is particularly important 

when exposure to BPA occurs during the perinatal development susceptibility window 

(Doherty et al. 2010; Leonel et al. 2020a). 

For better understanding of these proliferative lesion mechanisms the 

establishment of new rodent species as experimental models is relevant. The 

hypothesis that the Mongolian gerbil (Meriones unguiculatus) is an adequate model for 

these experiments is based on previous data and consistent evidence from our 

research group, with a focus on prostatic and mammary tissues (Campos et al. 2008; 

Custodio et al. 2010; Leonel et al. 2020a). Thus, we present analysis of the hormone 

receptor expression patterns in normal and hyperplastic mammary gland and in 

carcinoma induced by xenoestrogen BPA, allied with evaluation of the epigenetic 

marker EZH2. For this, the object of study was the late repercussions of BPA in 

females exposed during phases of major mammary morphological changes: 

pregnancy and lactation. 

 

Materials and Methods 

Experiments and ethics 
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The present study was conducted at the Animal Breeding Center of the Institute 

of Biosciences, Humanities and Exact Sciences (IBILCE, UNESP, São Paulo). Twenty 

female Mongolian gerbils, 3 months of age, were bred with fertile males. After birth the 

first litter was discarded in order to induce a second pregnancy in females. Eight days 

later, the females were divided into 4 experimental groups: control (gavage, water), 

vehicle (gavage, corn oil vehicle), ↓BPA (gavage, 50 µg/kg of BPA), and ↑BPA 

(gavage, 5000 µg/kg of BPA). The BPA dosage in the ↓BPA group reflects the daily 

safe exposure as considered by the US EPA (Soriano et al. 2019) and EFSA (EFSA 

2015), while the ↑BPA group depicts overexposure to the compound. The pregnant 

females were subjected to gavage daily, from the 8th day of gestation until the end of 

lactation, comprising 39 days of exposure. After weaning the mothers were kept in 

polysulfone isolators with water and balanced food ad libitum until 18 months of age, 

characterizing an aging period. Euthanasia was performed in animals with the 

exclusive presence of cornified cells in the vaginal smear, performed to standardize 

the hormonal status among animals of the experiment, since this impacts on the 

mammary tissue morphology. The abdominal mammary glands were removed and 

fixed whole in 4% paraformaldehyde for 24 hours, and then embedded in paraffin in a 

Leica Semi Enclosed System (TP1020, Leica Biosystems). 

The experiment followed the standards and protocols for animal 

experimentation of the National Council of Control and Animal Experimentation 

(CONCEA, Brazil) and was approved by the local Ethics Committee on the Use of 

Animals (CEUA, IBILCE, UNESP), number 217/2019. 

 

Immunohistochemistry procedures and analysis 

The fixed samples were sectioned at 4 µm thick and placed on silanized slides. 

They were then assigned to routine immunohistochemistry (IHC). Slides were 

deparaffinized and hydrated and before being subjected to antigen retrieval in 10 mM 

citrate buffer (97ºC) for 40 minutes. Subsequently, sections were destined to 

peroxidase blockage in H2O2 5% diluted in methanol for 20 minutes. Blocking of non-

specific proteins was performed in 10% bovine serum albumin for 30 minutes. Antibody 

incubation was performed overnight with the following primary antibodies: estrogen 

receptors – anti-ERα (mouse monoclonal, sc-8005, 1:50, Santa Cruz Biotechnology) 

and anti-ERβ (rabbit polyclonal, PA1-310B, 1:50, Invitrogen, ThermoFisher), 

progesterone receptor – anti-PR (mouse monoclonal, 1:50, GTX22765, GeneTex), 
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anti-HER2/ErbB2 (mouse monoclonal, 3B5, ab16901, 1:75, Abcam), prolactin receptor 

– anti-PRL -R (rabbit monoclonal, D4A9, 1:100, Cell Signaling Technology), androgen 

receptor – anti-AR (mouse monoclonal, sc-7305, 1:75, Santa Cruz Biotechnology), and 

enhancer of zeste homolog 2 – anti-EZH2 (rabbit monoclonal, D2C9, 1:75, Cell 

Signaling Technology). The slides were then incubated with post-primary antibody and 

polymer (Novolink™ polymer detection system 1, Leica Biosystems Newcastle 118 

Ltd., Newcastle, United Kingdom). Steps were interspersed with PBS or TBS wash 

buffers. Positive staining was detected by DAB chromogen (3-30’-diaminobenzidine 

tetrahydrochloride, NovolinkTM DAB, RE7270-CE, Leica Biosystems, Buffalo 121 

Grove, USA) and counterstaining was performed with hematoxylin. 

For analyses of immunohistochemical expression of ERα, ERβ, PR, and AR in 

the mammary gland, 15 microscopy fields were randomly selected for each animal (n 

= 5 per group). Incidence of the following structures with different morphological 

patterns was quantified: normal alveoli (1 or 2 layers of epithelial cells), hyperplastic 

foci (alveoli with more than 3 layers of epithelial cells), and carcinomas/neoplasia 

(regions with no lumen, showing non-polarized cells and with no basal delineation). 

Cells showing positive staining for each marker were counted, and the percentage of 

positive epithelial cells in relation to the total number of epithelial cells in the 

microscopic field was provided. These automated analyses were performed in QuPath 

software (Version 0.1.2, an open-source pathology software platform). In addition, the 

incidence of EZH2 expression was evaluated in entire tissue sections (cells/mm2) and 

the H-score of EZH2 immunostaining was taken into account for quantifying the 

intensity of labeling in cells throughout the section, as described by Vougiouklakis et 

al. (2020). Both analyses were performed and standardized by QuPath software. 

 

Immunofluorescence assay 

Immunofluorescence was performed to detect localization of HER2/ErbB2 and 

AR, and co-localization of ERα and EZH2. Antigen retrieval and nonspecific protein 

blockage were performed as stated above for IHC. Primary antibody incubation was 

performed overnight (4ºC). Incubation was then carried out with the following specific 

fluorochrome conjugated secondary antibodies: anti-mouse FITC (sc-2010, 1:100, 

Santa Cruz Biotechnology, USA) and anti-rabbit Texas Red (sc‐2780, 1:100, Santa 

Cruz Biotechnology, USA), for 1 hour at room temperature. The slides were stained 

and mounted with DAPI (Fluoroshield™ with DAPI, F6057, histology mounting 
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medium, Merck, Darmstadt, Germany) for nuclear fluorescence. The sections were 

analyzed with a Zeiss AX10 Fluorescence Microscope (Zeiss, Oberkochen, Germany) 

coupled to AxioVision (Zeiss) software. 

 

Statistical analysis 

The analysis of data normality was performed by the Kolmogorov-Smirnov test. 

Data of ERα, PR, and EZH2 (parametric data) were analyzed by one-way ANOVA 

followed by Tukey's test. For ERβ and AR (non-parametric data), the Kruskal-Wallis 

followed by Dunn's tests were applied. P < 0.05 value was considered for statistically 

significant differences between groups. The statistical analyses were performed in 

GraphPad Prism 5.00 software for Windows (GraphPad Software, San Diego, CA, 

USA, www.graphpad.com). 

 

 

Figure 1. Incidence of ERα, ERβ, and PR expression (percentages) in normal and hyperplastic tissues 

and carcinoma regions of mammary gland exposed to BPA. (A) ERα; (B) ERβ; (C) PR. Carcinomas 

were absent in mammary glands from control and vehicle groups. Graphical values are expressed as 

mean ± SEM and different letters (a, b and c) indicate significant differences among treatment groups 

in each morphological pattern (normal, hyperplasic or carcinoma) (A, C: ANOVA test followed by Tukey's 

test; B: Kruskal-Wallis test followed by Dunn's test). 

 

Results 

ERα, ERβ and PR expression  

 The expression of ERα, ERβ, and PR was quantified in epithelial cells of normal 

and hyperplastic tissue, and in multifocal carcinoma features in mammary gland. The 

percentages of cells expressing these receptors over the total number of epithelial cells 

are shown in Fig. 1 (A) for ERα, Fig. 1 (B) for ERβ, and Fig. 1 (C) for PR, where different 

letters (a, b and c) indicate significant differences among treatment groups in normal, 

hyperplasic or carcinoma patterns. In addition, Fig. 2 presents the nuclear expression 
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of ERα in Fig. 2(A-E), ERβ in Fig. 2(F-J), and PR in Fig. 2 (K-O), in normal, 

hyperplastic, and carcinoma structures. Control and vehicle groups presented the 

lowest values of ERα-positive cells (Fig. 2(A-B)) in both normal and hyperplastic 

tissues; the ↓BPA group presented the highest percentage in hyperplasia (59.67±3.11) 

and ↑BPA showed the highest rates in normal alveoli (79.81±2.52) (Fig. 2(C-D), 

respectively). In BPA-induced carcinoma > 50% of cells were ERα-positive in both 

groups (Fig. 2(E)).  

 

Figure 2. ERα, ERβ, and PR expression in mammary gland from different groups. (A-E) ERα. Normal 

epithelium in control and vehicle (A, B) presented low expression of ERα (arrows) in comparison to both 

BPA groups (C, D); this marker was also highly expressed in neoplastic structures disrupted by BPA 

(E). (F-J) ERβ. Nuclear expression (arrows) of ERβ was enhanced in normal alveoli of control and 

vehicle groups (F, G). However, its expression in ↓BPA (H) and ↑BPA (I) groups was rare. Also, 

neoplasia of BPA groups showed diminished ERβ expression (J). (K-O) PR. Expression of PR (arrows) 

was enhanced in control and vehicle (K, L), decreased in ↓BPA (M), and drastically reduced in ↑BPA 

(N) groups. Note sparse and reduced expression in neoplasia of BPA-exposed mammary gland. Scale 

Bars: (A, B, D, F) 10 µm; (C, G-O) 20 µm; (E) 30 µm. 

 

ERβ and PR presented opposite patterns of expression in BPA groups in 

comparison to ERα. The percentages of ERβ and PR positive cells are shown in Fig. 

1(B-C). ERβ was highly expressed in normal alveoli (Fig. 2(F)) and hyperplastic tissues 

from the control group (64.27±3.22 and 75.87±3.05, respectively), while its expression 

drastically decreased in tissues from BPA groups (Fig. 2(H-J)). Percentage of PR-

positive cells also decreased in mammary gland of BPA groups (Fig. 1(C)). Normal 
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and hyperplasic structures in control and vehicle groups presented around 50% of 

epithelial cells expressing PR (Fig. 2(K-L)). However, in BPA groups (Fig. 2(M-N)), 

there was a lower rate of normal epithelium in ↑BPA compared to ↓BPA. Carcinomas 

from the ↓BPA group presented the lowest percentages of PR positive cells (Fig. 2(O)). 

These three receptors did not show significant expression in stromal cells. 

 

Figure 3. PRL-R and HER2/ErbB2 expression in BPA-disrupted mammary gland. (A-D) PRL-R. Note 

cytoplasmic expression (arrows) in control group in A, compared to scarce expression in normal alveoli 

of ↓BPA (B) and in hyperplasia of ↑BPA (C) groups, as in neoplastic regions (D). (E-K) HER2/ErbB2. 

Control group presented HER2/ErbB2 positivity in cytoplasm (arrows) of all epithelial compartment (A), 

as well as in ↑BPA and ↓BPA groups (F, G). However, in neoplastic structures of BPA group, nuclear 

(arrowheads) staining for HER2/ErbB2 was observed (H). Immunofluorescence assay enabled 

observation of the nuclear (arrowheads) and cytoplasmic (arrows) localization of HER2/ErbB2 that 

occurred in normal alveoli of BPA disrupted groups (I-K). Scale Bars: 20 µm. 

 

PRL-R, HER2/ErbB2 and AR expression 

The expression of PRL-R and HER2/ErbB2 showed a visible decrease in 

mammary tissue of BPA groups (Fig. 3). A diffuse cytoplasmic pattern of staining 

required the use of a particular qualitative method to quantify the expression of these 

receptors in the mammary tissue. Normal epithelium in the control group showed 

cytoplasmic localization of PRL-R (Fig. 3(A)). However, in normal (Fig. 3(B)) and 
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hyperplasic (Fig. 3(C)) alveoli from BPA groups, the PRL-R positive staining was 

scarce. A similar pattern was observed in neoplastic cells (Fig. 3(D)). HER2/ErbB2 

expression was similar in normal and hyperplasic structures from all groups (Fig. 3(E-

G)). However, in multifocal neoplasia from BPA groups, cytoplasmic and nuclear 

expression of HER2/ErbB2 were observed (Fig. 3(H)), which was an uncommon 

feature in normal epithelium from the control group (Fig. 3(E)), but often observed in 

disrupted and normal alveoli from BPA groups (Fig. 3(F-G)). These aspects were 

confirmed by immunofluorescence (Fig. 3(I-K)). 

 

 

Figure 4. AR expression and localization in mammary gland. (A) Incidence (percentage) of AR positive 

cells. Graphical values are expressed as mean ± SEM and different letters (a, b and c) indicate 

significant differences among treatment groups in each morphological pattern (normal, hyperplasic or 

carcinoma) (ANOVA test followed by Tukey's test). (B-E) AR expression (arrows) in mammary gland 

tissue: lower in normal alveoli of control group (B), enhanced in hyperplasia of ↓BPA (C) and in normal 

tissue and hyperplasia of ↑BPA (D). Neoplasia/carcinoma regions presented high expression of AR 

(arrows). (F-K) Localization of AR in BPA groups. Normal alveoli of ↑BPA group presented high 

expression in nucleus (arrowheads) and cytoplasm (arrows) of epithelial cells (F-H), as well as in 

carcinoma of ↓BPA group (I-K). Scale Bars: 20 µm. 

 

The percentages of AR-positive cells among groups quantified in epithelial 

compartments from normal and hyperplastic glands and carcinoma are shown in Fig. 

4 (A, where a, b and c indicate significant differences among treatment groups in 
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normal, hyperplasic or carcinoma patterns). Control and vehicle groups presented a 

lower incidence of nuclear staining for AR (Fig. 4(B)). Hyperplastic structures 

presented more than 50% of AR-positivity staining in the ↓BPA group (Fig. 4(C)). The 

highest rates were observed in the ↑BPA group in both normal and hyperplasic 

epithelium (Fig. 4(D)), with statistically different percentages from other groups. 

Carcinomas presented the highest percentages of AR-positive cells in each BPA 

exposed group (Fig. 4(E)). AR expression was observed in stromal cells among normal 

and hyperplastic alveoli in BPA groups (Fig. 4(D)). Furthermore, in the 

immunofluorescence assay it was possible to observe the cytoplasmic and nuclear 

localization of AR in normal tissue (Fig. 4(F-H)) and carcinoma regions (Fig. 4(I-K)) 

from BPA groups. 

 

EZH2 expression 

The EZH2 H-score expression is shown in Fig. 5(A). In control and vehicle 

groups (Fig. 5(B-C)), mammary tissue presented a low incidence of EZH2 positive cells 

(1.56±0.18 and 1.80 ±0.23 cells/mm2, respectively). Normal mammary tissue and 

carcinoma from BPA groups presented enhanced positivity for EZH2 (↓BPA: 

41.12±3.29 and ↑BPA: 43.62±4.17 cells/ mm2) (Fig. 5(D-F)). Immunoreactive intensity 

(Fig. 5(D, F)) was stronger in BPA groups, which presented elevated H-scores (↓BPA: 

97.44±5.42 and ↑BPA: 103.7±7.51) in comparison with control and vehicle groups 

(control: 4.68±0.26 and vehicle: 6.41±0.62). In BPA groups, nuclear co-localization of 

ERα and EZH2 were observed in normal alveoli (Fig. 5(G-J)) and in carcinoma regions 

(Fig. 5(K-N)). 

 

Discussion 

The present study describes the hormone receptor standards in the tumorigenic 

process induced by BPA in the mammary gland of aged female gerbils. ERα 

expression was more frequent than PR and ERβ in carcinomas and in normal and 

hyperplastic structures from BPA exposed individuals. This demonstrates that the 

multifocal carcinoma developed in response to this xenoestrogen tends to be ERα-

positive, similarly to what is most commonly described in breast cancer (Najim et al. 

2019). We also emphasize the positivity of BPA-induced neoplastic regions for 

HER2/ErbB2, as these receptors are applied in the clinical diagnosis, for 
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understanding the malignant and metastatic status that may occur (Sharp & Harper-

Wynne 2014; Makki 2015). 

 

 

Figure 5. EZH2 expression. (A) H-score of EZH2. Both BPA groups presented high indices of H-score. 

(B-F) IHC for EZH2. (B) Control and (C) vehicle groups presented less EZH2 staining in mammary gland 

tissue. (D-E) Normal and hyperplasic alveoli presented heterogenous stain intensity for EZH2, reflecting 

in the H-score of these groups. (F) Carcinoma/neoplasia showed EZH2 positivity in almost every cell in 

different intensities. (G-N) Immunofluorescence assay for co-localization (yellow) of ERα (green) and 

EZH2 (red). (J and N) Shows the total nuclei in the same section with DAPI. Scale Bars: 20 µm. 

 

According to previous descriptions, BPA presents molecular interaction with 

other hormone receptors, such as PR and AR (Ayyanan et al. 2011; Acconcia et al. 
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2015). Furthermore, an epigenetic action is assigned to BPA-disruptive processes that 

lead to tumor installation (Bromer et al. 2010; Doherty et al. 2010; Nair et al. 2020). In 

this aspect, BPA interacts with ERα-promoting regions through DNA methylation, 

increasing its expression in cells (La Rocca et al. 2014) and making it persistent (Doshi 

et al. 2011). It also increases ERα translocation to the nucleus (Weng et al. 2010). This 

epigenetic imprinting (Weng et al. 2010) was observed by the marking and incidence 

of EZH2, an epigenetic marker (Perrot-Applanat et al. 2018) in the mammary tissue. 

Furthermore, we suggest that this mechanism may have been a major candidate for 

the installation of ERα+ cancer in mothers exposed to both BPA dosages, shown in 

Fig. 6-1. Clinically, EZH2 overexpression is related to the increased incidence of 

hyperplasia and alveoli disarray (Li et al. 2009) in addition to chemotherapy resistance 

(Reid et al. 2021). H-score values were also increased in the BPA exposed animals, 

defining a pathological status of neoplasia (Vougiouklakis et al. 2020). The action of 

EZH2 impacts the protein machinery of normal cells during BPA endocrine disruption 

due to its methyltransferase activity, causing hypomethylation of histone H3 (Fig. 6-1) 

(Doherty et al. 2010; Singh & Li 2012). This EZH2 mechanism acts on cell signaling 

pathways linked to the estrogen receptor and its coregulatory elements (Greathouse 

et al. 2012; Bhan et al. 2014), being an attenuating factor for the progression of ERα 

positive carcinomas, as observed in the present study. This crosstalk between ERα 

and EZH2 may be related to the EMT phenotype observed in neoplastic cells disrupted 

by BPA (Fig. 6-2), since EZH2 is an inducer of this process (Tiwari et al. 2013; Tian & 

Schiemann 2017; Feng et al. 2019). 

BPA action is based on the disruption of epigenetic relationships in mammary 

gland (dos Santos et al. 2015), leading to the hypothesis that these changes could be 

the reason for ER positivity in mammary carcinoma. BPA disruption is not only related 

to the onset, but also to the progression of mammary cancer, since this ED alters more 

than 170 breast cancer-related genes (Weng et al. 2010), some of them linked to 

HER2/ErbB2 signaling (Weng et al. 2010), and the main pathways are triggered by 

ERα (Jorgensen et al. 2016) (Fig. 6-2). In general, the alterations caused by BPA are 

selective to pathways related to genes under ERα transcriptional regulation (Jorgensen 

et al. 2016), associated with apoptosis inhibition (Sengupta et al. 2013) and EMT 

process induction (Atlas & Dimitrova 2019; Segovia-mendoza et al. 2020), as observed 

in the present study (Fig. 6-3). 
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Figure 6. Role of hormonal receptor expression in aged gerbil mammary gland under BPA disruption. 

(1) EZH2 mediated BPA disruption: EZH2 overexpression indicates the enhanced methylation of histone 

H3 in (H3K27). This contributes to increasing (green arrows) or decreasing (red arrows) expression of 

hormonal receptors – modifying HER2/ErbB2 expression. (2) Hyperplasia/EMT process: in the BPA 

exposed mammary gland, EZH2 expression promotes increased ERα expression and its nuclear 

translocation. ERα overexpression increases molecular pathways of proliferation causing hyperplasia 

and the EMT process in disrupted cells. Also, low expression of PR contributes to proliferative disorders 

in mammary tissue. (3) Proliferative/Antiapoptotic action: BPA increases the translocation of AR and 

HER2/ErbB2 to the nucleus, which activates/inhibits cell proliferative/antiapoptotic pathways. (4) 

Deregulation in proliferative pathways: BPA reduces ERβ positive cells, impacting in the AR expression 

and, consequently, blocking the antiproliferative control for tissue homeostasis. Antiproliferative action: 

BPA promotes decreased expression and increases AR expression which contributes to the decrease 

in ERβ, and consequently the antiproliferative process. 

 

Endocrine disruption by BPA led to the development of mammary carcinoma in 

aged female gerbils with PR, ERβ, and PRL-R loss of expression. This suggests that 

BPA modulates the response to certain hormones through depletion or exacerbation 

of hormonal-specific response, such as proliferation and expression of matrix 

remodeling proteins (Jorgensen et al. 2016). Under normal conditions, PR expression 

is mediated by ERα through the induction of estrogens (Feng et al. 2007), which was 

not observed in the present study. This demonstrates a pathway selectivity associated 

with BPA disruption in the expression of genes modulated by ERα (Aldad et al. 2011), 

as found in ER+ breast cancer stem-like cells (Lillo et al. 2017). Changes in PR 

expression modulate molecular pathways preferentially activated by the progesterone-
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PR binding signal (Mohammed et al. 2015; Thomas & Gustafsson 2015) (Fig. 6-1). 

This promotes a molecular crosstalk with ERα, decreasing estrogenic responses in 

neoplastic cells (Kabos et al. 2012; Thomas & Gustafsson 2015). Among these signs, 

the main progesterone pathway in mammary gland is the establishment of a distinct 

alveolar structure and differentiation of the terminal end buds during estrous/menstrual 

cycles (Haslam & Shyamala 1979; Macias & Hinck 2012). The absence of PR in breast 

cancer is associated with the progression of an irreversible state determined by the 

EMT process (Fig. 6-4), associated with an invasive phenotype (Obr & Edwards 2012) 

and poor prognosis (Blows et al. 2010). Furthermore, in the present study the loss of 

PR enabled the classification of the developing cancer as luminal B (Cancello et al. 

2013), which is positive for ER and HER2/ErbB2. 

Regarding ERs, the present study demonstrated that even in regions with 

normal and hyperplastic alveoli, expressive depletion in ERβ in comparison to ERα 

was observed. As previously mentioned, BPA acts selectively through induction 

pathways linked to ERα, which are maintained through endocrine disruption. 

Differently, ERβ is associated with antiproliferative pathways (Jia et al. 2015). We 

observed a higher incidence of ERβ expression in the control group, probably due to 

perimenopause regression and aging (Dall et al. 2018), against a drastic decrease in 

the BPA groups. ERβ presents a protective function in normal hormone-responsive 

organs (Guo et al. 2016) and is less expressed in female mammary gland after 

perinatal exposure to BPA (Wadia et al. 2013; Leonel et al. 2020a). Loss of ERβ leads 

to diminished regulatory control of cell maintenance processes in normal breast 

epithelium and promotes premalignant growth (Rody et al. 2005) linked to invasiveness 

in breast cancer (Tan et al. 2016). Furthermore, ERβ is highly expressed under 

homeostatic conditions in mammary gland (Jia et al. 2015) while ERβ (ESR2) gene 

silencing occurs by hypermethylation events (Zhao et al. 2003) (Fig. 6-4). The 

therapeutic implications of ERβ expression in breast cancer treatment demonstrate 

resistance to endocrine therapy (Hopp et al. 2004; Ma et al. 2017).  

ARs are relevant for the normal development of hormone-responsive organs 

(Wang et al. 2014b; Tarulli et al. 2019) and/or neoplastic lesions (Salvi et al. 2020). 

Although there is little investigation on breast cancer development, efforts in the last 

decade defined relevant and conflicting parameters for the prognosis of breast cancer 

related to this receptor (Peters et al. 2009; Vergneau-Grosset et al. 2021). As in the 

present study, more than 90% of mammary tumors present AR expression, this being 
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considered an interesting therapeutic target (Hickey et al. 2012). In addition, according 

to Farmer and collaborators (Farmer et al. 2005), AR and ER positivity define the 

development of luminal breast cancer, corroborating the characterization made from 

the expression of PR. 

As suggested for prostate cancer cells (Hess-Wilson 2009), the increase in 

mammary gland androgen receptors induced by BPA dosages may present an 

interaction through molecular pathways that alter ERβ expression (Fig. 6-2). 

Furthermore, AR has the ability to antagonize ERα processes by crosstalk with PR 

(Liao et al. 1998; Peters et al. 2009); however, these pathways may be hampered, 

since PR showed low expression in BPA induced carcinomas. Oncogene activation 

mechanisms and cofactors for AR in prostate cancer are similar to those of ERα in the 

breast, and when expressed in the same context they can compete and increase the 

mitogenic activation capacity of cells (Risbridger et al. 2010). Thus, we suggest that 

proliferation in BPA-induced carcinoma may be triggered through AR and ERα 

proliferative pathways, both highly expressed in the present study. 

Additionally, the expression and nuclear detection of AR and HER2/ErbB2 in 

carcinoma regions suggest a co-regulation (Venema et al. 2019), with the ability to 

indirectly modulate cell proliferation (Ni et al. 2011) (Fig. 6-3). Both receptors are 

commonly found in the cytoplasm in their non-phosphorylated/non-ligand-bound form 

(Golsteynl et al. 1990; Liao et al. 1998). When both events occur, translocation to the 

nucleus promotes effects in cells (Chua & Adams 2017; Wang 2017), such as 

proliferation and invasiveness, in addition to risk of cancer recurrence (Risbridger et 

al. 2010). This increased nuclear AR is associated with estrogenic effects (Liao et al. 

1998). BPA could also present pathways for tumor progression by overexpression of 

HER2/ErbB2 through epigenetic reprogramming, since EZH2 participates in the 

tumorigenesis process mediated by this receptor (Smith et al. 2019). Indeed, some 

anticancer therapies aim to decrease nuclear translocation of AR and HER2/ErbB2, 

aiming to decrease the progression of effects through oncogenes (Mina et al. 2017; 

Bon et al. 2020). Thus, pathways activated by these receptors and mechanisms 

associated with tumor growth are affected by age, tumor size, and sentinel lymph node 

characteristics (Liu 2020). This correlates with the present study, since aging is the 

main factor for the development of neoplasia in the gerbil model (Rowe et al. 1974). 

Several works identify features of mammary cancer progression in non-

genetically modified experimental models from exposure to BPA (Wadia et al. 2013; 
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Dhimolea et al. 2014; Oral et al. 2016; Leonel et al. 2020a; Wormsbaecher et al. 2020). 

In most cases, there is evidence of neoplastic processes after induction with 

carcinogenic compounds, such as MNU (Durando et al. 2006; Zhang et al. 2021). 

Among these models, the most widely used in studies of BPA-induced 

neoplasia/preneoplasia is the Sprague-Dawley rat (Hussain et al. 2015; Varuzza et al. 

2019). Recently, our research group has focused efforts on experiments related to 

mammary gland of the Mongolian gerbil and observed the effects BPA endocrine 

disruption in female offspring (Leonel et al. 2020b, a, 2021). This species is used as a 

model for prostate (Campos et al. 2008; Quintar et al. 2017) and gastric carcinogenesis 

(Noto et al. 2016), as females have developed prostate glands (Rochel-Maia et al. 

2013). Furthermore, aging is a phase that greatly increases the incidence of neoplasia 

in hormone-responsive glands, such as the prostate (Custodio et al. 2008, 2010). 

The female gerbil is prone to the development of neoplasia in old age (Vincent 

et al. 1980; Custodio et al. 2010), such as adrenal dysregulation and ovarian tumors 

(Vincent et al. 1979). In addition, due to hormone-responsive variations in several 

susceptibility windows (Lv & Shi 2011), the development of hormone-sensitive cancers 

in aging can be a useful application in this experimental model. Interestingly, in 

previous studies, the non-monotonicity of BPA effects at different concentrations found 

in Sprague-Dawley rats (Montévil et al. 2019; Prins et al. 2019), occurred in gerbil 

mammary gland (Leonel et al. 2020a, b), and similar effects are observed in both 

dosages for tumor development and progression. 

Malignant pathological processes in gerbils are attributed to events related to 

hormone receptors in organs of the reproductive system (Gonçalves et al. 2013). 

Carcinogenic development should reach spontaneous relevance (Pollard & Luckert 

1987) for observation of the progression and tumor establishment induced by hormonal 

pathways (Bosland et al. 1991; Gonçalves et al. 2013) or hormone-like pathways, such 

as by endocrine disruptors (Li et al. 2015). Thus, the effects observed in this study 

present the gerbil as an interesting model for the study of carcinogenesis in mammary 

tissue. 

In summary, BPA-induced carcinoma with increased ERα positivity, loss of ERβ, 

PR, and PRL-R, and increasing nuclear incidence of HER2/ErbB2 and AR in mammary 

gland of aged female gerbils, defining the mechanisms of this ED in carcinogenesis 

(Fig. 6). Both BPA dosages triggered similar effects related to modulation of hormonal 

receptors, important to the progression of mammary cancer. In addition, the Mongolian 
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gerbil is proposed as an experimental model for carcinogenesis induced by BPA, and 

useful for the study of endocrine disruption mechanisms and effective hormonal 

therapies for mammary neoplasia. 
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Novelty and Impact:  

Breast cancer development during aging is associated with exposure to endocrine 

disruptors that modulate the mammary microenvironment. Here, we demonstrate that 

BPA is able to promote macrophage and mast cell polarization to malignant 

phenotypes, supporting a tumor microenvironment. Furthermore, BPA increases the 

expression of inflammatory mediators for epithelial-mesenchymal transition and tumor 

progression in the mammary gland. Our analyses provide potential pathways for 

invasiveness and metastasis triggered by exposure to BPA during windows of 

susceptibility. 

 

Abstract 

Friend or foe, inflammation in the established tumor microenvironment (TME) is often 

associated with a poor prognosis of breast cancer. Bisphenol A (BPA) is an endocrine-

disrupting chemical that acts as inflammatory promoter and tumoral facilitator in 

mammary tissue. An aged mammary gland (MG) environment from females exposed 

to BPA during pregnancy and lactation revealed indications of epithelial-mesenchymal 

transition (EMT) and TME development. Contrarily to non-exposed MG, BPA induced 

carcinogenic development mediated by COX-2 and p-STAT3 expression. BPA was 

also able to promote macrophage and mast cell polarization in tumoral phenotype, 

evidenced by pathways for recruitment and activation of these inflammatory cells and 

tissue invasiveness triggered by TNF-α and TGF-β1. Increase of tumor-associated 

macrophages, M1 (CD68+iNOS+) and M2 (CD163+) expressing pro-tumoral 

mediators and metalloproteases was observed; this aspect greatly contributed to 

stromal remodeling and invasion of neoplastic cells. In addition, the mast cell 

population drastically increased in BPA-exposed MG. Tryptase-positive mast cells 

increased in disrupted MG and expressed TGF-β1, contributing to EMT process during 

carcinogenesis mediated by BPA. Thus, BPA exposure interfered in inflammatory 

response by releasing and enhancing the expression of mediators that contribute to 

tumor growth and recruitment of inflammatory cells that promote a malignant profile. 
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Introduction 

 Tumor microenvironment (TME) is the main target studied in cancer 

development and therapeutic approaches. TME promotes the neoplastic cross-talk 

required for tumor progression (Bussard, Mutkus, Stumpf, Gomez-Manzano, & Marini, 

2016). One of the main elements for TME promotion is the establishment of 

inflammatory process, by production of cytokines and inflammatory-tumor mediators 

(Polyak & Kalluri, 2010). Breast cancer is one type of adenocarcinoma that presents a 

great imbalance between inflammation and malignancy (Liubomirski et al., 2019). 

These phenomena are associated to cancer progression through inflammatory 

mediators that stimulate the micrometastasis and recruitment of tumor-associated 

stromal cells (Fouad, Kogawa, Reuben, & Ueno, 2014). 

 Exposure to environmental chemicals and pollutants increase the risk of 

inflammation and breast cancer (Koual et al., 2020). Several compounds act as 

disruptors of stromal-epithelial interaction, impairing tissue homeostasis and 

developing neoplasms (Koual et al., 2020). Bisphenol A (BPA) is considered a 

multitarget disruptor of the female reproductive system (Pivonello et al., 2020) and is 

among the compounds recognized as tumor promoters in the mammary gland (MG). 

In addition to being considered a promoter of breast cancer (Nair, Valo, Peltomäki, 

Bajbouj, & Abdel-Rahman, 2020), BPA has been linked as an promoter of inflammatory 

process (Murata & Kang, 2018). This is due to the fact that exposure to BPA 

upregulates the expression of inflammatory cytokines recognized as attractant 

chemokines for inflammatory cells (Kanaya et al., 2019).  

 We recently demonstrated the carcinogenic potential of BPA in MG of elderly 

females after previous exposure during pregnancy and lactation (Ruiz, Colleta, Leonel, 

& Taboga, 2021). In these phases an intense remodeling occurs in epithelial and 

stromal compartments (Terry et al., 2019) and exposure to BPA triggers a late tumor 

development onset at aging (Ruiz, Colleta, Leonel, et al., 2021). Since TME at aging 

predicts a worse prognosis (Fane & Weeraratna, 2020) and BPA is one of the most 

environmental-spread endocrine disruptors (Vandenberg, Hauser, Marcus, Olea, & 

Welshons, 2007), the crosstalk between neoplastic development and BPA-exposed 

TME are matter of concern and deserve to be studied. Here, we investigate the 

expression of inflammatory cytokines in epithelial and stromal compartments and 

describe the phenotype of recruited inflammatory cells, mast cells (MC) and 
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macrophages, in TME during BPA-induced carcinogenesis of aged females exposed 

in gestational/lactational window. 

 

Materials and Methods 

Experimental Design and Animals 

Female Mongolian gerbils (Meriones unguiculatus) were allocated with fertile 

males (N=20) in reproductive age (4 months old) for allowing copulation. On the 8th 

gestational day, the pregnant females were sorted into four experimental groups (n=5): 

control (subjected to water gavage/daily); vehicle (subjected to 0.1 ml corn oil 

gavage/daily); ↓BPA (subjected to 50 µg/kg of BPA/daily – safety dose according to 

EFSA(EFSA, 2015) and FDA(Soriano et al., 2019)); and ↑BPA (subjected to 5000 

µg/kg of BPA/daily – acute exposure).Gavage was performed during 39 days – 18 days 

of pregnancy and 21 days of lactation. After, females were kept with no other treatment 

until 18 months of age when they were anesthetized and euthanized. Euthanasia was 

performed in the estrous phase of cycle, confirmed by vaginal smear. Left MG was 

collected and fixed in paraformaldehyde 4%, processed in histological routine and 

serially sectioned (4.5 µm) for immunohistochemistry analysis. Right MG was frozen 

at -80 ºC for western blotting analysis. 

The animals were kept in Animal Breeding Center of the Institute of Biosciences, 

Humanities and Exact Sciences (IBILCE, UNESP, São Paulo). They were allocated in 

polysulfone isolators with balanced food and water ad libitum. Ethical standards and 

protocols for animal experimentation determined by the National Council of Control 

and Animal Experimentation (CONCEA, Brazil) were followed and experiment was 

approved by the local Ethics Committee on the Use of Animals (CEUA, IBILCE, 

UNESP, n. 217/2019). 

 

Immunohistochemistry and Histochemical analysis 

Histological sections were destined to immunohistochemistry technique for 

inflammatory cells and markers detection. The sections were deparaffinized and 

hydrated. Antigen retrieval was performed with 10 mM citrate buffer (95ºC) or 

Tris+EDTA (90ºC) for 45 minutes. H2O2 5% diluted in methanol was used for 

peroxidase blockage. Blocking of non-specific proteins was performed in 10% 

skimmed milk. After, sections were incubated overnight with primary antibodies for p-

STAT3 (rabbit monoclonal, D3A7, #9145; Cell Signaling, Danvers, MA, USA), COX-2 



90 

 

 

 

(rabbit monoclonal, D5H5, #12282; Cell Signaling), TNF-α (rabbit monoclonal, D2D4, 

#11948; Cell Signaling), F4/80 (rabbit monoclonal, IgG, D2S9R, #70076; Cell 

Signaling), and IL-6 (mouse monoclonal, E-4, sc-28343, Santa Cruz Biotechnology, 

Dallas, TX, USA). These steps were interspersed with buffer washes in PBS or TBS. 

Slides were incubated with post-primary antibody and after with polymer (Novolink™, 

Leica Biosystems Newcastle Ltd.). Positive staining detection of 

immunohistochemistry reaction was performed with 3-30 diaminobenzidine 

tetrahydrochloride (DAB) (Novolink™, Leica Biosystems) and counterstaining with 

hematoxylin. Also, Toluidine blue (pH 4.0) staining was performed in histological 

sections for total mast cells detection. 

 

Double immunofluorescence assay 

Double immunofluorescence assay was performed to determine co-localization 

or specific cell markers. The steps were similar to immunohistochemistry techniques, 

except for the peroxidase blockage that was not carried. Incubation of the following 

primary antibodies was performed with a (1:50) dilution : CD68 (goat polyclonal, M‐20, 

Santa Cruz Biotechnology), CD163 (rabbit polyclonal, M‐96, Santa Cruz 

Biotechnology; or mouse monoclonal, ED2, sc-58965, Santa Cruz Biotechnology), 

NOS2/iNOS (mouse monoclonal, C-11, sc-7271, Santa Cruz Biotechnology), mast cell 

tryptase (mouse monoclonal, MAB1222, Sigma-Aldrich; or, rabbit polyclonal, 

ab196772, Abcam), mast cell chymase (mouse monoclonal, ab2377, Abcam), COX-2 

(rabbit monoclonal, D5H5, #12282; Cell Signaling), MMP2 (mouse monoclonal, sc-

13595, Santa Cruz Biotechnology), MMP9 (mouse monoclonal, sc-21733, Santa Cruz 

Biotechnology), TGF-β1 (rabbit polyclonal, sc-146), and TNF-α (rabbit monoclonal, 

D2D4, #11948; Cell Signaling), and IL-6 (mouse monoclonal, E-4, sc-28343, Santa 

Cruz Biotechnology). After, the incubation with specific fluorochrome conjugated 

secondary antibodies was performed, following the host of primary antibodies: anti-

mouse FITC (sc-2010, Santa Cruz Biotechnology); anti-rabbit FITC (sc-2359, Santa 

Cruz Biotechnology); anti-mouse Rhodamine (sc-2092, , Santa Cruz Biotechnology); 

anti-goat Texas Red (sc-2783, Santa Cruz Biotechnology) and/or anti-rabbit Texas 

Red (sc-2780, Santa Cruz Biotechnology). DAPI (Fluoroshield™ with DAPI, F6057, 

histology mounting medium, Merck, Darmstadt, Germany) was used for nuclear 

fluorescence and mounting. 
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Western blotting 

MG was stored in -80ºC for Western blotting analysis. Protein extraction was 

performed with an extraction buffer containing protease inhibitor (Protease Inhibitor 

Cocktail, P8340, Sigma Aldrich, St. Louis, MO, USA) in smashed samples, which were 

then centrifuged (20 min; 14,000 rpm; 4ºC). Protein concentration was quantified by 

absorbance using BCA Protein Assay Kit (Pierce BCA Protein Assay Kit, 23,227, 

Thermo Fischer Scientific, Rockford, IL, USA) in microplate reader SPECTROstar 

Omega (BMG Labtech, Ortenberg, Germany). Electrophoresis in SDS page gel (15 ug 

of sample; 105V; 90 min) and electrophoretic transfer to a nitrocellulose membrane 

(Amersham Protram, 10,600,003, GE Healthcare, Darmstadt, Germany) were 

performed. TNF-α expression amount was evaluated by Western blotting assay. Blots 

were blocked with skimmed milk 3% in TBS + Tween (0.1%). After, they were 

incubated with primary antibody anti-TNF-α (rabbit monoclonal, D2D4, #11948; Cell 

Signaling) and anti-GAPDH (rabbit monoclonal, 14C10, #2118, Cell Signaling, used as 

endogenous positive control) overnight.  Secondary antibody incubation was 

performed with horseradish peroxidase conjugated (anti-rabbit IgG, HRP-linked 

Antibody, #7074). All steps were interposed with TBSt washes. Antibody detection was 

made with Chemiluminescent substrates – Luminol Enhancer and Peroxide solution 

reagents (Westar Antares, Cyanagen, XLS142,0250) and revealed in ChemiDoc 

Image System (BioRad, Hercules, CA, USA). Image J software (version 1.52a, USA) 

was used for densitometry analysis and protein quantification. 

 

Quantification of positive cells and Statistical analysis 

For the quantitative analyses, the number of positive cells per mammary tissue 

area (cell/mm2) was considered. For IHC (pSTAT3, TNF-α, CD163+, COX-2, F4/80+), 

analyzes were performed in QuPath software (version 0.1.2, an open-source pathology 

software platform). Specific cell detection was evaluated by double 

immunofluorescence (CD68+iNOS+, Tryptase+Chymase+ or Tryptase+Chymase-). 

For these analyses, eight random fields were captured (100x) per sample on the AX10 

Fluorescence Microscope (Zeiss, Oberkochen, Germany) coupled with AxioVision 

(Zeiss) software. The number of positive cells was counted after merge fluorescence 

channels – (total positive cells)/analyzed rea (mm2). 

Statistical analyses were performed in GraphPad Prism 6.00 for Windows (GraphPad 

Software). Kolmogorov–Smirnov test was used to check data normality distribution. 
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One-way ANOVA followed by Tukey’s test was applied in parametric data. Kruskal–

Wallis test followed by Dunn’s test was applied in non-parametric data (TNF-α). 

 

Figure 1. Inflammatory markers in the mammary gland exposed to BPA. (A-B) p-STAT3. Both BPA 

groups presented high expression of p-STAT3. Control group presented nuclear expression (white 

arrowheads) in normal epithelium, whereas p-STAT3 expression was observed in cytoplasm of stromal 

(arrows) and epithelial cells (black arrowheads) from BPA groups. (C-D) COX-2. High expression of 

COX-2 was observed in BPA groups. (D) Representative illustration of carcinoma cells expressing 

cytoplasmic COX-2 in BPA groups. (E-F) TNF-α. As shown by immunohistochemistry, TNF-α positive 

cells did not differ among groups. (E) Western blotting analysis, however, demonstrated an increased 

expression of TNF-α in BPA groups in comparison to controls. (F) Expression of TNF-α in MG stromal 

cells. (G) IL-6. The expression of IL-6 was restricted to cytoplasm of stromal cells (arrow) in control and 

vehicle groups, whereas in BPA groups a diffuse staining (asterisks) was observed. IL-6 positivity was 

confirmed by immunofluorescence assay in BPA groups (representative image of ↑BPA group). Mean 

± SEM was expressed in graphical figures and asterisks indicate significant differences among 

experimental groups. Scale Bars: (B) 20 µm; (D) 30 µm; (F) 20 µm; (G) 30 µm. 
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Results 

Expression of inflammatory markers in mammary tissue disrupted by BPA 

Inflammatory mediators in mammary tissue were evaluated by 

immunohistochemistry (IHC) in aged females, exposed to a safe dosage (50 µg/kg) 

and acute exposure (5,000 µg/kg) of BPA during pregnancy and lactation. Expression 

of p-STAT3 showed higher rates in MG exposed to BPA, than in control groups (Figure 

1A). P-STAT3 expression enhanced in vehicle group compared to control, in which 

positive cells presented nuclear staining (Figure 1 B). In both BPA-exposed groups, 

contrarily, p-STAT3 was observed in cytoplasm of stromal and epithelial cells (Figure 

1B). 

Control and vehicle groups presented the lowest values of COX-2 expression 

(Figure 1 C), observed scarcely in stromal cells. Compared to control groups, 

expression of COX-2 increased almost 4-folds in BPA exposed animals. In BPA 

groups, COX-2 was expressed in the cytoplasm of normal epithelium, carcinoma cells, 

and surrounding stroma (Figure 1 D). In IHC analysis, TNF-α-positive cells did not 

present statistical differences among groups (Figure 1 E-F). However, Western blotting 

analysis detected an increase of this protein expression (concentration) in BPA groups 

(Figure 1 E). IL-6 showed less cytoplasmic positivity of stromal cells in control and 

vehicle groups, whereas in both BPA groups IL-6-positive cells were more abundant 

(Figure 1 G). Also, diffuse staining in stroma of BPA groups for IL-6 was confirmed by 

immunofluorescence (Figure 1 G). 

 

Macrophages in tumor microenvironment promoted by BPA in aged females 

Total macrophages in mammary tissue were evaluated by F4/80 IHC (Figure 2 

A-B). BPA groups presented high rates of macrophages in comparison to control and 

vehicle groups, which also differed between them. Clusters of macrophages were 

observed near to disrupted tissue; intraepithelial macrophages were also observed in 

BPA groups (Figure 2 B). Furthermore, M1 (CD68+iNOS+) and M2 (CD163+) 

macrophages were quantified and compared among groups (Figure 2 C). BPA groups 

presented an increase in M1 macrophages compared to control and vehicle groups 

(Figure 2 A). Also, M2 macrophages were 2-fold increased in ↓BPA and 3-fold 

increased in ↑BPA compared to M1 macrophages in the same group. Macrophages 

CD68+ expressed TNF-α and COX-2 in peritumoral tissue and non-disrupted 

structures of BPA groups (Figure 2 D). In addition, CD68 and TGF-β1 co-expression 
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was rare in these groups (Figure 2 E). CD163+ macrophages presented TGF-β1 

positivity in BPA groups (Figure 2 E). MMP9 expression was found in CD68+ and 

CD163+ macrophages (Figure 2 F).  

 

 

Figure 2. Macrophages in MG of aged females exposed to BPA during pregnancy/lactation window. (A) 

Macrophage population in mammary tissues. Total macrophages (F4/80+) enhanced in BPA groups 

compared to control group and vehicle, which presented lowest values. M2 macrophages (CD163+) were 

increased in BPA exposed tissues, as well as M1 macrophages (CD68+iNOS+) in the same groups. Mean 

± SEM is expressed in graphical figures and different letters (a, b, c) indicate significant differences among 

experimental groups in each parameter (F4/80+, CD68+iNOS+, CD163+). (B) Macrophages (arrowhead) 

were observed in stromal compartment of control group. In carcinoma of BPA exposed MG, clusters of 
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macrophages (↓BPA group - asterisks) were observed. Intraepithelial macrophages (↑BPA group - arrows) 

were also observed in these experimental groups. (C) Tumor-associated macrophages. M1 macrophages 

were verified by co-expression of CD68 and iNOS. M2 macrophages were verified by expression of CD163 

and CD68. Carcinoma features in BPA groups presented CD68+CD163+ (arrowheads) and CD68-CD163+ 

(arrows), M1 and M2 macrophages, respectively. (D) CD68+ cells (arrowheads) as well as adipocytes 

(arrows) express TNF-α. CD68+ cells also express COX-2 (arrowheads). (E) TGF-β1 (arrowheads) was 

expressed in CD68+ and CD163+ cells, as well as (F) MMP9 (arrowheads). Groups: (C-E) ↓BPA; (F) 

↑BPA.Scale Bars: (B) 20 µm; (C) 40 µm; (D-F) 20 µm. 

_______________________________________________________________________ 

 

Mast cells in tumor microenvironment promoted by BPA in aged females 

Total MC were evaluated by toluidine blue staining in mammary tissue (Figure 

3 A-B). MCs were increased in BPA groups, mainly in ↑BPA. Analysis of tryptase-

/chymase+ and tryptase+/chymase+ were performed to detect different mature MC 

populations (Figure 3 A, C). Tryptase+ MC (MCT - tryptase+/chymase-) were 

enhanced in BPA groups, presenting higher rates in ↓BPA. Also, chymase+ MC 

(MCCT - tryptase+/chymase+) presented no statistical differences among control, 

vehicle and ↓BPA groups, whereas ↑BPA presented high rate of MCCT. MCT 

expressed TFG-β1 and MMP2 in stromal compartment of BPA groups (Figure 3 D), 

while MCCT presented positivity for TGF-β1 (Figure 3 D) and rare expression of 

MMP2. 

 

Discussion 

We demonstrate in the present study the patterns of expression of inflammatory 

markers and cells in the TME of BPA-induced carcinogenesis. Epithelial and stromal 

inflammatory responses indicate cancer prognosis of MG tissue and a possible target 

for therapeutics (Baumgarten & Frasor, 2012). Nonetheless, inflammation is a 

remarkable feature disturbed by endocrine disruptors, which unbalance the 

communication between compartments (Murata & Kang, 2018). We demonstrated that 

increased expression of COX-2 and p-STAT3 in mammary neoplastic cells after BPA 

exposure, in addition to TGF-β1, are presented as pathways of interaction between the 

established neoplastic process and the surrounding stroma. Also, our analyses 

allowed us to present molecular pathways, such as TGF-β1 and TNF-α, preferentially 

triggered by macrophages and mast cells with pro-tumor phenotypes to promote the 

initiation of neoplastic development in MG from BPA-exposed females. 
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Figure 3. MC in MG of aged females exposed to BPA during pregnancy/lactation window. (A) MC 

population in mammary tissues. MC were increased in BPA groups compared to control and vehicle 

groups. Tryptase+Chymase- cells were enhanced in BPA groups, whereas only ↑BPA presented an 

increase in Tryptase+Chymase+ cells. Mean ± SEM was expressed in graphical figures and different 

letters (a, b, c) indicate significant differences among experimental groups in each parameter (total MC 

toluidine blue (TB), Tryptase+Chymase-, Tryptase+Chymase+). (B) Toluidine blue (pH 4) presented a 

metachromatic reaction (purple) with MC cytoplasm/granules (arrows). Few MC were observed in the 

control group compared to the abundant MC population surrounding carcinoma features in ↓BPA and 

↑BPA groups. (C) MC population. MCT (Tryptase+Chymase-, arrows) and MCCT (Tryptase+Chymase+, 

arrowhead) were observed in the stromal compartment. (D) Tryptase+ cells express TGF-β1 in 

neoplasia and MMP2 in stroma of BPA exposed MG. Chymase+ cells also express TGF-β1 

(arrowhead). Groups: (C), (D – Tryp+TGF+) ↓BPA; (D – Tryp+MMP2+; Chym+TGF+) ↑BPA. Scale Bars: 

20 µm. 

 

P-STAT3 is a marker of tumoral inflammation (Kang et al., 2017). Our results 

suggest that BPA modulated STAT3 expression (Dumitrascu et al., 2020) , enhancing 
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cell proliferation in breast cancer through this mechanism (Nair et al., 2020). We 

analyzed the expression of the phosphorylated form of STAT3. This form occurs in the 

cytoplasm and after its dimerization it goes through nuclear translocation (Schust, 

Sperl, Hollis, Mayer, & Berg, 2006). We found that control and vehicle groups showed 

a nuclear STAT3 expression, while in the BPA groups it was mostly identified in the 

cytoplasm. Our hypothesis is that BPA interferes in the p-STAT3 translocation 

machinery, either in dimerization or in the translocation process itself. Future studies 

could be explored to detect interferences in these events during BPA-induced 

carcinogenesis. 

Tumor-associated macrophages are mainly activated and recruited via TGF-β1 

signaling (Gratchev, 2017). In addition to the expression of CD68+, M1 macrophages 

are also positive for iNOS and TNF-α (Mantovani, Sozzani, Locati, Allavena, & Sica, 

2002). The presence of M1 phenotype is associated to an increasing tissue 

inflammation in TME (Murray et al., 2014). TGF-β1 signaling can be amplified by COX-

2 expression (Gan et al., 2016; Hugo, Saunders, Ramsay, & Thompson, 2015) in 

addition to p-STAT3 (Clarkson et al., 2006). Since BPA increases the expression of 

these proteins in epithelial cells and macrophages, the increase in M1 is probably 

linked to this pro-inflammatory cascade (COX-2/p-STAT3/TGF-β1) in neoplastic 

mammary tissue. Thus, disruption of BPA in the MG of aged females is linked to an 

intrinsic communication between inflammatory markers expressed in the epithelium 

and stromal cells. 

Also, the marker CD163 was used in the present work as a marker for M2 

macrophages (Kim et al., 2020). Even though an anti-inflammatory function is signaled 

for this macrophage phenotype (He et al., 2014), studies suggest a stimulatory effect 

on tumor progression (Kim et al., 2020; Najafi et al., 2019). The proportion of M2 is 

almost 2-fold that of M1 in the MG of aged females exposed to BPA. Thus, M2 

macrophage polarization was favored during BPA endocrine disruption. In a 

tumorigenic environment, M2 macrophages orchestrated by epithelial-derived cancer 

cells influence extracellular matrix (ECM) remodeling, mainly by MMP9 (Sousa et al., 

2015). Also, M2 enhance is related to a poor prognosis due to its association to an 

invasive environment (Jeong, Hwang, Kang, Shin, & Kwon, 2019). Our results confirm 

that BPA-promoted polarization occurs by means of estrogenic pathways (Teixeira et 

al., 2016) that are favored in the MG of aged females, as previously shown(Ruiz, 

Colleta, Zuccari, et al., 2021). 
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MC are responsible for important events in tumor signaling and ECM remodeling 

during carcinogenesis (Komi & Redegeld, 2020). We demonstrated that exposure to 

BPA during pregnancy and lactation increases MC recruitment to mammary tissue in 

the onset of neoplastic development in aging. MCT was the increased phenotype in 

the stroma of both BPA exposure doses, whereas MCCT was more recruited in MG 

exposed to high dose BPA, probably as a long-term response to an acute exposure. 

MCT initiates differentiation and proliferation of fibroblasts and stromal remodeling by 

releasing degradative proteases, such as MMPs, in the TME (Mangia et al., 2011). 

MMP9 is expressed by macrophages (Zollo et al., 2014) and MC (Xu, Cai, Yang, & 

Chen, 2017) in response to active estrogenic pathways (Inman, Robertson, Mott, & 

Bissell, 2015). Also, MCT is involved with collagen remodeling in the ECM (Westbury 

et al., 2014). Expression of MMPs was observed in differentiated MC, such as MCT 

and MCCT, after endocrine disruption by BPA. Both MMP-2 and MMP-9 expressed in 

active MC phenotypes hardly contribute to neoplastic-associated tissue remodeling (Di 

Cara et al., 2018). Thus, BPA recruits remodeling MC in the onset of carcinogenesis, 

favoring invasiveness in the MG of aged females. 

In addition, MCT increases angiogenesis and micrometastasis in the early 

stages of carcinogenesis (Ranieri et al., 2009). Mainly in breast carcinoma, an increase 

of MCT (Kankkunen, Harvima, & Naukkarinen, 1997) is associated with invasion and 

migration (Liu et al., 2011). In this condition, MCT are found peri- and intra-tumor and 

are also associated with the communication process between disrupted/cancerous 

cells and stromal compartments (Khan et al., 2013). TGF-β1 is a chemotactic protein 

(Ramírez-Valadez, Vázquez-Victorio, Macías-Silva, & González-Espinosa, 2017) 

enhanced in disrupted epithelial cells and MCT in MG from aged females exposed to 

BPA. Also, MC communicates with breast cancer cells via TGF-β1, promoting their 

proliferation and stromal migration (Zollo et al., 2012). As we described previously 

(Ruiz, Colleta, Leonel, et al., 2021), TGF-β1 is a potential candidate for mediating the 

EMT process in BPA disrupted tissues. Also, EMT influences this process through 

inflammatory cytokines that enable tumor cell communication, and prepares invasion 

fields for cancerous cells (Aponte-López, Fuentes-Pananá, Cortes-Muñoz, & Muñoz-

Cruz, 2018). 

 BPA induced an increase in mature MC, contrarily to what was observed in 

control and vehicle groups, which had low number of total MC. This demonstrates the 

recruiting and maturation effect of this cell type in MG exposed to BPA, as well as an 
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unexplored molecular mechanism of cell-mediated TME (Leoh, Daniels-Wells, & 

Penichet, 2015). Also, the increase in TNF-α and TGF-β1 by BPA in other cell types 

may be associated to the increase of mature MC in these groups and the development 

of a TME (Fleming et al., 2012). In addition to TNF-α, IL-6 mediates inflammation via 

MC, promoting macrophage activation (Dahdah et al., 2014) and MC own activation 

(Komi, Wöhrl, & Bielory, 2020). Thus, BPA modulates MC self-activation and co-

activation of inflammatory cells during MG carcinogenesis in aged females (Figure 4). 

In summary, BPA modulates the progress of TME in MG of aged females during 

the onset of cancer installation. Neoplastic cells exposed to BPA express COX-2 and 

p-STAT3 that contribute to EMT process and inflammatory signaling to stroma. 

Macrophages and MC, especially malignant phenotypes, were hardly recruited in BPA-

disrupted tissue. M1 and M2 macrophages phenotypes promote the TME 

establishment and were responsible for ECM remodeling. MC enhances inflammatory-

chemokine signaling and communication for EMT progress of BPA-disrupted epithelial 

cells by TGF-β and TNF-α. Thus, BPA-induced TME favors neoplastic development in 

MG of aged females by inflammatory responses and signaling, which also contributes 

to tumor growth and invasiveness. 
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Figure 4. Tumor microenvironment in MG from aged females exposed to BPA. (1) p-STAT3: cytoplasmic 

expression in epithelial normal and neoplastic cells in disrupted tissue. The hypothesis of non-dimerization and 

impaired nuclear translocation after BPA exposure remains unclear. (2) Macrophage polarization: BPA 

interfered in the polarization of resident and recruited macrophages. Induction of M2 pro-tumoral phenotype and 

M1 pro-inflammatory phenotype was stimulated by BPA. (3) Activation and maturation of M1 macrophages and 

MC: IL-6 and TNF-α expressed and released by mature MC act as activation-key chemokines for M1 and MC. 

With TGF-β1, these chemokines act in maturation of MCT (Tryptase+Chymase-) and MCCT 

(Tryptase+Chymase+). (4) Role of MCT: expression of MMP2 and MMP9 are associated with remodeling of 

stromal compartment. These proteases alter fibrillar elements of ECM and promote the activation of fibroblasts, 

influencing the recruitment of cancer-associated fibroblasts (CAF). Also, MCT participates in microinvasive 

profile and epithelial-mesenchymal transition of neoplastic cells through TGF-β1 pathway. (5) Role of M1 

macrophages: this tumor-associated macrophage phenotype acts expressing COX-2 and TGF-β1. COX-2 and 

p-STAT3 expressed by carcinoma cells amplified TGF-β1 signaling pathway to recruit inflammatory cells, 

particularly macrophages. TGF-β1 expressed by carcinoma cells, M1 and M2 also enhances the TGF-β1 
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synthesis and activity in these cells. (6) Role of M2: M2 macrophages express MMP9 that exerts a remodeling 

activity in ECM collagen. COX-2 expressed by carcinoma cells also contributes to matrix remodeling, promoting 

a metastatic environment. 
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5. CONSIDERAÇÕES FINAIS E CONCLUSÕES 
 

A partir do presente estudo considera-se que: 

• O BPA atua como agente carcinogênico na glândula mamária durante o 

envelhecimento, corroborando com estudos anteriores que demonstraram seu 

potencial, principalmente quando ocorre a exposição durante as janelas de 

susceptibilidade gestacional/lactacional; 

• Ambas as doses de exposição ao BPA apresentaram efeitos histopatológicos 

semelhantes na glândula mamária, demonstrando um risco à exposição a doses 

consideradas seguras e que os impactos do BPA não são dose dependentes; 

• O desenvolvimento tumoral inicial induzido pelo BPA modula mediadores 

celulares e teciduais que contribuem com o processo de transição epitélio-

mesenquimal, característico do câncer de mama; 

• O carcinoma multifocal nas glândulas mamárias de fêmeas expostas ao BPA 

apresentam um aumento na expressão de ERα e uma perda da expressão dos 

receptores de ERβ, PR e PRL-R, além de atuar na translocação nuclear dos 

receptores AR e HER2/ErbB2; 

• A alta expressão de ER no tecido mamário exposto à disrupção endócrina está 

associada à expressão do marcador de alterações epigenéticas EZH2, o que 

confere um fenótipo pró-invasivo e maligno às neoplasias; 

• Houve o estabelecimento de um microambiente tumoral que corrobora com o 

desenvolvimento neoplásico a partir de uma resposta inflamatória das células do 

carcinoma e elementos estromais; 

• A polarização de macrófagos e mastócitos para fenótipos pró-tumorais e pró-

inflamatórios foi uma marcante característica nas glândulas mamárias no início 

da carcinogênese induzida pelo BPA. 

 

Assim, conclui-se que a exposição ao BPA nas janelas gestacional e lactacional 

apresenta um risco para o desenvolvimento neoplásico tardiamente na fase senil. As 

repercussões histopatológicas demonstraram o início do processo carcinogênico com 

características marcantes como a transição epitélio-mesenquimal, um estroma reativo 

e inflamação que favorece um microambiente tumoral.   
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well-defined stroma/epithelium crosstalk process controlled by hor
mones [2,11]. Thus, in the MG not only fetal or infant exposure is cause 
for concern; adult exposure may also impact developmental windows of 
susceptibility and have adverse consequences [10]. In this aspect, since 
MG has the ability to grow and involute several times during the 
reproductive age in a homeostatic environment, xenoestrogen exposure 
and disruption during these tissue remodeling phases comprise a risk [7, 
12]. Currently, the most commonly studied MG windows of suscepti
bility are the in utero and postnatal developmental phases, however, in 
addition to these, the periods of puberty, gestation/lactation, and 
involution during post-weaning and menopause are matters of concern, 
since the gland is undergoing deep tissue morphological and physio
logical remodeling [13]. 

This review brings together aspects of morphology, physiology, and 
molecular signaling of the mammary structure – which will be desig
nated as breast, when talking about the humans’ structure and MG when 
related to other mammals – differentiation phases considered windows 
of susceptibility for endocrine disruption, aiming to discuss in parallel 
the pathological alterations caused by endocrine disruptor bisphenol A 
(BPA) exposure (Table 1). The “Normal mammary development” topic 
addresses homeostatic physiological effectors and molecular pathways 
that present relevant alterations when disrupted by BPA. 

2. Normal mammary development 

During fetal development, the origin of the MG is epidermal cells, 
which invaginate to form the ductal tree. From birth to puberty, the MG 
shows allometric growth and no significant differentiation takes place 
[2]. Once puberty arrives, the mature hypothalamic-pituitary-gonadal 
axis promotes the cyclic secretion of gonadotropins and sexual hor
mones, contributing to dramatic modifications in the gland (Fig. 1) [14]. 

The MG is under constant hormonal regulation, modifications in 
gene expression, cell metabolism, and plasticity [15]. These changes 
may impact physiological and metabolic homeostasis and make the in
dividual prone to future disorders due to chemical exposure [16]. Three 
main windows of susceptibility were described and are responsive to 
these regulating factors, which orchestrate the following changes: 

(1) Postnatal and pubertal developmental phases: a massive archi
tectural change takes place in response to estrogenic regulation, 
which mainly influences stromal-epithelial interactions [17] and 
induces intense epithelial cell proliferation [2]. During this 
window, xenoestrogens may increase the length of the period of 
ductal growth and alveologenesis throughout the menstrual 
cycle, by acting simultaneously to endogenous E2 [10].  

(2) Pregnancy and lactation (Figs. 2 and 3): the gland development is 
influenced by progesterone and prolactin receptor binding [18]. 
Impacts of gestational/lactational exposure to xenoestrogens 
have been described in the post-weaning gland and are related to 
changes in the expression of estrogen and progesterone receptors 
[19].  

(3) Post-weaning and menopause involution (Fig. 4): the remodeling 
MG mimics a tumorigenic malignant microenvironment in terms 
of proteinase expression [20] and inflammatory process [21]. In 
this aspect, not only epithelial cells but also stromal fibroblasts 
are targets of concern due to their role in the extracellular matrix 
(ECM) synthesis [22]. When exposed to disruptors during 
menopause, MG may be prone to an increase in ductal cell pro
liferation, with higher chances of DNA mutations and, conse
quently, breast cancer susceptibility [23]. 

Molecular signaling and physiological control act in the gland 
morphogenesis by different intra- and extracellular pathways. In the 
estrous/menstrual cycle, the MG undergoes a proliferation process fol
lowed by apoptosis of its ductal structures (Fig. 1B and F). In pregnancy, 
as detailed in Fig. 2, rapid proliferation of the duct and secretory 

epithelium (Fig. 1C and G) occurs, stimulated by estrogen, and proges
terone leads to the differentiation of specific epithelial cells for synthesis 
and secretion of milk (Fig. 2) [24]. This epithelial structure, called 
alveolus, presents luminal epithelial cells that synthesize milk compo
nents by prolactin stimulus to be released during lactation (Fig. 3) [11]. 
Bipotent mammary stem cells (MSC) proliferate and differentiate into 
luminal and myoepithelial progenitor cells [25]. These latter cells are 
located around the ductal and alveoli system and, when stimulated by 
oxytocin, contract to expel milk from the luminal cells to the nipples 
[11]. At weaning, the lack of suckling stimulus decreases the production 
of oxytocin and, later, lactating hormones, leading to the process of MG 
involution, with a drastic rearrangement of cell compartments mediated 
by apoptotic events (Fig. 4) [26]. 

Hormones, growth factors, cytokines, and several metabolites 
interact among complex pathways to trigger proliferation, differentia
tion, and/or apoptosis in epithelial and stromal cells and ECM. The role 
of physiological and molecular key elements to understand the mecha
nisms involved in MG processes, has been little studied [27–32]. Thus, 
the role of the following elements will be discussed in this review: 
hormones; growth factors; adipokines; epigenetic regulation; and 
microRNAs (miRNA). 

2.1. Hormones 

The steroid hormones estrogen and progesterone play a central role 
during the menstrual/estrous cycle and coordinate structural changes in 
mammary tissue. Post-natal activity of MG correlates to ovarian onset 
secretion of these hormones and their systemic release [33]. In MG, 
estrogen and progesterone interact with other physiological regulators 
through a paracrine mechanism in the epithelial compartment, and 
through paracrine/autocrine pathways in the stroma, mainly to promote 
proliferation during development, as well as secretion (lactation) and 
apoptosis (involution) [34,35]. 

Prolactin contributes with progesterone to stimulate development 
and establishment of the lobuloalveolar tree in late pregnancy [36–38]. 
Its highest levels are present with the post-parturition decrease in es
trogen and progesterone (milk secretion-inhibiting hormones) due to 
removal of the placenta [39]. Suckling is the mechanical stimulation 
that promotes prolactin and oxytocin release during lactation [40]. 
Oxytocin is a hypothalamic hormone released in response to sucking 
stimulation by the newborn, transmitted through the neuronal system 
[41]. Its targets are myoepithelial cells acting to expel milk toward the 
nipple region [42]. Recently it was demonstrated that myoepithelial cell 
contraction is crucial not only for the ejection of milk secreted by 
luminal cells in alveoli but also for the extrusion of lipid droplets of these 
cells [43]. 

2.1.1. Estrogen 
In puberty, estrogen is required for MG development each estrous/ 

menstrual cycle [44–46]. Serum estrogens act on target cells, crossing 
the cell membrane and binding to estrogen receptors (ER). Targets are 
mainly epithelial cells, which develop a relevant proliferative signaling. 
Two major ER receptors have been described: ER-alpha (ERα) and 
ER-beta (ERβ), which present different expression rates during pubertal, 
pregnancy, and lactation stages [47]. ERα and ERβ may be co-expressed 
in cells and have been described during lactation, although estrogen 
levels are decreased for the action of lactating hormones, such as pro
lactin [45,48]. In rodents, both are expressed in mammary epithelial and 
stromal cells and develop an essential and independent role to coordi
nate the branching process of the ductal system [35,49]. ERα is funda
mentally expressed in mammary duct epithelial cells, promoting its 
elongation during the developmental stage [35]. When expressed during 
pregnancy, ERα triggers proliferative and differentiation activity in 
epithelial cells [45,50]. For ERβ, an antiproliferative role is assigned 
[49]. 

ER activation triggers the activity of many transcription factors and 
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Table 1 
Aspects impacting mammary gland during different windows of susceptibility: normal versus BPA disruption.   

Normal physiology BPA disruption* 

Systemic changes 
HPG axis regulates in puberty the estrous/menstrual cycles, promoting a follicular phase with estrogenic induction of MG growth 
and luteal phase with progesterone stimuli for establishment of structures for a possible pregnancy [1,2] 

Perinatal  
- disruption of the hypothalamic-pituitary-gonadal axis [266];  
- increase in estrous cycles length [181];  
- reduced serum levels of E2 and progesterone during pregnancy 

[180]; 
Puberty  
- insulin and leptin resistance [183];  
- alteration in adiponectin levels [267]; 
Gestational  
- gestational diabetes [268];  
- damage in pancreatic cell cycle [185]; 

Morphological and 
Molecular changes 

Mammary gland develops during embryonic period from epidermal cells originating rudimentary bud structures [2]. Each 
estrous/menstrual cycle modifies the MG through hormonal signal and stimuli of many growth factors [29,30,31,32]. When 
pregnancy occurs, there is induction of proliferation through progesterone regulation for structural changes of secretory acini 
[66,68,69,70,71,72]. Luminal cells accumulate milk and secrete it after parturition, when lactation takes place [18]. Prolactin 
regulates the subcellular production of milk [36,37,38,39] and the mechanical-dependent hormone oxytocin controls the 
contraction of myoepithelial cells for milk ejection [11]. In post-weaning, apoptotic pathways are activated and immune cells are 
recruited for MG involution of epithelium and stroma [26]. 

Perinatal  
- acceleration of epithelial morphogenesis [181];  
- increase in estrogen sensitivity [208];  
- changes in expression of pathways and growth factors that 

regulates proliferation (AKT/ERK and TGFβ) [216];  
- MMP expression in stroma induced by ERR-γ activity – stromal 

organization [217];  
- alteration in sensitivity to progesterone – triggers Wnt-4 and Nf- 

kB [219];  
- increases RANKL expression, enhancing PR signaling [219,220];  
- inflammation and autophagic activity induced by NF-kB and 

mTOR signaling [221];  
- stromal changes by collagen fibers synthesis enhanced and in 

epithelial producing hyperplasia [209,255,269];  
- tissue inflammation [256,257]; 
Puberty  
- adipocytes differentiation [270];  
- increase in caspase-3 cascade for apoptosis [209];  
- changes in expression of proliferative proteins – Ki-67, p16 and 

cyclin E [209,210,211] 
Gestational  
- overexpression of Areg [215]] 
Perimenopausal  
- increase in production of inflammatory and oxidative markers 

[237];  
- increase in mammographic density [197] 

ER-related effects 
At puberty, ER signal acts in MG development at each estrous/menstrual cycle [44,45,46]. Co-activators and co-repressors 
modulate the gene expression in MG [38,53,55]. ER-estrogen binding signal modulates activity of mitogens [61], regulates the 
stromal response [35,56], and differentiation activity in epithelial cells during pregnancy [45,49,50]. 

General  
- high affinity and boosted effect in ERβ+ signal;  
- act as agonist or antagonist in interactions with ERα;  
- long-lasting epigenetic alterations that impact gene expression 

[200]; 

Epigenetics and microRNA 

Epithelial-luminal differentiation is regulated by several DNAm during MG development [115]. Perinatal 
MicroRNAs regulate post-transcriptional gene expression for establishment of mature MG:  
- miRNA-101 (regulates differentiation) [151];  
- miRNA-212 and miR-132 (MMP expression) [152];  
- miRNA-378, miRNA-423− 5p and miRNA-7 (milk synthesis) [154];  
- miRNA-204 (Areg expression) [157];  
- miRNA-152 (AKT pathway during the proliferation) [155];  
- miRNA-126 family and miRNA-15a family (expression and secretion of milk proteins) [lange 1998];  
- miRNA-101a (COX2 control) [151];  
- miRNA-1, miRNA-152, and miRNA-155 (proliferative factors expression) [131];  

- DNA hypermethylation caused by oxidative stress [236];  
- alpha-lactalbumin gene changes [239];  
- increase the responsiveness of cells to estrogens by 

hypomethylation of Hoxa10 [232];  
- increase miRNA-217 (endothelial cells damage) and miRNA-608 

(cell cycle arrest) [250] 
Gestational  

- alterations in the β–casein gene’s methylation [237]  

* The alterations mentioned in the third column are related to the specific periods of BPA exposure. HPG: hypothalamic-pituitary-gonadal; MG: mammary gland. 

T.F.R. Ruiz et al.                                                                                                                                                                                                                                



Reproductive Toxicology 105 (2021) 1–16

4

nuclear estrogen response elements (EREs) in the DNA, which alters 
gene expression [51,52]. Co-regulators enhance the transcriptional ac
tivity promoted by estrogen-ER-binding, activating (co-activators) or 
repressing (co-repressors) the gene expressed [38,53,54]. 

Paracrine signaling occurs when estrogen-ER binding promotes the 
proliferation of ER-negative epithelial and stromal cells during MG 
development [55,56]. The stromal paracrine induction pathway acts 
mainly by modulating the expression and effectiveness of mitogens [57, 
58]. ERα expression in stromal cells is therefore mandatory for MG 
development through its interaction with and modulation of growth 
hormones and cognate receptors [59]. 

Although estrogen is not directly related to MG involution, its 
regulation during late lactation and the beginning of tissue remodeling 
is required. During involution, ER co-regulators are responsible for 
determining the apoptotic process of the cells, a drastic phenomenon to 
remodel the structure of the MG. The most important regulation of the 
involution process is the interaction of the transforming growth factor- 
beta (TGF-β) pathway and ERα [60]. Although ERα also modifies the 
TGF-β cascade, the high expression of TGF-β in mammary tissue re
strains the ER pathway and activates apoptosis [61]. During the 
post-menopausal period, involution of the MG adipose tissue is the 
primary source of estrogen synthesis, assuring high local levels of 
17β-estradiol (E2) and ERα-positive epithelial cells despite low serum 
levels of steroids [62]. 

2.1.2. Progesterone 
Progesterone is mainly secreted by the corpus luteum during the 

mid-term ovarian cycle, and the placenta during pregnancy [63,64]. 
Although progesterone and estrogen are interdependent hormones 
during mammary proliferative activity in the mouse model, the pro
gesterone receptor (PR) requires transcriptional induction by ERα to be 
expressed in epithelial cells, while PR expression in stromal cells is 
estrogenic-independent [65,66]. This hormone has two receptor iso
forms, PR-A and PR-B, in which PR-A presents high relevance in the 
uterus development, while PR-B is the main effector of the proliferative 
process in MG [67,68]. 

The mechanism of action of progesterone is summarized in two steps: 
the first involves PR + cells and the performance of cyclins D1 (cyclin 
D1-dependent mechanism); while the second involves PR- cells and the 
paracrine function, dependent on receptor activator nuclear transcrip
tion factor-kappa B ligand (RANKL), a membrane receptor of the TNF 
superfamily (RANKL-dependent mechanism) [69]. The second step de
pends on binding of RANKL to its receptor, RANK, to promote alveolar 
development [67,70–73]. RANKL is a paracrine mediator expressed only 
in the presence of higher availability of progesterone and depends on the 
presence of estrogen, i.e., in PR + ER + cells [74]. PR + epithelial cells 

Fig. 2. Pregnancy. (A) The alveolar structure establishment during pregnancy 
occurs through stromal remodeling and epithelial proliferation. E and P act as 
the main hormones that control these changes. E-induced pathways: the pro
liferation of ductal epithelial cells is associated with Areg or induced by the 
synthesis and secretion of hormones by stromal cells – HGF by fibroblasts, Lep 
by adipocytes, TNFα by fibroblasts and inflammatory cells. Furthermore, E 
promotes stromal remodeling by stimulating the synthesis of MMPs by fibro
blasts. P-induced pathways: in association with Areg promotes luminal epithe
lial proliferation, and stimulates HGF synthesis by fibroblasts for the 
establishment of myoepithelial cells, luminal cell proliferation, and basal cell 
differentiation. EGF acts primarily to stimulate the synthesis of MMPs to break 
down connective fibers. Areg acts on fibroblasts by increasing FGF synthesis for 
autocrine and paracrine proliferation signaling. (B) Molecular signaling in 
mammary development during pregnancy. E-receptor ER binding triggers the 
synthesis of progesterone receptor PR as well as proliferative signaling through 
NF-κB, AP1, and Sp1. P-PR binding triggers a mitogenic response in luminal 
epithelial cells by increasing cD1 and RANKL-RANK/Wnt for paracrine 
signaling in basal and myoepithelial cells. Areg also acts via R-spondin to trigger 
a response via Wnt, in addition to activating ERK and cD1 for cell proliferation. 
In addition, P-PR signals leptin receptor synthase Ob-R. The proliferation of 
epithelial cells occurs through the expression of p27 and MAPK to trigger a 
signal via STAT5 and miRNA. The expression of p27/MAPK occurs through 
three main pathways: by progesterone activation, via the JAK/Ras pathway; by 
leptin stimulation through the PI3K/AKT pathway; or by HGF via ERK/c-Myc or 
leptin-like pathways. 

Fig. 1. The histological aspects of postpubertal rodent (Meriones unguiculatus) 
and human mammary gland in response to the main serum hormonal changes 
(A). During estrous or menstrual cycles (B and F, respectively) subtle 
morphological changes take place in response mainly to estrogens and pro
gesterone. However, a drastic alteration in epithelial structures occurs in 
response to progesterone and leptin during gestation (C;G) and in response to 
prolactin and oxytocin during lactation (D;H). Weaning triggers involution of 
the epithelium, that responds to an increase in TGF-β and adiponectin and a 
reduction in other serum hormones (E;I). 
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express and secrete WNT4 protein that regulates progesterone paracrine 
activity through myoepithelial and basal cells [75–77]. 

The main role of progesterone role is stimulation of growth of ter
minal end buds (TEBs) and ductal elongation and branching [78]. 
Epithelial cells of the ductal tree show high sensitivity to progesterone 
related to its receptor since it increases the side branching process and 
alveologenesis in the MG and leads to the production of new epithelial 
PR sites [79]. In addition, progesterone promotes relevant activation of 
the lactation process, supporting the prolactin pathway. 

In pregnancy, progesterone stimulates the synthesis of TGF-β and 
Wnt proteins which repress milk secretion [17]. With a perinatal 
decrease in progesterone levels, lipid and protein biosynthesis path
ways, such as protein kinase B (AKT) and sterol regulatory 
element-binding proteins (SREBP), are upregulated [29]. Nonetheless, 

circulating progesterone serum levels decrease in late pregnancy and 
post-parturition, signaling for the secretion of milk, stored in luminal 
cells, in response to the increase in prolactin levels [69]. The upcoming 
increase in progesterone occurs only at the mid/end of the involution 
when there is a stimulus for STAT1 and STAT3 phosphorylation that 
triggers the cell death process [80,81]. 

2.2. Metabolic hormones and growth factors 

2.2.1. Family of epidermal growth factors (EGF) 
EGF is a family of proteins that stimulates proliferation response and 

differentiation in MG cells. Two primary receptor categories are related 
to EGF binding-signal: human epidermal growth factor receptor 2 
(HER2), or ErbB2/neu in rodents [82], and a cognate receptor, 
epidermal growth factor receptor (EGFR), or ErbB1/HER1 [83]. 
HER-EGF signaling activates the complex phosphoinositide 3-kinases 
(PI3K)/AKT/mTOR cascade for proliferative and anti-apoptotic pro
cesses [84,85]. EGFR also initiates MAPK and STAT pathways, triggered 
by other hormones and growth factors (Figs. 2 and 3) [86,87]. 

The EGF-EGFR binding pathway is triggered from the transactivation 

Fig. 4. Involution. (A) During mammary involution, TGFβ, like Adip, acts as an 
apoptotic promoter in epithelial cells, inhibiting the proliferative action of E. 
TGFβ acts on the proliferation of stromal cells to increase this compartment, 
inhibiting the action of MMP and acting as a chemotactic factor for inflam
matory cells. GH acts on the stromal compartment for fibroblast proliferation. 
(B) TGFβ and adiponectin act by inhibiting classical proliferative pathways in 
luminal cells, such as PI3K, JAK, Wnt, AKT, and MAPK. Adip acts specifically 
through a receptor-binding signal (ADIPO) to phosphorylate LKB1 to increase 
the synthesis of AMPK, a proliferative inhibitor. Apoptosis in epithelial cells is 
generated by the activation of Rb and via phosphorylation of the Smad protein, 
which activates the expression of p21 and p53, both pro-apoptotic proteins. 
Furthermore, the drastic reduction in PRL and P acts as a signal for the increase 
in STAT expression, providing a favorable environment for the gland regres
sion process. 

Fig. 3. Lactation. (A) During lactation, in addition to PRL, P and E aid the 
secretion of milk produced by luminal and ductal cells. P acts via induction of 
PRL in the secretion and proliferation of luminal cells, as well as Lep and GH, to 
maintain the alveolar structure. To expel milk from the alveoli, oxytocin acts on 
myoepithelial cells to promote their contraction. In the stroma, GH acts to 
stimulate the production of EGF and FGF by fibroblasts, while adipocytes are 
stimulated by prolactin to produce leptin, inhibiting the mitogenic action of 
HGF, and inhibiting the synthesis and activity of Adip and TGFβ. (B) The mo
lecular pathways of synthesis and secretion, activated during lactation are co
ordinated by events stimulated by PRL. Through PRL-receptor (PRLR) binding 
there is a direct stimulation for the synthesis and secretion of milk and con
version of glycogen (Glu) into galactose (Gal) via STAT5/UGP2. In addition, 
during lactation, anti-apoptotic mechanisms are evoked, activated by GH, and 
triggered by the expression of MAPK/ERK/AKT, inhibiting the activity of Cas
pase, and proliferation for maintenance of the mammary gland epithelium 
through the expression of PI3K/JAK/MAPK for STAT establishment. Activation 
of angiogenic mechanisms occurs via miRNA. P-PR, via c-Src, activates cell 
mitogenic pathways similar to those produced by PRL and Lep stimulation. E 
helps to secrete milk into the lumen via NF-κB, a mechanism that may be 
inhibited by REA. Oxy acts on G protein-coupled receptors (OxyR) in myoepi
thelial cells to activate PCLβ, triggering the contraction of these cells. 
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of G-protein coupled estrogen receptor (GPER) that increases MMP 
expression and stimulates the ERK phosphorylation for c-Myc mitogenic 
activity in the stroma, ducts, and TEBs [88,89]. This GPER-induction of 
MMPs is regulated by the c-Src pathway that amplifies mRNA expression 
[86]. Moreover, EGF determines an epithelial expansion toward stroma 
by a hyaluronan small-fragments type signal in the ECM [88]. Thus, EGF 
activity in stromal and epithelial compartments is protease-dependent, 
supporting the epithelial proliferation needs for stromal ECM relaxa
tion [90]. MMPs are responsible not only for the proteolytic activity of 
extracellular components in the stroma [91] but also to promote the 
cleavage of the newly synthesized EGF molecule transmembrane pre
cursors [92]. 

Amphiregulin (Areg) is a transmembrane glycoprotein, a precursor of 
the EGF family, synthesized in the epithelium and stroma [93]. Areg binds 
to EGFR type to promote fibroblast proliferative activity, stimulating 
secretion and autocrine action of fibroblast growth factor [94,95]. It also 
mediates estrogen-paracrine signals during ductal proliferation and 
progesterone-dependent morphogenesis in pregnancy [96–98]. Areg acts 
by increasing DNA synthesis through the ERK pathway that stimulates the 
upregulation of cyclin D1, modulating the progression of the cell cycle 
[99]. Furthermore, Areg induces R-spondin protein expression in luminal 
cells that synergize with Wnt to determine cell fate [100]. 

2.2.2. Transforming growth factor-β 
TGF-β is a cytokine that presents dual activity: antiproliferative or 

mitogenic effects, depending on the tissue [61]. It modulates cell activity 
by MAPK and AKT pathways to provoke antiproliferative/apoptotic ef
fects [101]. For involution regulation, TGF-β promotes ECM remodeling 
by its expression in myoepithelial cells and cross-regulation of the AKT 
pathway (Fig. 4) [102–104]. The last mechanism involves prolactin 
crosstalk, which stimulates PI3K/AKT activation for cell survival, 
inhibiting the TGF-β -apoptotic signaling [105]. After weaning, prolac
tin levels decrease and cease stimulation of PI3K/AKT, leading to 
apoptotic fate mediated by TGF-β [101,104]. TGF-β modulates 
cyclin-dependent kinase (CDK) activity and reduces c-Myc, the protein 
coded by the Myc gene that regulates cell cycle progression and 
expression in epithelial cells, acting as a ductal elongation inhibitor 
interrupting the epithelial cell cycle [106]. Indirectly, TGF-β regulates 
the expression of p21 and p53, which promote cell cycle arrest and 
pro-apoptotic induction during late lactation and involution [102,107]. 

TGF-β regulates ER+/PR + cell fate is provided by activation of its 
cognate receptor, which promotes the nuclear accumulation of “small 
mothers against decapentaplegic” (Smad), a signal protein for cell 
development regulated by TGF-β, in its phosphorylated form [108]. In 
addition, estrogens and TGF-β interact during MG development. Estro
gens present a TGF-β inhibition route, influencing Smad proteins 
through ERα signaling, promoting a ubiquitin-proteasome pathway for 
degradation of Smad [60]. This is a non-genomic mechanism of estro
gens and TGF-β crosstalk, and an important co-regulation pathway 
which is not well established. 

2.3. Adipokines 

Adipokines are a class of hormonal-cytokines secreted mainly by 
adipocytes, which play an essential role in breast development [109]. 
Several adipokines, such as ghrelin, interleukin 6 (IL-6), adiponectin, 
and leptin are involved in mammary stroma remodeling and cell pro
liferation mechanisms [56]. 

Leptin and adiponectin act in opposite ways during the development, 
lactation, and involution of the MG. Leptin induces cell-cell interaction 
between adipocytes and epithelial cells, promoting epithelium prolif
eration and differentiation (Figs. 2 and 3) [109,110]. Through this 
mitogenic ability, leptin also expands the stem and progenitor cell 
population in the epithelial compartment by stimulating the PI3K/AKT 
pathway [111]. Extramammary leptin is a significant effector in mice 
mammary tissue by stimulation of the hypothalamic-pituitary-ovarian 

axis to produce estrogens [112]. Although leptin acts as an HGF inhib
itor, in the presence of prolactin, it promotes mitogenic pathways [113]. 
In cows, prolactin increases leptin receptor (Ob-R) expression and leptin 
mRNA expression during lactation [114,115]. Ob-R binding triggers 
most intracellular proliferation pathways, such as MAPK, PI3K, JAK/
STAT, and mTOR [116], and regulates lactogenesis and fatty acid syn
thesis in bovine MG [114]. 

Adiponectin, contrarily, activates antiproliferative and pro-apoptotic 
pathways, promoting 5′ adenosine monophosphate-activated protein 
kinase (AMPK) cascade [117,118], which inhibits proliferative path
ways, i.e., MAPK, AKT, Wnt, JAK, and PI3K (Fig. 4) [119–121]. Prolactin 
inhibits adiponectin release in the breast [122]. This lactation hormone 
and growth hormone regulate adiponectin transcription and its two 
receptors, ADIPOR1 and ADIPOR2 [118,122,123]. Both hormones 
modulate STAT5 binding to adiponectin gene promoter, aiming to 
decrease its expression [124]. Thus, adiponectin mRNA expression de
creases during lactation when prolactin and GH are at high circulating 
levels [123]. 

2.4. Epigenetic Regulation and miRNA 

The epigenetic regulation of MG development is crucial to specific 
aspects of cell differentiation, notably in the epithelial compartment 
[125]. Processes related to DNA methylation (DNAm), histone modifi
cations, and miRNA expression play crucial roles in pathway crosstalk 
mechanisms, previously explained, and repressing/silencing of the 
expression of essential genes [126]. Briefly, DNAm and histone modi
fications alter the chromatin state, enabling the inhibition or promotion 
of genes during mammary development, whereas miRNA impacts 
mainly the post-transcriptional process [125,127,128]. 

2.4.1. DNA methylation 
In general, DNAm is an epigenetic tool by which cells “lock” genes; 

this means that when methylation occurs, gene silencing takes place 
[125]. However, the impacts of DNAm vary according to the context 
since it may also modulate active gene transcription [129]. In MG, when 
DNAm takes place in tumor-suppressing genes it leads to carcinogenesis 
[130]. DNAm is mediated by DNA methyltransferase enzymes (DMTs) 
occurring in CpG (cytosine-phosphate-guanine) islands [126]. During 
MG development, the expression of DMTs increases (for hyper
methylation) or decreases (for hypomethylation) in cells linked to 
epithelial-luminal differentiation, such as stem and progenitor cells 
[127]. DNAm in specific genomic regions contributes to the differenti
ation and self-renewal processes observed by reducing Ki-67 and SOX 
transcription factor expression in stem and luminal progenitor cells 
[131]. Thus, DNAm is associated with silencing genomic regions related 
to cell fate or expression of genes that determine the cell lineage. During 
lactation, genes linked to milk proteins are demethylated and start to be 
expressed in luminal epithelial cells [125]. Furthermore, methyl
ation/demethylation events in DNA regulate the expression of oxytocin 
receptors in the MG, indirectly modulating this hormone action in 
lactation [132]. 

2.4.2. Histone modifications 
Molecular alterations in histones, such as acetylation, ubiquitination, 

methylation, and demethylation, regulate DNA accessibility and tran
scription of specific chromatin sites [133]. These post-translational 
modifications present a variable role in progenitor, basal, and luminal 
epithelial cells during MG development [134,135]. Thus, 
histone-modifier proteins in mammary tissue regulate 
epithelial-mesenchymal transition and cellular hierarchy [127]; histone 
methyltransferases and demethylases control these modifications. The 
maintenance of this activity is performed by polycomb repressive 
complexes (PRCs), i.e., protein groups that mediate the transcriptional 
signal of essential proteins for cell fate. The most commonly studied 
PRCs in MG are the histone-lysine N-methyltransferase EZH2, which 
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regulates differentiation in TEBs and progesterone-induced prolifera
tion, and the K demethylases group (KDM), which mediates luminal 
progenitor cell differentiation [136–139]. This regulation also indirectly 
impacts the pathway of paracrine differentiation induced by EGF and 
TGF-β [134]. 

2.4.3. miRNA 
miRNAs are a family of RNAs that do not code known proteins but 

can silence gene expression through translational suppression [140]. 
They are produced in the nucleus and go through a series of modifica
tions in the cytoplasm [141]. The fact that a single miRNA may target 
several genes means that the downstream effects can considerably affect 
many cell functions [142]. The existence of oncosuppressor miRNA has 
been described and these are downregulated in cancer [143]. The pri
mary mechanism of miRNAs action is the post-translational targeting of 
specific sequences of mRNA, which leads to the suppression of the 
encoded protein [144]. miRNAs can either act on cells in which they 
have been transcribed or affect other cells and tissues from their trans
location by exosome vesicles [145]. After being transcribed, miRNA 
binds to the Argonaute protein (AGO)/RNA-induced silencing (RISC) 
complex, between the translated region (open reading frame - ORF) or 
after the stop codon (3′prime untranslated region - 3′UTR), which keeps 
it silenced until its activation [146]. 

In the MG, miRNAs have been described to have specific physio
logical impacts: they regulate post-transcriptional expression of genes 
directly involved in mammary duct branching and acini formation 
(Fig. 2) [147,148]. The mechanisms involved in duct elongation are 
matrix metalloproteinase expression levels which are also related to the 
expression of miRNA [149]. Specific miRNAs are expressed according to 
the developmental stage of the MG [128,150]. They attenuate the 
expression of methyltransferases and acetyltransferases that impact two 
epigenetic mechanisms: DNAm [151], and histones acetylation [152]. 
The potential of miRNA under normal and/or pathological conditions is 
due to the inhibition of mRNA translation or transcript degradation (see 
review - Klinge (2015)). During breast development and lactation, 
miRNA acts mainly by inhibiting the expression of mRNAs and proteins 
linked to cell death and/or methyltransferases that suppress prolifera
tive signals (Fig. 3) [154]. The Smad complex, generated by the stimulus 
of exogenous TGF, recruits co-activators in the nucleus and induces 
acetylation and expression of the TGF gene in stromal cells [155]. 

During involution, cyclooxygenase-2 (Cox-2) controls cell prolifera
tion and the progress of MG to the regression phase, modulated by 
miRNA families [148]. In the murine model, downregulation of miRNA 
affects transcription and translation of MAPK, CDKs, and proliferative 
factor receptors [156]. Several miRNAs reduce the stability or trans
lation of ERα mRNA, decreasing the influence of estrogen in cells [153]. 

3. Bisphenol A 

BPA is one of the most widely studied EDs. Humans and a wide range 
of species are commonly exposed to BPA in everyday life. BPA is a 
xenoestrogen directly related to alterations in reproductive organs [6, 
157]. 

From a toxicokinetic point of view, the oral ingestion of BPA pre
cedes transformation during the liver first pass metabolism, which 
converts it into BPA-glucuronide and sulfate conjugates, through a series 
of oxidation and hydroxylation reactions in hepatocytes due to the 
presence of cytochrome P450 [158]. Thus, the great majority of ingested 
BPA is metabolized within 5 h of its ingestion. Despite glucuronides have 
no estrogenic activity, they contribute to adipogenesis, as demonstrated 
in a murine preadipocyte cell line (3T3L1) [159] but other oxidative 
metabolites may have endocrine impacts, such as estrogenic activity 
[160]. Bisphenol S and Bisphenol F, two analogues that were proposed 
to replace BPA, have a similar metabolism [161]. BPA is considered a 
metabolic-endocrine disruptor with access to multiple cell levels (from 
cellular machinery to epigenetic fields) and multiple organs [162–165]. 

Although the hepatic metabolism of BPA is known to be quite fast in 
humans, unconjugated molecules have been detected in blood and urine 
samples, which means that non-oral routes, such as skin absorption, for 
example, may circumvent liver and intestinal metabolism [166]. Ac
cording to Vandenberg et al., it is, however, difficult to identify all the 
sources of non-oral exposure to xenoestrogens [167]. In addition, bio
accumulation in fatty tissues is considerable due to its lipophilic feature 
[168]. Efforts by the Consortium Linking Academic and Regulatory In
sights on BPA Toxicity (CLARITY-BPA) have described a list of 
target-organs affected by BPA according to exposure doses [165]. 

In vivo experiments describing the impacts of BPA in the MG have 
applied a range of different doses. Frequently, doses are representative 
concentrations of ubiquitous human exposure, according to public 
health organizations (FDA, EPA, WHO; [169]). In this review we focused 
on discussing results from papers that have applied either doses 
considered safe or doses that are commonly found in human blood or 
urinary samples. However, it is important to clarify that non-monotonic 
dose response relations in MG physiology and morphology have been 
assigned to BPA exposure. In summary, there is a consensus that BPA 
may cause effects at low doses that are not present at high doses [170, 
171]. Thus, it is crucial to take into consideration the possibility of a 
non-monotonic dose-response when comparing results obtained in 
different experimental designs, since the impacts of low doses may not 
be predicted by those of high doses. The main mechanisms by which 
BPA acts in the MG tissue and some consequences of exposure during 
windows of susceptibility will be discussed below. 

3.1. Changes in serum hormone availability 

The serum concentration of hormones is a factor that actively im
pacts MG homeostasis and dynamics (Fig. 5A). BPA exposed adult rats 
(25 mg/kg/day) showed increases in the serum levels of E2 and pro
gesterone; in these animals, there was a higher generation of reactive 
oxygen species (ROS) and lower presence of antioxidants in granulosa 
cells, leading to an increase in inflammatory markers in the ovary [172]. 
Thus, BPA impacts steroidogenesis through direct influence in ovarian 
cells, which alters serum steroid concentrations [173]. Perinatal and 
prepubertal exposures to BPA (25 and 250 ng/kg/day) play a role in 
disrupting the hypothalamic-pituitary-gonadal axis and/or the meta
bolic homeostasis of hormones in mouse models [174]. Thus, these al
terations may lead to disruption effects, since BPA (50− 5000 
mg/kg/day) was also proven to increase E2 bioavailability by inhibiting 
enzymes that inactivate this hormone [175–178]. Contrarily, perinatally 
treated F1 female rats (0.05 mg/kg/day or 20 mg/kg/day) showed 
reduced serum levels of E2 and progesterone during gestation [179]. 
Perinatal exposure to BPA (0.5 or 10 mg/kg/day) also triggered a dis
rupting process in female CD-1 mouse offspring through the increase in 
length of estrous cycles, impacting the MG homeostasis, and inducing 
accelerated morphogenesis of the epithelial structures [180]. 

BPA (0− 3000 μg/kg/day) induced a dose-dependent decrease serum 
levels of leptin and adiponectin in mouse [181]. Obesity disorders are 
linked to modulation at the cellular level caused by BPA (Fig. 5A) – 
related to insulin and leptin resistance [182] and to the effect in human 
and murine preadipocyte differentiation [159] –, and changes in the 
pancreatic cell cycle, increasing the serum insulin level in dams exposed 
(10 or 100 ug/kg/day) during pregnancy [183,184]. 

3.2. Changes in hormone receptor machinery and expression 

Variations in serum estrogen concentrations impact the MG ho
meostasis mechanisms. However, similarly to what happens in response 
to variations in endogenous estrogen levels, disrupting pollutants in
fluence the expression and activity of hormone receptors (Fig. 5B) [185, 
186]. 

Xenoestrogens, similarly to endogenous estrogens, diffuse the cell 
membrane and bind to nuclear ERs (ERα and ERβ) [187]. Therefore, 
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hormone receptor binding has been considered the central toxicity 
mechanism by which these chemicals impact homeostasis of the or
ganism [188]. When available in high concentrations, BPA also binds to 
androgen receptors, antagonizing their functions [168]. Even though 
BPA binds to ER, with an approximately 10− 4 fold lower affinity than E2 
[189], it reduces the ability of E2 to activate ERα+ cells [190]. Since 
BPA presents more affinity to ERβ [191–193], it may affect signaling of 
ERα by E2 [194]. Both receptor interactions have been proposed as 
responsible for triggering hormone-dependent tumors in the breast 
[195,196]. 

E2-ER binding is based on the affinity of the molecule to the ligand- 
binding domain of the receptor; for exogenous compounds, the presence 
of a para-hydroxy group assures this interaction [197]. Through bind
ing, conformational changes in ER protein activate it, enabling genomic 
and non-genomic mechanisms [6]. However, studies comparing the 
binding features of compounds to ERs have shown that while E2 binds in 
similar ways to ERα and ERβ, other chemicals do this in different 

manners [198]. BPA was proven to exert an allosteric modulation, 
binding to a specific receptor site to increase agonist and antagonist 
functions [199]. A molecular modeling study revealed that BPA binding 
to the ERα “ligand-binding domain” disturbs the receptor-DNA recog
nition process [188], causing long-lasting epigenetic alterations that 
impact gene expression [200]. 

The ligand-receptor binding may trigger three different mechanisms. 
A genomic mechanism occurs based on binding of the activated receptor 
to EREs, specific nucleotide sequences in the DNA located near estrogen- 
regulated genes [201]. The second consists of an indirect genomic 
mechanism, which involves changes in gene expression as well, how
ever, through interaction with other transcription factors, not EREs 
[202]. A non-genomic mechanism has also been described, based on the 
interaction of the ligand-receptor association with kinase receptors to 
influence other signaling pathways, impacting cell proliferation by 
stimulating ERα or reducing ERβ signaling [203]. 

The agonistic effect of xenoestrogens mimics the transcriptional 
activation promoted by endogenous estrogens. It is worth considering 
that the agonist/antagonist activity created by EDs depends on the 
target gene and cell type in question [201]. Among the wide range of 
estrogen target tissues – comprising female and male reproductive 
tracts, bone, and the cardiovascular system – is the MG [204]. As pre
viously stated, estrogen plays a significant role in the MG, among other 
hormones, for cell differentiation and proliferation [2]. The expression 
varied throughout the lifetime in a gerbil model, responding to the 
current hormonal profile [205]. 

3.3. Interference in molecular pathways 

Perinatal BPA exposure (250 ng/kg/day) in CD-1 and C57Bl6 mice 
increases MG estrogen sensitivity [206]. This sensitiveness implicates 
changes in the expression of proteins related to proliferation, such as 
Ki-67 [207], which presents an increase in its cytoplasmic expression 
related to breast tumors [208] and upregulation of p16 and cyclin E, to 
induce proliferation [209]. In contrast, BPA (5 mg/kg/day) also in
creases the caspase-3 cascade related to the involution process in albino 
rat mammary tissue [207]. Caspase is a cell death protein that could 
switch the normal apoptotic process response to necrotic activation 
[210]. 

EGFR response in breast cells is BPA-induced (1 μM, cell culture) 
through the GPER/EGFR transduction pathway [211]. ERK is rapidly 
activated by the GPER cascade after BPA exposure (10 μM, cell culture) 
in breast cancer cell lines [212]. Furthermore, Perrot-Applanat et al. 
hypothesize that BPA and exogenous estrogens [206] could induce 
overexpression of Areg in TEBs of different species during the prolifer
ative period [213]. Thus, BPA can increase MG sensitivity to EGFs, even 
in cells that lack ER, through access to the GPER cascade [211], which 
interestingly shows a BPA-regulation of EGF via non-estrogenic path
ways in MG. Furthermore, in MG of rat offspring prenatally exposed to 
BPA (250 μg/kg/day), a higher expression of AKT/ERK and a lower 
expression of TGF-β provokes modulation of proliferative signaling 
[214]. BPA also interacts with estrogen-related receptor γ (ERR-γ), an 
orphan receptor to which BPA binds strongly [168]. BPA-induced ERR-γ 
activity (10 nM, cell culture) can modulate MMPs by ERK/AKT cascade, 
increasing the expression of MMP-2 and MMP-9 [215] and, conse
quently, impacting the composition and organization of MG tissue. 

It is known that BPA modulates multiple receptor targets by epige
netic reprogramming [164]. From a tumorigenic perspective, BPA 
(1− 10 nM, cell culture) up-regulates VEGF expression in breast tumor 
cell lines, supporting invasiveness and malignancy by means of an 
ER-dependent mechanism that promotes angiogenesis in vivo [216]. By 
inducing high sensitivity to progesterone, perinatal exposure BPA (5 
mg/kg/day) in C57/Bl6 mice triggers Wnt-4 and Nf-kB in MG, stimu
lating a proliferative process in MSC [217] and an increase in RANKL 
expression that participates in progesterone signaling of MG in exposed 
rats (0, 25, 250ug/kg/day, dose-dependent) [218]. Through NF-kB and 

Fig. 5. Mechanisms by which bisphenol A induces mammary gland alterations. 
(A) Short- and long-term changes in morphological and, consequently, patho
logical aspects of the mammary gland. (B) Molecular pathways disrupted by 
BPA: binding to ER and PR to trigger inflammatory response through mTOR via 
Wnt/NF-κB; binding ERR-γ to trigger ERK/AKT pathways for stromal remodel
ing by MMP expression; modulating membrane receptors, such as TFGR, EGFR, 
and proteins, such as GLUT; and increasing EZH2 protein synthesis, as an 
epigenetic disruption mechanism, and/or up-regulating proliferative proteins 
(cyclin E, Ki-67, p16). (C) Epigenetic mechanisms disrupted by BPA. 
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mTOR signaling, perinatal exposure to BPA diluted in drinking water 
(10 μg/mL/day) also promotes tissue inflammation and autophagic ac
tivity in MG from rats female offspring [219], creating a suitable 
microenvironment for cancer establishment [11]. 

In general, exposure to BPA is linked to the incidence of epigenetic 
alterations, related to the production of ROS and oxidative stress [220]. 
Changes in the modulation of oxidative mediator synthesis lead to 
disruption in the functions of imposing cellular organelles, such as mito
chondria [221,222], and triggering of cell signaling pathways that induce 
the expression of apoptotic proteins [223]. In women in pre- and 
post-menopause phases, exposure to BPA increases the production of in
flammatory and oxidative markers, with postmenopausal women being 
more susceptible due to their lower concentrations of serum E2 [224]. 

3.4. Epigenetic and miRNA alterations 

There is evidence of epigenetic involvement in the majority of 
morphological alterations caused by increased exposure to EDs. Epige
netic alterations are caused by environmental or hereditary stable gene 
expression changes without modification in DNA sequences [225]. 
Perinatal exposure to factors that shift gene expression patterns may 
cause epigenomic reprogramming in mammals during embryogenesis 
[226]. This window of susceptibility is highly responsive to EDs, which 
control the epigenetic inheritance of adult diseases by modulating DNA 
epigenetic changes in reproductive cells [227]. These changes may shift 
the expression pattern by silencing or activating genes based mainly on 
methylation and/or modifications in histones [228]. 

Since DNAm, post-translational histone modification and noncoding 
RNAs are key regulators during MG development and differentiation, the 
impact of endocrine disruptors on these events will be discussed (Fig. 5C). 

3.4.1. Changes in methylation patterns and histones 
DNAm was confirmed to be sensitive to environmental exposure, and 

the methylation patterns vary according to cell types [168]. Previous 
experiments have confirmed this by the shift in mice offspring coat color 
after maternal exposure to a BPA formulated diet (50 mg/kg) [229]. 
Usually, a decrease in DNAm is present when perinatal exposure to this 
ED occurs, but no changes were observed after adult CD-1 mice exposure 
(5 mg/kg) [230], suggesting that methylation effects depend on the 
developmental phase of exposure. 

In vitro experiments revealed that BPA (0.1 and 0.01 nM) changes 
the methylation pattern of MCF-10 F cells, by increasing the expression 
of genes involved in DNA repair and decreasing the expression of genes 
involved in apoptosis [231]. In MCF-7 cells, BPA exposure (0.1 and 10 
nM) can alter the methylation pattern in several ER-dependent regions 
compared to BPS and BPF [232]. This disruptor is known to promote 
hypermethylation of oncogenes and hypomethylation of tumor sup
pressor genes [233]. The potential effect of neonatal exposure of rats to 
BPA (2.4 ug/day) on methyltransferase gene expression may be involved 
in this mechanism [234]. Alteration in methyltransferase expression is a 
known mechanism of action of BPA in metabolic disorders. In rats, for 
example, DNA hypermethylation after BPA perinatal exposure (50 
μg/kg/day) was attributed to oxidative stress [235]. 

In pregnant exposed rats, BPA (6 or 52 mg/kg/day) changed the 
β–casein gene methylation pattern, promoting alterations in the secretion 
of this protein [236]. Epigenetic changes involving DNAm and remodeling 
of chromatin have been related to the process of carcinogenesis. Exposure 
during the perinatal window also impacts the methylation patterns of 
offspring MG: significant differences in the methylation pattern of MG are 
shown on the 50th postnatal day when comparing control and perinatally 
exposed (250 μg/kg/day) rats; changes in the initiation site of the 
alpha-lactalbumin gene are noteworthy [237], contributing to the devel
opment of neoplastic lesions in adulthood. 

Environmental BPA-exposure that leads to carcinogenic changes may 
also be induced by histone methylation [238], which causes gene 
silencing. As an example of histone methyltransferase, PRC2 is known to 

induce gene silencing and tumorigenesis. Its catalytic subunit, EZH2, is 
responsible for providing the methyltransferase activity [239]. In 
addition to increasing EZH2 mRNA and protein expression in MCF7 
cells, BPA also increases the EZH2 mRNA and protein expression in the 
MG from in utero exposed adult mice [238]. EZH2-mediated methyl
ation also impacts p57 and the E-cadherin genes, thus influencing cell 
cycle regulation and cell-cell adhesion, impacting cell proliferation 
[240] and cancer invasiveness [241]. In addition, the Homeobox A10 
gene (Hoxa10), which encodes the homeobox transcription factor pro
tein, was hypomethylated in mice after in utero exposure to BPA, 
causing alterations in gene expression programming and in the binding 
of ER to the ERE of Hoxa10, increasing the responsiveness of cells to 
estrogens [230]. 

3.4.2. Changes in microRNA expression 
Among the factors that modulate miRNA expression, hormone 

signaling is of great importance, as estrogens and androgens are the 
main modulators of miRNAs in the reproductive system [242]. The 
cleavage of pri-miRNA into precursor miRNAs during its biogenesis in 
the nucleus may be repressed by ERα interactions [243]. Technically, 
ERα and androgen receptors affect this process through their gene 
transcription regulation [153]. In human cell lines, E2 induces alter
ations in miRNAs, as demonstrated by sequencing techniques [244]. 
Estrogen binds to ERα and ERβ to activate response elements in some 
miRNA promoters, i.e., miRNA-21, -155, and -124 [245]. 

Therefore, exposure to endocrine disruptors such as xenoestrogens 
may also affect the expression of certain types of miRNAs. This modu
lation even attributes them with a role as biomarkers since the quantities 
present in extracellular fluids may reflect environmental modifications 
[142,246]. The disruptors DDT and BPA (10 μM) are known to down
regulate miR-21 in MCF-7 cells [247]. The effects of miRNAs on the 
estrogen activation pathway may also influence ER coactivators [153, 
247]. In goat mammary epithelial cells, for example, miR-135b down-
regulated prolactin [248]. In ewes, embryonic exposure to BPA (0.5 
mg/kg/day) upregulated miRNAs related to endothelial cell damage 
(miR-217) and cell cycle arrest (miR-608) in adult offspring [249]. Goats 
and ewes are models of constant mammary gland activity, due to their 
use for persistent milk production; this aspect obviously characterizes 
their MG as different within regards to human and rodent models, which 
are the most widely discussed herein. However, they are a very inter
esting model for obtaining mammary epithelial cell lines [250]. 

Therefore, the impacts of ED exposure during phases where MG 
shows considerable growth and differentiation may involve long-term 
epigenetic modifications through miRNAs. Specifically, in breast can
cer, miRNA expression is related to the type of neoplasia developed by 
the patient, which, consequently, is a valuable tool to detect and eval
uate stages in breast cancer, since serum analysis can be performed 
[251]. Thus, since EDs are regulators of miRNAs expression due to 
hormone receptor binding, there may be a relation between ED exposure 
and breast cancer susceptibility. 

4. What are the consequences of these disturbances during the 
developmental windows? 

BPA exposure and a normal environment are compared in Table 1, 
which summarizes the consequences of disruption during different 
windows of susceptibility. Morphological alterations in the epithelium 
and a higher susceptibility to breast cancer are the major impacts of ED 
exposure during perinatal development. Higher numbers of TEBs, 
dilated ducts, and alveolar structures [252] are MG alterations present 
after gestational exposure. In adulthood, the impacts of perinatal 
exposure to BPA include an increase in collagen fibers and in the inci
dence of hyperplasia [207,236,253], inflammation [254,255], and the 
presence of proliferative cells [256,257]. In the MG, EDs increase sus
ceptibility to malignant alterations, especially during critical periods of 
development, when tissue is prone to growth and differentiation [258]. 
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The morphological alterations in the gland during these windows are 
based on tissue remodeling occasioned by hormonal signaling [259]. 
According to Fenton and Birnbaum, EDs may cause irreversible impacts 
in tissue architecture related to hormone binding and receptor activa
tion, but not limited to this mechanism [13]. 

Thus, it is reasonable to connect the possible impacts of chemicals that 
cause hormonal balance changes and alter the long-term homeostasis of 
the gland. It is important to bear in mind that perinatal exposure to 
chemicals (a window of susceptibility) implicates transgenerational effects 
by impacting the development of primordial germ cells [260], leading to 
impacts on embryo development. These effects are transmitted not due to 
DNA mutations but due to epigenetic changes in the germline or embry
onic context-dependent transmission cells during development [10]. In 
addition, epigenomic changes caused by in utero exposure induce 
long-term alterations in mammary morphology since mammary stem cell 
differentiation, lineage determination, and development are functions 
regulated epigenetically, employing DNAm and miRNA [125]. 

The period of perinatal development is critical regarding these in
fluences so that epigenetic changes in parents can be transmitted to 
children [164]. According to Skinner et al., the sequence of events that 
culminates in pathological effects starts in the epigenetic action, passing 
through alterations in the reading of DNA, protein expression, and organ 
physiology until it causes tissue disorder [261]. 

Yaoi et al. report that maternal exposure to BPA can change 
approximately 0.3 % of the CpG regions, causing hyper or hypo
methylation in the developing brain’s genetic material [262]. These 
authors also reinforce that methylation caused by BPA is loco-specific 
and dependent on the developmental stage of the organ. Regarding 
possibly affected genes, it is believed that they involve deregulation of, 
for example, genes encoding hormone receptors, altering their expres
sion, or long-term activity [263]. Specifically, in MG cells, some genes 
known to be affected by BPA in vitro action are involved in DNA repair 
(BRCA1, BRCA2, BARD1, CtIP, RAD51, and BRCC3) and the regulation 
of apoptosis (PDCD5 and BCL2L11) [231]. 

During the post-weaning involution window of susceptibility, MG is 
characterized by a pro-inflammatory environment that may facilitate 
metastasis and tumor development [264]. The weaning period may also 
lead to a critical window of estrogenic signaling, consisting of a risk 
factor to the development of breast cancer, which can be worsened in the 
presence of EDs [265]. When sensitized by EDs such as BPA, this 
pro-neoplastic microenvironment develops characteristics for the 
growth of local tumors by hormonal imbalance or interferences in mo
lecular pathways, to accelerate the apoptosis or overstimulate prolifer
ative activity [29,52]. In postmenopausal women, serum BPA was 
positively associated with elevated mammographic density, confirming 
a relation between EDs and a higher breast cancer risk [177]. Both 
molecular and physiological changes converge or start from an epige
netic point of view, and epigenetic regulation (or disruption) affects MG 
structure [152]. 

5. Final remarks and conclusion 

The MG comprises a complex organ where a dynamic development/ 
involution system is present to allow the necessary plasticity for the 
early nourishment of mammals. It constitutes a warning system for risk 
assessment of EDs, which disturb MG homeostasis and cause long-term 
alterations mainly related to malignant pathologies. Although some 
aspects have been elucidated regarding the mechanisms involved in 
these processes, much remains to be unveiled, especially because cohort 
and epidemiological studies are the only options to evaluate human 
effects, and experimental designs for animals do not usually mimic all 
the possible exposure routes. 

Reviewing the literature led us to raise a particular concern 
regarding the lack of studies about the impacts of gestational and 
lactational exposure in mothers, since most studies focus on perinatal 
and pubertal exposures. It is also important to emphasize that BPA acts 

not only on ERs but also on multiple hormone receptors and epigenetic 
targets in cells, triggering a plethora of adverse effects. Thus, BPA is a 
metabolic-endocrine disruptor that is dose-dependent – different dos
ages of exposure can trigger different effects in organs – and have effects 
on multiple cell levels – interfering in processes from metabolism to 
morphology. 

In conclusion, MG development windows are orchestrated by several 
molecules and pathways that respond to the effects of ubiquitous 
industrialized chemical compounds. BPA contributes to the establish
ment of the MG neoplastic predisposition by acting through several 
mechanisms. This review synthesizes some lessons learned in the sci
entific field, contributing to understanding of MG dynamics and re
sponses to deleterious factors. 
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J. Martinez-Pinna, I. Quesada, P. Alonso-Magdalena, Extranuclear-initiated 
estrogenic actions of endocrine disrupting chemicals: Is there toxicology beyond 
paracelsus? J. Steroid Biochem. Mol. Biol. 176 (2018) 16–22, https://doi.org/ 
10.1016/j.jsbmb.2017.01.014. 

[53] B. Manavathi, V.S.K. Samanthapudi, V.N.R. Gajulapalli, Estrogen receptor 
coregulators and pioneer factors: the orchestrators of mammary gland cell fate 
and development, Front. Cell Dev. Biol. 2 (2014) 1–13, https://doi.org/10.3389/ 
fcell.2014.00034. 

[54] C. Brisken, B. O’Malley, Hormone action in the mammary gland, Perspect. Biol. 
Med. 4 (2010) 1–16, https://doi.org/10.1101/cshperspect.a013086. 
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A. Lelièvre, V. Seewaldt, P.A. Vidi, Elevated leptin disrupts epithelial polarity and 
promotes premalignant alterations in the mammary gland, Oncogene 38 (2019) 
3855–3870, https://doi.org/10.1038/s41388-019-0687-8. 

[112] F.F. Chehab, M.E. Lim, R. Lu, Correction of the sterility defect in homozygous 
obese female mice by treatment with the human recombinant leptin, Nat. Genet. 
12 (1996) 318–320, https://doi.org/10.1038/ng0396-318. 

[113] D. Yamaji, A. Kamikawa, M.M. Soliman, T. Ito, M.M. Ahmed, K. Makondo, 
A. Watanabe, M. Saito, K. Kimura, Leptin inhibits hepatocyte growth factor- 
induced ductal morphogenesis of bovine mammary epithelial cells, Jpn. J. Vet. 
Res. 54 (2007) 183–189. 

[114] Y. Feuermann, S.J. Mabjeesh, A. Shamay, Leptin affects prolactin action on milk 
protein and fat synthesis in the bovine mammary gland, J. Dairy Sci. 87 (2004) 
2941–2946, https://doi.org/10.3168/jds.S0022-0302(04)73425-6. 

[115] Y. Feuermann, A. Shamay, S.J. Mabjeesh, Leptin up-regulates the lactogenic effect 
of prolactin in the bovine mammary gland in vitro, J. Dairy Sci. 91 (2008) 
4183–4189, https://doi.org/10.3168/jds.2008-0988. 

[116] A.R.G. Wylie, Leptin in farm animals: Where are we and where can we go? 
Animal. 5 (2011) 246–267, https://doi.org/10.1017/S1751731110001540. 

[117] J. Boudeau, A.F. Baas, M. Deak, N.A. Morrice, A. Kieloch, M. Schutkowski, A. 
R. Prescott, H.C. Clevers, D.R. Alessi, MO25α/β interact with STRADα/β 
enhancing their ability to bind, activate and localize LKB1 in the cytoplasm, 
EMBO J. 22 (2003) 5102–5114, https://doi.org/10.1093/emboj/cdg490. 

[118] Y. Wang, K.S.L. Lam, J.Y. Xu, G. Lu, L.Y. Xu, G.J.S. Cooper, A. Xu, Adiponectin 
inhibits cell proliferation by interacting with several growth factors in an 
oligomerization-dependent manner, J. Biol. Chem. 280 (2005) 18341–18347, 
https://doi.org/10.1074/jbc.M501149200. 

[119] D.R. Alessi, K. Sakamoto, J.R. Bayascas, LKB1-dependent signaling pathways RID 
C-9450-2011, Annu. Rev. Biochem. 75 (2006) 137–163, https://doi.org/ 
10.1146/annurev.biochem.75.103004.142702. 

[120] W. Jeong, H. Bae, W. Lim, F.W. Bazer, G. Song, Adiponectin: A prosurvival and 
proproliferation signal that increases bovine mammary epithelial cell numbers 
and protects them from endoplasmic reticulum stress responses, J. Anim. Sci. 95 
(2017) 5278–5289, https://doi.org/10.2527/jas2017.1885. 

[121] G.S. Christodoulatos, N. Spyrou, J. Kadillari, S. Psallida, M. Dalamaga, The role of 
adipokines in breast Cancer: current evidence and perspectives, Curr. Obes. Rep. 
8 (2019) 413–433, https://doi.org/10.1007/s13679-019-00364-y. 

[122] T. Brandebourg, E. Hugo, N. Ben-Jonathan, Adipocyte prolactin: regulation of 
release and putative functions, Diabetes, Obes. Metab. 9 (2007) 464–476, https:// 
doi.org/10.1111/j.1463-1326.2006.00671.x. 

[123] Y. Ohtani, T. Yonezawa, S.H. Song, T. Takahashi, A. Ardiyanti, K. Sato, A. Hagino, 
S. Gun Roh, K. Katoh, Gene expression and hormonal regulation of adiponectin 
and its receptors in bovine mammary gland and mammary epithelial cells, Anim. 
Sci. J. 82 (2011) 99–106, https://doi.org/10.1111/j.1740-0929.2010.00805.x. 

[124] U.A. White, J. Maier, P. Zhao, A.J. Richard, J.M. Stephens, The modulation of 
adiponectin by STAT5-activating hormones, Am. J. Physiol. - Endocrinol. Metab. 
310 (2016) E129–E136, https://doi.org/10.1152/ajpendo.00068.2015. 

[125] M. Rijnkels, E. Kabotyanski, M.B. Montazer-Torbati, C.H. Beauvais, Y. Vassetzky, 
J.M. Rosen, E. Devinoy, The epigenetic landscape of mammary gland 
development and functional differentiation, J. Mammary Gland Biol. Neoplasia 
15 (2010) 85–100, https://doi.org/10.1007/s10911-010-9170-4. 

[126] H. Holliday, L.A. Baker, S.R. Junankar, S.J. Clark, A. Swarbrick, Epigenomics of 
mammary gland development, Breast Cancer Res. 20 (2018) 1–11, https://doi. 
org/10.1186/s13058-018-1031-x. 

[127] R. Maruyama, S. Choudhury, A. Kowalczyk, M. Bessarabova, B. Beresford-Smith, 
T. Conway, A. Kaspi, Z. Wu, T. Nikolskaya, V.F. Merino, P.K. Lo, X.S. Liu, 
Y. Nikolsky, S. Sukumar, I. Haviv, K. Polyak, Epigenetic regulation of cell type- 
specific expression patterns in the human mammary epithelium, PLoS Genet. 7 
(2011), https://doi.org/10.1371/journal.pgen.1001369. 

[128] R. Xuan, T. Chao, A. Wang, F. Zhang, P. Sun, S. Liu, M. Guo, G. Wang, Z. Ji, 
J. Wang, M. Cheng, Characterization of microRNA profiles in the mammary gland 
tissue of dairy goats at the late lactation, dry period and late gestation stages, 
PLoS One 15 (2020) 1–25, https://doi.org/10.1371/journal.pone.0234427. 

[129] P.A. Jones, Functions of DNA methylation: islands, start sites, gene bodies and 
beyond, Nat. Rev. Genet. 13 (2012) 484–492, https://doi.org/10.1038/nrg3230. 

[130] R. Kanwal, K. Gupta, S. Gupta, in: M. Verma (Ed.), Cancer Epigenetics: An 
Introduction BT - Cancer Epigenetics: Risk Assessment, Diagnosis, Treatment, and 
Prognosis, Springer New York, New York, NY, 2015, pp. 3–25, https://doi.org/ 
10.1007/978-1-4939-1804-1_1. 

[131] R. Pathania, S. Ramachandran, S. Elangovan, R. Padia, P. Yang, S. Cinghu, 
R. Veeranan-Karmegam, P. Arjunan, J.P. Gnana-Prakasam, F. Sadanand, L. Pei, C. 
S. Chang, J.H. Choi, H. Shi, S. Manicassamy, P.D. Prasad, S. Sharma, 
V. Ganapathy, R. Jothi, M. Thangaraju, DNMT1 is essential for mammary and 
cancer stem cell maintenance and tumorigenesis, Nat. Commun. 6 (2015), 
https://doi.org/10.1038/ncomms7910. 

[132] S. Mamrut, H. Harony, R. Sood, H. Shahar-Gold, H. Gainer, Y.J. Shi, L. Barki- 
Harrington, S. Wagner, DNA methylation of specific CpG sites in the promoter 
region regulates the transcription of the mouse oxytocin receptor, PLoS One 8 
(2013), https://doi.org/10.1371/journal.pone.0056869. 

[133] A.J. Bannister, T. Kouzarides, Regulation of chromatin by histone modifications, 
Cell Res. 21 (2011) 381–395, https://doi.org/10.1038/cr.2011.22. 

[134] D. Pellacani, M. Bilenky, N. Kannan, A. Heravi-Moussavi, D.J.H.F. Knapp, 
S. Gakkhar, M. Moksa, A. Carles, R. Moore, A.J. Mungall, M.A. Marra, S.J. 
M. Jones, S. Aparicio, M. Hirst, C.J. Eaves, Analysis of normal human mammary 
epigenomes reveals cell-specific active enhancer states and associated 
transcription factor networks, Cell Rep. 17 (2016) 2060–2074, https://doi.org/ 
10.1016/j.celrep.2016.10.058. 

[135] C. Dravis, C.Y. Chung, N.K. Lytle, J. Herrera-Valdez, G. Luna, C.L. Trejo, T. Reya, 
G.M. Wahl, Epigenetic and transcriptomic profiling of mammary gland 
development and tumor models disclose regulators of cell state plasticity, Cancer 
Cell 34 (2018) 466–482, https://doi.org/10.1016/j.ccell.2018.08.001, e6. 

[136] E.M. Michalak, K. Nacerddine, A. Pietersen, V. Beuger, I. Pawlitzky, 
P. Cornelissen-Steijger, E. Wientjens, E. Tanger, J. Seibler, M. Van Lohuizen, 
J. Jonkers, Polycomb group gene Ezh2 regulates mammary gland morphogenesis 
and maintains the luminal progenitor pool, Stem Cells 31 (2013) 1910–1920, 
https://doi.org/10.1002/stem.1437. 

[137] B. Pal, T. Bouras, W. Shi, F. Vaillant, J.M. Sheridan, N. Fu, K. Breslin, K. Jiang, M. 
E. Ritchie, M. Young, G.J. Lindeman, G.K. Smyth, J.E. Visvader, Global Changes 
in the Mammary Epigenome Are Induced by Hormonal Cues and Coordinated by 
Ezh2, Cell Rep. 3 (2013) 411–426, https://doi.org/10.1016/j. 
celrep.2012.12.020. 

[138] K.H. Yoo, S. Oh, K. Kang, C. Wang, G.W. Robinson, K. Ge, L. Hennighausen, 
Histone demethylase KDM6A controls the mammary luminal lineage through 
enzyme-independent mechanisms, Mol. Cell Biol. 36 (2016) 2108–2120, https:// 
doi.org/10.1128/MCB.00089-16. 

[139] L. Qin, Y. Xu, X. Yu, M.J. Toneff, D. Li, L. Liao, J.D. Martinez, Y. Li, J. Xu, The 
histone demethylase Kdm 3a is required for normal epithelial proliferation ductal 
elongation and tumor growth in the mouse mammary gland, Oncotarget. 8 (2017) 
84761–84775, https://doi.org/10.18632/oncotarget.21380. 

[140] L. Song, R.S. Tuan, MicroRNAs and cell differentiation in mammalian 
development, Birth Defects Res, Part C Embryo Today Rev. 78 (2006) 140–149, 
https://doi.org/10.1002/bdrc.20070. 

[141] V.N. Kim, J. Han, M.C. Siomi, Biogenesis of small RNAs in animals, Nat. Rev. Mol. 
Cell Biol. 10 (2009) 126–139, https://doi.org/10.1038/nrm2632. 

[142] R. Sabry, J. Yamate, L. Favetta, J. LaMarre, MicroRNAs: potential targets and 
agents of endocrine disruption in female reproduction, J. Toxicol. Pathol. 32 
(2019) 213–221, https://doi.org/10.1293/tox.2019-0054. 

[143] B. Zeng, Y. Li, Y. Feng, M. Lu, H. Yuan, Z. Yi, Y. Wu, T. Xiang, H. Li, G. Ren, 
Downregulated miR-1247-5p associates with poor prognosis and facilitates tumor 
cell growth via DVL1/Wnt/β-catenin signaling in breast cancer, Biochem. 
Biophys. Res. Commun. 505 (2018) 302–308, https://doi.org/10.1016/j. 
bbrc.2018.09.103. 

[144] T. Kehl, C. Backes, F. Kern, T. Fehlmann, N. Ludwig, E. Meese, H.-P. Lenhof, 
A. Keller, About miRNAs, miRNA seeds, target genes and target pathways, 
Oncotarget. 8 (2017), 107167. 

[145] C. Braicu, C. Tomuleasa, P. Monroig, A. Cucuianu, I. Berindan-Neagoe, G.A. Calin, 
Exosomes as divine messengers: Are they the Hermes of modern molecular 
oncology? Cell Death Differ. 22 (2015) 34–45, https://doi.org/10.1038/ 
cdd.2014.130. 

[146] E.C. Lai, Micro RNAs are complementary to 3′ UTR sequence motifs that mediate 
negative post-transcriptional regulation, Nat. Genet. 30 (2002) 363–364, https:// 
doi.org/10.1038/ng865. 

[147] Z. Ji, R. He, T. Chao, R. Xuan, S. Liu, G. Wang, J. Wang, Chi-miR-143-3p promotes 
apoptosis of mammary gland epithelial cells from dairy goats by targeting Ndfip1, 
DNA Cell Biol. 38 (2019) 1188–1196, https://doi.org/10.1089/dna.2019.4830. 

[148] T. Tanaka, S. Haneda, K. Imakawa, S. Sakai, K. Nagaoka, A microRNA, miR-101a, 
controls mammary gland development by regulating cyclooxygenase-2 
expression, Differentiation. 77 (2009) 181–187, https://doi.org/10.1016/j. 
diff.2008.10.001. 

[149] A. Ucar, V. Vafaizadeh, H. Jarry, J. Fiedler, P.A.B. Klemmt, T. Thum, B. Groner, 
K. Chowdhury, MiR-212 and miR-132 are required for epithelial stromal 
interactions necessary for mouse mammary gland development, Nat. Genet. 42 
(2010) 1101–1108, https://doi.org/10.1038/ng.709. 

[150] J. Wang, Y. Bian, Z. Wang, D. Li, C. Wang, Q. Li, X. Gao, MicroRNA-152 regulates 
DNA methyltransferase 1 and is involved in the development and lactation of 
mammary glands in dairy cows, PLoS One 9 (2014) 1–11, https://doi.org/ 
10.1371/journal.pone.0101358. 

[151] S. Guil, M. Esteller, DNA methylomes, histone codes and miRNAs: tying it all 
together, Int. J. Biochem. Cell Biol. 41 (2009) 87–95, https://doi.org/10.1016/j. 
biocel.2008.09.005. 

[152] E. Devinoy, M. Rijnkels, Preface: Epigenetics in mammary gland biology and 
cancer, J. Mammary Gland Biol. Neoplasia 15 (2010) 1–4, https://doi.org/ 
10.1007/s10911-010-9171-3. 

[153] C.M. Klinge, miRNAs regulated by estrogens, tamoxifen, and endocrine disruptors 
and their downstream gene targets, Mol. Cell. Endocrinol. 418 (2015) 273–297, 
https://doi.org/10.1016/j.mce.2015.01.035. 

[154] B.C. Melnik, G. Schmitz, MicroRNAs: Milk’s epigenetic regulators, Best Pract, Res. 
Clin. Endocrinol. Metab. 31 (2017) 427–442, https://doi.org/10.1016/j. 
beem.2017.10.003. 

[155] C.H. Heldin, M. Landström, A. Moustakas, Mechanism of TGF-β signaling to 
growth arrest, apoptosis, and epithelial-mesenchymal transition, Curr. Opin. Cell 
Biol. 21 (2009) 166–176, https://doi.org/10.1016/j.ceb.2009.01.021. 

[156] C. Wang, Q. Li, Identification of Differentially Expressed MicroRNAs During the 
Development of Chinese Murine Mammary Gland, J. Genet. Genomics 34 (2007) 
966–973, https://doi.org/10.1016/S1673-8527(07)60109-X. 

T.F.R. Ruiz et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.ydbio.2019.11.001
https://doi.org/10.1038/s41388-019-0687-8
https://doi.org/10.1038/ng0396-318
http://refhub.elsevier.com/S0890-6238(21)00119-2/sbref0565
http://refhub.elsevier.com/S0890-6238(21)00119-2/sbref0565
http://refhub.elsevier.com/S0890-6238(21)00119-2/sbref0565
http://refhub.elsevier.com/S0890-6238(21)00119-2/sbref0565
https://doi.org/10.3168/jds.S0022-0302(04)73425-6
https://doi.org/10.3168/jds.2008-0988
https://doi.org/10.1017/S1751731110001540
https://doi.org/10.1093/emboj/cdg490
https://doi.org/10.1074/jbc.M501149200
https://doi.org/10.1146/annurev.biochem.75.103004.142702
https://doi.org/10.1146/annurev.biochem.75.103004.142702
https://doi.org/10.2527/jas2017.1885
https://doi.org/10.1007/s13679-019-00364-y
https://doi.org/10.1111/j.1463-1326.2006.00671.x
https://doi.org/10.1111/j.1463-1326.2006.00671.x
https://doi.org/10.1111/j.1740-0929.2010.00805.x
https://doi.org/10.1152/ajpendo.00068.2015
https://doi.org/10.1007/s10911-010-9170-4
https://doi.org/10.1186/s13058-018-1031-x
https://doi.org/10.1186/s13058-018-1031-x
https://doi.org/10.1371/journal.pgen.1001369
https://doi.org/10.1371/journal.pone.0234427
https://doi.org/10.1038/nrg3230
https://doi.org/10.1007/978-1-4939-1804-1_1
https://doi.org/10.1007/978-1-4939-1804-1_1
https://doi.org/10.1038/ncomms7910
https://doi.org/10.1371/journal.pone.0056869
https://doi.org/10.1038/cr.2011.22
https://doi.org/10.1016/j.celrep.2016.10.058
https://doi.org/10.1016/j.celrep.2016.10.058
https://doi.org/10.1016/j.ccell.2018.08.001
https://doi.org/10.1002/stem.1437
https://doi.org/10.1016/j.celrep.2012.12.020
https://doi.org/10.1016/j.celrep.2012.12.020
https://doi.org/10.1128/MCB.00089-16
https://doi.org/10.1128/MCB.00089-16
https://doi.org/10.18632/oncotarget.21380
https://doi.org/10.1002/bdrc.20070
https://doi.org/10.1038/nrm2632
https://doi.org/10.1293/tox.2019-0054
https://doi.org/10.1016/j.bbrc.2018.09.103
https://doi.org/10.1016/j.bbrc.2018.09.103
http://refhub.elsevier.com/S0890-6238(21)00119-2/sbref0720
http://refhub.elsevier.com/S0890-6238(21)00119-2/sbref0720
http://refhub.elsevier.com/S0890-6238(21)00119-2/sbref0720
https://doi.org/10.1038/cdd.2014.130
https://doi.org/10.1038/cdd.2014.130
https://doi.org/10.1038/ng865
https://doi.org/10.1038/ng865
https://doi.org/10.1089/dna.2019.4830
https://doi.org/10.1016/j.diff.2008.10.001
https://doi.org/10.1016/j.diff.2008.10.001
https://doi.org/10.1038/ng.709
https://doi.org/10.1371/journal.pone.0101358
https://doi.org/10.1371/journal.pone.0101358
https://doi.org/10.1016/j.biocel.2008.09.005
https://doi.org/10.1016/j.biocel.2008.09.005
https://doi.org/10.1007/s10911-010-9171-3
https://doi.org/10.1007/s10911-010-9171-3
https://doi.org/10.1016/j.mce.2015.01.035
https://doi.org/10.1016/j.beem.2017.10.003
https://doi.org/10.1016/j.beem.2017.10.003
https://doi.org/10.1016/j.ceb.2009.01.021
https://doi.org/10.1016/S1673-8527(07)60109-X


Reproductive Toxicology 105 (2021) 1–16

14

[157] D.D. Seachrist, K.W. Bonk, S.M. Ho, G.S. Prins, A.M. Soto, R.A. Keri, A review of 
the carcinogenic potential of bisphenol A, Reprod. Toxicol. 59 (2016) 167–182, 
https://doi.org/10.1016/j.reprotox.2015.09.006. 

[158] J. Michałowicz, Bisphenol A – sources, toxicity and biotransformation, Environ. 
Toxicol. Pharmacol. 37 (2014) 738–758, https://doi.org/10.1016/j. 
etap.2014.02.003. 

[159] J.G. Boucher, A. Boudreau, S. Ahmed, E. Atlas, In vitro effects of bisphenol a β-D- 
Glucuronide (BPA-G) on adipogenesis in human and murine preadipocytes, 
Environ. Health Perspect. 123 (2015) 1287–1293. 

[160] J.S. Kang, J.-S. Choi, W.-K. Kim, Y.-J. Lee, J.-W. Park, Estrogenic potency of 
bisphenol S, polyethersulfone and their metabolites generated by the rat liver S9 
fractions on a MVLN cell using a luciferase reporter gene assay, Reprod. Biol. 
Endocrinol. 12 (2014) 102, https://doi.org/10.1186/1477-7827-12-102. 
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[196] A. Konieczna, A. Rutkowska, D. Rachoń, Health risk of exposure to Bisphenol A 
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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 17β-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, 
Paulínia, 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 μg/kg of 17β-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 μg/kg 

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 (↑BPA) 5000 μg/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 ↑BPA; 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, Paulínia, 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 µm thick) 
and hematoxylin and eosin (HE) staining was conducted. Stained slides 
were digitally scanned (400 × magnification) using a B× 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 µm 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% H2O2, and 
nonspecific proteins were blocked using 5% skimmed milk diluted in 
TBS. Sections were incubated overnight with the following primary 
antibodies: α-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-α (rabbit monoclonal, 
1:100, D2D4, #11948, Cell Signaling), TGF-β1 (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 

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-β, 
COX-2, TNF-α, 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. 1a-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). 

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 to14th days of involution. ↑BPA 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 
α-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 ↑BPA: 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 µm; (e- 
f; h-k) 20 µm; (l) 10 µm. 
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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 ↑BPA group (Fig. 1e 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 ↑BPA 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 
↑BPA 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 α-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 

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 ↑BPA 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 the14th 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 
the14th days of involution for elastin fiber area (Fig. 2l-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 ↑BPA (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. 

Fig. 2. Extracellular matrix fibers during mammary gland involution. (a) Percentage of collagen area deposition on 7th and 14th days of involution (mean ± SEM). 
(b-i) Collagen fibers (red). Picrosirius staining demonstrated the collagen deposition at 7 days in control (b, c) and E2 (d, e) groups compared to respective 14 day 
post-weaning deposition (f, g – control; h, i – E2). (j) Percentage of elastin area on 7th and 14th days of involution (mean ± SEM). (k-n) Resorcin-fucsin staining on 
14th day of involution for control (k), E2 (l), ↓BPA (m), and ↑BPA (n) groups. Note the elastin fibers meshwork (circle) in the stroma of the control group (k). 
Different letters in a and j indicate statistical differences (p < 0.05) among groups and * indicate statistical differences between involution periods in the same group 
(↓BPA and ↑BPA: n = 5 per subgroups; control: n = 4 per subgroups; E2: n = 3 per subgroups). Scale Bars: (b-e; f-i) 50 µm; (k-n) 20 µm. 
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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, 
↑BPA, 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-β1 and active Caspase-3 expression in mammary 
tissue during involution 

At 7 days of involution, the number of TGF-β1 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 ↑BPA 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. 4l). Although a different 
pattern of intracellular staining was observed, the quantification of 
positive cells/mm2 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 TNFα, COX-2, and p-STAT3. For TNFα 
(Fig. 5a), control (Fig. 5b) and BPA groups (Fig. 5d) presented lower 
rates in comparison to the E2 group (Fig. 5c) 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 

Fig. 3. Extracellular matrix remodeling protein expression during mammary gland involution. MMP-2 (a), MMP-9 (e), and FAP (h) expression (mean of cells/ 
mm2 ± SEM). (b-d) MMP-2 positive cells were found in stoma on 7th (b) and 14th (c) days in control and also in ↑BPA group (d). (f-g) MMP-9 positive cells in adipose 
tissue in control (f) and perivascular in ↑BPA (g). (i-j) FAP expression: E2 group presented increased expression from 7th (i) to 14th (j) days of involution. Note in (i) 
the FAP positivity for a mast cell (arrow). Different letters in a, e, and h indicate statistical differences (p < 0.05) among groups and * indicate differences between 
involution periods in the same group (↓BPA and ↑BPA: n = 5 per subgroups; control: n = 4 per subgroups; E2: n = 3 per subgroups). Abbreviation: vs: blood vessel. 
Scale Bars: (d-i) 20 µm; (j, l) 10 µm; (k) 5 µm. 
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the groups differed. Furthermore, TNFα 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. 5l – ↓BPA; 
Fig. 5m - ↑BPA). 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 ↑BPA, 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. 6c). 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. 

Fig. 4. Proliferative and apoptotic protein expression during mammary gland involution. (a) P-H-H3 positive cells on 7th and 14th days post-weaning (cells/mm2) 
(mean ± SEM). Control group presented scarce positive cells on 7th day (b); BPA presented epithelial (c) and stromal (d) staining. (e) TGF-β1 positive cells (cells/ 
mm2) (mean ± SEM). Control (f) presented low positivity compared to ↓BPA (g) and ↑BPA (h) on the 7th day. Note that mast cells were stained for TGF-β1 (h-inset). 
(i) Active caspase-3 positive cells (cells/mm2) (mean ± SEM). At 7-days, the 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 (l). 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 ↑BPA: n = 5 
per subgroups; control: n = 4 per subgroups; E2: n = 3 per subgroups). Scale Bars: (b, h, j) 20 µm; (c, d, f, g, h-inset, k, l) 10 µm. 
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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 (Wärri 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-β1, 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. 

Fig. 5. Inflammatory markers during mammary gland involution. (a) TNFα positive cells (mean ± SEM). On the 7th day, the control group presented low positive 
cells (b), whereas the E2 group presented high rates of TNFα 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 (l) and ↑BPA (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 ↑BPA: n = 5 per subgroups; control: n = 4 per sub
groups; E2: n = 3 per subgroups). Scale Bars: (b, c, g, h, l, m) 10 µm; (d, f, j, k, n, o, p) 20 µm. 
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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 (Dzię
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 

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 TNFα (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. TNFα 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 TNFα (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. 

Fig. 6. Macrophage and mast cell incidence during mammary gland involution. (a) Macrophage density (cells/mm2) (mean ± SEM). Macrophages were found in the 
stromal compartment on the 7th day of involution in control (b) and E2 (c) groups. Macrophage high density was observed in BPA (d) with phagocytic activity in the 
epithelial compartment (inset). (e) Mast Cell density (cells/mm2) (mean ± SEM). (f-h) Mast cells population: epithelial compartment (f), adipose tissue (g), and in 
stroma (h). Intact (arrows) and degranulated (arrowheads) mast cells were observed in all compartments. Different letters in a and e indicate statistical differences 
(p < 0.05) among groups and * indicate differences between involution periods in the same group (↓BPA and ↑BPA: n = 5 per subgroups; control: n = 4 per sub
groups; E2: n = 3 per subgroups). Scale Bars: (c-g) 10 µm; (h-n) 20 µm. 
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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 TNFα, 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 TNFα 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 ↑BPA 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-β1 is a chemotactic protein for monocytes (Zollo et al., 2014) 
and mast cells (Ramírez-Valadez et al., 2017). The increased expression 

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 
TNFα 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. (c) 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 
TGFβ in stroma. On the 14th day, TGFβ 
recruits mast cells, which express COX-2 
and TNFα as well as immune cells and 
macrophages. P-STAT3 is upregulated 
in both stages in BPA exposed mam
mary gland.   
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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-β1 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-β1 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 TNFα 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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Aperfeiçoamento de Pessoal de N í vel Superior – CAPES (finance code 
001); and the National Council for Scientific and Technological Devel
opment (CNPq) (Grant Number: 302938/2020/6). 

CRediT authorship contribution statement 

T.F.R. Ruiz and E.C.R. Leonel contributed equally to this manuscript 
in the following actions: study conceptualization and methodology, 
formal analysis, investigation, resources, data curation and writing of 
both, original draft, and review/editing. S.V. Colleta: investigation, re
sources, data curation. C.M. Bedolo: formal analysis, investigation, re
sources, data curation. S.G.P. Campos: writing - original draft, data 
curation and investigation. S.R. Taboga: conceptualization and meth
odology, writing - original draft, supervision, project administration and 
funding acquisition. 

Declaration of Competing Interest 

The authors declare the following financial interests/personal re
lationships which may be considered as potential competing interests: 
Leonel E.C.R reports financial support was provided by Coordination of 
Higher Education Personnel Improvement. Ruiz T.F.R. reports financial 
support was provided by State of Sao Paulo Research Foundation. 
Taboga S.R. reports financial support was provided by State of Sao Paulo 
Research Foundation. Taboga S.R. reports financial support was pro
vided by National Council for Scientific and Technological 
Development. 

Acknowledgements 

The authors would like to thank MSc. Luiz Roberto Falleiros for 
technical assistance during the development of the experiments. 

Funding Information 
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Pessoal de N í vel Superior – CAPES (finance code 001). 

Conflict of Interest 

The authors declare that there is no conflict of interest. 

References 

Acconcia, F., Pallottini, V., Marino, M., 2015. Molecular mechanisms of action of BPA. 
Dose-Response 13, 1–9. https://doi.org/10.1177/1559325815610582. 

Allred, D.C., Wu, Y., Mao, S., Nagtegaal, I.D., Lee, S., Perou, C.M., Mohsin, S.K., 
O’Connell, P., Tsimelzon, A., Medina, D., 2008. Ductal carcinoma in situ and the 
emergence of diversity during breast cancer evolution. Clin. Cancer Res. 14, 
370–378. https://doi.org/10.1158/1078-0432.CCR-07-1127. 

Altamirano, G.A., Ramos, J.G., Gomez, A.L., Luque, E.H., Muñoz-de-Toro, M., Kass, L., 
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