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RESUMO

IMPACTO TOXICOGENOMICO DO BISFENOL A EM DIFERENTES MODELOS
EXPERIMENTAIS E POTENCIAL REVERSOR DE UM MULTISSUPLEMENTO
ALIMENTAR

AUTORA: Barbara Osmarin Turra
ORIENTADORA: Profa. Dra. lvana Beatrice Manica da Cruz
COORIENTADORA: Profa. Dra. Fernanda Barbisan

Introducdo: O Bisfenol A (BPA) € um monémero sintético amplamente utilizado na
industria de plasticos. Considerado um poluente ambiental, atua como um disrruptor
enddcrino. Suas formas livres no organismo estdo associadas ao desenvolvimento de
doencas crénicas nao transmissiveis (DCNTSs). Entretanto, resultados relacionados
aos mecanismos bioldgicos pelo qual o BPA age, ainda s&o conflitantes. E possivel
qgue, o BPA cause desbalanco oxidativo e/ou inflamatério independentemente do tipo
de organismo ou célula. Assim, como tentativa de atenuar esses efeitos, muitos
estudos se concentram nas propriedades de frutos e compostos naturais, associados
ou isolados. Objetivo: avaliar o impacto toxicogenémico do BPA em marcadores
oxidativos, genotoxicos e inflamatoérios utilizando um modelo in vivo de minhocas
californianas vermelhas (Eisenia fetida) e, um modelo in vitro de cultura de células do
epitélio pigmentar da retina humana (ARPE-19) e caracterizar o potencial reversor de
um multissuplemento a base de Guarana (Gua), Selénio (Se) e L- Carnitina (LC)
(GSC®). Metodologia: O trabalho esta dividido em dois artigos. No artigo 1 foi
avaliado in vivo o impacto do BPA sob os marcadores geno-oxi-inflamatérios: a) o
efeito da exposicdo aguda (24 h e 72h) de minhocas adultas a diferentes
concentracbes de BPA (0,1, 0,3, 1, 10 e 30 uM); b) A citoxicidade do BPA e a
modulacao da proliferacao de celomaécitos foram determinadas por citometria de fluxo;
c) Os seguintes marcadores oxidativos foram quantificados por espectrofotometria:
anion superoxido (O2), 6xido nitrico (ON), lipoperoxidacdo (TBARS) e carbonilagéo
de proteinas (PCarb); d) O impacto do BPA no dano de DNA de celomécitos foi
determinado via ensaio do micronucleo (MN); e) Alteracbes do BPA na eficiéncia
imune das minhocas foram testadas através do ensaio de exposicdo de celomdcitos
a leveduras mortas no qual foi avaliada a formacéao de redes extracelulares de DNA e
de corpos marrons através de analises cito-histologicas; f) Efeito genébmico do BPA
na modulac&o da expresséo dos genes receptor tool-like (eaTLR) e lumbricina 1, via
quantitative reverse transcriptase polymerase chain reaction (qQRT-PCR). No artigo 2,
células da linhagem ARPE-19 foram expostas ao BPA (0,001, 0,01, 0,1, 1, 3 e 10 uM)
para determinar a concentragdo minima a induzir citogenotoxicidade. b) As células
ARPE-19 foram entdo expostas concomitantemente a concentracdo selecionada de
BPA, GSC e seus componentes isolados (Gua, 1,07 mg/mL; Se, 0,178 pg/mL; e LC,
1,43 mg/mL); c) Citometria de fluxo, ensaios bioquimicos, gRT-PCR, genotoxicidade,
apoptose e proliferagcdo celular foram avaliados. Resultados: A execucdo do
protocolo 1 mostrou que baixas concentragdes de BPA induziram aumento na taxa de
proliferacdo de celomdcitos, desbalanco na razéo entre O2/ON, frequéncia elevada
de MN e apoptose. O BPA também induziu aumento da expressdo do gene AMP1,
mas menor eficiéncia na captura de leveduras mortas. Ja, o trabalho executado pelo
protocolo 2 os resultados sugerem que 10 uM de BPA é suficiente para induzir
alteracdes citogenotoxicas. O BPA nao alterou a razdo de expressao de Bcl-2/BAX,



mas induziu a superexpressdo de Casp3 e Casp8, sugerindo que a apoptose foi
induzida principalmente pela via extrinseca. O GSC reverteu parcialmente as
alteracdes desencadeadas pelo BPA nas células ARPE-19. No entanto, o Se teve
efeitos negativos inesperados nas células ARPE-19. Concluséo: Estes resultados
sugeriram que o BPA induz alteracdes relevantes, independentemente do modelo
estudado podendo estar associadas ao risco aumentado de DCNTs. Ja o GSC® pode
atenuar alteracbes nos marcadores oxidativos e genotoxicos relacionados a
exposicdo das ceélulas ARPE-19, no entanto, suas propriedades antioxidantes,
antiapoptoticas e genoprotetoras nao foram universalmente compartilhadas, uma vez
gue 0 Se nao apresentou impacto positivo.

Palavras-chave: Disrruptor Endoécrino. Doencas Cronicas ndo Transmissiveis.
Estresse oxidativo. Inflamacé&o. Multissuplemento. Compostos Naturais.



ABSTRACT

TOXICOGENOMIC IMPACT OF BISPHENOL A IN DIFFERENT EXPERIMENTAL
MODELS AND REVERSAL POTENTIAL OF A FOOD MULTISUPLEMENT

AUTHOR: Barbara Osmarin Turra

ADVISOR: Profa. Dra. lvana Beatrice Manica da Cruz
CO-ADVISOR: Profa. Dra. Fernanda Barbisan

Introduction: Bisphenol A (BPA) is a synthetic monomer widely used in the plastics
industry. Considered an environmental pollutant, it acts as an endocrine disruptor. Its
free forms in the body are associated with the development of chronic non-
communicable diseases (NCDs). However, results related to the biological
mechanisms through which BPA acts are still conflicting. It is possible that BPA causes
oxidative and/or inflammatory imbalance regardless of the type of organism or cell.
Therefore, to mitigate these effects, many studies focus on the properties of fruits and
natural compounds, associated or isolated. Objective: to evaluate the toxicogenomic
impact of BPA on oxidative, genotoxic, and inflammatory markers using an in vivo
model of Californian red earthworms (Eisenia fetida) and an in vitro culture model of
human retinal pigment epithelium cells (ARPE-19) and characterize the reversing
potential of a multi-supplement based on Guarana (Gua), Selenium (Se) and L-
Carnitine (LC) (GSC®). Methodology: The work is divided into two articles. In article
1, the impact of BPA on geno-oxy-inflammatory markers was evaluated in vivo: a) the
effect of acute exposure (24 h and 72 h) of adult earthworms to different concentrations
of BPA (0.1, 0.3, 1, 10 and 30 uM); b) BPA cytotoxicity and modulation of coelomocyte
proliferation were determined by flow cytometry; c) The following oxidative markers
were quantified by spectrophotometry: superoxide anion (O2-), nitric oxide (NO),
lipoperoxidation (TBARS) and protein carbonylation (PCarb); d) The impact of BPA on
coelomocyte DNA damage was determined via micronucleus (MN) assay; e) BPA
changes in the immune efficiency of earthworms were tested through the coelomocyte
exposure assay to dead yeast in which the formation of extracellular DNA networks
and brown bodies was evaluated through cytohistological analyses; f) Genomic effect
of BPA in modulating the expression of the tool-like receptor (eaTLR) and lumbricin 1
genes, via quantitative reverse transcriptase polymerase chain reaction (QRT-PCR). In
article 2, cells of the ARPE-19 lineage were exposed to BPA (0.001, 0.01, 0.1, 1, 3and
10 uM) to determine the minimum concentration to induce cytogenotoxicity. b) ARPE-
19 cells were then concomitantly exposed to the selected concentration of BPA, GSC
and their isolated components (Gua, 1.07 mg/mL; Se, 0.178 pg/mL; and LC, 1.43
mg/mL); c¢) Flow cytometry, biochemical assays, gRT-PCR, genotoxicity, apoptosis
and cell proliferation were evaluated. Results: The execution of protocol 1 showed
that low concentrations of BPA induced an increase in the rate of coelomocyte
proliferation, imbalance in the O2-/ON ratio, high frequency of MN and apoptosis. BPA
also induced increased expression of the AMP1 gene, but lower efficiency in capturing



dead yeast. Already, the work carried out by protocol 2 results suggest that 10 uM of
BPA is sufficient to induce cytogenotoxic changes. BPA did not change the expression
ratio of Bcl-2/BAX, but induced overexpression of Casp3 and Casp8, suggesting that
apoptosis was mainly induced by the extrinsic pathway. GSC partially reversed the
changes triggered by BPA in ARPE-19 cells. However, Se had unexpected negative
effects on ARPE-19 cells. Conclusion: These results suggested that BPA induces
relevant changes, regardless of the model studied, which may be associated with an
increased risk of NCDs. GSC® can attenuate changes in oxidative and genotoxic
markers related to exposure of ARPE-19 cells, however, its antioxidant, antiapoptotic
and genoprotective properties were not universally shared, since Se did not have a
positive impact.

Keywords: Endocrine Disruptor. Chronic non-communicable diseases. Oxidative
stress. Inflammation. Multisupplement. Natural Compounds
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APRESENTACAO

Esta tese de doutorado segue as recomendacdes do Manual de Dissertacdes
e Teses (MDT), da Universidade Federal de Santa Maria (UFSM), do ano de 2021. O
presente estudo buscou avaliar o impacto toxicogenémico do BPA em marcadores
oxidativos, genotoxicos e inflamatodrios utilizando um modelo animal in vivo de
minhocas californianas vermelhas (Eisenia fetida) que esta apresentado na forma de
um artigo (referido nesta tese como artigo 1), que foi publicado na Revista Contexto &
Saude classificada no Qualis Capes - Ciéncias Bioldgicas Il como A4. A segunda parte
do trabalho refere-se a um modelo in vitro de cultura de células do epitélio pigmentar
da retina humana (ARPE-19) e o potencial reversor de um multissuplemento a base
de Guarand, L- carnitina e Selénio (GSC®) que esta apresentado na forma de um
artigo (referido nesta tese como artigo 2), aceito para a publicacéo a revista Brazilian
Journal of Biology classificada no Qualis Capes - Ciéncias Bioldgicas Il como A3. As
secoes “introducao”, “revisédo bibliografica”, “metodologia” e “resultados” encontram-
se no inicio deste documento; na sequéncia, sdo apresentados, na integra, os dois
artigos vinculados a esta tese, que seguem as regras de formatacdo das revistas em
que foram publicado/submetido; as secgdes “discussao” e “consideragdes finais”
encontram-se logo apds os artigos. As referéncias listadas no final da tese incluem
todas as citacbes referidas no decorrer deste documento, com excecdo das

referéncias utilizadas nos dois artigos, as quais estéo listadas no final de cada um.


https://www.revistas.unijui.edu.br/index.php/contextoesaude/index
https://www.revistas.unijui.edu.br/index.php/contextoesaude/index
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1 INTRODUCAO

O Bisfenol A (BPA) (4,4-isopropilidenodifenol; 2,2-bis (4-hidroxifenil) -
propano) € um mondmero de ordem molecular sintética, envolvido na constituicdo de
polimeros de revestimento, tais como: plasticos e resinas epoxi, além de materiais
meédico-hospitalares e, recentemente em composicdes téxteis. Estudos de
biomonitoramento humano tém indicado exposi¢éo generalizada e diaria ao BPA. Um
estudo americano determinou a concentragdo de BPA na urina da populacdo em
geral. Embora as percentagens encontradas mostraram-se diferentes em relacéo as
etnias e grupos sociais, mais da metade das pessoas analisadas possuiam BPA
residual na urina, sendo maiores em criangcas em relacdo aos adultos e maiores em
mulheres em relagéo aos homens (CALAFAT et al., 2008).

Esta exposicdo da-se por ordem ambiental, ocupacional e alimentar
(TARAFDAR et al., 2022). O potencial impacto do BPA e seus analogos ocorrem por
estas moléculas serem disruptores enddocrinos suspeitos de contribuir para desfechos
adversos a saude, como alteragbes no sucesso reprodutivo e no
neurodesenvolvimento. Além disto, o BPA pode aumentar o risco de desenvolvimento
de doencas cronicas nao transmissiveis (DCNTs), como € o caso dos canceres,
obesidade e outros disturbios metabolicos (MUSTIELES et al., 2020).

Nesse contexto, as agéncias reguladoras de salde de todo o mundo
desenvolveram normativas a fim de diminuir o uso e, até restringir produtos que
possuem na sua estrutura quimica o BPA. No Brasil, atualmente a tolerancia diaria do
composto preconizada pela Agéncia Nacional de Vigilancia Sanitaria (ANVISA,
Ministério da Saude) € de 0,6 mg/Kg. Entretanto, o uso do BPA é restrito em produtos
voltados para lactentes (BRASIL, 2008).

Embora os efeitos do BPA ja tenham sido relatados, ainda existe a necessidade
de se compreender melhor os mecanismos e vias de atuag¢do desta molécula e seus
analogos, no organismo humano e animal. Isto porque, muitos resultados s&o
conflitantes. Com base em estudos prévios publicados na literatura e compilados na
revisdo de MICHALOWICZ (2014) é possivel inferir que o BPA tenha um efeito
toxicogéndmico indutor de altera¢cdes no metabolismo oxidativo e imune. Esta atuagéo
ocorreria via uma cascata de eventos envolvendo modificagbes na concentragao e no
balanco de moléculas oxidativas e inducdo de genotoxicidade. Tais alteracdes

contribuiriam assim, para o aumento de residuos metabdlicos indutores e


https://www.sciencedirect.com/science/article/pii/S0160412020317669?via%3Dihub%20-%20b0160#!
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mantenedores de estados de inflamacao crénica de baixo grau e de menor eficiéncia
na resposta imune, por sua vez, estas condi¢cdes contribuiriam para o estabelecimento
de DCNTSs. Acredita-se que, esta sequéncia de eventos citoteciduais desencadeados
pelo BPA poderia ocorrer de modo similar em diferentes espécies animais ou mesmo
de células humanas.

Os efeitos toxicos ja conhecidos da molécula levam ao desenvolvimento
de pesquisas que utilizam de compostos naturais e\ ou associagdes entre eles como
forma de reverter os danos, ou atenuar os mesmos. Considerando esta hipotese e
estudos prévios do grupo, neste trabalho foram escolhidos o guarana (Paullinia
cupana) (Gua), o Selénio (Se) e a L-carnitina (L- car), dando origem ao

multissuplemento GSC®.

1.1 OBJETIVOS

1.1.1 Objetivo geral

Avaliar o impacto toxicogendbmico do BPA em marcadores oxidativos,
genotoxicos e inflamatorios utilizando um modelo animal in vivo (E. fetida) e um
modelo in vitro (ARPE-19) e o potencial reversor de um multissuplemento a base de

Gua, Se e L-car e isolados

1.1.2 Objetivos especificos

1.1.2.1 Ensaio in vivo (Artigo 1 - publicado)

Avaliar os efeitos da exposi¢cdo aguda ao BPA em minhocas vermelhas (E.
fetida) através da analise da:
- citotoxicidade de celomacitos;
- modulacdo dos marcadores oxidativos Superoxido (Oz), 6xido nitrico (ON),
Substancias Reativas ao Acido Tiobarbitirico (TBARS) e a Carbonilacdo de Proteinas
(PCarb) no fluido celémico;
- inducdo de dano de DNA via identificacdo de alteragbes mutagénicas e

clastrogénicas nos dois principais tipos de celomacitos (eledcitos e amebdcitos);
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- eficiéncia da resposta imunoldgica de celomdcitos expostos a leveduras mortas por
formacdo de redes extracelulares de DNA e de corpos marrons e, através da

modulacao na expresséo dos genes toll-like receptor (eaTLR) e lumbricina (AMP1).

1.1.2.2 Ensaio in vitro (Artigo 2 — aceito para a publicacao)

Avaliar os efeitos da exposicdo do BPA em células ARPE-19 através da
andlise da:
- viabilidade celular e de altera¢Ges citomorfoldgicas;
- modulacao dos marcadores oxidativos Oz", ON, TBARS e PCarb;
- inducdo de dano de DNA via identificacdo de alteracbes mutagénicas e
clastrogénicas;
- modulacéo da expresséo de genes relacionados ao dano de DNA e apoptose (Bax,

Bcl-2, Caspases 3 e 8).

Avaliar o potencial efeito reversor do multissuplemento GSC® e seus
componentes isolados através da analise do:
- ciclo celular e taxa de apoptose;

- genotoxicidade e expressdo génica relacionada a a apoptose;
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2 REVISAO BIBLIOGRAFICA
2.1 ASPECTOS QUIMICOS — FARMACOLOGICOS DO BISFENOL A

Sintetizado pela primeira vez em 1891, pelo quimico russo Alexander Pavlovich
Dianin, o BPA é um composto quimico com peso molecular de 228,29 g/cm?3, sua
forma solida possui coloracdo clara e cristalina, com ponto de fusdo de 156-C e
ebulicdo de 220-C. Seu coeficiente de dgua-octanol é expresso na forma logaritmica
3,32 (log P = 3,32), que mostra sua boa solubilidade em gorduras e baixa solubilidade
em agua. O BPA pertence a um grupo de fenois que possuem residuo de hidroxila

diretamente ligado a dois anéis aromaticos (Figura 1) (FLINT et al., 2012).

Figural — Estrutura quimica do Bisfenol A (BPA)

CH,

Hr:}@f(:: 7N o

CH,

Fonte: MICHALOWICZ, 2014.

Legenda: Estrutura quimica do Bisfenol A. A cadeia da molécula é representada por
um centro quiral ligado a dois anéis aromaticos do grupo dos fendis.

Por se tratar de um mondmero é amplamente utilizado na producao de plasticos
de policarbonato e resinas epéxi. Estas matérias-primas séo largamente utilizadas na
producdo industrial de recipientes de armazenamento, brinquedos, equipamentos
médicos, entre outros (CALAFAT et al., 2009; CAO; CORRIVEAU; POPOVIC,
2009; FLEISCH et al., 2010; IRIBARNE-DURAN et al., 2019; MOLINA-MOLINA et al.,
2019 VANDENBERG et al., 2007). Recentemente, um estudo identificou a presenca
do BPA em materiais téxteis (FREIRE et al., 2019). Estima-se que a utilizagdo do BPA
cresca entre 6 e 10% ao ano (BERNARDO et al., 2015).


https://www.sciencedirect.com/science/article/pii/S1382668914000313#!
https://www.sciencedirect.com/science/article/pii/S0160412020317669?via%3Dihub#b0145
https://www.sciencedirect.com/science/article/pii/S0160412020317669?via%3Dihub#b0155
https://www.sciencedirect.com/science/article/pii/S0160412020317669?via%3Dihub#b0155
https://www.sciencedirect.com/science/article/pii/S0160412020317669?via%3Dihub#b0155
https://www.sciencedirect.com/science/article/pii/S0160412020317669?via%3Dihub#b0155
https://www.sciencedirect.com/science/article/pii/S0160412020317669?via%3Dihub#b0325
https://www.sciencedirect.com/science/article/pii/S0160412020317669?via%3Dihub#b0450
https://www.sciencedirect.com/science/article/pii/S0160412020317669?via%3Dihub#b0730
https://www.sciencedirect.com/science/article/pii/S0160412020317669?via%3Dihub#b0730
https://www.sciencedirect.com/science/article/pii/S0160412020317669?via%3Dihub#b1090
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Por estar presente em produtos amplamente utilizados pela populacdo a
exposicdo humana ocorre, sobretudo por via ocupacional, vertical, ambiental e
alimentar, sendo a alimentar de maior impacto e preocupacéo. A dieta € uma das
fontes predominantes de exposicdo ao BPA devido a lixiviagdo dos materiais
(BUCKLEY et al., 2019; VANDENBERG et al., 2010) e a capacidade migratoria dos
recipientes para os alimentos (EU, 2003), outras fontes e rotas também contribuem
para a exposicdo humana como por exemplo: cutdneas e inalatérias, possuindo
relevancia toxicoldgica igual ou ainda maior do que fontes dietéticas (FREIRE et al.,
2019; LIU; MARTIN, 2017; MOLINA-MOLINA et al., 2019; MORGAN et al., 2018; VON
GOETZ et al., 2017).

O BPA tem uma meia-vida curta (TEEGUARDEN et al., 2016; YE et al., 2013),
o BPA é ligeiramente absorvido ap6s a administracdo oral e, € submetido a um
metabolismo (Figura 2) de primeira passagem no figado, com o auxilio das enzimas
UDP-glucuroniltransferases
polimorficas (UGP), especialmente a UDP-glucuroniltransferases da familia 2 membro
B15 (UGT2B15) sendo sua principal via de metabolizacdo a glucorinadacéo. Ele ndo
€ extensivamente metabolizado através de reacdes de fase I, mas é rapidamente
conjugado com acido glucurénico (metabolismo da fase IlI) para o BPA nédo ativo -
glucuronide na parede do intestino e figado, tornando-se soltvel em agua (INACIO,
2018).

Quantidades pequenas de BPA também podem reagir com sulfato para formar
a BPA-sulfato, em uma reacédo de sulfatacdo (GEENS et al., 2012). Esta é mediada
por sulfotransferases, também ao nivel do sistema hepético, sendo a sua principal
sulfotranferasea Fenol Sulfotransferase Simples de Fenol Um (SLULT1A1) (YALCIN
et al., 2016).

A formacdo de conjugados de BPA € considerada um processo de
desintoxicagao e so as formas livres exibem atividade estrogénicas ou “nocivas”. Os
BPA’s conjugados formados no figado sao transportados para o sangue seguidos da
filtracdo pelo rim, sendo ainda, excretados na urina com meia-vidas terminais de
menos de 6 horas. Assim, a exposi¢cao de BPA pode ser estimada a partir dos niveis
urinarios (SHINJE et al., 2021). O BPA ingerido por inalagdo ou contato com a pele
nao sofre efeito de primeira passagem e, portanto, é eliminado em um ritmo mais lento
(ABRAHAM; CHO, 2009; COUSINS et al., 2002).


https://www.sciencedirect.com/science/article/pii/S0160412020317669?via%3Dihub#b0135
https://www.sciencedirect.com/science/article/pii/S0160412020317669?via%3Dihub#b1080
https://www.sciencedirect.com/science/article/pii/S0160412020317669?via%3Dihub#b0330
https://www.sciencedirect.com/science/article/pii/S0160412020317669?via%3Dihub#b0330
https://www.sciencedirect.com/science/article/pii/S0160412020317669?via%3Dihub#b0615
https://www.sciencedirect.com/science/article/pii/S0160412020317669?via%3Dihub#b0730
https://www.sciencedirect.com/science/article/pii/S0160412020317669?via%3Dihub#b0740
https://www.sciencedirect.com/science/article/pii/S0160412020317669?via%3Dihub#b1130
https://www.sciencedirect.com/science/article/pii/S0160412020317669?via%3Dihub#b1130
https://www.sciencedirect.com/science/article/pii/S0160412020317669?via%3Dihub#b1050
https://www.sciencedirect.com/science/article/pii/S0160412020317669?via%3Dihub#b1245
https://pubmed.ncbi.nlm.nih.gov/?term=Moon+S&cauthor_id=33452339
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Figura 2 — Metabolismo do BPA
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Fonte: A autora.

Legenda: A principal via metabdlica do BPA ocorre no figado, onde a degradacédo da
molécula depende das enzimas UDP glucuroniltransferases polimdérificas da familia 2
membro B15 (UGT2B15) e Fenol Sulfotransferase Simples de Fenol Um (SULT1A1),
envolvidas pelo processo de glucoronidacao e sulfatagcdo. Assim, as formas inativas
sao eliminadas na urina, via excrecao renal. Este efeito tende a diminuir suas formas
ativas, porém, é possivel que isto ndo ocorra e a bioacumulacdo nos tecidos é efeito
consequente, esta bioacumulacéo leva a provaveis desfechos patolégicos.

Com extensa distribuicdo, tem sido detectado bioacumulativamente em
diversos 6rgaos como o figado, a medula éssea, os testiculos, a placenta, o cordao
umbilical e até no feto. Este efeito bioacumulativo se da pela alta afinidade lipofilica;
Na gordura, o acumulo de BPA é trés vezes superior aos outros tecidos e assim,
ocorre cronicidade do efeito que resulta em desequilibrios homeostéticos e desordens

patolégicas (CSANADY et al., 2002; GENUIS et al., 2012).
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2.2 IMPACTO DO BISFENOL NA SAUDE HUMANA

Devido a alta e continua exposicdo o BPA € associado a uma grande
toxicidade. Essa toxicidade se da através de interacbes com os horménios sexuais
(estrogénio e androgénio), hidrocarboneto aromatico e receptores ativados por
proliferadores de peroxissoma (PPARSs), portanto, interfere na funcdo ndo sé do
sistema enddcrino, mas também afeta outros sistemas do corpo, como o imunolégico
e nervoso (MICHALOWICZ, 2014; ROGERS; METZ; YONG, 2013; ROCHESTER,
2013).

Mesmo em concentracdes muito baixas, o BPA tem a capacidade de interferir
na atividade do hormonio tireoidiano, em induzir a proliferacéo de células tumorias e
em impedir a sintese de testosterona quando em niveis ja diminuidos. Os resultados
das investigacdes mostram que o BPA exerce efeitos multidirecionais em organismos
Vivos porque interage com oS receptores, gera Espécies Reativas De Oxigénio
(EROs), altera a sinalizagdo celular, provoca alteragbes mutagénicas e inibe a
metilacdo do acido desoxirribonucleico (DNA). Essas altera¢cdes podem aumentar o
risco de doenca (Figura 3) cardiaca e disturbios metabdlicos, incluindo diabetes e
obesidade (MICHALOWICZ, 2014).

Figura 3 — Formas de absor¢cao do BPA e consequéncias no organismo.
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Fonte: A autora.


https://www.sciencedirect.com/science/article/pii/S1382668914000313#!
https://www.sciencedirect.com/science/article/pii/S1382668914000313#!
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Legenda: O BPA pode ser absorvido por diferentes vias: A ingestédo de alimentos em
recipientes plasticos, a inalacdo de micropoluentes e o contato direto através da
exposicdo ocupacional ou ambiental levam a quadros criticos, bem como, a
transmissdo materno-fetal, via corddo umbilical. De tal modo, estas vias sao vistas
como iniciadores de Doencas Cronicas ndo Transmisiveis (DCNTSs), pois interferem
nos tecidos e sistemas do organismo.

2.2.1 BPA e as interacdes com os receptores

Os estrogénios estao envolvidos em diferentes processos fisiolégicos, incluindo
crescimento, desenvolvimento e a manutencdo homeostética de varios 6rgaos e
tecidos, isso tudo através da ligacao e ativacdo dos receptores classicos de estrogénio
(ER) alfa (ERa) e beta (ERB). Além dos receptores classicos, podem se ligar a uma
ampla gama de compostos com diferentes, porém semelhantes estruturas, incluindo
0 BPA (Figura 4) (CIMMINO et al., 2020).

Figura 4 — Semelhanca da estrutura quimica do BPA e do estrogénio.

4
17p-Estradiol BPA

Fonte: INACIO, 2018

Legenda: As cadeias estruturais do 17R- Estradiol e do Bisfenol A permitem a
visualizacdo de suas semelhancas, que se concentram no grupo dos fenais e radical
hidroxila.

Neste caso, 0 BPA atua como o estradiol (ACCONCIA; PALLOTTINI; MARINO,
2015; ANGLE et al., 2020). Eles assumem semelhangas no gene da transcricdo
adipogénica (PHRAKONKHAM et al., 2008), com capacidade de inibir a secrecao de

adiponectina — importante na regulacao glicémica e no catabolismo de acidos graxos
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— (BEN-JONATHAN; HUGO; BRANDEBOURG, 2009; RUBIN et al., 2017). A ligacéo
do BPA aos ERs desempenha um papel importante também na tumorigénese,
aumentando a proliferagdo e migragcédo (PTAK; GREGORASZCZUK, 2012; SONG et
al., 2015), podendo ainda, inibir os efeitos pré-apoptéticos (DAIRKEE et al., 2013).

Em contraste com a sinalizacdo gend6mica dos receptores nucleares, foi
recentemente proposto que os efeitos de baixas concentracdes de BPA na saude
humana podem ser mediados por receptores de membrana em um sistema nao
gendmico, a fim de produzir respostas biologicas rapidas em alvos celulares
especificos. O receptor de estrogénio acoplado a proteina G (GPR30) € expresso
através de seu RNA mensageiro (RNAmM) em varios tecidos e sistemas, como por
exemplo a placenta, o pulméo, o figado, a préstata, os ovarios e o endotélio (CIMMINO
et al., 2020; WANG et al., 2017). A interacao BPA — GPR30 tem causado interferéncia
direta no metabolismo da glicose, a qual possui a tolerancia prejudicada conjunta ao
ganho de peso corporal e a reducao da secrecao da insulina (GARCIA-AREVALO et
al., 2014; MOON et al., 2015). O aumento do GPR30 est4 também associado a
elevacao de proteinas inflamatérias como interleucinas seis (IL-6) e oito (IL-8)
importantes na resposta imune inata (CIMMINO et al.,, 2019), além de estar
amplamente expresso em células cancerosas (CIMMINO et al., 2020).

Ainda, o BPA ¢ capaz de exercer um efeito anti-androgénico (KOJIMA et al.,
2019), competindo com 5a-dihidrotestosterona (DHT) através da ligagdo aos
receptores de andrégenos (ARs). Este efeito leva a consequéncias na
espermatogénese, esteroidogénese, atrofia dos testiculos e alteracdo dos parametros
do esperma adulto, como menor contagem de espermatozoides, motilidade e
densidade (MANFO et al., 2014).

2.2.2 BPA e interacao com fatores de transcricao

Os receptores ativados por proliferadores de peroxissoma gama (PPARYy)
desempenham uma diversidade de efeitos biologicos: homeostase energética,
adipogénese, proliferacdo celular, diferenciacdo e resposta imune (SOMM et al.,
2009). E dependente da interacdo entre pequenos ligantes lipofilicos o que permite
que a exposicdo ao BPA module diversas vias, desenvolvendo quadros de
hiperglicemia em jejum, intoler&ncia a glicose, e altos niveis de acidos graxos nao
esterificados (GARCIA-AREVALO et al., 2014).



28

Assim como os PPARY’s, as proteinas de ligacdo ao intensificador CCAAT
também recebem notada importancia, jA que estdo associadas a disfuncbes e
doencas hepéaticas com expressdo alterada de albumina, alfa-fetoproteina e
glicogénio sintase, em contato com o BPA (DEBENEDICTIS; GUAN; YANG, 2016)

O fator nuclear 2 relacionado ao eritroide 2 (Nrf2) € outro fator de transcricao
importante pois, atua contra danos oxidativos, regulando a expressao de proteinas
antioxidantes (MA, 2013). Quando seu ciclo é alterado ha um desbal¢o na producéo
de EROs e assim, na rota inflamatoria (XU et al., 2018; XU et al., 2015).

Os genes Homeobox (Hox) sdo expressos durante a embriogénese e
desenvolvimento inicial, sendo considerados reguladores transcricionais mestres. Em
adultos, eles estdo principalmente envolvidos na manutengéo do fenotipo “normal”
(LAPPIN et al., 2006). Quando expresso de forma inadequada associa-se a varias
condi¢cBes patologicas, incluindo gravidez ectdpica, sindrome dos ovarios policisticos
(SOP), endometriose, hidrossalpinge e implantacédo inadequada do embrido (MALLO,
2018). Segundo alguns estudos o BPA aumenta a sua expressao (DEB et al., 2016;
HUSSAIN et al., 2015).

A Proteina 2 expressa em derivados do coracdo e da crista neural (HAND?2)
estd envolvida no estabelecimento de um ambiente embrionario adequado para a
gravidez, sendo o BPA capaz de diminuir a expressao desta proteina no estroma
uterino e assim, afetar a implantacdo do embrido e a formacéo da decidua durante as
primeiras fases da gestacdo (LI et al., 2016); ela também est4 envolvida no
desenvolvimento do sistema ventricular através das camaras cardiacas (LOMBO et
al., 2019).

2.2.3 Mecanismos epigenéticos regulados por BPA

As alteracbes epigenéticas sdo modificagcbes quimicas hereditarias
mitoticamente capazes de afetar a conformagdo tridimensional da cromatina e,
consequentemente, a expressdo génica. Fatores ambientais como: agentes
nutricionais e contaminantes xenobidticos modulam padrbes epigenéticos,
influenciando na metilagdo do DNA, modificacfes quimicas pés-traducdo de caudas
de histonas, e pequenos niveis de RNA né&o codificante (ncRNA). Nesse contexto,
evidéncias ja sugerem que o BPA em sua capacidade interativa pode modular a
metilacdo do DNA (BROMER et al., 2010; ZHU et al., 2021). A metilacdo do DNA nao
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€ a unica forma de interacdo do BPA, ele também tem a capacidade de interferir na
expressdo de multiplos microRNAs (miRNAs), e assim desencadear uma série de
interferéncias, que se originam em doencgas (KILINGE, 2009).

A descoberta do composto como um causador de alteracdes epigenéticas levou
a demonstracdes indesejaveis das vias metabdlicas, como a rota da insulina (LI et al.,
2014), além de notaveis alteracdes na expressao dos genes de funcéo hepatica - fator
de transcricédo 1 e 2 de ligacao ao elemento regulador de esterol (Srebfl; Srebf2) que
estdo envolvidos na sintese de lipidios. Assim, como uma cascata de eventos pode-
se desenvolver quadros de obesidade pelo acumulo hepético significativo de
triglicerideos e colesterol (KE et al., 2016).

A acdo do BPA ¢ iniciada através da ligacdo a receptores hormonais
relativamente especificos, incluindo os sexuais e receptores do hormonio tireoidiano,
regulando diretamente a expressdo génica. Nao obstante, acbes ndo gendmicas
rapidas podem ser mediadas pelos ERs associados a membrana e / ou GPR30, que
por sua vez, podem alterar as vias de transducdo de sinal, finalmente recrutando
fatores-chave de transcricdo envolvidos em crescimento e diferenciagéo, bem como,
no metabolismo de energia e nutrientes. Sendo assim, todas as vias podem contribuir
para modificacBes estaveis e hereditarias, por meio da regulacdo epigenética e
enzimatica, que também podem sustentar a exposi¢cdo anterior ao BPA (Figura 5)
(SINGH; LI, 2012).
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Figura 5 — Mecanismos moleculares de interacdo do BPA
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Fonte: Adaptado de CIMMINO et al., 2020.

Legenda: O efeito do BPA d& - se através da interagdo com o0s receptores de
membrana. E através da execucdo de segundos mensageiros, como € 0 caso da
associacdo com o Receptor de Estrogénio Acoplado a Proteina G (GPR30). Apés a
entrada na célula, receptores de nudcleo e fatores de transcricdo sdo tidos como
ligantes para inUmeros genes e proteinas, assim, 0s processos sofrem interferéncia e
a homeostase do organismo € atingida. Ainda, a modificacdo da conformacdo do
Acido Desoxirribonucleico (DNA), leva a padres de expressio instaveis. Todas essas
alteracbes s&o condizentes com o desenvolvimento de momentos de estresse
oxidativo e inflamacdo crbnica de baixo grau, importantes na fisiopatologia das
Doencas Cronicas Nao- Transmissiveis (DCNTS).

2.3 POTENCIAL EFEITO DO BPA NO METABOLISMO OXIDATIVO

O metabolismo oxidativo (Figura 6) € um processo que ocorre na mitocondria,
no qual a molécula de oxigénio (O2) €é utilizada para a producao de energia. O O2
passa pela cadeia transportadora de elétrons gerando a Adenosina Trisfosfato (ATP),

ou seja, realiza a formagéo da energia metabdlica (VITALE et al., 2013).
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Quando had um desequilibrio no metabolismo, ocorre o estresse oxidativo e o
desbalanco fica entre a maior producéo e/ou queda na neutralizacéo das EROs, pelos
sistemas antioxidantes do organismo. Assim, quando a reducdo de O:2 é incompleta
consequentemente ha a formacéao de diferentes EROs, dentre elas o0 O, e o peroxido
de hidrogénio (H2032), considerados as principais espécies causadoras de danos as
células (VITALE et al., 2013). O H202 é capaz de gerar outros EROs, sendo o principal
deles o radical hidroxila (OH~) que apresenta grande afinidade com o DNA que passa
a sofrer os respectivos danos. Vale ressaltar que o organismo ndo possui defesas
contra 0 OH™. Esse desbalanco pode ocorrer pela exposicdo de diferentes fatores,
como exégenos (BARBISAN, 2014; PERL, 2013).

Figura 6 — Metabolismo Oxidativo
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Legenda: A mitocondria € responsavel pela producdo da energia metabdlica atraves
da reducé&o de oxigénio (O2) e formacéo de moléculas de Adenosina Trifosfato (ATP).
Importantes moléculas antioxidantes permitem o equilibrio metabdlico, tais como
Catalase (CAT), Glutationa Peroxidase (GPX), Superéxido Dismutase (SOD) além, de
moléculas obtidas através da dieta (minerais, vitamina e compostos fenolicos). Por
vezes ocorre um desequilibrio do metabolismo oxidativo, em que muitos agentes séo
estressores e potenciais desencadeadores como mostra a figura: a Luz UV, dieta
desequilibrada, poluicdo atmosférica, fatores genéticos e o proprio Bisfenol A
(representado por sua molécula, no interior de um circulo vermelho). Esses
estressores levam a reducgao incompleta de (Oz) e assim a producdo aumentada de
Espécies Reativas de Oxigénio (EROs) como o Superoxido (O2) e o Peroxido de
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Hidrogénio (H202) - este ultimo leva a formag¢do do radical hidroxila (OH) que
apresenta grande afinidade com a molécula do Acido Desoxirribonucleico (DNA). Esta
condicao é “porta” para quadros estabelecidos de inflamacao cronica de baixo grau, e
as respectivas doencas, como por exemplo, as neoplasias.

O BPA é um fator exégeno. Embora em sua maioria ele se transforme em
formas menos toxicas, ainda assim, ocorre a presenca residual e circulante em sua
forma toxica. A sua forma livre leva a formacdo destes EROs (GASSMAN, 2017).
Assim, o dano ao DNA ¢ induzido, e a citoxicidade é uma notavel consequéncia. As
macromoléculas celulares séo danificadas, e consequentemente ocorre a quebra de
fitas de DNA e o rompimento das ligacdes cruzadas de proteinas (DEAVALL et al.,
2012 , ORRENIUS et al., 2011).

Além de produzir EROs, o0 processamento enzimético do BPA pelo citocromo
P quatrocentos e cinquenta (CYP450) também gera a forma quinona reativa ao DNA
(CAVALIERI; ROGAN, 2010). Quinonas tem efeitos toxicos e deletérios no corpo
humano, devido a alteracdo na estrutura da cromatina, o sistema de reparo néo se
desenvolve adequadamente, isto porque a sinalizagcdo das vias ndo consegue ser
acionada. Esta influéncia direta no desempenho do DNA e o desequilibrio celular
contribuem significativamente para a mutagenicidade e genotoxicidade, incluindo o
desenvolvimento de canceres (ALLARD; COLAIACOVO, 2010; FERNANDEZ et al.,
2012; GASSMAN et al., 2015 , PORRECA et al., 2016).

Outro importante fator da molécula de BPA é a interagdo que esta possui com
as mitocondrias. De natureza lipofilica, o BPA pode se acumular na membrana
mitocondrial, e assim inibir a producéo energia metabdlica. O ATP intracelular passa
a ficar em niveis reduzidos, e a respiracdo da organela € atingida, devido a incompleta
fosforilacdo oxidativa (NAKAGAWA; TAYAMA, 2000).

Particularmente, uma vez que as mitocondrias ndo tém o conjunto completo
de vias de reparo de DNA contidas no nucleo, o dano ao DNA da mitocondria, também
pode induzir mutacdes. Em tese, o BPA promove a geracdo de EROs que levam a
disfuncéo mitocondrial e promovem mudancas em varias vias de sinalizacéo celular.
Isso indica que sua forma ndo conjugada, ou seja, ativa/ livre e seus numerosos
metabdlitos tém efeitos de exposicdo mais significativos do que os originalmente
considerados. Esse conjunto de efeitos independe de suas propriedades de
desregulacdo enddcrina, podendo produzir uma série de efeitos pleiotropicos
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(influencia em mais de uma caracteristica no individuo). e influenciar profundamente

o desenvolvimento de doencas (CLINE, 2012).

2.4 POTENCIAL EFEITO DO BPA NO METABOLISMO INFLAMATORIO

O papel do BPA nas células imunes e no consequente metabolismo
inflamatorio, ainda ndo est4 bem elucidado, porém, sabe-se que a maneira como 0s
processos se desenvolvem sdo dependentes da concentracdo e do tempo de
exposicao (MURATA; KANG, 2018).

2.4.1. Efeitos do BPA nas células imunes inatas

2.4.1.1 Macréfagos

Os macrofagos desempenham papel fundamental na regulacdo dos processos
inflamatoérios agudos e principalmente cronicos, por meio da secrecao de diversas
citocinas, quimiocinas e fatores de crescimento (FULLERTON; GILROY, 2016). Estas
células potencializam a ativacdo de linfécitos T e B pela expressao de moléculas
coestimuladoras, liberando assim, as citocinas pro - inflamatorias como a Interleucina
um (IL-1), a IL-6, a Interleucina doze (IL-12) e o fator de necrose tumoral alfa (TNF —
a). Os macréfagos também séo responsaveis pela sintese de alguns EROs (O2-, OH,
H202) e intermediarios reativos do nitrogénio, cujo seu principal representante é o ON
(CRUVINEL et al., 2010).

A rota inflamatéria (Figura 7) inicia-se quando os receptores de reconhecimento
de hospedeiros PRRs (do inglés, Pattern Recognition Receptors) sdo capazes de
identificar segmentos moleculares conservados, os PAMPs (do inglés, Pathogen
Associated Molecular Pattern), ou por padrbes moleculares associados a danos
DAMPs (do inglés, Damage-associated molecular patternque). Alguns PRRs
promovem a defesa do organismo via ativacdo de inflamossomas (LACKEY;
OLEFDKY, 2015).

Os inflamossomas sdo complexos macromoleculares que se unem ao
citoplasma e ativam a proteina caspase 1, sendo a mesma responsavel pela ativacéo
da resposta imune inata (CRUVINEL et al., 2010; FULLERTON; GILROY, 2016). A

caspase 1 é responsavel depois de ativada por desencadear o processo conhecido
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como piroptose, a clivagem proteolitica da pro — interleucina 13, que posteriormente
leva a formacéo da IL-13 madura, que por sua vez, induz o processo inflamatério pela
sintese de macrofagos de outras citocinas, como a IL-6, IL-8, IL-12 e TNF- a (ROITT
et al., 2014).

Com isso, é sabido e destaca-se que em inflamacfes agudas ocorre a ativacao
classica da rota denominada de M1 e, em seguida ocorre a ativacdo da rota
alternativa, denominada de M2. Logo, os macrofagos M1 séo representativos da via
cladssica, exercendo atividades antiproliferativas e citotoxicas, sendo produto da
secrecdo de ON, EROs e as citocinas pro- inflamatorias anteriormente mencionadas.
Enquanto, os macréfagos M2 representam a via alternativa com capacidade de inibir
estas fungdes, ou acdes executadas pelos macrofagos M1, que consequentemente
realizam a secrecdo e producdo de interleucinas anti-inflamatérias, como a
Interleucina dez (IL-10) e o TGF — B; (do inglés, Transforming growth factor — beta),
favorecendo o reparo tecidual, induzindo angiogénese, além de imunossuprimirem a
atividade dos linfécitos T (BRUNE et al., 2013).

Figura 7— Inflamacé&o: Via classica e alternativa
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Legenda: Os macréfagos sédo importantes células do sistema imune inato, sao eles os
precursores de muitas citocinas, quimiocinas e fatores de crescimento envolvidos na
ativacdo dos linfocitos T e a consequente liberacdo pré — inflamatéria. O processo
inflamatorio inicia-se quando os PRRs (do inglés, Pattern Recognition Receptors) sao
capazes de identificar segmentos moleculares conservados, os PAMPs (do inglés,
Pathogen Associated Molecular Pattern) ou por padrées moleculares associados a
danos DAMPs (do inglés, Damage-associated molecular patternque). Alguns PRRs
promovem a defesa do organismo via ativacao de inflamossomas que sdo capazes
de ativar a caspase 1 que consequentemente ativar a interleucina um beta (IL -1),
gue por meio dos macréfagos e linfocitos, leva a sintese de outras citocinas
inflamatorias, assim, constitui-se a rota classica (M1). J4 a rota alternativa (M2),
funciona como um processo de feedback negativo, em que os fatores anti-
inflamatorios séo liberados, promovendo a interrup¢éo da atividade dos M1, levando
ao reparo tecidual e suprimindo a atividade das interleucinas, complementando o
processo inflamatorio total.

Além disso, eles expressam as duas isoformas ER (ERa e ERp) pelas quais o
BPA pode exercer seus efeitos, e ativar a rota (CAMPESI et al., 2017). Mesmo que
em concentragfes baixas, o0 BPA pode potencializar a producdo de ON e assim,
estimular a producéo de IL-1, IL-6 e IL-12 (KUAN et al., 2012; YAMASHITA et al.,
2005).

Ainda, sabe-se que o BPA pode promover a regulacdo positiva em M1, na
expressdo do fator regulador do interferon cinco (IRF5), bem como o TNF-a e IL-
6, enquanto os M2 sofrem regulacdo negativa de IL-10 e o TGF-, com isso a
producdo de EROs é aumentada e a morte celular por apoptose pode ser induzida
(LU et al.,2019; LIU et al., 2014; YANG et al., 2015).

Em resumo, o BPA altera as fun¢des dos macrofagos, diminuindo a secrecao
de citocinas, ativando o fenétipo M2 e gerando um “quadro” de imunotoxicidade; Isto
pode refletir na alteracdo de algumas vias de sinalizacdo relacionadas a resposta
imune (LIU et al., 2020).

2.4.1.3. Granulécitos

Os granulécitos sdo as células imunes inatas mais abundantes. Eles sdo
divididos em: neutrdfilos, que constituem entre 90 e 95% de sua totalidade, eosindfilos
de 3 a 5% e basdfilos menos de 1%. Na literatura, existem poucos relatos sobre o
efeito do BPA nessas células, porém, sabe-se que o BPA, mesmo em concentracdes
doses baixas tem a capacidade de elevar a expressao da proteina integrina CD18, a
diferenciac@o neutrofilica e a producéo de O, (WATANABE et al., 2003).
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Os eosindfilos — que sao as principais células envolvidas na alergia e
patogénese da asma — sao hiperestimuladas quando em contato com a molécula, e
assim, h4 uma consequente ativagdo da capacidade de resposta das vias aéreas. De
tal modo que, o recrutamento de eosinodfilos nos alvéolos e submucosa das vias
aéreas leva a altos niveis de citocinas e quimiocinas, que tem papel importante no
agravo destas doencas imunomediadas (MIDORO-HORIUTI et al., 2010).

2.4.1.4 Mastocitos

Envolvidos nos processos alérgicos e inflamatérios, os mastécitos sdo as
células residentes nos tecidos. Essas células s@o caracterizadas por seu alto
contetdo de granulos citoplasmaticos que contém mediadores pré-formados (amina
vasoativa histamina, proteases e citocinas). Os mastécitos podem ser ativados por
uma variedade de estimulos por meio de numerosos receptores em sua superficie. O
mecanismo de ativacdo dos mastécitos mais estudado € a resposta mediada pela
imunoglobulina “E” (IgE), que pode ser dividida em dois estagios; no primeiro estagio,
a IgE produzida pelos plasmacitos se liga a superficie dos mastdcitos, levando a um
estado de sensibilizacdo. JA& em um segundo momento, o antigeno se liga a IgE da
superficie, que desencadeia a degranulacdo dos mastocitos e liberagcdo dos
mediadores (ARAIZA et al., 2020).

O papel do BPA tem sido associado a sensibilizagdo ao patégeno. Essa
sensibilizacdo leva um aumento nos leucotrienos, prostaglandinas e interleucinas,
sugerindo maior ativacdo dessas células e a desregulacdo do mecanismo
condicionando a inflamagéao de baixo grau (O'BRIEN; DOLINOY; MANCUSO, 2014).

2.4.2 Efeitos do BPA nas células imunes adaptativas

2.4.2.1 Linfocitos Te B

Os linfocitos T sdo as células do sistema imune adaptativo, sendo divididos em
linfocitos T citotoxicos (TCD) ou linfocitos T auxiliares (Th), que se diferenciam em Th
um, dois, nove, etc (Thl; Th2; Th9) — conforme a secre¢ao de citocinas e as vias de
resposta-. Essas células expressam diferentes receptores hormonais, 0s quais sao
responsaveis pelas suas ativacdes (KLEIN; FLANAGAN, 2016).
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De tal modo que, o BPA realiza a interagcdo com essas células através destes
receptores hormonais, e notadamente desenvolve um processo com os diversos e
diferentes Th’s, podendo, por exemplo, aumentar os niveis de secrecdo de
interleucinas inflamatorias e fatores de crescimento. Todos esses compostos ativados
e secretados, permitem inumeras formas de resposta e vias, alterando o sistema como
um todo e sendo precursor de diversas doencas (ARAIZA et al., 2021).

Os linfécitos B sao células cuja importancia reside na imunidade humoral, pois
séo capazes de se diferenciar em células plasmaticas responsaveis pela producéo de
anticorpos como, por exemplo, a IgE. A exposicao ao BPA pode modificar a maneira
como esses anticorpos sao produzidos, isto depende do estimulo e afinidade, mas a
geracdo das imunoglobulinas é inversamente proporcional a dose de exposicao,
assim como as hiperreacdes (ARAIZA et al., 2021).

Com isso, podemos considerar que o BPA tem alta capacidade de modular os
processos inflamatérios e imunes, com diferentes formas de respostas, sendo elas,
por vezes inibidas e por vezes altamente estimuladas. Nesse contexto, o processo de
homeostase dos sistemas assume perfis e caracteristicas diferentes entre

concentracéo- resposta e BPA- indutores.

2.5 PROCESSOS APOPTOTICOS E INFLUENCIA DO BPA

A apoptose é considerada o principal mecanismo envolvido na morte celular
fisiologica. Essa denominacdo se da para conceituar uma série de seguidas
alteracdes morfologicas. Entre os processos que acontecem podemos citar: retracao
celular, perda do contato com células vizinhas, condensacédo da cromatina e formacao
de vacuolos citoplasméaticos que levam a formacdo de bolhas
na célula, também chamados de corpos apoptéticos. Bioquimicamente, ocorre 0
aumento de célcio e EROs, além da diminuicdo no potencial da membrana
mitocondrial interna, ativagao de proteases seletivas e clivagem do DNA (HUANG et
al., 2018).

A morte celular causada pelo processo apoptotico é caracterizada pela ativacao
das caspases iniciadoras (caspases 2, 8, 9 e 10) que sao recrutadas em grandes
complexos de proteinas, onde sao submetidas a
oligomerizacdo e se ativam. O complexo de sinalizagc&o indutor de morte DISC (do

inglés, Death-induced signaling complex), juntamente com o0 apoptossomo, Sao 0S
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principais complexos responsaveis pela ativacdjo das caspases iniciadoras e ambos
estdo intimamente ligados a ativacao das vias intrinseca e a extrinseca (BONTEMPO
et al., 2009).

A via extrinseca da apoptose é desencadeada pela ativacdo de ligantes dos
receptores de morte, tais como o TNF, Fas-ligante (FasL)
e 0 TRAIL. O Fas € um dos receptores de morte mais bem caracterizados e
desempenha um papel crucial em uma variedade de processos imunoldgicos. A
agregacdao destes receptores com a molécula FADD (Fas-associated death domain)
promove o recrutamento e a ativacao das caspases 8 e 10, iniciando a formacédo do
DISC. Em algumas células, a ativacéo de caspase 8 leva a clivagem de pré-caspase
3 e ativacdo de caspase 3, que é considerado o ponto irreversivel de morte
dependente de caspases (ELMORE, 2007).

Em contrapartida, a via intrinseca da apoptose € iniciada quando as proteinas
apoptogénicas, especialmente o citocromo  c, sao liberadas a
partir do espacgo intermembranar mitocondrial para o citosol, essa liberag&do ocorre em
resposta a uma variedade de danos. O extravasamento de tais proteinas se da quando
poros ha membrana externa mitocondrial se abrem; esse processo € chamado de
permeabilizacdo da membrana externa mitocondrial MOMP (do inglés, mitochondrial
outer membrane permeabilization) que resultard no desequilibrio do potencial da
membrana. A abertura desses poros € controlada por proteinas que sdo membros da
familia Bcl-2. Elas podem ser divididas em proteinas pré-apoptoéticas: Bax e Bak, que
guando oligomerizam-se promovem a abertura dos poros e proteinas anti-apoptoticas:
Bcl-2 e Bcl-xL, que quando associadas com Bax e Bak as inativam (OBENG, 2021).

Nesse contexto, sabe-se que as vias podem ser estimuladas ou ativadas pelos
xenobidticos, como é o caso do BPA. Um recente estudo demonstrou que a exposicao
ao BPA aumentou significativamente as taxas de apoptose e a atividade da enzima
caspase, o0 que contribuiu para estados descompensados de metabolismo celular que

assumem perfis de iniciadores patologicos (WANGA; ZHAO; JI, 2019).
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Figura 8- Mecanismos da apoptose
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Fonte: ROBBINS AND COTRAN, 2017.

Legenda: As duas vias de apoptose diferem em sua inducdo e regulagcédo, e ambas culminam na
ativagdo de caspases. Na via mitocondrial, proteinas da familia BCL2, que regulam a permeabilidade
mitocondrial, tornam-se desequilibradas, e a liberagdo de vérias substancias da mitocdndria leva a
ativagcdo de caspases. Na via do receptor de morte, sinais de receptores da membrana plasmatica
levam a montagem de proteinas adaptadoras em um “complexo de sinalizagao incluindo a morte”, que
ativa caspases, e o resultado é o mesmo.

2.6 DESBALANCO OXIDATIVO-INFLAMATORIO COMO POTENCIAL MECANISMO
CAUSAL DO BPA EM DIFERENTES ORGANISMOS E CELULAS

Considerando as evidéncias publicadas na literatura é possivel que o BPA atue
via uma cascata de eventos que envolvam: (1) desregulacao do metabolismo oxidativo
aumentando as taxas de dano de DNA e oxidagdo de outras macromoléculas
celulares (lipidios e proteinas); (2) diminuicdo em processos autofagicos aumentando
a concentracao de residuos metabolicos que tém a capacidade de induzir respostas
inflamatorias. (3) Estes residuos sdo os DAMPs e funcionam similares a patégenos,
induzindo respostas inflamatdrias cronicas presentes na etiopatologia de diversas
DCNTs (OLCUM et al., 2019) (Figura 9).
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Figura 9 — Vias de inducéo da resposta inflamatdéria cronica causada pelo BPA
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Legenda: O BPA é potencialmente capaz de desregular o metabolismo oxidativo e
aumentar a taxa de dano ao Acido Desoxirribonucleico (DNA). Nesse contexto, os
processos autofagicos nao desempenham seu papel com éxito, estando sua eficiéncia
diminuida e assim, a ocorréncia do aumento de residuos metabdlicos. Os residuos
metabdlicos entdo, sdo reconhecidos pelos DAMPs (do inglés, Damage-associated
molecular patternque), que sdo importantes efetores das respostas inflamatérias e
permitem estados crénicos de baixo grau, precursores das Doencas Cronicas Nao —
Transmissiveis (DCNTS).

Para testar esta hipétese, estudos em diferentes modelos experimentais sédo

necessarios, sejam eles em diferentes espécies ou diferentes células humanas.
2.7 MINHOCAS COMO MODELO EXPERIMENTAL
2.7.1 Eisenia fetida
As minhocas sao invertebradas ectotérmicas pertencentes a classe Clitellata,
caracterizadas por possuirem clitelo - uma estrutura reprodutiva particular desses

anelideos - (BRIONES; ALVAREZ-OTER, 2018). Elas sdo segmentadas, tanto

internamente quanto externamente. A divisdo ao longo do corpo € marcada por septos
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transversais que separam o celoma em cavidades. O celoma encontra-se em todo 0
corpo (Figura 10) da minhoca e, é preenchido pelo fluido celdmico (ROUBALOVA et
al., 2015).

Em cada segmento, € possivel observar cerdas laterais quitinosas que
aumentam a tracdo ao substrato. O primeiro segmento corresponde a boca da
minhoca, enquanto o Ultimo segmento pertence ao anus. Seu sistema vascular é
fechado, com vaso dorsal e ventral e um corddo nervoso ventral. J4 a reproducéo é
hermafrodita, caracterizada na maturidade pelo clitélo (SIVAKUMAR et al., 2015).

Elas alimentam-se essencialmente de matéria organica e possuem um sistema
digestivo relativamente simples formado por: boca, faringe, esdéfago, moela, papo e
intestino (SHARMA et al., 2005). O tegumento das minhocas € constituido pela
epiderme, que consiste numa Uunica camada epitelial ou pseudoestratificada.
Subjacentes a epiderme encontram-se 0s tecidos conjuntivo e muscular que formam
a maior parte da parede do corpo da minhoca (SILVA, 2020).

O epitélio epidérmico é formado por células de suporte (colunares), células
basais (confinadas as regides basais) e por dois tipos de células caliciformes
secretoras de muco: células ortocromaticas e células metacromaticas. O controle
deste tipo de secrecdo € modulado por substancias bioativas, como a serotonina,
endotelina e a enolase (SILVA, 2020).

As células ortocromaticas sdo dotadas por um complexo de
mucopolissacéridos, proteinas e lipidios neutros (definidas como tipo I), e as células
metacromaticas secretam mucinas carboxiladas, levemente sulfatas (definidas como
tipo Il, Ill e 1V). De uma forma generalizada, 0 muco secretado por estas células é
responsavel pela protecdo contra a desidratacdo e o desequilibrio metabdlico,
absorcdo de metabdlitos e protecdo contra parasitas (MASTRODONATO et al., 2005).
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Figura 10 — Estrutura morfolégica da Eisenia fetida
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Legenda: A imagem ilustra a minhoca Eisenia fetida. Em sua morfologia € possivel
observar seus segmentos que acompanham todo o corpo, além de possuir clitelo —
importante estrutura que define a maturidade animal. O primeiro segmento
corresponde a boca da minhoca, enquanto o Ultimo segmento pertence ao anus. Seu
sistema vascular € fechado, com vaso dorsal e ventral e um corddo nervoso ventral.

7

O sistema digestivo é relativamente simples formado por: boca, faringe, eséfago,
moela, papo e intestino.

2.7.2 Eisenia fetida como modelo experimental

Por possuir uma estrutura evolutivamente organizada, o uso da Eisenia fetida
comecou a ganhar destague em muitos ensaios e pesquisas, por iSso tornou-se um
organismo padrdo para testes ecotoxicolégicos pela OECD (2004) e, passou a ter
variados testes registrados na ISO (do inglés, International Organization for
Standardization) (ISO 17512-1:2008(en)).

Desde entdo, a minhoca californiana tem contribuido para a compreensao da
acdo de agentes toxicos como o préprio BPA (BABIC et al., 2016; NOVO et al., 2018),
além da tifluzamida (YAO et al., 2019), e de metais pesados (HUANG et al., 2020),
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bem como, em avaliagbes utilizando farmacos, como ciprofloxacino
(YANG; YUANBO; WANG, 2020), albendazol (GAO et al., 2016), benzovindiflupir
(YAO et al., 2021) e fluoroquinolona (MARQUEZ-LAZARO et al., 2021).

Embora o seu uso esteja em énfase, poucas pesquisas se destinam a avaliar
0S mecanismos causais e potenciais iniciadores de DCNTs. A exposicdo a agentes
toxicos representa uma atual via de estudo para a caracterizacdo das manifestacdes
e alteracdes de metabolismo, especialmente o Oxi-inflamatério. Em ensaios prévios
conduzidos por nosso grupo de pesquisa, os padrées comportamentais de E. fetida
foram alterados em exposi¢cdo aguda a rotenona (JUNG et al., 2021) por exemplo,
outro estudo do grupo demonstrou que a inflamacédo aguda pode ser modulada em
celomacitos de E. fetida quando expostos a bebidas cafeinadas (ALVES et al., 2019).
E mais recentemente, a fisiologia de resposta das minhocas em relacdo ao
metabolismo oxidativo e inflamatério foi conceituado (TEIXEIRA et al., 2021).

Tais estudos nos asseguram do modelo experimental e nos demonstram a sua
ampla utilizagéo, que vao desde o entendimento de agéo- resposta, até tratamentos e
0os modelos de ecotoxicidade. Por isso, este trabalho visa entender os mecanismos
de um agente ecotdxico de alta exposicdo em relacdo a sua forma de metabolismo e

efeito direto no organismo.

2.8 BPA EM CELULAS DO EPITELIO PIGMENTAR DA RETINA

Grande parte dos estudos disponiveis na literatura se concentra nos efeitos do
BPA em células ou tecidos reprodutivos, pouco se relata em relacdo ao tecido nervoso
e suas peculiaridades, sendo a retina uma pequena estrutura de alta e complexa
funcionalidade, que sofre alteracdo mediante a exposicdo a agentes tdxicos e pode
desenvolver DCNTs. O epitélio pigmentar da retina (EPR) é uma camada fina de
tecido nervoso que reveste o globo ocular, diretamente sob as células fotorreceptoras.
E responsavel por levar nutrientes e oxigénio, reciclando e desintoxicando produtos
envolvidos no processo de foto transducéo (estimulo luminoso e nervoso enviado ao
cérebro para que as imagens sejam lidas e interpretadas) (DOUGLAS, 2002).

Nos ultimos anos, apenas um estudo trouxe as evidéncias da relacdo BPA -
células do epitélio pigmentar da retina: Este estudo demonstrou que a molécula é
capaz de interferir no metabolismo apotético, via EROs e estados inflamatorios

(CHIANG et al., 2021). A formacdo de EROs e a inflamacéo, por sua vez, estado


https://pubmed.ncbi.nlm.nih.gov/?term=Yang+X&cauthor_id=32146370
https://pubmed.ncbi.nlm.nih.gov/?term=Wang+X&cauthor_id=32146370
https://pubmed.ncbi.nlm.nih.gov/?term=M%C3%A1rquez-L%C3%A1zaro+J&cauthor_id=33333305
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associadas a degeneracao macular relacionada a idade (DMRI), essa degeneracéo é
progressiva e acontece nas células epiteliais da retina que levam além da distorcao
da imagem a eventuais perdas da visdo (KAUPPINEN et al., 2012).

Em tese, a exposi¢do ao BPA leva a diminuigdo de proteinas anti-apoptéticas,
e ao consequente aumento de proteinas pro-apoptéticas. Além de condicionar
estados de citoxicidade, alterando os potenciais de membrana via ativacdo de
proteinas inflamatorias, e suprimindo importantes enzimas antioxidantes como
superoxido dismutase (SOD) e catalase (CAT). Embora as evidéncias sejam poucas,
ja podemos considerar que o BPA € potencialmente toxico, levando aos mais
diferentes iniciadores de estados patologicos por interferir na rota inflamatoria,

seguida da reposta pelos sistemas (CHIANG et al., 2021).

2.9 LEGISLACAO E REGULAMENTACAO DO BPA

Na tentativa de preservar a saude coletiva e diminuir a exposi¢do ao BPA, fez-
se necessdria a implementacdo de normas e leis. Ja no ano de 2006, a European
Food Safety Authority (EFSA), definiu como tolerancia diaria o valor 0,05 mg BPA/kg
de peso corporal. A EFSA, no seu parecer concluiu que lactentes de 3 e 6 meses
alimentados com recurso de mamadeiras de policarbonato apresentavam a exposicao
mais elevada ao BPA, embora os niveis se mantivessem abaixo do limite diario. Em
2011, o uso do material plastico de policarbonato foi proibido para a fabricacdo de
mamadeiras (EU, 2011).

Em 2008, o Canada restringiu a utilizacdo de policarbonatos na fabricacao de
mamadeiras e estabeleceu limites para o BPA em enlatados. Na Dinamarca, em 2010,
0 BPA passou a ser banido dos recipientes de armazenamento de alimentos
destinados a criangas de 0 a 3 anos. Na Franga, o governo proibiu temporariamente
a fabricacao, a importagao, a exportagéo e a colocagcdo no mercado de mamadeiras
que contenham BPA (FLINT et al.,2012).

No Brasil, a Resolugdo RDC n° 17/2008, de 17 de marco de 2008 da Agéncia
Nacional de Vigilancia Sanitaria (ANVISA), correspondente a Resolugdo GMC do
Mercosul n® 32/2007 estabelece o limite diario de 0,6 mg de BPA/kg de alimento ou
simulante. E a Resolugédo RDC n° 41, de 16 de setembro de 2011, proibe a fabricacéo
e importacdo de mamadeiras que contenham BPA em sua fabricacdo, ambas as

legislacbes nao sofreram alteracdes e permanecem vigentes (BRASIL, 2008).
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2.10 SUPLEMENTOS ALIMENTARES COMO POTENCIAIS REVERSORES DE
DCNTS

O BPA por seus efeitos toxigenémicos é um potencial indutor de alteragées do
metabolismo oxidativo e imune. Esta atuacao ocorre via uma cascata de eventos que
envolvem modificacbes no balanco de moléculas oxidativas e inducdo de
genotoxicidade. Esse desbalanco contribui para o aumento de residuos metabdlicos
gue séo indutores e mantenedores de estados de inflamacao cronica de baixo grau e,
assim de menor eficiéncia na resposta imune, que por sua vez, contribuem para o
desenvolvimento de DCNTs (MICHALOWICZ, 2014).

Varios suplementos alimentares ja foram estudados como forma de reverter ou
atenuar esses quadros de inflamacgéao cronica de baixo grau e o desbalanco entre as
moléculas envolvidas nos quadros de estresse oxidativo (UPADHYAY; DIXIT, 2015).
Dentre os compostos ja analisados e estudados, destaca-se o Se (SAHEBARI et al.,
2019), a L- car (KELEK et al., 22019; ZHANGet al., 2019) e o Gua (Paullinia cupana)
(G) - essa fruta amazonica possui alta concentragcdo de metilxantinas (principalmente
cafeina) e catequinas (DA COSTA KREWER et al., 2014; YONEKURA et al., 2016).

Um estudo anterior desenvolvidos pelo nosso grupo de pesquisa investigou o
efeito de cada composto (Gua, Se ou L-car) e descobriram que a formulacdo do
multissuplemento de GSC® pode ser mais eficaz na atenuacgéo do estresse oxidativo
e da inflamacéo do que cada composto isolado (TEIXEIRA et al., 2021).

2.10.1 Guarana

O Gua (Figura 11) (Paullinia cupana Kunth var. sorbilis (Mart.) Ducke) é uma
planta nativa da regido amazénica pertencente a familia Sapindaceae e conhecida por
suas 41 propriedades estimulantes e medicinais (PATRICK et al., 2019; TORRES et
al., 2022).



46

Figura 11- Guarana (Paullinia cupana Kunth var. sorbilis (Mart.) Ducke)

Fonte: Google Imagens

Legenda: A imagem representa as diferentes formas em que o guarana pode
se apresentar: Folhas, sementes, flores e frutos.

Suas sementes s@o consideradas cientificamente e comercialmente Uteis, em
decorréncia do seu sabor e da grande quantidade de compostos bioativos. A cafeina
(1,3,7-trimetilxantina), uma metilxantina, € o composto majoritario, a qual sao
atribuidos muitos dos seus efeitos, incluindo os efeitos anti-inflamatérios e
antioxidantes. A concentracdo de cafeina nas sementes € superior a outras espécies
cafeinadas, como o café (Coffea arabica), por exemplo, estando em concentracées
entre 5 — 6% (ALVES et al., 2019; TORRES et al., 2022).

Além dela, ha a teobromina (3,7-dimetilxantina) e a teofilina (1,3-dimetilxantina),
em propor¢gdes menores (ambas abaixo de 0,3%). Flavan-3-0is sdo encontrados em
guantidades consideraveis, com maior prevaléncia de catequina (3%) e epicatequina
42 (2%). Oligbmeros de flavan-3-0is, conhecidos como proantocianidinas ou taninos
condensados, também comp8em as sementes do Gua, com maior predominio das
proantocianidinas B1 e B2, seguidas da A2. Saponinas também estdo presentes,
embora em quantidades menores (MACHADO et al., 2018; PATRICK et al., 2019;
TORRES et al., 2022).
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O Brasil € o Unico pais que comercializa o Gua; as primeiras evidéncias sobre
0 se consumo foram descritos pela primeira vez por missionarios jesuitas no século
XVII. Eles observaram que os indigenas da Amazo6nia o consumiam diariamente para
fins energéticos e medicinais, como tratamento de dor de cabeca, diarreia, febre e
colicas (HENMAN, 1982; SMITH; ATROCH, 2010).

Ja os primeiros relatos cientificos sobre os efeitos do Gua na saude humana
surgiram no século XIX. Desde entdo, o uso de sua semente na forma de po e extrato
tem sido estudado por seus diversos efeitos na salude humana, como efeitos
estimulantes, anti-inflamatérios (KREWER et al., 2014), antioxidantes (YONEKURA et
al., 2016), genoprotetores e outros efeitos bioldégicos (ROGGIA et al., 2019).

Diante disso, ele esta incluido na lista de constituintes autorizados para uso em
suplementos alimentares, estabelecida pela Agéncia Nacional de Vigilancia Sanitaria
(ANVISA), na Instrucdo Normativa n° 28, publicada em julho de 2018 (BRASIL, 2018).

Em relacdo a sua utilizagdo como potencial reversor dos danos provocados
pelo BPA, especificamente, ainda ndo hé estudos, o que torna nosso trabalho ainda

mais relevante.

2.10.2 Selénio

O Se é um oligoelemento encontrado em pequenas quantidades no organismo,
sendo de fundamental importancia para a saude humana. Foi isolado pela primeira
vez em 1817 pelo quimico sueco Jacob Berzelius Jons, mas sua importancia so foi
destacada em 1957 (MEHDI et al., 2013).

Ele é um componente essencial das selenoproteinas que desempenha um papel
crucial em muitas fungBes biologicas, como a atividade antioxidante, a formacéo de
horménios tireoidianos, na sintese de DNA, fertilidade e reproducdo (CABARAUX et
al., 2007; SUTTLE, 2010.)

No metabolismo humano, cerca de 25 selenoproteinas foram identificadas. Das
guais, estdo as GPxs, que sao criticas para a defesa antioxidante; as tiorredoxina
redutases, que sao importantes no controle da sinalizacdo redox, regulacdo da
expressao génica e da proliferacdo celular; as iodotironina desiodinases, que sao
fundamentais para a regulacdo do metabolismo dos hormdnios tireoidianos; e a

selenoproteina P, que representa o principal sistema de transporte de Se no plasma
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para os tecidos (DOMINIAK et al., 2016; HARIHARAN; DHARMARAJ, 2020; HU et al.,
2021).

O Se esta presente na natureza e nos organismos sob formas organicas e/ou
inorganicas. As principais formas organicas séo a selenometionina e a selenocisteina
(Figura 12). As formas inorganicas sdo selenito (SeO 3 7?), seleneto (Se ? ), selenato
(SeO 472) e o0 elemento Se (MEHDI et al., 2013).

Figura 12 - Selenometionina e Selenocisteina: Principais formas organicas de

Se.
0 HSe
Se
e OH
H,C OH H,N
NH, o)
Selenometionina Selenocisteina

Fonte: Adaptado de Mehdi et al., 2013.

Legenda: A figura apresenta as estruturas moleculares das formas organicas

do selénio.

O Se esta presente em uma variedade de alimentos, predominantemente na
forma de Selenometionina. A sua principal fonte alimentar é a castanha do Brasil,
sendo também encontrado em cereais, graos, carnes, peixes, frutos do mar, paes,
arroz, nozes, leite e derivados, ovos, entre outros (DOMINIAK et al., 2016;
HARIHARAN; DHARMARAJ, 2020; HU et al., 2021).

O teor de Se encontrado nos alimentos varia muito, e consequentemente a
guantidade biodisponivel no organismo humano também. Fatores individuais como a

dieta e a idade séo pontos importantes do processo homeostatico, assim como, o teor



49

de Se dos grdos e vegetais geralmente dependem do teor de Se nos solos
correspondentes (MEHDI et al., 2013).

A biodisponibilidade e a atividade biologica deste micronutriente ndo dependem
apenas da quantidade total ingerida, mas também de fatores, como a sua forma
guimica e o estado fisioldgico do organismo. As formas organicas, especialmente a
Selenometionina, possuem maior biodisponibilidade e sdo menos toxicas do que as
inorganicas. A absorcdo dos compostos organicos de Se € mais rapida e completa
(entre 85 e 95%), enquanto a faixa de absor¢cdo do Se inorganico € de 40 a 50%
(CONSTANTINESCU-ARUXANDEI et al., 2018).

Ha também um outro fator a se considerar, existe uma relacao nao linear entre
o status de Se e os efeitos a salde, ou seja, tanto a sua deficiéncia quanto o seu
excesso sdo altamente prejudiciais e afetam o funcionamento do organismo. Com
uma estreita janela terapéutica € chamado de “veneno essencial”; assim, os efeitos
da suplementacdo de Se podem ser benéficos em individuos com deficiéncia deste
elemento e altamente toxicos naqueles que estdo com os niveis ideais ou elevados
(CONSTANTINESCU-ARUXANDEI et al., 2018; HU et al., 2021; KIELISZEK, 2019).

Por isso, no Brasil os limites da ingestdo diaria ja foram estabelecidos pela
ANVISA: para adultos com 19 anos ou mais, 0 consumo deve manter -se entre 8,25 e
320ug ao dia (BRASIL, 2018). Em outros paises, esses limites apresentam oscila¢des,
entretanto ja estdo estabelecidos. A ingestao diaria recomendada de Se na Bélgica
(CSS, 2012) (varia de 60 pg para mulheres a 70 ug para homens (a partir de 14
anos). Esta recomendacdo € aumentada para 65 g para gestantes e 75 pg durante
a lactacdo. As diretrizes de 2006 da Autoridade Europeia para a Seguranca dos
Alimentos (EFSA) definem a ingestdo maxima toleravel em 300ug\dia para
adultos. Para criancas, a dose maxima toleravel € de 60 ug (criancas de 1 a 3 anos)
a 250 pg (criancas de 15 a 17 anos).

Nos seres humanos, os artigos sobre sintomas de deficiéncia de Se descreveram
apenas casos extremos, graves e prolongados de privacdo. Caracteriza-se por
cardiomiopatia necrosante, miopatia periférica, diminuicdo do ténus muscular e
distarbios de conducéo, alteragbes nos anexos da pele (afinamento dos cabelos,
opacificagdo das unhas) e anemia (MEHDHI et al., 2013).

Em relagéo a utilizacdo do Se como reversor ou protetor de danos induzidos
pelo BPA, h&a alguns estudos na literatura: Khalaf e seu grupo de estudos (2019)

avaliaram o papel do Se como agente protetores para aliviar a toxicidade testicular


https://pubmed.ncbi.nlm.nih.gov/?term=Khalaf+AA&cauthor_id=30526071
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induzida pelo BPA. Os resultados relataram que o dano testicular acentuado induzido
pelo BPA foi evidenciado por elevagdes significativas na atividade sérica da fosfatase
acida prostatica, nos niveis de malondialdeido, na diminuicéo da atividade da catalase
testicular e na reducdo do nivel de glutationa. A coadministracdo de Se atenuou a
toxicidade reprodutiva induzida pelo BPA através da melhoria da atividade
antioxidante, alteracdes genéticas e restauracao do tecido testicular quase como no
controle. Estes resultados indicaram que Se podem ser utilizadas como agentes
protetores reprodutivos contra o efeito prejudicial induzido pelo BPA. Assim como
KAUR et al. (2021) demonstraram resultados semelhantes e complementares.

No estudo de ZAKI e colaboradores (2021) os efeitos benéficos do Se foram
avaliados em ratos machos com danos hepéticos causados pelo BPA. A
administrac@o do Se proporcionou melhorias histologicas e ultraestruturais, além dos
niveis de Aspartato aminotransferase (AST) e a Alanina aminotransferase (ALT)
reduzirem, os niveis séricos de IL-6 foram significativamente modulados. Muitos
resultados sdo encontrados em potencial, de tal modo que nossa hipétese apresenta

grande relevancia.

2.10.3L - carnitina

A L-carnitina (L- car) é wuma amina quaternaria (3-hidroxi-4-N-
trimetilaminobutirato), encontrada em todas as espécies de mamiferos (Figura 13).
Este composto enddgeno da membrana mitocondrial € armazenado primariamente no
coracdo e no musculo esquelético, o que corresponde a aproximadamente 95% do
estoque total, enquanto concentra¢cdes muito mais baixas sdo encontradas no figado,
rins e plasma (FIELDING et al., 2018).
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Figura 13 — Estrutura quimica da L-carnitina

Fonte: Adaptado de Pekala, et al., 2011.

Legenda: A imagem representa a estrutura molecular da L- carnitina.

A L-car é obtida ou por sintese enddgena no figado, rins e cérebro - a partir dos
aminoacidos essenciais lisina e metionina, ou por obtencdo exdgena, a partir da
ingestdo alimentar. A biossintese de L-car € responsavel por suprir apenas 25% das
necessidades diarias do organismo, sendo necessario a suplementacdo. Na
alimentacdo, a fonte primaria de L-car € a carne vermelha, mas também esta presente
em aves, peixes e produtos lacteos em quantidades moderadas, enquanto, em
vegetais, a sua quantidade é infima (DURAZZO et al., 2020; FIELDING et al., 2018).

De acordo com a Instrugdo Normativa n°® 28, da ANVISA, o limite maximo
recomendado da ingestdo diaria de L-car em suplementos alimentares € de 2000
mg/dia, para adultos = 19 anos (BRASIL, 2018). Por se tratar de uma molécula
amplamente estudada, a sua seguranca € relatada em diferentes estudos; Hathcock
et al. (2006) relatam que ela é um nutriente seguro, com efeitos adversos limitados a
um leve desconforto gastrointestinal, quando ingeridas em altas dosagens (> 5 g/dia),
assim como, sua administracdo na forma de suplementos foi demonstrada por sua
seguranca e eficiéncia nos estudos de Olde e colaboradores (2014), Ayuso et al.
(2021) e Evans e Fornasini (2003).

A L-car desempenha importante papel na homeostase do organismo, tendo
como principal funcdo o transporte de &cidos graxos de cadeia longa para dentro da
mitocbndria, onde sao submetidos a B-oxidacdo, e os produtos formados s&o
utilizados no ciclo de Krebs para a geracao de energia, na forma de ATP (DURAZZO
et al., 2020; PEKALA et al., 2011)
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Além das fun¢bes basais, muitas outras propriedades ja foram identificadas
como as anti-inflamatorias e antioxidantes propriedades antiapoptdticas, de controle
glicémico, cardioprotetoras, além de atividade antineoplasica e melhora rendimento
na atividade fisica e da recuperacgéo apés o exercicio (DINICOLANTONIO et al., 2013;
FLANAGAN et al., 2010; MELONE et al., 2018; RIBAS et al., 2014; SHANG et al.,
2014; XU et al., 2017).

Em relagéo a estudos que avaliaram a coadministracdo da L- car ou seu papel
protetor e reversor dos danos causados pelo BPA, apenas um estudo é identificado
nos ultimos 5 anos. BADAWY et al (2022) investigaram o papel do BPA em alterac6es
biogquimicas, histopatolégicas e imuno-histoquimicas na artéria coronaria e no
miocardio e, o potencial papel protetor da L-car. 24 ratos machos albinos Wistar
adultos foram divididos igualmente em um grupo controle, um grupo tratado com BPA
(40 mg/kg/d, por gavagem por 4 semanas) e um grupo tratado com BPA mais L-car
(recebeu 40 mg/kg/d de BPA e 300 mg/kg/d de L-car, por gavagem durante 4
semanas). Ratos expostos ao BPA demonstraram anomalias estruturais no tecido da
artéria corondria, incluindo vacuolizacdo de células na midia e descolamento do
endotélio da intima. Congestdo de vasos sanguineos e infiltracdo de células
polinucleares foram observadas no miocardio. Houve uma maior deposi¢cdo de
colageno em ambos os tecidos, indicando fibrose. As altera¢cdes imuno-histoquimicas
incluiram expressao aumentada de oOxido nitrico sintase (eNOS) e caspase-3 na
artéria coronaria e no miocéardio, indicando doenca vascular e apoptose,
respectivamente. O dano oxidativo foi evidente na artéria coronaria e no miocéardio de
ratos tratados com BPA, o que foi indicado pelo nivel reduzido de glutationa (GSH) e
niveis elevados de malondideido (MDA). A coadministracdo de L-car melhorou
significativamente as alteracdes estruturais e 0 estresse oxidativo induzidos pelo
BPA. Em conclusdo, o BPA poderia potencialmente causar alteragbes patoldgicas e
danos oxidativos na artéria coronaria e no miocardio, que poderiam ser melhorados

pela L- car.
2.10.4 Multissuplemento GSC®
Estudos anteriores desenvolvidos por nosso grupo de pesquisa mostram a

eficiéncia e seguranca da composicdo do multissuplemento GSC®. O GSC® néo

apresentou efeito toxico sobre modelos in vitro e in vivo; modulando o eixo redox e
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aumentando a eficiéncia da resposta do sistema imune (TEIXEIRA et al., 2021).
Complementar a esse estudo, executamos um estudo piloto onde o objetivo era
verificar uma dose minima diaria do multissuplemento, o qual foi administrado durante
12 semanas a 28 pacientes portadores de Esclerose Mdultipla. Os resultados indicaram
gue uma baixa concentracdo de GSC® era capaz de reduzir os niveis plasmaticos de
DNA oxidado e citocinas pro-inflamatorias (TEIXEIRA et al., 2023). Baseados nesses
resultados postulamos a hipotese que a coadministragdo, bem como, 0s seus
compostos isolados podem apresentar efeitos significativamente positivos aos danos

induzidos por BPA nos diferentes modelos experimentais aqui descritos.

3 METODOLOGIA

3.1 ARTIGO 1 (PUBLICADO)

A metodologia empregada neste estudo esta descrita sob a forma de artigo, o
qual foi publicado na revista Revista Contexto & Saude estando detalhadamente a
partir da pagina 63.

A seguir, é apresentado o delineamento metodoldgico geral do estudo:

Minhocas cliteladas foram escolhidas para o desenvolvimento do experimento.
Elas foram acondicionadas em frascos contendo 3,59 de espessante de amido
modificado (Nutilis, Danone, S&o Paulo), 37,50 mL de 4gua e 12,5 mL de uma solugéo
com BPA (Sigma Aldrich, San Luis, Missouri, EUA) previamente diluido em 0,1% de
dimetilsulféxido (DMSO) em concentra¢des de 0,1, 0,3, 1, 10 e 30 uM.

Testes piloto mostraram que esse espessante comercial, comumente usados
por pacientes com dificuldades de degluticdo, ndo era tdéxico ou aversivo as minhocas.
Para evitar que as minhocas saissem dos recipientes, eles foram cobertos com
plastico perfurado para permitir a troca gasosa. O fluido celdbmico de minhoca foi
coletado para a maioria das analises realizadas neste estudo. As minhocas foram
eutanasiadas com alcool gelado 70% e os segmentos posteriores foram cortados,
fixados e corados histologicamente para analise da resposta imune das minhocas.

As analises foram realizadas em 24 h e 72 h ap0s a exposi¢cdo ao BPA,
seguindo os protocolos para moléculas toxicas previamente realizados em minhocas,

semelhantes aos realizados por Jung et al. (2021). Inicialmente, avaliamos se o0 BPA


https://academic-accelerator.com/Impact-Factor-IF/pt/Environmental-Toxicology-and-Pharmacology
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induzia alteracGes na taxa de proliferacdo celular, eventos apoptoticos e distribuicéo
de amebacitos e eledcitos no fluido celdémico. Estas trés analises foram realizadas por
citometria de fluxo. Os niveis dos seguintes marcadores oxidativos foram avaliados
no sobrenadante do fluido celomico: Oz, ON, TBARS e PCarb. O efeito do BPA no
dano ao DNA foi avaliado via formacdo de MN em dois tipos de celomdcitos
(amebdcitos e eledcitos) presentes no fluido celdémico.

Para avaliar o efeito do BPA nos marcadores de imunocompeténcia de
minhocas, foi analisada a expresséo de dois genes relacionados a resposta imune:
gene Toll-like receptor (eaTLR) (NCBI: JX898685) e gene do peptideo antimicrobiano
(AMP1) (AF060552), também conhecido como "lumbricina 1" (CHO et al., 1998). Nas
minhocas, ambos 0s genes sdo modulados por microrganismos, leséo tecidual ou
presenca de alguns téxicos (MO et al.,, 2012; SKANTA et al., 2013). Além da
expressdo génica, o efeito do BPA na imunocompeténcia de minhocas foi avaliado
usando um ensaio de captura de leveduras descrito por ALVES e colaboradores
(2019).

O MN, as estruturas formadas no ensaio de captura de leveduras e o
armazenamento de corpos marrons (BBs) nos segmentos posteriores da minhoca
também foram analisados por microscopia 6ptica usando o pacote de software de
analise de imagens Digimizer®, que permite a medi¢cdo manual precisa, bem como, a
deteccdo automatica de objetos com suas medi¢des caracteristicas.

Abaixo, a figura 14 resume a metodologia utilizada neste estudo.
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Figura 14 — Esquema do delineamento metodoldgico geral do ensaio in vivo.
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Todos os experimentos foram realizados em triplicatas, com no minimo trés

minhocas por repeticao.

3.2 ARTIGO 2 (ACEITO PARA PUBLICACAO)

Este artigo foi submetido a revista Brazilian Journal of Biology e a metodologia
empregada esta descrita na integra, a partir da pagina 99 desta tese. A seguir, é
apresentado o delineamento metodoldgico geral do estudo (Figura 15).

Para tanto, células do epitélio pigmentar da retina (ARPE-19) foram obtidas
comercialmente da American Type Culture Collection (ATCC®, Manassas, VA, USA).
As células foram cultivadas separadamente em meio Dulbecco’s modified eagle
medium: Nutrient Mixture F-12 (DMEM/F-12), suplementado com 15% de Soro Bovino
Fetal (SBF), 1% de antibidticos penicilina/estreptomicina e 1% do antifingico

anfotericina B.
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As células foram mantidas em incubadora de cultivo celular a 37°C e saturacao
de 5% de diéxido de carbono (CO>), até a obtengdo da concentracéo de 1x10° cél/mL.
Apbs 24 horas, foram tratadas com as concentra¢des 0; 0,001; 0,01; 0,1; 1; 3;10 uM
de BPA previamente diluidos em 0,1% de DMSO. A escolha das concentracdes foi
baseada nos estudos prévios de Liang et al (2020).

Apos, as 24 horas de tratamento, foi realizada a (1) avaliagcdo de marcadores
da viabilidade celular através dos ensaios espectrofotométricos do Brometo de 3-[4,5-
dimetiltiazol-2-il] -2,5-difeniltetrazélio (MTT) (FUKUI et al., 2010) e ATP (Sigma-
Aldrich®) conforme indicacdo do fabricante, a fim de determinar a curva de
concentracdo necessaria para induzir quadros de toxicidades. Realizado isso, a curva
foi reduzida em 0,1,3,10 uM de BPA previamente diluidos em 0,1% de DMSO. Por
conseguinte, (2) testes oxidativos foram determinados em tempos distintos de 06h,
24h e 72h: O2 (MORABITO etal., 2010), ON (CHOl et al., 2012), TBARS (JENTZSCH,
1996) e Pcarb (LEVINE et al., 1990). Ainda, (3) o teste Clonogénico foi realizado no
1°, 3% e 7° dia (CUBILLOS-ROJAS et al., 2014) a fim de avaliar a exposi¢cdo cronica
do BPA. Para avaliacdo de dano ao DNA, perfil genotoxico, proliferacéo e alteracdes
morfométricas das células realizaram-se os testes de Micronucleo (MN) (OECD,
2016), coloracédo pandptica (LaborClin®) conforme instrucdes do fabricante e MTT
(FUKUI et al., 2010) em 72 horas.

Com isso, caracterizou-se a melhor concentracéo de uso do BPA e (4) iniciou-
se a avaliacdo do multissuplemento e seus componentes isolados estando as
concentracbes pré- estabelecidas pelo estudo de Teixeira et al (2020): Gua, 1.07
mg/mL; Se, 0.178 pg/mL; e L-car, 1.43 mg/mL, onde utilizou-se a técnica de citometria
de fluxo para determinar o percentual de apoptose via marcagao por iodeto de
propideo e anexina, bem como, o perfil das células nas fases do ciclo celular, ambos
conforme orientagdo do fabricante (BD Pharmingen™) e estudos de Vermes e
colaboradores (1995). (5) A interacdo de marcadores oxidativos e a frequéncia de MN
e por fim (6) avaliou-se a expressédo proteica e génica (via Quantitative reverse
transcriptase polymerase chain reaction (QRT-PCR) dos gens Beta- actina, Bax, Bcl-

2, Caspase 3 e 8, conforme a tabela 1.
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Tabela 1 - Sequéncia de primers utilizados para analise de expressao génica.

Genes Sequéncia dos Iniciadores (Primers)
Forward (5'-3') Reverse (3'-5)
B-actina | TGTGGATCAGCAAGCAGGAGTA | TGCGCAAGTTAGGTTTTGTCA
Bax CCC TTT TCT ACT TTG CCA GCA | CCC GGA GGA AGT CCA ATG
A T
Bcl-2 GAG GAT TGT GGC CTT CTT TGA | AGT CAT CCA CAG GGC GAT
GT GT
Caspase | TTT GAG CCT GAG CAG AGA CAT | TAC CAG TGC GTA TGG AGA
3 G AAT GG
Caspase | AGGAGC TGCTCTTCCGAATT CCC TGC CTG GTG TCT GAA
8 GT

O gene da beta-actina foi utilizado como controle interno da reacdo

(housekeeping).

A andlise estatistica deu-se conforme a uniformidade e caracteristicas dos

dados.



Figura 15— Esquema do delineamento metodoldgico geral do ensaio in vitro.
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4 RESULTADOS

4.1 ARTIGO 1 (PUBLICADO)
Os resultados deste artigo, publicado na Revista Contexto & Saude

estdo descritos na integra, a partir da pagina 67 desta tese.
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INTRODUCTION

Many chemicals derived from industrizlly processed materials hawve undesirable biological
activities, such as bisphenol A-[4.4'4propane-2_2-diyl)-diphencl] (BPA), one of the most widely used
synthetic compounds on Earth. As BPA is an endocrine-disrupting molecule, several lines of evidence
have suggested that It has a relevant impact on human health®. Regarding the effects of BPA on the
immune system, some studies hawe shown that this molecule could harm neutrophil function, the
most abundant population of peripheral blood leukooytes, which represents the primary defense
against microorganisms, tissue Injuries, and cancer cells™***. Furthermore, B appears to worsen the
prognosis of some non-transmissible chronic diseases (NCDs) through alterations that contribute to
the establishment, maimtenance, or imtensification of chronic Inflammatory states or a decrease in
immunocompetence related to the recognition of microorganisms and procarcinogenic cells™".

However, contradictory aspects related to the potential concomitant effect of BPA on immune
function have been reported”. These inconsistencies are related to the complexity of the factors
imvolved in the effects of BPA on the immune system. BPA may generate oxidative stress with
plelotropic consequences on cells, including: (1) DMNA damage triggering cellular dysfunction and (2}
high concentration of derved residues, malnly from the osidation of macromolecules, assoclated
with mitochondrial dysfunction, by an increase n superoxide (0,49 and nitric oxide (NO) reactions,
generating peroxynitrite (ONOCO), which form hydroxyl radicals (OH®) and nitrogen dioxide (NO,)
These reactive caygen species (RDS%) cause extensive lipoperoxidation, proteln carbonylation, and DNA
damage, leading to cellular dysfunction, such as autophagy impairment by lysosomes. The increase
im the concentration of intra- and extracellular immunogenic metabolic residues |damage-associated
molecular patterns, DAMPs) triggers low-grade chronic inflammatory states in several MODs™=.

To test the assoclation between oxidative stress states and concomitant alterations caused
by BPA on immunocompetence, mainly imvolving inflammatory response, we performed an in wve
study using the red Californian earthworm Eisenio fetido (E. fefido) as an experimental model. The
cholce of this model was based on the following reasons: previous evidence suggests that BPA has a
toxic effect on earthworms, triggering hyperplasia of the epldermis, increased body wall thickness,
ovarian atrophy™, and the differential modulation of genes related to detoxification (metallothio-
nein), stress response (HSCT04), and genotoxicity (PARPL)™. Furthermore, earthworm immune cells,
named coelomocytes, can be easily and abundantly accessed from coelomic body fluid, presenting
similarities with the human innate immune response. Coelomacytes regresent the first line of immune
defense against microorganisms and pollutants, including physiological processes, such as migraton,
phagocytosis, cellular aggregation, and earthworm neutrophil extracellular trap (eNET) production®.
Lke humans, earthworm innate metabolism is responsive to environmental components, such as
anticxidant and ant-inflarmmatory foods and pollutants. In this case, these components seem to
improve or worsen immune efficlency in capturing and destroying pathogens' .

In this context, we ewaluated the simultanecus Impact of acute exposure to different
concentrations of BPA on iImmune E. fetida metabolism by analyzing oxidative markers (MO, superoxide
anbon (5], lipoperoxidation (LPX), protein carbonylation [PCarb), genotoxicity by identification of
micronucleus (MN) formation, apoptosis, and Immunocompetence markers.

METHODS

Earthweorm rearing conditions and ethics issues

The earthworms used in this study were commercially obtained from Minhocas lapd (Jundial,
530 Paulo, Brazil) and maintained under standardized laboratory conditions, in which sterilized humus
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enriched with yerba mate powder or coffee residues that are wsed as food by these organisms were
used. Humldity was maintained at 60-70% and temperature between 20-23°C. For the experiments,
the earthworms were placed in a Biochemical Dxygen Demand (BOD) incubator in the dark. Like
many other countries, Brazil does not require approval for studies involving earthworms and other
invertebrate organisms by animal research ethics committees. For this reason, this study did not
receive formal approval from an ethical board. The authors declare that the research was performed
according to the EU Directive 2010/63/EU for animal experiments.

General experimental design and earthworms reared conditions

Atotal of 102 earthworms were used in the experiments with 54 earthworms to conduct toxicity
tests considering the control group and the groups exposad to five different concentrations of BPA. The
tests were carried out in triplicate with three earthworms per plate. A total of 54 earthworms were
also used to carmy ouwt laboratory tests, repeating the same sampling distribution wsed in toxicity tests.
In all assays, we used clitellate earthworms transferred to a vial containing 3.5 g of starch thickener
{Mutilis, Danone, 530 Paulo), 37.50 mL of water, and 12.5 mL of a solution with BPA (Sigma Aldrich
San Luis, Missour], USA) previously diluted in 0.1% dimethylsulfoxide (D8S0) at concentrations of 0.1,
03, 1, 10, and 30 pM. DMS0 was used & a sohlvent because the dilution of BPA in water is very bow.
Although this solvent has some toxicity depending on the concentration used, the dilution of BPA in
D#450 has been carried out in studies with other chemicals molecules using £. fetido as experimental
madel”. Even so, a pilot test conducted [data not shown) from the experimental conditions that will
e described below Indicated that the concentration of DMSO used in the study had no toxic effect on
earthworms.

The starch medium was used to guarantee the ingestion of the substrate by the earthworm
BPA-contaminated because It does not reguire heating the medium, which could cause some
interferance in the BRA malecule. Pllot tests showed that this commercial thickener, commaonly used by
patients with swallowing difficulties, was not toxic or aversive to earthworms. To prevent earthworms
from leaving the containers, they wera covered with perforated plastic to allow for gas exchange.
Earthworm coslomic fluld was collected for most analyses conducted in this study. The earthworms
were euthanized with cold alcohol 70% and the posterior segrments were cut, fixed, and histologically
stalned for further analysis of the earthworm immune response.

The inflammatory response to an antigen imvolves the activation of the immune systerm, mainly
the production of nitric oxide and cell proliferation as part of a serles of complex events to combat
Infections and maintain the body's homeostasis. In & presious study, it was obsenved that the exposure
of earthworms to rotenone Induced an Inflammatory response observed through changes ocourring
after 24h and 72h.* Therefore, this study was used as a reference to evaluate the effect of BPA on
earthworms.

Three analyses were performed by flow cytometry. Initially, we evaluated whether BPA induced
immunological activation in earthworms 72h BPA-exposed through analysis of alterations in the cell
proliferation rate, apoptotic events, and distribution of amoebocytes and eleocytes in the coelomic
fluid. To confirm that BRA was inducing an inflammatory activation in the earthworms, a subsequent
analysis was carried out on the distribution pattern of cells throughout the cell cycle. It was considered
that the increase in the percentage of cells in 5 and G2 phaze in earthworms exposad to BPA for 24
hours would confirm the Influence of this substance on the immune system. The levels of the following
ouidative markers were also evaluated in the coslomic fluld supernatant (5, NO, LPY, and PCarb) of
earthworms 24h BRA-exposed, since the differential modulation of oxidative metabolism ks part of the
inflammatorny activation process, mainly considering the kevels of NO and 5 molecules. *
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On the other hand, micronucleus assay (MNM), one of the most popular methods to assess
genotoxicity of different chemical and physical factors, must be conducted in mitotic cells, which would
be more easily obtained In earthworms exposed to BPA for 72 hours. In this test it Is possible to detect
rounded bodies of chromatin visible in the cytoplasm of cells, generally produced by DNA damage or
genomic instability. The effect of BPA on DMA damage was evaluated via MMN assay formation in o
types of coelamocytes [amaoebocytes and eleocytes) present in the coelomic fluid.

To evaluate the effect of BPA on earthworm immunocompetence markers, the expression of
two genes related to immune response was analyzed: Toll-like receptor gene (eaTLR) (NCBI: IXB9BERS)
and antimicroblal pegtide (AMPL) gene (AFDBOSSZ), also known as “lumbricin 17, In earthworms,
both genes are modulated by microorganisms, tissue injury, or the presence of some toxicants***. In
addition to gene expression, the effect of BPA on the immunocompetence of earthworms has been
ewaluated using a yeast capture assay'.

The micronucleus, the structures formed in the yeast capture assay, and the storage of brown
bodies (BEs) in the posterior segments of the earthworm were also analyzed by optical microscopy
using the Digimizer” image analysis software package, which allows for precise manual measursment
as well as autornatic object detection with measurements of object characteristics.

Coelomic fluid collection

Thie coelomic fluid was obtained using a protocol previously described by Alves et al.™ with some
modifications (Figure 1A). After treatrment, the earthworms were removed from the medium, guidkly
washed with distilled water, dried on filter paper, and placed individually or up to three earthworms
Im sle-woall culture plates. Mext, the six-well plate was covered with a id containing filter paper soaked
im 2 mL of ethyl ether. Within two minutes, the earthworms released the coelomic flukd without this
process, triggering the death of the organisms. The earthworms were removed from the culture
plate and phosphate buffer (PES) was added. When necassary, the coelomic fluld was centrifuged to
conduct laboratory analyses. The concemitant collection of coelomic fluld from at beast six eart hworms
reduced the time required to obtain biclogical material, thus improving the experimental conditions.

Cell proliferation and apoptosis by flow cytometry assay

Pollutants can trigger the activation of the inflammatory response, which leads to an increase
im the rate of proliferation of immune cells. In contrast, oxidative events can trigger DMA damage that
induces apoptosis. Both conditions can reduce the immunocompetence of organisms in the face of
pathogenic challenges. For this reason, the effect of BPA on the cell cycle of coslomocytes, on the
proportion of cells associated with the immune response of earthworms (amoebocytes) and on the
induction of apoptosis was evaluated using flow cytometry, as previously described by Ales et al.®
and Jung et al.”. Briefly, flow cytometry was performed using a FACS Canto™ |1 Flow Cytometer (BD
Bioschences”, %an Diego, CA, USA), and data acquisition and cell content analysis were performed
using Flowlo vX.07 software” (Tree Star, Inc., Ashland, OR, USA). The coelomic fluld was collected
and added to 2 mL of PES containing 5 mMk ethylenediamine tetraacetic acid [EDTA) to decrease
cell aggragation events and subsequently centrifuged at 250 = g for 2 min. The supernatant was
removed and coelomocytes were used to perform three flow cytometry analyses. The effect of BRA
on coslomocyte proliferation was deterrnined by cell cycle analysis as follows: cells were washed with
cold PBS, resuspended in cold 70% ethanol, and centrifuged at 250 = g for 2 min. The cells ware then
resuspended in a staining solution containing 50 pg/mL propidium lodide (P1) solution, 100 pg/mL
RMase A, and PBS solution with 0.05% Triton ¥-100, and incubated for 40 min at 37°C The two main
coelomocyte populations were identified by granulomeatry and size, with cells sorted according to their
forward scatter/side scatter (FSC/S5C) patterns.
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Apoptosis events were identified using the FITC Annexin V' Apoptosis Detection Kit" according to
the manufacturer’s instructions. Erefly, the cells were washed twice with cold PBS and resuspended in
1% binding buffer at a concentration of 1 = 10° cells/mL Mext, 100 pL of each sample was transferred to
a culture tube, with the addition of FITC Annexin V (5 pL) and P15 pL) staining solution. Before analysls,
the cells were gently wortexed and incubated for 1% min in the dark at room temperature. Then, 400 pL
of 13 binding buffer was added to each tube, and cell fluorescence was determined by flow cytometry.

Biochemical quantification of oxidative markers

The oxidative markers present in the supernatants of the coelomic bodies were quantified using
spectrophotometric technbgues. Initially, total proteins were quantified using the biuret method (total
monoagent proteins kit; Blocling Minas Gerals, Brazil) to normalize all other blochemical analyses
performed. The S-anion was quantified by analysis of the formazan concentration triggered by the
Mitroblue Tetrazolium Test (NET-reaction)™ and MO by determination of nitrate levels wsing the Griess
reagent’. The LPX concentration was estimated by the formaton of thiobarbituric acid-reactive
substances | TRBARS) measured spectrophotometrically and read at 532 nmn®'. PCarb was determined by
the Levine et al.* method and read at 370 nm.

Micronucleus assay

After the extrusbon of the coelomic flukd, the coelomocytes becarne highly adhersnt, and
MM analysis was performed In sie-well plates, instead of a part of the sample being transferred to a
histological slide, as ks wsually done. This strategy increased the number of whole cells available for
analysis. The coelomic fluld was gently spread to the bottom of the well to help spread the cells, as this
fluld was dense because of the large amount of mucws. Coslomocyte staining was performed using the
Rapid Panoptic Hematobogic Dye” (Laborclin Co., 530 Paulo) based on the principle of haematologhcal
stalning established by Romanowsky, which has three reagents: a fixative solution composed of a 0.1%
triarylmethane solution, 0.1% xanthene soluton, and 0.1% thiazine solution.

After drying, all the samples were fixed and stained according to the manufacturer’s Instructions.
Panoptic staining allowed for the visualization of nuclear and cytoplasmic structures, which is a critical
aspect for the analysis of MM in coelomic fluld, as most cells fuse thelr cytoplasm, making the analysis
difficult. Slides were analyzed following the criteria proposed by Holland &t al.®, and the number of
micronuclel in 1000 cells per sample was countad under a light microscope at a magnification of 400«

Immunocompetence assays
Yeost copture test

The effects of BPA on the immunocompetence of earthworms were evaluated wsing three
complementary analyses. The first assay evaluated the ex wivo response of coelomocytes exposed to
dead yeasts, involving migration, formation of cell aggregatas, METs, and BBs, as previously described
by Alves et al. ¥ Briefly, the yeasts were inactivated with boiling water at a concentration of 10%mL,
added to 1000 pl of coelormic fluld, and placed in six-well plates.

Figure 1B shows the main immune events triggered by flukd celomic estrusion from the
contrels and earthworms treated with BPA: [1-3) coelomocyte migration, fragmentation, and fusion
of elencytes, which form a polynucleated cytoplasmic mass; (4-5) attraction of amoebocytes (cells
more cubobdal, granularn, and nucleus propartionately larger than the cytoplasm) to this cytoplasmic
pohnucleated mass, forming cell aggregates; [6) production of eMETs from cell aggregates forming a
network, which often links one cell aggregate to another, allowing the capture and imprisonment of
microorganisms and other substances; (7-8) aggregates form BBs. Thus, within 1 h, it was possible to
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analyze and compare the immune responses of coelomocytes from control earthworms and those
exposed to BPA. Further, the sik-well plates were stained with the Panoptic kit as described in the
preparation and analysis of MNs, followed by analysis by optical microscopy.

Histological analysis of brown bodies (BBs) deposition

As the formed BBs detached and remained floating In the middle, the posterior segments of the
earthworm were histologically analyzed to evaluate the formation of these structures. The earthworms
were euthanized with cold 70% alcohol for 5 min, and 10 posterior segments in the tall direction
wiere cut with the ald of a scalpel and fixed in 4% buffered formaldehyde for further preparation and
histological analysis. The samples were dehydrated using a 15-min dehydration battery per step with
a Kline shaker (GT-201B5U°) with 70% alcohol, 808 alcohol, 90% aloohol, two passages in anhydrous
alcohol, alcohal, and wylol, and two more passages In xylol Two hours later, the samples were kapt in
wylol with paraffin, then paraffin 1 and paraffin 2, and subsequently blocked and dried overnight at
room temperature. Histological sections were obtained wusing a semlautomatic microtome (Yd-335) at a
thickness of 7 p. The slides were mounted and dried overnight at room temperature for subsequent
stalning. For histological staining, the slides were subbjected to a standard dewaxing process, with bao
passages In wylol heated o 50°C (S min each), anhydrows alcohol (5 min), 90% alcohol (3 min), 70%
alcohiol (3 min], running water (3 min}, and distlled water (1 min).

The histological sections were stalned with the Masson-Goldner trichrome (MGT) stalning
techinigue, which identifies components of connective and muscle tissues selectively visualized by
using a combination of three different staining solutions: azophloxine and tungstophosphoric acid
orange & solubons stain components such as muscle and cytoplasm, and light green 5F solution then
counter-stains connective tissue. A Sigma-aldrich kit was used to perform the MGT staining (100485).
Photographic images were analyzed using Digimizer” software, which allowed for the counting of cell
aggregates (CA) per field {200= magnification), measuring the perimeter of the CAs {pm), Identifying
the presence of METs, and the deposition of BBs in the posterior region of the body of the earthworm.
Ten optical fields were evaluated per treatment.

Analysis of the expression of genes associated with immune response

The effect of BPA on the expression of eaTLR and AMPL genes was determined as presioushy
described by Jung et al**. Briefly, the sarthwaorms were rinsed with distilled water, dried, and ground. At
least three earthworms from each treatrment were used o extract RMA using Quick-Zol® (TriZol: Ludwig
Biotech Co, Alvorada, Brazil), in accordance with the manufacturer's instructions. The extracted RNA was
guantified using a NanoDrop 1000 spectrophotometer {Thermo Flsher Scientific, Waltham, MA, USA).

QRT-PCR was performed using a thermocycler (feopgen” MaxyGene Il Thermal Cycler; Corning
Ufe Sciences, Tewksbury, MA, EUA) with RMA samples treated with 02 pL of DMase (Imdtrogen Life
Technologies®, Carlsbad, CA, USA) at 37C for 5 min to digest any DMA contamination, and at 65°C for 10
min. Reverse transcripfion was performed wsing the following primers: EATLR (forward: 5'-GAGACATC-
GETGAAAACATC-3'; reverse: 5'-CTGCATCTGAATCTGGAGTC-3'1™ and AMP [forward: 5-CATACTOGGAALG-
CAAGAALCC-3"; reversa: 5-TTTGATGACCTTCTEOGGTGE-3)". RNA was reverse-transcribed to cONA In the
prasence of 1 pL of iScript reverse transcriptase and 4 pL of (Script Mix (Bio-Rad Laboratories, Hercules, CA,
USA] using the following reaction steps: 25°C for 5 min, 42°C for 30 min, 85°C for 5 min, and 5°C for 80 min.

gRT-PCR analysis was conducted using & 1= QuantiFast SYBR Green PCR Eit (Oiagen, Hilden,
Germany) and 20 pl containing 1 pL of cOMA sample (1:20 diluton). The amglification of both genes
wias performed using the following oycling conditions: 95°C for 5 min, followed by 40 oycles of 95°C
for 5 5 and &0°C for 30 s, followed by a melting gradient from 50°C to 90°C [1°C increments every 5
s). Reactions were performed in duglicate, and B-actin (¥0623) was used as the housekeeping gene
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(forward: 5"-CGCCTCTTCATCGTCCCTC-3'; reverse: 5'-GAACATGGTCGTGCCTCCG-3"). The amplification
curves, melting curves, and standard curve slope were checked to ensure that non-specific amplification
and the relative quantification of Ct values were determined*® and compared among BPA treatments

Figure 1 - Schematic for obtaining the coelomic flukd used in the expenments, iImmune mechanisms imohing

in the pathogens capture by E fetido earthworms, and general outine of the study. (A) Three earthworms were
selected, washed and dried to cbtain coslomic fluid; (8) They were then transferred to a Falcon tube covered with
a cotton swab to which 1 mi of ethyl ether was added, which Is an Irritating substance for the earthwormy (C) After

1 to 2 minutes, the earthworms expelled the yellowish coslomic fluid. Similar to human lewcocytes, coslomocytes
represent a group of heterogensous cells, manly eleocytes and amoebocytes. Mainly amoebocytes play a
relevant role in the immune response induced by exposure to pathogens or antigenic substances. (8) The study
postulated that bisphenol-A (BPA) exposure could impact earthworm immunocompetence in capture and kil
pathogens. This process involves the main phases, which were compared among treatments: {D.€,F) cellular
migration and fusion forming a polynudeated oytoplasmic mass, that exert chemotauds in cther coelomocytes;
|G,H} production of cellular aggregates (1,1) forming polynudeate structures; (LM) CAs interconnection formed by

DNA and protein networks similar to human neutrophil extracelular traps eNETs; (8-9) CA retraction forming 1-2
mm wide nodules, with cells on its edge flatten owt, that quickly darkens via melanization {brown bodies, 83s),
stored in the posterior segments. The BBs are then deposited inside podkets of the worm's posterior segments.
As BBs are not reabsorbed, the excess of these structures containing cell debris and dead pathogens induces
an autotomy process, by which the earthworm cuts and eliminates these posterior parts, quickly regenerating
its tal. The increase in BB deposition may Indicate that the earthworm is trying to eliminate toxic or pathogenic

components. On the other hand, the decrease in the formation of BBs In the presence of a chemical agent, such
as BA\, may Indicate a decrease in the earthworm’s immunocompetence.

7
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Statistical analysis

Data were statistically analyzed using the Prism GraphPad program. Quantitative variables were
compared using one-way analysis of variance followed by Tukey's post-hoc test. Quantitative variables
were analyzed using chi-square or Fisher’s exact tests. All tests were considered to be statistically
significant at p < 0.05.

RESULTS

Effects of BPA on coelomocytes population and apoptosis induction

Initially, it was verified whether 24-hour exposure to BPA at different concentrations could have
a cytotoxic effect on the main groups of coelomocytes by analyzing the proportion of amoebocytes and
eleocytes and the rate of cells killed by apoptosis or apoptotic cells. As can see in Figure 2, eleocytes
are more complex and larger cells than amoebocytes, which can be detected via granulometric
analysis (green cloud of cells). In the presence of BPA, the proportion of eleocytes increased while that
of amoebocytes decreased when compared to control earthworms.

» 0.1 s/t r 0.3 peSmi

gl

w- | 8
-Il
e

T rrEYePr LY

:i

" yreery Y 90 ¥ry

0 01 03 108 30 100
BRA ()

Figure 2 — BoA effects on E. fetida coelomocyte populations. (A-F) Representative flow cytometry of
amoebocytes and eleocytes frequency identified by cell granulometry of earthworm BPA exposed at
different concentrations. Am = amoebocytes; El=eleocytes. (G) microphotograph with amoebocytes which
include smaller cells, generally blue, that come together to form spheroids, and eleocytes, which are
larger cells with a cytomorphology similar to macrephages; (H) Comparison of amoebocytes proportion
(%} in coelomocytes from earthworms BPA-exposed at different concentrations. Different letters indicated
statistical differences (p <0.05) determined by One-Way variance analysis followed by Tukey post hoc test.
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Mext, It was assessed whether exposure to BPA could increase the proportion of apoptotic
events by flow cytometry analysis. The results showed a significant increase in apoptosis rates in the
immune cells of earthworms exposed to lower concentrations of BPA (0.1-1 ug/mL), while higher

concentrations showed a progortion of cells killed by apoptosis or apopiotic similar to the control
{Figure 3).

] 0.1 g 08 g/ mil
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Flgure 3 — Cytotoxic BPA effect on Efetido coelomocytes. (A-F) representanve flow cytometry chart
showing general distribution of live cells (L), apoptotic cells (Ap), dead cells for other causes and
cells dead by apoptosis (4] identified by Propidium lodide (Y axis] and Annexdn W (X axis) markers.

Cormnparison in the proportion of apoptoss events among control and BPA at different concentrations
was performed by One Way analysis of variance followed by Tukey post hoc test. Different letters
indicated statistical differences armong treatrments with p <0.05.
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Effects of BPA on coelomocytes cellular proliferation

This analysis evaluated the impact of BPA on earthworm coelomocyte proliferation using
cell cycle flow cytometry. After 24 h and 72h, BPA exposure triggered an increase in the frequency
of cells in the S and G2 phases, indicating the stimulation of mitotic events. However, BPA at lower
concentrations occurred more intense mitotic induction than at higher concentrations (Figure 4).

60+ b

€ o] € 4
N

+ 204 s ?zo-

w ° "

0
o o1 H
A BPA (M) u B 1)

Figure 4 — Effect of Bisphenol-A {BPA) at different concentrations on E. fetido coelomocytes cell oycle.
(A) Comparison among $+G2 frequency In coelomocytes from earthworms 24h BPA-exposed. (8)
Comparison among $+G2 frequency in coelomocytes from earthworms 72h BPA-exposed. Statistical
analysis of A and B figures was performed with One Way analysis of variance followed by Tukey post
hoc test. Different letters represant significant differences at p < 0.05. (C-G) Representative charts of
flow cytometry of 72 h treatment showing cells frequency in G1, S and G2/M phases. The black graph
represents the frequency of cell cycle phases in the control group, while the red graph represents the
treated group of earthworms treated with B8R
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Effects of BPA on coelomocytes exidative markers

Initially, the amount of total protein was calculated and compared between the control and
earthworms exposed to different BEA concentrations, showing no significant alterations (Figure SA).
Contrary o our expectations, BPA induced a significant decrease in superoxide anion bevels (Figure 58).
However, an elevation In the MO levels was observed in earthworms exposed at lower concentrations
of this pollutant (0.1 to 1 pM) (Figure 5C).
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Flgure 5 — Comparison of total protein and oxdative markers in earthworms exposed to BPA at
different concentrations [0.1-10 ph), 24 h (A} Total protein. (B) Superoxide anbon (5). {C)] Nitric oxide
{M0) estirmated by nitrite concentrations. (O] 5/MO0 index. (E) Upoperoxdation guantified by TBARS-
MDA assay. (F] Proteln carbomylation. Treatments were statisncally compared to the control by one-
wiy analysis of varlance followed by Tukey's test, and significant differences at p < 0.05 are Identified
by different letters. Considering the high affinity of the supercside anbon and MO, the ratio of these
rmolecules was calculated and compared by dividing the concentranon of the S anlon by that of NO. In
the control earthworms, the level of NO was slightly higher than that of anlon 5. However, expasure
to BPA changed this index, which increased significantly in earthworms exposed to BF owing to an
Increaze in the concentration of MO [Figure 5D). These results were more pronounced in earthworms
treated with the lowest BP& (0.1-1 pM). Except at 0.1 pbd BPA, in which an increase in LPX was
observed, all other concentrations did not influence this oxldative marker (Figure SE). In contrast, all
BPRA concentrations induced a decrease in PCarb levels compared with the control group (Figure 5F).

Effects of BPA on MN formation

The effects of BRa on chromosomal damage In E. fetido coelomocytes were evaluated using MM
analysis in both amoebocytes and eleacytes. First, MN analysis was difficult because the cells tended
to aggregate and fuse their cytoplasm. Therefore, the detection of indieldual and whole cells & more
laborious. Figure & shows the reprasentative micrographs of amoebocytes and eleocytes with relevant
nuclear alterations. The results obtained by the sum of all types of coelomocytes are presented in
Table 1, grouped by BN mitotic catastrophes (MIC) and chromesomal aberrations (Ab.C) frequencies.
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Table 1 - Comparison of three main chromosomal alterations of £. fetido coelomocytes bisphenol-A
(8PA) exposed at different concentrations

Cells
P BPA (uM) )
tions scored 9: - 0% 03 1 3 10
MNs
1000 17 21*  e0¢ 104°  98° 107 0.001
e 1000 02+ 05® 18¢ 21° 1¥ 19¢ 0.001
MIC 1000 03* 05* 11° 13 o 13¢ 0.001

MNS, mincronatie; ALC Wborrant colls [Pwd o More micronedien) MIC, milolie Gaastrophe. STaNC CoMparsons wire performed usng
e Chi-squarnd 000-Paametnc test

MN frequency Increased In a dose-dependent manner up to a concentration of 1 pM BPA.
Between concentrations of 1 and 30 uM, the MN rate was similar and remained higher than that of
the control and lower concentrations of BPA. The increase in Ab.C and MIC followed a pattern similar
to that of MNs, with no significant differences in the distribution of these chromosomal alterations
between concentrations of 0.3 and 10 uM BPA. It was not possible to accurately account for cells
undergoing apoptosis due to the tendency of cytoplasmic fusion and the presence of many intracellular
granules, mainly in some types of amoebocytes.

Figure 6 — Representative DNA
damage alterations in coelomocytes
of E. fetida. (A} Microphotograph
presents a representative photo (100 x
magnification) showing individualized
eleocytes (E) and amoebocytes (A),
which were used in the micronucleus
(MN) analysas. (B) Microphotograph
1 shows an unaltered eleacytes,
with a small eccentric nudeus. Cells
with one or more micronuclet {2,3)
were observed as well as cells with
nucleoplasmic bridge (N8} {4). (C)
Amoebocytes Include more rounded
cells proportonately larger than the
cytoplasm. Once the coelomic fluid is
expelied, these cells tended to dump
together quickly. In some situations, it
was possible to detect cells undergoing
apoptosis. However, they were not
counted as they could be confused with
cells undergoing cytoplasmic fusion
process. As Images from 8 and C figures
are representative, they were extracted
and enlarged from microphotographs
of different treatments and also of
the control group. For this reason,
Individualized scales are not presented
and their original treatment Is not

c identified.
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Effects of BPA on immunocompetence maorkers

The changes in earthworm immunocompetence markers are summarized in Table 2 and Figure
6. The number of CAs per optical field at 200« magnification varied depending on the concentration
of BPA to which earthworms were exposed for 24 h. The lowest concentration of BRA doubled the
number of CAs compared with that in the control. Howeser, the other concentrations significantly
reduced the number of CAs per optical field compared with the control. This pattern indicates that
BPA acted a5 an inhibitor of cell aggregation, which is part of the earthworm's initial immune defense
against biotic and ablotic agents.

The perimeter of the CAs was also compared, considering aggregates with four or more
amoebocytes, and the results did not show a dose-dependent pattern. While the lowest concentration
of BPA had mean CAs perimeter similar to the control, earthworms exposed to 0.3 ph BPA had CAs
with greater perimeter. At a concentration of 1 pM BPA, the perimeter of the CAs was significantly
reduced compared with that of the control. A notable result was the extensive Inhibition of eNET
formaton in earthworms exposed to BPA at all the concentrations tested. The low cell aggregation
wias somewhat corroborated by analysis of the storage pattern of BBs in the posterior segments of
the earthworm body. The number of segments that also presented this accurnulation was significantly
loweer than that observed in control earthworms.

Table 2 — Comparison of immunoocompetence markers of E. fetiole coelomocytes bisphenal-A (BEPA)
exposed at different concentratons.

BPA (M)
Mpriery ) 0.1 03 1 ) 10 e
E‘“"!'""’.'"‘rﬁ"""m‘ TE225 141+45 20+0F 16+0%¥ 18+13 id= 06 0001
magnification)

) 649 2 G27= 13331% 512x 3343: 3Dz
Chs \Perimnctes, jim) 17.38 152 ¥ 118 0¥ g 000
eMETs [presence/10 fiskds,
300 ication) af10 o0 o0 110 210 010 0.001
BB (presence/10
posteriar segments, 200= 510 4f1r ET 1/1F 1/10¢ ¥ 000
magnification)

C4, il agpregaton i comamic Muid (= amosbocyte|; aMETS, Efeni mauineghi dxtracsilar Crags; B85, beowe bodis counlad n hisioks-
pical secmiong of 10 posterion sepments. Stadstical analyiss of O& prumber and perimeier were palformed wing one-way asalyvsis of vadanoe
Tolowsind bry Tubsy™s post boc e, «METS and BBS wene stathically oompared betmian each ieiimant and control using Frbers @t Tem
Diffirint lefers mdicate sgnificancs &t p « 0U05.
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Figure 7 — Bisphenal-A (BPA) effect on E. fetido immunocompetence markers. (A) Comparison
of expression of eaTLR and AMP1 genes among earthworms 24 h exposed to BPA at different
concentrations {0.1, 0.3, 3, 1, and 10 uM) by qRT-PCR assay. Genes were normalized by f-actin a
housekeeping gene. mRNAs of earthworms without BPA exposure {controls) were considered 1
and used as reference to cakulate the relative mRNA expression of other treatments. Comparisons
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were performed by one-way analysts of variance followed by Tukey' post-hoc test. Different letters
Indicate significant differences (p < 0.045). (B} Representatree microphotographs with inverted staining
showing the presence of METs in coeloric fluid from a control earthworm and absence of METs in an
earthworm axposed to 1 wh of BPA (400= magnification); (C) Detall of a histological section showing
the accumulation of brown bodies (BBs) in the coelomic cavity located laterally to the intestines, in the
posterior segments of the earthworm. These brown bodies clump together and becorme very compacted.
At a certain moment, which can be triggered by the wolurme or perhaps by the chemical nature of the
residues, the earthwarm performs autotormy, eliminating these segments that are quickly regenerated.
The microphotograph shows a detall of the body wall with the longitudinal musculature (Im), circular
musculature (cm), and the epidermis covered by a cuticle {e). {0 Representative longitudinal histological
sections of the |ast posterior segnents of control earthworms and treated for 24 h with different
concentranons of BRA. Contrary to expectations, earthworms exposed to BPA presentsd less compacted
brown bodies (BBs *), and with smaller distribution among the segrments, mainly in the last five segrments
close to the anal opening. As iImages from B and C figures are representative, they were estracted and
enlarged from microphotographs of different treatments and also of the control group. For this reason,
individualized scales are not presented and their original treatrment (s not identified.

BF eoqmsung i ucoed] Charges int The aoeavoiaon of the eaTLR afd ARMPI gines (Rguna B8] AMPF] wis sigfifcantly owinegrigind in el Mineass &
i s P sy 2 T 3 il (o T T R, el i e Ty i AT et O & DONEETIGT OF 3 phdl I E0TITaGE, el et o
P onesaTLR g eapsression wark graatdy retoied Theralons, BP Drggers o i el anoin % gores Sty snsociaio wi i DR s Fes pona.

DISCUSSION

In the present study, red earthworms were used as an experimental model. The results supgort
the hypothesis that a link exists between oxddative stress events and changes in immunocompetence,
especially in the inflammatory response triggered by BPA exposure. We chose to carry out an acute
effect study based on a previous investigation conductad by Olivelra et al." who reported that exposure
to BPA for 48 h significantly decreased the survival of E. fetido. Aoute BPA exposure has a significant
impact on the earthworm Immune system, mainly at lower concentrations. It is possible that the effect
of BPA on the earthworm Immune system also ocours in humans. In fact, many components of the
inmate Immune system have been consersed during metazoan evalution, and for this reason, some
species, such as the frult fiy Drosophile melonogaster™ and the nematode Cosnorhobditis elegans,
have been used as models to study Innate immunity’. Some studies performed in the last decade
have suggested that the use of Eisenio would be relevant to the understanding of invertebrate innate
ity .

BPA Is considered to be one of the most widely used synthetic compounds in the world, resistant
to degradation, and able to bloaccumulate in the enyironment™. In general, the results showed that
BPa affected the analyzed markers, but this effect did not follow a dose-response pattern and was
lirmited to the lowest concentrations (0.1-1 gM). The more intense effect of low BPA doses has been
previously described in other studies, suggesting that BPA interacts with and disrupts several signaling
pathways™. Considering regulatory resolutions regarding exposure to BPA, the four concentrations
tested in this study were lower than the maxdmum dose recommended by the Brazilian health
regulatory agency (Anvisa, Health Ministry)*: 0.1, 0.3, 1.0, and 3.0 pM, which is approximately equal
to 0.02, 0.06, 0.3, and 0.6 mg/kg food/day, respectively. Only 10 pM (6 mg/kg food/day) was abowe
the maximum recommended limit. However, this maximum limit i relatvealy high compared to other
regulatory agencies, such as European Food Safety Authority (EFSA) ™, which lowered the maximum
lirnit to 0.05 mg/Kg food/day in January 2018 Even though the concentrations tested were below
the exposure limits recommended by the Ministry of Health in Brazil and other regulatory agencles,
such as the Food and Drug Administration (FO&), the effect of BPA on earthworms i worrging. This is
because earthworms are highly relevant in the maintenance of soll quality, and the effect of exposure
to hormonal switching agents could have unpredictable consequences.
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BPA Is considered an Important rick factor for endocring, Immune, and CNT diseases, including
neurological, cardiovascular, reproductive, and oncological conditions™. A large progortion of
these ilinesses associated with BPA exposure are related to the establishment of low-grade chronic
inflammatory states, which ultimately represent an immunocompetence iImpairment in the resolution
of inflammatory responses”. The data described herein corroborate this assumption. A synthesis
of the potential mechanisms underlying the alteratons that lead to impalred immunocompetance
triggered by BPA In E. fetido is presented In Figure B.

The interpretation of the results obtained is complex and requires speculations based on
previous evidence related to oxidative metabolism In the inflammatory response, mainly involving the
superoxide anbon and NO. After 24h of exposure to BPY, earthworms showed divergent results with
respect to the evaluated oxidative markers. Regarding the results imvoling the superoxide anben and
MO, we calculated a ratio index of the supercxide levels divided by the MO levels for the control and
BPA-treated earthworms. The results showed a significant increase in these Indices in earthworms
exposed to all BPA concentrations investigated, indicatimg that this molecule induced an 5NO
imbalance via an Increase in the MO levels.

b
Molecules §Parb
W - / Ill:lud.allnnl?‘] — 5?13' — _=|.ﬂ .
om —h:{jﬂﬁ*ﬂ'ﬂ O, 1N owa ' pleie | SMO
L] | ' IH-G Imbalance
W Damage :
0d- 03 - 10 uM 1
0.02 - 0.06 - 0.22 mg/Kg Coslomocytes imbalance
I @ —Joenceptes  f amea
Jcenuiar agregations (cas)
—r
Probteration § e

1 Apoptosis — | Amoebacytes | Browm bodies storage

Flgura 8 — Putative model of BEA effects on innate metabolism invahling cddate based in data
described here using E. fetido as expernmental rmodel

However, the oxidation of macromolecules, such as lipids and proteins, was not pronounced in
earthworms exposed to BRA. In contrast, all the concentrations of this molecule induced a significant
decrease in protein carbonylation. These data seem Inconsistent when considering the increase in the
rate of DA damage demonstrated by the presence of micronuclel and other chromosomal alterations,
as well as the frequency of apoptosis. A previows report on the effect of BPA on earthworms also
reported similar toxic effects in this organism .

Simdlar to leukocytes, coelomocytes are heterogenadws cells that are generically classified Into
two groups: amoebocytes and eleocytes, also known as chloragocytes™. Pravious studies have shown
that amoebacyte immune responses involve phagocytosls, ROS production, and cytotoxic effects
agalnst microorganisms. Therefore, ROS molecules are relevant components of earthworm defense
agalnst pathogens, including an Increase in some osdant molecules, such as superoxide anlons and
MO % In particularn, superoxide plays a strategic role in phagocytic calls, which use this ROS to kil
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and digest microonganisms. Therefore, In phagooytic cells, such as coelomocytes, an elevation In the
superoxide levels can originate from spontaneous processes or by the mediation of the nicotinamide
adenine dinucleotide phosphate (MADPH ) oxidase enzyme, which is strategically immunocompetent®.

N0 also has a relevant role in the Inflammatory response, malnly related to phagocytic cells, and
has been shown to suppress neutraphil phagocoytic activity. In this context, the evidence suggests that
superoxide and NO interplay fine-tunes mechanksms regulating the life and death of neutrophils®.

In this context, we postulated that BPA could increase superoxide levels in coelomocytes,
inducing spontaneous reactions with NO meolecules, which generate reactive nitrogen species [RNG),
especially perowynitrite ([ONODT). Pergaynitrite, In turn, forms NO, and ydroosyl radicals (0H ], which
have a high affinity for DNA, causing extensive damage to this molecule™. This could be the main
route that explains the impact of BPA In increasing DMA damage, as assessed through micronuclews
analysis. Increased genotoxcity |s also closely related to the induction of apoptotic ewents, as
observed in the results described here. However, because the ROS levels need to be finely regulated
to awvoikd undesirable effects, it has been well established that coelomocytes have antoxidant defense
strategles, including enzymes, such as superoxide dismutase (S00], glutathione peroxidase [GFX),
and catalase (CATF™. For this reason, It Is possible that after 24 h, the owidation rates of lipids and
proteins may have decreased, while the DNA damage rate was assessed through MM and apoptosis
rates indicating relevant BEA genotoxic effect.

Genotoxicty triggered by BPA exposure has been previously described In rodents, causing
an Increase in the frequency of BN In polychromatic erythrocytes (PCEs), structural chromosome
aberrations in bone marrow cells, and DMA damage in blood lymphocytes®™. BPA also induces
micronucleus formation in cultured lymphocytes. As micronucleus tests provide Important information
about a chemical's ability to interfere with chromosome structure and function, this assay confirms that
BPA has genotoxic effects in several species, including earthworms. H is also Important to note that MM
tests must be performed on actively dividing cells. In our study, we found that BPA Induced an increase
im the rate of cell proliferation, thus making it possible 1o perform the test. However, performing these
analyses was challenging because the collectad coelomocytes present in the coelomic fluld tended to
migrate, cluster, and form large polynucleated cytoplasmic masses (Figure 18). Mevertheless, it was
possible to observe the formation of micronucled In different types of coslomocytes.

The induction of cell proliferation, increasing the amoebocyte comcentration, confinmed
the action of BPA on the E. fefide Immune system. Coelomocyte functions are assoclated with the
expression of genes, such as eaTLR™, as well as AMP-like proteins, also known as lumbricin 1.

However, exposure to BPA induced an antagonistc response n the two genes studied, as
the AMP1 gene was activated and eaTLR did not modify its expression. This result |s guite excdting,
considering that these genes are highly sensitive to biotic and ablotic emdronmental factors that pose
a danger to earthworm homeostasls. Generally, these genes are overexpressed in the presence of
pathogens™*4_ Antimicrobial peptides, such as AMPL, are important contributors to non-specific host
defense in both wertebrates and invertebrates, and are structurally consensed during phylogenesis®.
Therefore, it was not surprising that BPA induced an increase in AMP-1 expression.

Immune cells express pattern recognition receptors (PRRs), which are able to detect danger by
recognizing specific pathogen-assoclated molecular patterns [PAMPs)S. However, the non-responsi-
veness of the eaTLR gene to BPA Is an unexpected result, considering that exposure to this pollutant
imduces DA damage, apoptosks, and increases the concentration of earthworm amoebocytes. This
type of acton has been previously observed when earthwiorms are exposed to other toxic agents,
such as rotenone, and previous studies hawe shown that some pollutants, such as rotenone® and
fitanlum dioxde nanoparticles®, an induce the downregulation of the eaTLR gene in earthworms.
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This antagonistic effect between the expression of AMPL and eaTLR genes may be related to the
decrease in the immunocompetence of earthworms caused by BPA In response 1o exposure bo yeasts.
In this way, molecules that decrease or do not induce the wpregulation of TLR genes, such as BRPA,
could impair the earthworm's immune system, with unpredictable consequences for their survval.

However, we must be careful when translating these resulis to humans. This is because our
species has hepatic mechanisms that are highly efficlent for BPA clearance®. However, there i
evidence that BPA Is associated with an increased risk of certain types of cancers™. The extent to
wihich this assoclation could be linked to the BPA induction of DMA darmage and the kind of “blinding

of the Immune system"” triggers less efficiency in recognizing and killing carcinogenic cells. Although
this assurnption Is speculative, it requires further investigation.

COMNCLUSION

The results described here support the hypothesis that BPA induces oxidative stress, causing
an Imbalance in superoxide and MO levels and DMNA damage, which may induce alterations In the
earthworm immune response. Despite the inflammatory activation triggered by BPA, the Immuno-
competence of earthworms in capturing and destroying external agents, such as yeast, Is impaired.
Therefore, the assoclation between DNA damage and changes In innate immune metabolism could
be a relevant part of the action of BPA associated with the risk of developing NODs, especially cancer.
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Abstract

Bisphenol A (BPA) may adversely affect human health by inducing oxidative stress and
irreversible damage to cells. Bioactive compounds found in some functional foods, individually
or in combination, can attenuate the negative effects of BPA exposure; an example is the multi-
supplement containing guarana (Gua), selenium (Se), and L-carnitine (LC) —GSC— which
has already demonstrated antioxidant, genoprotective, and immunomodulatory activities. This
study aimed to determine the effect of GSC and its constituents on oxidative and genotoxic
alterations triggered by BPA exposure in the retinal epithelial cell line. The cells exposed to
BPA (0.001, 0.01, 0.1, 1, 3, and 10 uM) to determine the lowest concentration required to
induce cyto-genotoxicity. ARPE-19 cells were then concomitantly exposed to the selected BPA
concentration, GSC, and its components (Gua, 1.07 mg/mL; Se, 0.178 pg/mL; and LC, 1.43
mg/mL). Flow cytometry, biochemical assays, qRT-PCR, genotoxicity, apoptosis, and cellular
proliferation. Based on our results, 10 uM of BPA could induce cyto-genotoxic and oxidative
alterations. BPA did not alter the Bcl-2/BAX expression ratio but induced Casp3 and Casp8
overexpression, suggesting that apoptosis was induced mainly via the extrinsic pathway. GSC
partially reversed the alterations triggered by BPA in ARPE-19 cells. However, Se had
unexpected negative effects on ARPE-19 cells. The multi-supplement GSC may attenuate
changes in oxidative and genotoxic markers related to exposure of ARPE-19 cells to BPA. our
results revealed that the antioxidant, anti-apoptotic, and genoprotective properties of GSC were
not universally shared by its individual, once Se did not exhibit any positive impact.

Keywords: food supplement, apoptosis, ARPE-19 cells, bisphenol -A.
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Resumo
A citogenotoxicidade induzida pelo Bisfenol -A em células epiteliais pigmentares da
retina ¢ modulada diferencialmente por um multissuplemento contendo guaranad, selénio

e L-carnitina

O Bisfenol A (BPA) pode afetar negativamente a salde humana, induzindo estresse oxidativo
e danos irreversiveis as células. Os compostos bioativos encontrados em alguns alimentos
funcionais, individualmente ou em combinagdo, podem atenuar os efeitos negativos da
exposicao ao BPA; um exemplo € o multissuplemento contendo guarana (Gua), selénio (Se) e
L-carnitina (LC) —GSC— que ja demonstrou atividades antioxidantes, genoprotetoras e
imunomoduladoras. Este estudo teve como objetivo determinar o efeito do GSC e seus
constituintes nas alteracdes oxidativas e genotoxicas desencadeadas pela exposicdo ao BPA na
linhagem celular epitelial da retina (ARPE-19). Células foram tratadas em diferentes
concentracdes de BPA (0,001, 0,01, 0,1, 1, 3 e 10 uM) a fim de determinar a concentracdo mais
baixa necessaria para induzir citogenotoxicidade. As células ARPE-19 foram entdo expostas
concomitantemente a concentracgdo selecionada de BPA, o GSC e seus componentes (Gua, 1,07
mg/mL,; Se, 0,178 pug/mL; e LC, 1,43 mg/mL). Ensaios de citometria de fluxo, bioquimicos,
gRT-PCR, genotoxicidade, apoptose e proliferacdo celular foram executados. Com base em
nossos resultados, 10 UM de BPA foi capaz de induzir alteracdes citogenotdxicas e oxidativas.
O BPA néo alterou a razdo de expressao de Bcl-2/BAX, mas induziu a superexpressao de Casp3
e Casp8, sugerindo que a apoptose foi desencadeada principalmente pela via extrinseca. O GSC
reverteu parcialmente as alteragdes desencadeadas pelo BPA nas células ARPE-19. No entanto,
0 Se teve efeitos negativos inesperados nas células ARPE-19. O GSC multissuplemento pode
atenuar alteragdes nos marcadores oxidativos e genotoxicos relacionados a exposicdo das

células ARPE-19 ao BPA. Nossos resultados revelaram que as propriedades antioxidantes,
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antiapoptdticas e genoprotetoras do GSC nao foram universalmente compartilhadas pelo seu
individuo, uma vez que o0 Se ndo apresentou nenhum impacto positivo.

Palavras -Chave: Suplemento alimentar, apoptose, células ARPE-19, bisfenol — A.
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Introduction

Bisphenol A (BPA), the plastic monomer chemically named 4,4-isopropylidene diphenol
(2,2-bis(4-hydroxyphenyl)-propane), is one of the highest-volume chemicals produced
worldwide. It is used to manufacture polycarbonate plastics, epoxy resins, food packaging, and
household items. Based on epidemiological and experimental investigations, BPA can
adversely affect human health because it is an estrogen-like hormone (Abraham and
Chakraborty, 2020; Tarafdar et al., 2022). BPA is associated with the risk of carcinogenesis,
reproductive toxicity, infertility, and abnormal nervous system development (Murata and Kang,
2018). BPA and its analogs can affect eye function given their ability to accumulate in the
aqueous humor (Flieger et al.,2022) exhibiting toxicity at certain stages of neural retinal
development (Li et al., 2021).

Some organs, such as the eyes, can be more susceptible to the negative effects of BPA.
Experimental studies, such as those conducted by Chiang et al. (2022), have revealed that BPA
triggers oxidative stress and apoptotic events in retinal pigment epithelial cells (ARPE-19),
which were used as an in vitro model of age-related macular degeneration (AMD). AMD affects
millions of people and is a leading cause of blindness globally. Oxidative stress is considered a
major contributor to the emergence and progression of AMD because it acts directly on retinal
pigment epithelial cells by accumulating cellular waste (such as lipofuscin and macromolecule
oxidation products) and impairing autophagic processes (Zhang et al., 2020). These events
contribute to establishing chronic inflammatory states and vascular alterations related to AMD
pathology (Tan et al., 2020).

The effects of BPA can be attenuated by some plant extracts or bioactive molecules that
have antioxidant, genoprotective, and anti-inflammatory activities (Nie and Wang, 2022).

However, the mechanisms underlying the protective effects of these bioactive compounds
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against the adverse effects of BPA exposure require clarification. To determine whether
different dietary components with well-known antioxidant and genoprotective activities have
similar effects against the alterations caused by BPA, in vitro experiments were performed
using ARPE-19 cells, a commercially available retinal pigment epithelial cell line (Chiang et
al., 2022).

Studies performed by our research team revealed the in vitro and in vivo antioxidant and
immunomodulatory actions of a multi-supplement named GSC, which contains guarana (Gua)
(Paullinia cupana) extract, selenium (Se), and L-carnitine (LC) (Teixeira et al., 2021). Gua is
a natural plant native to the Amazon rainforest in Brazil and has been cultivated since the pre-
Columbian period. The seeds are the most crucial part of the Gua plant; they are used to make
Gua powder or extracts, which have gained popularity for their potential health benefits.
Epidemiological and experimental evidence showed that Gua has antioxidant, anti-fatigue, anti-
inflammatory, genoprotective, and other biological effects (Torres et al., 2022). Besides
caffeine, Gua also contains other beneficial compounds like theobromine and theophylline,
contributing to its stimulatory effects. Given its high caffeine concentration, Gua is widely used
worldwide as a raw material in the energy drink industry (Abalo, 2021).

The Se is a trace mineral that is considered an essential nutrient. Hence, it must be
supplemented through the diet as it is not produced by the body. The foods richest in Se are
nuts and seeds (especially Brazil nuts, Bertholetia excelsa), seafood, meat and poultry, grains,
dairy products, and some vegetables. In addition to natural dietary sources, Se supplements are
available as Se-enriched yeast or synthetic compounds like Se methionine and chelated Se
produced with sodium selenate, hydrolyzed rice, and soy protein. These supplements are
commonly used to address Se deficiencies or as a preventive measure in regions with low Se

levels in the soil and diet (Rayman, 2020; Pecoraro et al., 2022).
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LC is a water-soluble compound obtained mainly from red meat, poultry, fish, dairy
products, and some vegetables. LC supplements can be produced in association with other
molecules, such as LC tartrate, which is obtained from LC and tartaric acid. LC
supplementation has been associated with the attenution of neuroinflammatory states (Traina,
2016).

A previous study described that Gua exerted cytoprotective and genoprotective effects in
vitro in ARPE-19 cells exposed to paraquat, which increased cellular superoxide anion levels
(Bonadiman et al., 2017). Therefore, we investigated the potential mitigating effects of GSC on
ARPE-19 cells exposed to BPA. In addition, we examined the impact of each component (Gua,
LC, and Se) on ARPE-19 cells exposed to BPA to determine whether they exhibit similar,
synergistic, or antagonistic effects. A previous investigation showed that treating ARPE-19
cells with Se nanoparticles attenuated the cytotoxic effects caused by hypoxia (Ozkaya et al.,
2021). Another study found that selenomethionine (SeMet) induced antioxidant effects
mediated by the cystine/glutamate exchanger SLC7A11 in ARPE-19 cells (Ananth et al., 2020).
Additionally, one study reported that LC attenuated epithelial-mesenchymal transition (EMT),
which is an important underlying mechanism of proliferative vitreoretinopathy (PVR) in
ARPE-19 cells (Li et al., 2021).

These results indicate that GSC or its constituents could attenuate the cytotoxicity
induced by BPA in ARPE-19 cells. This hypothesis was tested by analyzing the protective
effects of GSC on cytotoxicity, apoptosis induction, cell-proliferation rate modulation, and

oxidative marker and DNA damage levels as assessed by a micronucleus assay.

Material and Methods

Experimental design and treatments
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An in vitro protocol was employed to identify the lowest concentration of BPA that can
trigger changes in the viability, proliferation, and expression of oxidative metabolism markers
in ARPE-19 cells. Subsequent experiments used BPA concentrations of 0.001, 0.01, 0.1, 1, 3,
and 10 pM, corresponding to 0.000228, 0.00228, 0.028, 0.228, 0.68, and 2.28 pg/mL,
respectively.

The beneficial effects of GSC and its components in BPA-exposed ARPE-19 cells were
determined. The second protocol evaluated the modulatory effects of GSC and its components
in the BPA-induced changes in the rate of apoptosis, cell cycle, genotoxicity, and apoptosis-
related gene expression.

The tested multi-supplement was developed by the research group, with the aim of being
used as an adjuvant to pharmacological treatment in multiple sclerosis. Its conception was based
on the premises suggested by studies that evaluated the effects of isolated food supplements in
Multiple Sclerosis (MARX et al., 2020) and by studies that have already created a mixture of
phytochemicals and nutraceuticals for use in other clinical conditions and obtained potential
benefits (BULKU et al., 2010; RAY et al., 2006). The choice of specific combinations of
guarana, selenium and L-carnitine was based on an extensive literature review and pilot tests.
The GSC multi-supplement was formulated by the researchers and prepared in the form of
capsules, in a compounding pharmacy. For the formulation, the maximum daily intake doses of
each GSC component, recommended by Brazilian Health Regulatory Agency (ANVISA), were
considered: 500 mg of guarana dry extract, 320 pg of selenium and 2000 mg of L-carnitine.
Based on these values and considering a 70 kg adult as a reference (mg GSC/kg), concentrations
equivalent to doses 1 to 50 times higher than the maximum recommended doses were
calculated. Please note that the multi-supplement is not commercially available.

GSC concentration that exhibited antioxidant and anti-inflammatory effects, as

previously described by Teixeira et al. (2021), was considered as a reference. A complementary
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study performed by Teixeira et al. (2023) in patients with multiple sclerosis supplemented with
GSC for 12 week showed that GSC did not induce any type of adverse effect indicative of
toxicity. Rodents treated with the components of GSC showed that Gua had low toxicity (oral
lethal dose to kill 50%, LDsp = 825 g/Kg) (Antonelli-Ushirobira et al., 2010). In contrast, sodium
selenite had an LDsp = 8.08-12.11 mg/Kg and LC (Jacevic et al., 2021). On the other hand, LC
is regarded as safe as studies in rodents have confirmed no acute toxicity.

Therefore, in this study, we tested a GSC formulation containing 1.07 mg/mL Gua, 0.178
pmg/mL Se, and 1.43 mg/mL LC. A pilot experiment evaluating the potential cytotoxicity of
GSC on ARPE-19 cells using half and twice the concentration of GSC used here showed no
cytotoxic effect. The cells' exposure time to BPA and its components varied according to the
protocols employed, with all in vitro assays conducted with at least three replicates.

Since commercially acquired cell lines were used, ethics approval was not required.

Chemicals, reagents, and solutions

Analytical grade chemicals and reagents, which were mainly obtained from Sigma-
Aldrich®, Inc. (St. Louis, MO, USA), were used in this study. Cell culture plasticware and
reagents were purchased from Gibco Life Technologies®, Inc. (Grand Island, New York, USA)
and Invitrogen Life Technologies® (Sdo Paulo, Brazil). A BPA stock solution (1000—10000x)
in dimethyl sulfoxide (DMSO) was prepared before 24 h of use to avoid chemical degradation
of the substance. The stock solution was stored at -4 °C until further use.

Working solutions were prepared by diluting the BPA stock solutions with the culture
medium. The final DMSO concentration was 0.1%, owing to the limited solubility of BPA.
GSC, Gua powder extract, Se, and LC tartrate were purchased from SM Pharmaceutical
Enterprises Ltd. (S&o Paulo, SP, Brazil) and prepared as described by Teixeira et al.

(2021;2022). The Gua supplement was manufactured as a powder dried by seed spraying with
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7.79% caffeine and 1.02% tannins. Commercial grade GSC and its components were
formulated by a manipulation pharmacy (Nova Derme, Santa Maria, RS, Brazil) with raw
material authorized by the National Health Surveillance Agency (ANVISA) of the Ministry of
Health of Brazil as safe for human consumption.

All GSC constituents did not contain heavy metals (lead, copper, antimony) or
microorganisms. At the research team's request, a manipulation pharmacy prepared the multi-
supplement and encapsulated it. The capsules were then sent to the laboratory, opened under
aseptic conditions, and dissolved in phosphate-buffered saline (PBS, pH 7.4) before the
experiments.

The multi-supplement preparations were diluted in the cell culture medium Dulbecco’s
Modified Eagle Medium/Hams Nutrient Mixture F-12 (DMEM/F-12). The qRT-PCR reagents
were obtained from Promega Corporation (Madison, Wisconsin, USA). The primers were
synthesized by Merck KGaAm (Darmstadt, Germany) and a cDNA synthesis kit was obtained
from Bio-Rad Laboratories (Hercules, CA-USA). The flow cytometry results were analyzed
using FlowJo vX.0.7 software (Tree Star, Inc., Ashland, OR USA). The samples were stored at
-80 °C and analyzed within 20 days of treatment and collection.

Protocols were performed with at least five replicates in 96-well plates and in independent
triplicates. As it is impossible to obtain a sample of cells to perform all laboratory analyses
simultaneously, the protocols of exposure to BPA, GSC, and its components were repeated in

different contexts.

Cell culture conditions
The immortalized cell line ARPE-19 (ATCC® CRL-2502) was acquired from the Rio de
Janeiro Cell Bank (BCRJ, https://bcrj.org.br/). This nonprofit, nongovernmental organization

acquired ARPE-19 cells from the American Type Culture Collection (ATCC, Manassas, VA,
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USA). ARPE-19 cells were cultured under standardized conditions at 37 °C in a humidified
atmosphere of 5% CO; in DMEM/F-12 supplemented with 15% fetal bovine serum (FBS),
antibiotics (1% penicillin/streptomycin), and 1% amphotericin B (antifungal). Finally, the cells

were cultured in bottles and subcultured for a maximum confluence of 80%.

Cell viability assays

Cellular viability was assessed after 24 h of incubation using spectrophotometric 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and adenosine triphosphate
(ATP) bioluminescence assays. The MTT assay is a widely used colorimetric assay that
measures cell viability and proliferation based on the conversion of the yellow, water-soluble
MTT dye into a purple formazan product by metabolically active cells. Mitochondrial
dehydrogenases in viable cells reduced MTT into formazan crystals, which are insoluble in
water and accumulate inside the cells. The quantification of cell viability using the MTT assay
was performed as described by Teixeira et al. (2021). The ATP bioluminescence assay
was performed using the firefly luciferin-luciferase system. The resulting luminescence
intensity indicates the number of cells with ruptured membranes or increased permeability,
which occurs in dead or dying cells. An ATP Assay Kit (Sigma-Aldrich®) was used to perform
the assay according to the manufacturer’s instructions. A cell density of 1x10° cells/mL was

used in the cell viability experiments.

Oxidative marker assays

The levels of the following four oxidative markers were spectrophotometrically analyzed:
nitric oxide (NO), superoxide anion (SA), lipoperoxidation (LPX), and protein carbonylation
(PCarb). A cell density of 1x10° cellssmL was used in the experiments. NO levels were

indirectly estimated by quantifying nitrate levels using the Griess reagent (Noh et al., 2015).
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SA was quantified by analyzing the formazan concentration triggered by the nitroblue
tetrazolium (NBT) reaction (Morabito et al., 2010). LPX was measured by quantifying its
products, mainly thiobarbituric acid reactive substances (TBARS), of which malondialdehyde
was the primary product (Jentzsch et al., 1996). PCarb was measured by determining the presence
of carbonyl groups according to their reaction with dinitrophenylhydrazine, indicating protein
oxidation and oxidative stress (Levine et al., 1994). All spectrophotometric analyses were

performed within 30 days of performing the experimental protocols.

Effects of BPA exposure on cell proliferation

The proliferation of ARPE-19 cells exposed to different BPA concentrations was
evaluated daily for 7 days using a clonogenic assay described previously (Cubillos-Rojas et al.,
2014) with some modifications. A total of 1x10° cells/well were seeded in triplicate in 6-well
plates. Each day, the cells were fixed and stained with crystal violet, and the monolayer filling
pattern and morphology of ARPE-19 cells were analyzed using ImageJ software. The effect of
BPA on ARPE-19 cell proliferation in 72h cultures was measured using the MTT assay, using

the same protocol described previously.

Flow cytometry analysis of apoptosis and the cell cycle

The effects of GSC and its components on the apoptosis rate and cell cycle progression
of ARPE-19 cells exposed to BPA were assessed using flow cytometry. The quantification of
apoptotic events in ARPE-19 cells was performed using BD Pharmingen™ FITC Annexin V
Apoptosis Detection Kit according to the manufacturer’s instructions. Briefly, 1x10° cells were
seeded per well in 6-well plates containing 2 mL of the different treatment solutions in
DMEM/F12 and incubated for 24h. The cells were then trypsinized and resuspended in 1x

binding buffer at a concentration of 1x10° cells/mL; 100 uL of the cell suspension was
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transferred to a new tube. The resuspended cells were gently vortexed, stained with 5 pL. of
Annexin-V-FITC and 5 pL of PI, and incubated at room temperature (+ 24 °C) in dark for 15
min. Fluorescence readings were captured after adding 400 uL of 1x binding buffer to the
samples.

To quantify the proportion of cells in each stage of the cell cycle, the cells were
centrifuged and washed with PBS, pH 7.4. The cells were then suspended in 500 pL of a
solution containing PI dissolved in PBS (50 pg/mL PI from 50 mg/mL stock solution), 2.5
mg/mL, 0.1 mg/mL RNase A, and 0.05% Triton X-100, and incubated for 40 min at 37 °C.
Afterward, the cells were washed with 3 mL of PBS, suspended in 500 pL PBS, and flow
cytometry analysis was performed. The cells were sorted based on their forward scatter/side
scatter (FSC/SSC) patterns captured using a BD FACSVerse™ system. Data acquisition and
cell content analyses were performed using FlowJo vX.0.7 software (Tree Star, Inc., Ashland,
OR, USA).

Micronucleus (MN) assay

DNA damage was quantified using a protocol described by the Organization for
Economic Co-operation and Development (OECD, No. 487, 2016) with slight modifications
(OECD, 2016). The main modification was performed to avoid monolayer breakage or cell
release before analysis. Cell rupture releases many nuclei from the cytoplasm, making analysis
difficult. A previous cell proliferation analysis revealed that the cells had a high proliferative
rate over 72 h, a mandatory condition for MN analysis. A lower initial cell concentration was
used to avoid overlap. Therefore, ARPE-19 cells were transferred to 24-well plates (1x102
cells/well) and treated with BPA for 72 h.

After 72 h, the spent culture medium was removed and the cells were washed with PBS.
DAPI (5 mg/mL diluted in deionized water) was then added to each well. A panoptic staining

kit was used according to the manufacturer’s instructions to evaluate nuclear and cellular
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morphologies. Microscopy analysis was performed at 200x magnification using a fluorescence
or light microscope, and alterations in 1000 cells per treatment were scored using the
established criteria for MN evaluation (Thomas et al.,2009). Digimizer Image Analysis

Software (Ostend-Belgium) was used to investigate the presence of MNs and other alterations.

Gene expression analysis using qRT-PCR

Additionally, we determined the expression levels of genes associated with apoptosis
triggered by BPA upon interaction with GSC and its components. Cells could undergo the
following two apoptotic mechanisms: the intrinsic and extrinsic pathways. Gene
expression analysis was performed as previously described by Barbisan et al. (2019). The initial
cell concentration used in this experiment was 1x10° cells/mL. For RNA extraction, TRIzol
reagent was used according to the manufacturer’s instructions. Prior to the analysis, the
extracted RNA was quantified using a Thermo Scientific NanoDrop™ 1000 spectrophotometer
at a wavelength of 532 nm. Reverse transcription was performed by adding RNA samples (1
pg/mL) to 0.2 uL of DNase (Invitrogen Life Technologies, Carlsbad, CA, USA) at 37 °C for 5
min, and then heating the sample at 65 °C for 10 min. cDNA was generated using 1 pL of
reverse transcriptase and 4 uLL of Master Mix. The following cycling conditions were employed:
25 °C for 5 min, 42 °C for 30 min, and 85 °C for 5 min, followed by incubation at 5 °C for 60
min. gRT-PCR was performed using a 20 pL reaction volume comprising 1 pL of cDNA and
19 uL of GoTaq qPCR Master Mix. The following cycling conditions were employed for gRT-
PCR: 95 °C for 3 min, 40 cycles of 95 °C for 5 s, and 60 °C for 30 s, followed by a melting
curve analysis at 0.1 °C/min from 40 to 90 °C. B-actin was used as the housekeeping gene.
Relative expression was calculated using the comparative Ct method and expressed as the fold

change relative to the control. The primer characteristics are listed in Table 1.
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Table 1. Gene primers

Gene Genbank Primers
Forward sequence (5'-3") Reverse sequence (5'-3")
B-Actin  Gene ID: TGTGGATCAGCAAGCAGGAGTA TGCGCAAGTTAGGTTTTGTCA
Bax GenGe0 ID:  CCCTTTTCTACTTTGCCAGCAA CCCGGAGGAAGTCCAATGT
Bcl-2 >
Gene ID:  GAGGATTGTGGCCTTCTTTGAGT AGTCATCCACAGGGCGATGT
Casp3 Geigll D: TTTGAGCCTGAGCAGAGACATG TACCAGTGCGTATGGAGAAATGG
Casp8 Ge:ifle: AAGGAGCTGCTCTTCCGAATT CCCTGCCTGGTGTCTGAAGT
841

Statistical analysis

The data were analyzed using GraphPad Prism software (version 6.0, 2015) and are
presented as a percentage of the control based on data obtained from at least three replicates.
Quantitative variables were compared using a one-way analysis of variance followed by
Tukey’s post hoc test or a two-way analysis of variance followed by Bonferroni’s post hoc test.
The chi-square test was used to compare the frequency of MN between treatments, and the data
are presented as the relative frequency of MN for every 1000 nuclei analyzed. This statistical
procedure followed the OECD report n°. 487 (2016). A p-value less than 0.05 was considered

to indicate statistical significance.

Results

Initially, the acute cytotoxic effect of BPA on 24-h ARPE-19 cell cultures was evaluated
after exposure to low BPA concentrations (0.001, 0.01, and 0.1 uM). In both assays, no
differences in cell viability were observed compared to the control. However, the results of the

two tests were inconsistent at the three highest concentrations of BPA tested (1, 3, and 10 pM).



98

The MTT assay (Fig. 1A) indicated a significant increase in cell viability for cultures
exposed to 1 and 3 uM of BPA compared to controls. Cells exposed to 10 uM of BPA showed
similar viability to unexposed cells. However, results from the ATP assay (Fig. 1B) indicated
similar viability in ARPE-19 cells exposed to BPA at concentrations up to 3 puM, with a
significant decrease in viability observed only after exposure to 10 uM of BPA. However, it is
important to highlight that the decrease in cell viability observed in these experiments was less
than 10%. Since both protocols assess cell viability by analyzing cellular metabolic activity, the
combined results indicated that BPA did not induce considerable cytotoxicity in ARPE-19 cells.

However, depending on the concentration, BPA differentially modulated the levels of
oxidative markers. In BPA-exposed cells, NO levels remained significantly higher than those
in control cells after 6, 24, and 72h of culture (Fig. 1C). Conversely, exposure to BPA at all
tested concentrations significantly decreased the SA levels (Fig. 1D). All concentrations of
BPA resulted in higher levels of LPX than those in the controls (Fig. 1E). At 24 hours, ARPE-

19 cells had higher PCarb levels than the controls (Fig. 1F).
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Figure 1. Impact of BPA on ARPE-19 cell viability as determined using the MTT (A) and ATP
(B) assays. (C—F) Modulation of oxidative markers in ARPE-19 cells exposed to BPA at
different concentrations. Oxidative marker levels were quantified using spectrophotometric
assays. A two-way analysis of variance followed by the Bonferroni post hoc test was performed.
Different letters represent statistically significant differences between treatments at p < 0.05.
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We then evaluated whether BPA induced changes in the proliferation of ARPE-19 cells.
Up to day 3, the proliferation rate was similar between the cells with and without BPA exposure
(Fig. 2A, 2B). After this period, all BPA concentrations decreased cell proliferation compared
to the control. The highest concentration of BPA (10 pM) affected the lowest growth rate based
on the confluence (%) of the 7d cultures divided by the confluence of the 24h cultures (Fig.
2C).

The potential genotoxic effect of BPA was evaluated through a qualitative and
quantitative analysis of MN. The main alterations in the DNA and morphology of ARPE-19
cells caused by exposure to different concentrations of BPA (Fig. 3) were MN, dark
condensations potentially due to fragments of genetic materials, rough nuclear edges, and large
and irregular nuclei potentially from non-disjunction during cell division. The amount of MN
per 1000 nuclei was four times greater in ARPE-19 cells exposed to 3 and 10 uM of BPA than
that in the controls and cells exposed to 1 uM of BPA (Fig. 2D).

Collectively, these results indicated that a BPA concentration of 3 uM could induce
oxidative and genotoxic alterations on ARPE-19 cells, although it did not show considerable
cytotoxicity and alterations in cell proliferation. Therefore, this concentration was used to
determine the extent of attenuation of the negative effects of BPA on ARPE-19 cells by GSC
and its components.

First, we postulated that oxidative alterations and increased MN frequency in the 72h
cultures decrease cell proliferation via apoptosis. We found that treatment with 3 uM BPA
significantly increased the proportion of apoptotic cells compared to that in the control (Fig.
4A-4C). Exposure to GSC significantly decreased the frequency of apoptosis compared to
control cultures (Fig. 4D—4F). Although the three components of GSC significantly decreased
the apoptosis frequency in combination with BPA (Fig. 4D—4E), cells exposed to Se only had

a higher apoptosis rate than control cells (Fig. 4J-4M).
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Figure 2. Effect of bisphenol A (BPA) on the proliferation and micronucleus (MN) frequencies
in ARPE-19 cells. (A) Microscopy images of the cell cultures (200x magnification) exposed to
different concentrations of BPA after 1, 3, and 7 days. Arrows indicate the deposition of
residues or dead cells in cultures. (B) Cell proliferation rate of the 72h cultures as determined
using the MTT assay. (C) Cell growth rate based on the clonogenic assay and cell doubling rate
after 7 d compared to that on the first day of culture. (D) Number of micronuclei (per 1,000
nuclei) was quantified in 72h ARPE-19 cell cultures stained with DAPI. Statistical comparisons
of the MTT and clonogenic assay data were performed using a one-way analysis of variance
followed by Tukey’s post hoc test. MN frequency was statistically evaluated using the chi-
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square test. Different letters represent statistically significant differences between treatments p
< 0.05.
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Figure 3. Representative microphotographs of ARPE-19 cells stained with Panopticon, in
which nuclear and genetic materials are denoted by a purple color (200x magnification). (A)
ARPE-19 cells with eccentric nuclei and poorly stained cytoplasm. (B, C) Binucleated cells
undergoing mitotic division. (D) Cells with micronuclei (MN) and dark condensations may be
fragments of genetic material (arrow). (E) Cells with visible MN (arrow). (F) Two cells with
nuclear bridges (arrow). (G) Nuclei stained with DAPI showing the nuclear button (arrow) and
MN (arrow). (H) Cells with MN and rough nuclear edges. (I) Cells with a large and irregular

nucleus potentially originating from non-disjunction associated with a binucleated cell in cell
division, which also presents nuclei with irregular edges.
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Figure 4. Effect of 3 uM bisphenol A (BPA), GSC, or its individual components (Gua =
guarana, Se = selenium, LC = L-carnitine) on the apoptosis rate of ARPE-19 cells cultured for
72h. Cells were stained using an Annexin-V/Propidium lodide kit and apoptosis was evaluated
by flow cytometry. Annexin-V was used to label dead and apoptotic cells. Two representations
of flow cytometry and a comparative graph are presented for each treatment: (A—C) controls
and BPA, (D—F) GSC and GSC+BPA, (G-I) Gua and Gua+BPA, (J-M) Se and Se+BPA, and
(N-P) LC and LC+BPA. As the statistical analysis was bivariate (two-way analysis of variance
followed by Tukey’s post hoc test), the data for each type of treatment are presented separately
to facilitate the interpretation of the interaction effect between BPA and GSC or its individual
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components. Different letters represent statistically significant differences between treatments
atp < 0.05.

Next, we investigated whether the decrease in the proliferation rate of ARPE-19 cells
after exposure to 3 UM BPA involved changes in the cell cycle (Fig. 5). All treatments
significantly decreased the frequency (%) of S+G2 cells compared to that in the control.
However, cells exposed to GSC and GSC+BPA showed a higher frequency than the other
treatments, followed by cells exposed to SE+BPA, LC, and LC+BPA. The cells exposed to

BPA, Gua, Gua+BPA, and Se showed the lowest frequency of cells in the S+G2 phase.

30
'EQ a
s 1 ¢
Ezo c [ d
o~ E i $ e
Q e
) b 5 b b £ ¥
%10 [ & v
>
Q
©
Q
0 | | 1 | | I I 1 I | | I 1
S oV L ov P v cf o D %
oo& & & cﬁ’q & xQ’Q 78 Vc;"q;2
0“9 (f’@ ® Y,

Figure 5. Effect of treatment with the GSC multi-supplement and its individual components
(Gua = guarana, Se = selenium, LC = L-carnitine) with or without bisphenol A (BPA) on the
frequency (%) of ARPE-19 cells in the S+G2 phase of the cell cycle at 72h. Statistical
comparison was performed using two-way ANOVA followed by a post hoc Bonferroni test.
Different letters represent statistically significant differences between treatments at p < 0.05.
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The effects of GSC and its individual components on the modulation of oxidative
markers and MN frequency, with or without BPA exposure, were analyzed. The data are
summarized in Table 2. NO levels were significantly increased in cells exposed to Se+Gua and
Se than in the control and other treatments. Exposure to Gua+BPA also significantly increased
NO levels compared to those in the control. All other treatments had decreased NO levels

compared to the control.

Table 2. Interaction effect of BPA, the GSC multi-supplement, or its individual components on

the oxidative stress markers and micronucleus (MN) frequency of ARPE-19 cells at 72 h.

Oxidative markers (% of control) and MN (%)

Media £ SD

NO SA LPX PCarb MN
Control 100.0 £ 22 100.0+£1.92 100.0£3.12 100.0 £3.92 1.7+0.52
BPA 111.2 + 3.5° 108.2 + 1.6" 118.4 + 3.6° 103.6 £1.52 5.2+0.9°
GSC 96.1+29° 91.4+27° 96.4 £ 2.92 94.9+3.9° 21+0.3
GSC+BPA 97.5+1.22 85.5+3.3" 99.7+1.52 91.3+1.2° 2.4 +0.6%
Gua 91+4.1° 98.2 +7.52 91.2+4.1° 105.6 £ 3.42 1.2+0.32
Gua+BPA 145.2 +4.7¢ 89.9+ 25 145.2 + 3.6¢ 90.9+1.0° 24+0.28
Se 303.2+3.7¢ 138.2 £ 2.5¢ 323.6 +5.3¢ 116.7 £ 3.27°¢ 5.1+0.5°
Se+BPA 304 + 4.5¢ 134.5 £ 3.6° 297.1+ 4.6 93.5+2.672 8.5+0.9¢
LC 94.3 £ 3.6° 88.2+2.8° 94.9+2.0° 92.7£2.02 22+0.78
LC+BPA 94.7 £8.1° 95.9+3.6° 92.2+8.1° 92.7+1.8° 1.4+0.42

BPA = Bisphenol A, Gua = guarana (1.07 mg/mL), Se = selenium (0.178 pg/mL), LC = L-
carnitine (1.43 mg/mL), NO = nitric oxide, SA = superoxide anion, LPX = lipoperoxidation,
PCar = protein carbonylation. MN = micronucleus frequency determined based on at least 10



106

replicates. A total of 1000 scores were analyzed for each treatment. Each marker was compared
between treatments using a two-way analysis of variance (ANOVA) followed by a post hoc
Bonferroni test. Significant differences at p < 0.05 are indicated by different letters for each of
the investigated markers.

Exposure to Se and Se+BPA significantly increased SA levels than the control and other
treatments, similar to cells exposed to BPA only. All other treatments had decreased AS levels
compared to the untreated controls. Considering LPX levels, some treatments showed an
oxidative effect since they increased the levels of these molecules (Se, Se+Gua > Gua+BPA >
BPA). However, exposure to GSC and its individual components showed an antioxidant effect
by decreasing LPX levels. PCarb levels in cells exposed to BPA, Gua, Se+BPA, LC, and
LC+BPA were similar to the control. While exposure to Se increased PCarb levels (indicating
an oxidative effect), exposure to GSC, GSC+BPA, and Gua+BPA presented an antioxidant
effect through a decrease in the levels of this marker. A genotoxic effect via increased MN
frequency was observed in cultures exposed to Se+BPA, Se, and BPA. The other treatments
showed an MN frequency similar to the control.

The effects of the GSC multi-supplement and its individual components on the expression
of four genes related to apoptosis were evaluated (Fig. 6A). To facilitate the interpretation of
the results, the following three possibilities were considered: gene expression similar to the
control (1 £ 0.2), upregulation (> 1.2), and downregulation (< 0.8). As apoptosis can be induced
by two pathways (intrinsic regulation by the mitochondria and extrinsic regulation by death

receptors), we also analyzed the Bcl-2/BAX expression ratio (Fig. 6B).
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Figure 6. Differential expression of apoptotic genes (Bcl-2, BAX, Casp3, and Casp8) in ARPE-
19 cells exposed to BPA, the GSC multi-supplement, and its individual components (Gua =
guarana, Se = selenium, LC = L-carnitine). (A) Comparison of gene expression levels of Bcl-
2, BAX, Casp3, and Casp8. Values over 1.2 indicate upregulation and those below 0.8 indicate
downregulation relative to the control. The solid line represents the value of 1 in control cells,
whereas the dotted lines above and below represent the upper and lower limits of gene
expression variation. Treatments with values between the two dotted lines were considered to
have similar gene expression to the control. (B) Bcl-2/BAX ratio gene expression among
ARPE-19 cells exposed to BPA (3 uM) with or without GSC supplementation or its individual
components (LC, Gua, and Se). Differences in gene expression were analyzed using two-way
ANOVA followed by a Bonferroni post hoc test. Different letters indicate significant
differences. Gene expression values were normalized to that of B-actin. Values are expressed
in relation to the control, which had a reference value of 1.
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A decreased Bcl-2/BAX expression ratio, indicated higher BAX gene expression,
suggesting the induction of apoptosis via the intrinsic pathway. Overall, BPA did not alter the
Bcl-2/BAX ratio but induced the overexpression of the Casp3 and Casp8 genes, suggesting that
apoptosis was induced mainly via the extrinsic pathway. GSC treatment increased the Bcl-
2/BAX ratio, exhibiting gene expression-like control of Casp3 and Casp8 genes, indicating no
modulation of the apoptotic pathways. However, GSC did not modify the effect of BPA on
ARPE-19 cells as the Casp3 and Casp8 genes were significantly overexpressed.

Regarding the effects of the individual GSC components, Gua increased the Bcl-2/BAX
ratio and slightly increased Casp8 gene expression. In contrast, Gua reversed the BPA-induced
overexpression of Casp3 and Casp8. This observation was corroborated by an increased Bcl-
2/BAX ratio in the cells exposed to Gua+BPA. Cells exposed only to LC overexpressed Casp8,
whereas cells concomitantly exposed to LC+BPA overexpressed Casp3. Exposure to Se with
or without BPA induced the overexpression of Casp3, although an increased Bcl-2/BAX ratio

was also observed.

Discussion

Adult cross-sectional epidemiological and pre-clinical in vitro and in vivo studies
suggest that BPA, an endocrine-disrupting pollutant, induces oxidative stress and that persistent
exposure may cause serious health problems (Santoro et al., 2019). A prior study conducted by
Chiang et al. (2022) suggested that, in addition to its negative effects on reproductive cells and
tissues, BPA can impact other tissues, including the human retinal pigment epithelium using
ARPE-19 cells as in vitro experimental model. Their results showed that BPA exposure induced
ROS generation and cytotoxicity on ARPE-19 cells, which was reduced when the antioxidant

molecule - N-acetyl-L-cysteine - was added to the culture medium.
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Indeed, considering the importance of ocular function for autonomy and quality of life,
especially in elderly population, assessment of whether dietary components, with antioxidant
properties, could attenuate the negative effects induced by BPA on ARPE cells is highly
relevant. Based on previous evidence from in vitro, in vivo, and human studies that GSC
presents antioxidant and anti-inflammatory effects (Teixeira et al., 2021; 2022), we postulated
that it could also attenuate the negative effects of BPA on ARPE-19 cells. To test this
hypothesis, we exposed ARPE-19 cells to BPA with or without the addition of GSC or its
individual components. BPA exposure triggered alterations in some oxidative markers, but
these effects were mitigated by the exposure to GSC (particularly Gua and LC). However,
exposure to Se or Se+BPA exacerbated the oxidative stress induced by BPA. These findings
suggest that the relationships between BPA and the antioxidant components of GSC, Gua, Se,
and LC are not universally applicable to ARPE-19 cells.

Initially, it is essential to emphasize the need for selecting a representative concentration
of BPA to induce oxidative stress and genotoxicity in ARPE-19 cells. This is because in vitro
protocols may elicit variations in cytotoxic response depending on the culture conditions, even
when laboratories follow the guidelines outlined in the Guidance Document on Good In Vitro
Method Practices (GIVIMP) published by the OECD (2016) (Eskes et al., 2017). Furthermore,
there are no previous studies involving genotoxicity analysis through the MN assay in ARPE-
19 cells.

The MN assay is a widely used genotoxicity test in toxicology and regulatory sciences to
evaluate the potential of chemical substances to induce DNA damage and chromosomal
abnormalities. This assay is based on detecting micronuclei, small fragments of chromosomes
that are not incorporated into the nucleus during cell division. MN can arise from a variety of
DNA-damaging events, such as chromosomal breakage, mitotic spindle disruption, or

aneuploidy. Due to its relevance in detecting genotoxic states, the OECD has developed
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guidelines and recommendations for this assay, providing standardized procedures and best
practices for its implementation. The OECD Test Guideline 487 (TG 487) specifically
addresses in vitro MN tests. The relevance of the MN assay lies in its ability to assess the
potential genotoxicity of various substances, including chemicals used in pharmaceuticals,
cosmetics, pesticides, and industrial products. This assay is crucial in the safety assessment of
these substances to protect human health and the environment. By evaluating the occurrence of
MN in cells exposed to a test substance, researchers can identify compounds that may cause
genetic damage and chromosomal aberrations, which could lead to adverse health effects,
including cancer and birth defects. Therefore, the OECD guidelines ensure that the MN assay
IS conducted using standardized protocols, enhancing the reliability, reproducibility, and
comparability of results across different laboratories and studies (OECD, 2016).

For this reason, we paid special attention in selecting the concentration of BPA to evaluate
the antioxidant effects of GSC and its individual components. Our goal was to ensure that the
concentration was not too low to prevent oxidative changes or too high to cause acute
cytotoxicity, leading to the death of ARPE-19 cells within 24h. By carefully choosing an
appropriate concentration range, we balanced the induction of oxidative stress and maintenance
of cell viability for an adequate experimental duration. This approach allowed us to effectively
assess the potential protective effects of GSC and its individual components against the
oxidative impact of BPA on ARPE-19 cells.

The results from two viability assays did not demonstrate acute cytotoxicity (24h cultures)
in ARPE-19 cells exposed to BPA in the 0.001 to 3 uM concentration range. However, the
findings from cells exposed to 10 uM of BPA were contradictory. Although the MTT assay
showed no significant decrease in ARPE-19 cell viability, the ATP assay revealed a significant

reduction in viability compared to the controls.
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Although the MTT assay is widely used for cytotoxicity testing in in vitro models, it has
some limitations due to potential interference from certain molecules, such as polyphenols
(Bruggisser et al., 2022). In our study, in addition to the maximum concentration of BPA (10
pHM) that did not reduce cell viability, concentrations of 1 and 3 pM showed a significant
increase in viable cells compared to that in the control, albeit small (<10%). These results
differed from those published by Chiang et al. (2022), who observed a cytotoxic effect when
ARPE-19 cells were exposed to 10 uM BPA. As this was the lowest concentration tested by
the authors, and we found this inconsistency regarding BPA cytotoxicity, we cannot confirm
whether BPA might have affected the MTT assay results. As a result, we excluded this
concentration from the protocols used to test the antioxidant and genoprotective effects of GSC
and its components. This ensured that any observed effects were not compromised by
confounding factors related to the MTT assay, maintaining the integrity and reliability of our
experimental approach.

This decision was reinforced by analyzing the effect of the three highest concentrations
of BPA (1, 3, and 10 uM) on the levels of four oxidative markers. We observed an increase in
NO and LPX levels compared to those in the controls in the 24, 48, and 72h cultures. PCarb
levels were also higher in 48-h cultures treated with BPA only, suggesting a transient oxidative
effect on cellular proteins. This was possibly regulated by the endogenous antioxidant
components of ARPE-19 cells.

One intriguing result that requires further discussion is the decrease in SA levels in cells
exposed to BPA compared to the control. In the study by Chiang et al. (2022), they observed a
reduction in the concentrations of the enzymes - superoxide dismutase (SOD) and catalase - in
ARPE-19 cells exposed to BPA. They also noted an increase in lipid peroxidation (MDA) levels
in the cells; however, they did not quantify the levels of NO. The SA has a high affinity for NO,

and the reaction of these two molecules generates a reactive nitrogen species (peroxynitrite)
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that leads to extensive lipid peroxidation of membranes. Since the levels of superoxide were
significantly reduced in ARPE-19 cells exposed to BPA, it is possible that BPA induces a
substantial increase in the concentration of NO, with a large portion of it reacting with the SA,
consequently elevating lipid peroxidation levels. This condition could potentially explain why
Chiang et al (2022) observed a decrease in the expression of SOD. The interplay between the
SA and NO may be a crucial factor contributing to the observed alterations in oxidative stress
markers and antioxidant enzyme levels in response to BPA exposure. Further investigation into
the relationship between these reactive species is warranted to fully comprehend the
mechanisms underlying BPA-induced oxidative stress in ARPE-19 cells.

This assumption is supported by previous studies. One study described an increase in the
expression of inducible nitric oxide synthase (iNOS) and NO levels in the testicles of mice
exposed to BPA (Chouhan et al., 2015). The authors suggested that the modulatory effect of
BPA on NO metabolism could contribute to a decline in male steroidogenesis. Other
investigations also described an increase in INOS and/or NO levels in chicken embryo kidney
(CEK) cells (Chen et al., 2022) and in the human hepatoma Hep3B cell line (Nakamura et al.,
2018). A study by Wang et al. (2019) described that BPA induced neurotoxicity in
glutamatergic neurons derived from human embryonic stem cells due to increased iNOS and
nNOS enzymatic activity. Another in vitro investigation revealed that BPA induced cytotoxic
NO and caspase-8 levels in SHSY-5Y neuron-like cells (Ayazgok and Tiiylii Kiiglikkiling,
2018). The results of these studies confirm the possibility of BPA inducing elevated NO levels,
leading to potential interactions with SA and subsequent alterations in the levels of oxidative
stress markers and enzymes.

Although the rate of cell proliferation was not impacted by exposure to BPA, the DNA
quality of cells decreased, as shown in the results of the MN assay. We were unable to identify

previous studies involving MN analysis in ARPE-19 cells, indicating that this approach in this
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type of in vitro model is novel and can serve as a reference for future studies that evaluate the
genotoxicity of substances against retinal epithelial cells. Our results showed that the MN
frequency in cells exposed to BPA at a concentration of 3 pM was approximately four times
greater than that of cells exposed to a concentration of 1 uM. Along with the results of the other
analyses on cell viability and oxidative marker levels, the best concentration of BPA to test the
cytoprotective effect of GSC and its components is 3 uM.

Our results confirmed that BPA can increase the rate of apoptosis and decrease cell
proliferation in 72h cultures of ARPE-19 cells. However, apoptosis rates were reversed in
ARPE-19 cells exposed to GSC and its individual components, indicating a cytoprotective
effect; in contrast, Se-exposed cells showed a higher apoptosis rate than the controls. Se is an
essential trace mineral that plays a crucial role in various biological processes. However, Se
supplementation has both risks and benefits, depending on the intake levels. While Se is
beneficial in small amounts, excessive intake can lead to toxicity (selenosis). In humans, the
recommended daily intake of Se varies depending on age, sex, and life stage. For most adults,
the recommended daily intake is approximately 55-70 pg/day.

Se is usually attainable through a balanced diet that includes Se-rich foods, such as fish,
shellfish, nuts, seeds, and whole grains (Gore et al., 2010). Although we tested a Se
concentration lower than the recommended dose (40 uM) in this study, it is possible that this
concentration is toxic to ARPE-19 cells, considering that there is no clearance mechanism in
cell cultures and exposure to Se at this concentration was continuous.

Another possible explanation for these results lies in the chemical formulation of Se used
in this study. Supplements are found in different formulations to facilitate their absorption by
the body. Some of the more common types of Se formulations used in supplements include
selenomethionines, selenide and selenate, selenium yeast, and other special formulations. In

Brazil, the most common commercial form of Se is 0.5% chelated selenium bis-glycinate,
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which was used in the present study. ARPE-19 cells are probably more sensitive to this
chemical compound of Se than selenomethionine, which is also widely used. Complementary
studies in ARPE-19 cells comparing different Se formulations in different concentrations could
be conducted to clarify this.

Similar results on the pro-apoptotic effect of BPA have already been described in the
literature, including that in immortalized mouse myoblast C2C12 cells by Liu et al. (2021).
They described that the pro-apoptotic effect of BPA was attenuated by supplementation with
coenzyme Q10 (CoQ10), a powerful antioxidant, which can improve the integrity of the
lysosomal membrane, lysosomal degradation function, and promote autophagy. Despite the
anti-apoptotic effect of GSC and its individual components observed in this study, MN assay
confirmed the anti-apoptotic effect of GSC and its individual components and how the oxidative
state and frequency of DNA damage are affected by GSC in this context. In fact, the genotoxic
effect of BPA might be organ and cell type-dependent, similar to that for human blood cells
(Ruberto et al., 2022; Santovito et al., 2018) and some cell lines, such as human hepatoma
(HepG2) cells (Kober et al., 2016; Yu and Liu, 2023), where the frequency of MN and other
types of genomic damage increased in the presence of BPA.

Analyzing the effect of each individual component of GSC revealed some surprising
results. First, GSC did not show additive or synergistic effects with those of its individual
components. Second, a cyto-genotoxic effect was triggered by exposure to Se, which was not
observed with the GSC multi-supplement. However, before further highlighting the action of
Se on ARPE-19 cells, the beneficial effects of Gua and LC must first be elucidated. Gua powder
is consumed by pre-Columbian people living in the Amazon and is currently widely used as a
raw material to produce energy drinks given its high caffeine content. The functional properties
of Gua are well established (Algarve et al., 2019; Cadoné et al., 2017; De Araujo et al., 2021;

Felin et al., 2022; Hack et al., 2023; Kober et al., 2016).
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In one of our previous studies, Gua decreased apoptosis and necrosis and differentially
modulated the mRNA and protein expression levels of caspases 1, 3, and 8 in ARPE-19 cells
(Bonadiman et al., 2017). Thus, the cytoprotective effects of Gua against BPA are biologically
plausible.

LC is an endogenous molecule involved in fatty acid metabolism and is biosynthesized
within the human body using the amino acids L-lysine and L-methionine as substrates. LC can
also be obtained from many foods, with red meat being the best choice followed by fish, poultry,
and milk (Knottnerus et al., 2019). The therapeutic potential of LC has been examined in terms
of its neuroprotective effects in some disease conditions (Ribas et al., 2014). Some data suggest
that LC can be used as a food supplement to treat age-related macular degeneration associated
with mitochondrial dysfunction (Moss et al., 2022). A study performed by Li et al. in ARPE-
19 cells (Li et al., 2021) suggested that LC could attenuate EMT, an important underlying
mechanism of proliferative vitreoretinopathy induced by TGF-B1 by inhibiting the Erk1/2 and
JNK pathways and upregulating PPARY expression. Therefore, our results corroborate prior
findings regarding the functional role of LC in Retinal Pigment Epithelium.

In this study, Se was found to have an unexpected effect on ARPE-19 cells. Although Se
is a metabolically relevant element and its deficiency is potentially harmful, the relationship
between Se and human health is complex. Se has hormetic effects in humans. Moreover, the
toxicological effects of Se can be related to its form (speciation). Previous studies on Se
nanocapsules (Ozkaya et al., 2021) and Selenomethionine (Ananth et al., 2020) revealed the
antioxidant effects of Se on oxidative stress markers triggered by BPA exposure. However, in
the present study, ARPE-19 cells were supplemented with an inorganic form of Se (Se bis-
glycinate, 0.5%). Thus, the chemical form of Se and its corresponding concentration can

influence its effects on ARPE-19 cells.
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Conclusion

Despite the methodological limitations inherent to in vitro studies, our results suggest that
the multi-supplement GSC can attenuate the changes in the oxidative and genotoxic markers
related to the exposure of ARPE-19 cells to BPA. However, our results revealed that the
antioxidant, anti-apoptotic, and genoprotective properties of GSC were not universally shared
by its individual components; only Gua and LC proved to be beneficial. Se did not exhibit any
positive impact probably because the range of Se concentration that is beneficial to organisms

iS narrow.
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5 DISCUSSAO

Os resultados aqui obtidos suportam a hipotese de que a exposicdo ao BPA
desencadeia um desbalanco oxidativo o que contribui para a ocorréncia de alteracdes
na imunocompeténcia, especialmente envolvendo o sistema imune inato, inflamacao
cronica de baixo grau, e estados de genotoxicidade.

Neste caso, 0 desbalanco oxidativo provocado pelo BPA n&o necessariamente
induz estados classicos de estresse oxidativo. Isto porque, o estresse oxidativo é
considerado uma situacdo em que ocorre excesso de EROs causando um
desequilibrio entre a geracdo de compostos oxidantes e a atuacao dos sistemas de
defesa antioxidante (BARBISAN et al., 2017). Dada a relevancia dos resultados, eles
serdo posteriormente discutidos com maior profundidade.

O BPA é um dos compostos sintéticos mais utilizados no mundo, resistente a
degradacédo e, € capaz de bioacumular no meio ambiente (MA et al., 2019). Assim,
outra questao relevante a ser considerada € que os resultados in vivo aqui descritos
foram obtidos via exposi¢cao aguda. De fato, optamos por realizar um estudo de efeito
agudo com base em uma investigacao prévia (OLIVERA et al., 2021) que relatou a
diminuicdo da sobrevida das E. fetida em 48 horas de exposicdo ao BPA. E possivel
que este efeito toxico do BPA na espécie envolva a diminuigdo na imunocompeténcia
deste animal, j& que a espécie esta adaptada a um meio com grandes quantidades de
patdgenos e outros componentes potencialmente téxicos (HOMA, 2018). A exposicao
aguda ao BPA teve um impacto significativo no sistema imunolégico das minhocas,
principalmente em concentragcbes mais baixas. Assim, é possivel que este efeito
também ocorra em humanos, ndo sendo necessaria a exposi¢ao cronica para o efeito
negativo nas células e tecidos.

A importancia destes dados para 0 ser humano esta subsidiada em evidéncias
publicadas, que sugerem que muitos componentes do sistema imunoldgico inato
foram conservados durante a evolugdo dos metazoarios. Por esse motivo, algumas
espécies, como a mosca-das-frutas Drosophila melanogaster (TROHA; BUCHON,
2019) e o nematoide Caenorhabditis elegans, tém sido usadas como modelos
experimentais imunolégicos (KIM; EWBANK, 2018). Estudos realizados na ultima
década sugeriram gue o uso da minhoca californiana vermelha (espécies E.fetida e
E.andrei) também seria relevante para o entendimento da imunidade inata de

invertebrados e vertebrados, incluindo o ser humano (HOMA, 2018).
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Apesar de o BPA agir sobre o metabolismo oxidativo e imune das minhocas,
em geral, os resultados mostraram que o BPA afetou os marcadores analisados, mas
esse efeito ndo seguiu um padrdo concentracdo-resposta e foi limitado as
concentragbes mais baixas (0,1-1 pM). Os efeitos mais relevantes das baixas
concentracfes de BPA também foram descritos anteriormente em outros estudos,
sugerindo que ha uma interacéo, seguida da inibicdo das varias vias de sinalizacéo
(JALAL et al., 2018).

Outro aspecto a ser destacado diz respeito as regulamentacdes relativas a
exposicao ao BPA. Neste estudo, as quatro concentracdes testadas foram inferiores
a dose maxima recomendada pela ANVISA (2021): 0,1, 0,3, 1,0 e 3,0 uM, que é
aproximadamente igual a 0,02, 0,06, 0,3 e 0,6 mg/kg de alimento/dia,
respectivamente. Apenas a concentracdo de 10 uM estava acima do limite maximo
recomendado. Apesar das concentracdes testadas estarem abaixo dos limites de
exposicao recomendados, o efeito do BPA sobre as minhocas € preocupante. Isso
ocorre porque estes invertebrados sdo altamente relevantes na manutencdo da
qualidade do solo, e o efeito da exposicdo a agente de trocas hormonais pode ter
conseqguéncias imprevisiveis (HOMA, 20018).

O BPA é considerado um importante fator de risco para doencas enddcrinas,
imunes e DCNTSs, incluindo condi¢cBes neurolbgicas, cardiovasculares, reprodutivas e
oncolégicas (CIMMINO et al.,, 2020). Uma grande proporcao dessas doencas
associadas a exposicdo ao BPA esta relacionada ao estabelecimento de estados
inflamatorios cronicos de baixo grau, que acabam por representar um
comprometimento da imunocompeténcia na resolucdo das respostas inflamatorias
(FURMAN et al., 2019). Os dados aqui descritos corroboram essa suposi¢ao.

Semelhante aos leucécitos, os celomdcitos sédo células heterogéneas que séo
classificadas genericamente em dois grupos: amebdcitos e eledcitos, também
conhecidos como cloragdcitos (BILEJ et al., 2000). Estudos anteriores mostraram que
as respostas imunes de amebdcitos envolvem fagocitose, producéo de EROs e efeitos
citotoxicos contra microrganismos. Portanto, as moléculas de EROs sdo componentes
relevantes da defesa da minhoca contra patégenos (BILEJ et al., 2000; HOMA et al.,
2013).

Com foi anteriormente comentado, neste estudo o principal desbalanco
oxidativo observado foi entre o Oz e ON que sdo moléculas chaves na resposta

inflamatoéria. No desbalanco gerado pelo BPA observou-se um grande impacto
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genotoxico desta molécula, o que implica no potencial aumento das taxas de apoptose
e na imunocompeténcia.

Em particular, o O2" desempenha um papel estratégico nas células fagocitérias,
que usam essas EROs para matar e digerir microrganismos. Deste modo, em células
fagociticas, como os celomacitos, a elevacao dos niveis de Oz pode ser originada por
processos espontaneos ou pela mediacdo da enzima nicotinamida adenina
dinucleotideo fosfato oxidase (NADPH), que € estrategicamente imunocompetente
(VARELA-CHINCHILLA et al., 2021).

O ON também tem um papel relevante na resposta inflamatéria, principalmente
relacionada as células fagocitarias, e demonstrou suprimir a atividade fagocitaria dos
neutrofilos. Nesse contexto, as evidéncias sugerem que o0 Oz" e 0 ON interagem com
0s mecanismos de sintonia fina que regulam a vida e a morte de neutrofilos (GALKINA
et al., 2019).

Assim, postulamos que o BPA poderia aumentar os niveis de Oz em
celomacitos, induzindo reagbes espontdaneas com moléculas de ON, que geram
espécies reativas de nitrogénio (ERNSs), especialmente peroxinitrito (ONOO-). O
peroxinitrito, por sua vez, forma diéxido de nitrogénio (NO2) e OH-, que possuem alta
afinidade pelo DNA, causando extensos danos a essa molécula (GALKINA et al.,
2019). Esta pode ser a principal via que explica o impacto do BPA no aumento do
dano ao DNA, avaliado através da analise de MN.

O aumento da genotoxicidade também esté intimamente relacionado a inducéo
de eventos apoptéticos, conforme observado nos resultados aqui descritos. No
entanto, como os niveis de EROs precisam ser regulados para evitar efeitos
indesejaveis, esta bem estabelecido que os celomécitos tém estratégias de defesa
antioxidante, incluindo enzimas, como SOD, glutationa peroxidase (GPX) e CAT
(HOMA et al., 2016). Por esse motivo, € possivel que apds 24 horas as taxas de
oxidacao de lipidios e proteinas tenham diminuido, enquanto a taxa de dano ao DNA
foi avaliada por meio de analise de MN e niveis de apoptose.

A genotoxicidade desencadeada pela exposicdo ao BPA foi descrita
anteriormente em roedores, causando um aumento na frequéncia de MN em
eritrocitos policrométicos (EPCs), aberracdes cromossémicas estruturais em células
da medula 6ssea e danos ao DNA em linfécitos (TIWARI et al., 2012). Como os testes
de MN fornecem informacdes importantes sobre a capacidade de um produto quimico

de interferir na estrutura e fungdo cromossomica, este ensaio confirma que o BPA tem
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efeitos genotdxicos em varias espécies, incluindo minhocas. Também € importante
notar que os testes de MN devem ser realizados em células em divisdo ativa. Em
nosso estudo, verificamos que o BPA induziu um aumento na taxa de proliferacao
celular, possibilitando a realizagéo do teste. No entanto, realizar essas anélises foi um
desafio porque os celomdcitos coletados presentes no fluido celémico tendiam a
migrar, agrupar e formar grandes massas citoplasmaticas polinucleadas. Apesar
disso, foi possivel observar a formacdo de MN em diferentes tipos de celomdcitos.

A inducgéo da proliferacdo celular, aumentando a concentracdo de amebdcitos,
confirmou a acédo do BPA no sistema imune de E. fetida. As funces dos celomdcitos
estdo associadas a expressdo de genes, como eaTLR (SKANTA et al., 2013), bem
como proteinas AMP-like, também conhecidas como lumbricina 1 (WIESNER E
VILCINSKAS, 2010).

Porém, a exposi¢cdo ao BPA induziu uma resposta antag6nica nos dois genes
estudados, pois o gene AMP-1 foi ativado e eaTLR ndo modificou sua expressao.
Esse resultado é bastante interessante, considerando que esses genes sao altamente
sensiveis a fatores ambientais bidticos e abibticos que representam um perigo para a
homeostase das minhocas. Geralmente, esses genes S80 Superexpressos ha
presenca de patégenos (SKANTA et al., 2013; WANG et al., 2018; MINCARELLI et
al., 2019). Peptideos antimicrobianos, como o AMP-1, sdo importantes contribuintes
para a defesa ndo especifica do hospedeiro em vertebrados e invertebrados, e sédo
estruturalmente conservados durante a filogénese (KUMAR; KIZHAKKEDATHU;
STRAUS, 2018). Portanto, ndo foi surpreendente que o BPA induzisse um aumento
na expressao de AMP-1.

As células imunes expressam receptores de reconhecimento de padrbes
(PRRs), que séo capazes de detectar o perigo ao reconhecer padrbes moleculares
associados a patogenos especificos (PAMPSs) (VIJAY, 2018). De tal modo que, a nédo
responsividade do gene eaTLR ao BPA é um resultado inesperado, considerando que
a exposicdo a esse poluente induz danos no DNA, apoptose e aumenta a
concentracdo de amebdcitos de minhocas. Esse tipo de acdo foi observado
anteriormente quando as minhocas foram expostas a outros agentes toxicos, como
rotenona (JUNG et al., 2021) e nanoparticulas de diéxido de titdnio (NAVARRO
PACHECO et al., 2021).

Esse efeito antagonico entre a expressao dos genes AMP-1 e eaTLR pode

estar relacionado a diminuicdo da imunocompeténcia das minhocas causada pelo
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BPA em resposta a exposicao a leveduras. Dessa forma, moléculas que diminuem ou
nao induzem o aumento de expressdo de genes eaTLR, como o BPA, podem
prejudicar o sistema imunoldgico da minhoca, com consequéncias imprevisiveis para
sua sobrevivéncia.

Mesmo assim, devemos ter cuidado ao transferir esses resultados para
humanos. Isso ocorre porque nossa espécie possui mecanismos hepaticos altamente
eficientes para a depuracdo do BPA (COLLET et al., 2015), mas, h& evidéncias de
que o BPA esta associado a um risco aumentado de certos tipos de cancer (CIMMINO
et al., 2020). Essa associacdo pode estar ligada a inducéao de danos no DNA pelo BPA
ao tipo de “cegueira do sistema imunoldgico”, o qual desencadeia menos eficiéncia no
reconhecimento e morte de células cancerigenas.

Os resultados aqui descritos suportam a hipétese de que o BPA induz estresse
oxidativo, causando um desequilibrio nos niveis de Oz e ON e danos no DNA, o que
pode contribuir para a resposta imune da minhoca. Apesar da ativacdo inflamatéria
desencadeada pelo BPA, a imunocompeténcia das minhocas na captura e destruicao
de agentes externos, como leveduras, € prejudicada. Portanto, a associacdo entre
danos no DNA e alteracBes no metabolismo imune inato pode ser parte relevante da
acdo do BPA associada ao risco de desenvolvimento de DCNTSs, especialmente
cancer.

Assim, considerando o estudo de Chiang et al. (2022) onde € sugerido que além
de seus efeitos negativos nas células e tecidos reprodutivos, o BPA pode impactar
outros tipos de tecidos e desenvolver DCNTs, analisamos um segundo modelo
experimental in vitro, formado pelo epitélio pigmentar da retina (ARPE- 19). Vale
ressaltar a importancia da funcéo ocular para a autonomia e qualidade de vida,
especialmente na populacao idosa, a qual tem sido notavelmente discutida em funcao
do aumento da expectiva de vida e a inverséo da piramide dos grupos populacionais.

A investigacdo sobre componentes dietéticos com propriedades antioxidantes,
e seus efeitos sob aqueles induzidos pelo BPA nas células ARPE -19 € altamente
relevante. Com base em evidéncias anteriores de estudos in vitro, in vivo e em
humanos em que o GSC apresentou efeitos antioxidantes e antiinflamatorios
(TEIXEIRA et al, 2021;2023) postulamos que ele também poderia atenuar os efeitos
negativos do BPA nas células ARPE-19. Para testar esta hipotese, expusemos as
células ARPE-19 ao BPA com ou sem adicdo de GSC e seus componentes isolados.

A exposicao ao BPA desencadeou alteragbes em alguns marcadores oxidativos, mas
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estes efeitos foram atenuados pela exposicdo ao GSC (particularmente Gua e L-car).
No entanto, a exposicdo ao Se ou Se+BPA exacerbou o estresse oxidativo. Estas
descobertas sugerem que as relagbes entre o BPA e os componentes antioxidantes
de GSC, Gua, Se e L-car ndo sao universalmente aplicaveis as células ARPE-19.

E fundamental enfatizar a necessidade de determinar uma concentracio
representativa de BPA capaz de induzir o estresse oxidativo e quadros de
genotoxicidade em células ARPE-19. Isto ocorre porgue 0s protocolos in vitro podem
provocar variacbes na resposta citotoxica dependendo das condi¢Bes de cultura,
mesmo quando os laboratdrios seguem as diretrizes descritas no Documento de
Orientacdo sobre Boas Praticas de Métodos In Vitro (GIVIMP) publicado pela OCDE
(OECD, 2016; ESKES et al.,, 2017). Além disso, ndo existem estudos anteriores
envolvendo andlise de genotoxicidade através do ensaio MN em células ARPE-19.

Por esta razdo, fomos criteriosos na sele¢cdo da concentracdo de BPA para
avaliar os efeitos antioxidantes do GSC e de seus componentes. Nosso objetivo era
garantir que a concentragdo nao fosse muito baixa para evitar alteragcdes oxidativas
ou muito alta para causar citotoxicidade aguda, levando a morte das células (ARPE-
19) em 24 horas. Ao escolher uma faixa de concentracdo apropriada, equilibramos a
inducao do estresse oxidativo e a manutencao da viabilidade celular por uma duracéo
experimental adequada. Esta abordagem permitiu-nos avaliar eficazmente os
potenciais efeitos protetores do GSC e dos seus componentes contra o impacto
oxidativo do BPA nas células ARPE-19.

Os resultados de dois ensaios de viabilidade ndo demonstraram citotoxicidade
aguda (culturas de 24h) em células ARPE-19 expostas ao BPA na faixa de
concentracdo de 0,001 a 3 uM. No entanto, os resultados das células expostas a 10
UM de BPA foram contraditérios. Embora o ensaio MTT ndo tenha mostrado nenhuma
diminuicdo significativa na viabilidade das células ARPE-19, o ensaio ATP revelou
uma reducéo significativa na viabilidade em comparagao com os controles.

Ainda que o ensaio MTT seja amplamente utilizado para testes de
citotoxicidade em modelos in vitro, ele apresenta algumas limitacdes devido a
interferéncia potencial de certas moléculas, como os polifendis (BRUGGISSER et al.,
2002). Em nosso estudo, além da concentracdo maxima de BPA (10 puM) que néo
reduziu a viabilidade celular, as concentracdes de 1 e 3 UM mostraram um aumento
significativo de células viaveis em comparacdo com o controle, embora pequeno

(<10%). Esses resultados diferiram daqueles publicados por Chiang et al. (2022) que
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observaram um efeito citotoxico quando células ARPE-19 foram expostas a 10 uM de
BPA. Como esta foi a concentracdo mais baixa testada pelos autores, e encontramos
esta inconsisténcia em relagdo a citotoxicidade do BPA, ndo podemos confirmar se o
BPA pode ter afetado os resultados do ensaio MTT. Como resultado, excluimos esta
concentracdo dos protocolos utilizados para testar os efeitos antioxidantes e
genoprotetores do GSC e seus componentes. Isto garantiu que quaisquer efeitos
observados nédo fossem comprometidos por fatores limitantes relacionados ao ensaio
MTT, mantendo a integridade e confiabilidade da nossa abordagem experimental.

Esta decisao foi reforcada pela analise do efeito das trés concentracées mais
elevadas de BPA (1, 3 e 10 uM) nos niveis de quatro marcadores oxidativos.
Observamos um aumento nos niveis de ON e LPX em comparagao aos controles nas
culturas de 24, 48 e 72h. Os niveis de PCarb também foram maiores em culturas de
48 horas tratadas apenas com BPA, sugerindo um efeito oxidativo transitério nas
proteinas celulares. Isto foi possivelmente regulado pelos componentes antioxidantes
enddgenos das células ARPE-19.

Um resultado intrigante que requer discussao mais aprofundada é a diminuicao
dos niveis de O, nas células expostas ao BPA em comparacdo com o controle. No
estudo de Chiang et al. (2022) eles observaram a reducdo nas concentracdes das
enzimas - superoxido dismutase (SOD) e catalase - em células ARPE-19 expostas ao
BPA. Eles também observaram um aumento nos niveis de peroxidacéo lipidica nas
células; entretanto, ndo quantificaram os niveis de ON. O O, tem alta afinidade pelo
ON, e a reacdo dessas duas moléculas gera uma espécie reativa de nitrogénio
(peroxinitrito) que leva a extensa peroxidacao lipidica das membranas. Como os niveis
de superoxido foram significativamente reduzidos nas células ARPE-19 expostas ao
BPA, é possivel qgue o BPA induza um aumento substancial na concentracéo de ON,
com grande parte dele reagindo com o O,", elevando consequentemente 0s niveis de
peroxidacao lipidica. Esta condicé&o poderia explicar pela diminuicdo na expressao de
SOD. A interacao entre O,” e ON pode ser um fator crucial que contribui para as
alteracdes observadas nos marcadores de estresse oxidativo e nos niveis de enzimas
antioxidantes em resposta a exposicéo ao BPA.

InvestigacOes adicionais sobre a relagdo entre essas espécies reativas sao
necessarias para compreender completamente 0s mecanismos subjacentes ao
estresse oxidativo induzido pelo BPA nas células ARPE-19 -esta suposi¢cao é apoiada

por estudos anteriores -. Um estudo descreveu um aumento na expressao da oxido
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nitrico sintase induzivel (iINOS) e nos niveis de ON nos testiculos de camundongos
expostos ao BPA (CHOUHAN et al.,, 2015). Os autores sugeriram que o efeito
modulador do BPA no metabolismo do ON poderia contribuir para um declinio na
esteroidogénese masculina. Outras investigacdes também descreveram um aumento
nos niveis de iNOS e/ou ON em células de rim embrionario de galinha (CHEN et al.,
2002) e na linhagem celular Hep3B de hepatoma humano (NAKAMURA et al., 2018).

Ainda, um estudo de Wang et al. (2019) postulou que o BPA fora capaz de
induzir neurotoxicidade em neur6nios glutamatérgicos derivados de células-tronco
embrionarias humanas, devido ao aumento da atividade enzimatica de 6xido nitrico
sintase induzivel (INOS) e nNos (oxido nitrico sintase neuronal). Outra investigacdo in
vitro revelou que o BPA induziu niveis citotoxicos de ON e caspase-8 em células
semelhantes a neurdnios (AYAZGOK; TUYLU, 2018). Os resultados destes estudos
confirmam a possibilidade de o BPA induzir niveis elevados de ON, levando a
potenciais interagcdes com Oz

Embora a taxa de proliferacdo celular ndo tenha sido afetada pela exposicéo
ao BPA, a qualidade do DNA das células diminuiu, como mostrado nos resultados do
ensaio MN. N&o foi possivel identificar estudos anteriores envolvendo analise de MN
em células ARPE-19, indicando que esta abordagem neste tipo de modelo in vitro é
inovadora e pode servir de referéncia para estudos futuros que avaliem a
genotoxicidade de substancias contra células epiteliais da retina. Nossos resultados
mostraram que a frequéncia de MN em células expostas ao BPA na concentragdo de
3 uM foi aproximadamente quatro vezes maior que a das células expostas a uma
concentracdo de 1 puM. Juntamente com os resultados das outras andlises sobre a
viabilidade celular e os niveis de marcadores oxidativos, a melhor concentracéo de
BPA para testar o efeito citoprotetor do GSC e seus componentes é de 3 uM.

Nossas analises confirmaram que o BPA pode aumentar a taxa de apoptose e
diminuir a proliferacdo celular em culturas de 72h de células ARPE-19. No entanto, as
taxas de apoptose foram revertidas nas células ARPE-19 expostas ao GSC e aos seus
componentes individuais, indicando um efeito citoprotetor; em contraste, as células
expostas ao Se apresentaram uma taxa de apoptose maior que os controles. O Se é
um mineral essencial que desempenha um papel crucial em varios processos
bioldgicos, porém a sua suplementacédo apresenta riscos e beneficios, dependendo
dos niveis de ingestdo. Em pequenas quantidades mostra-se benéfico, ja a sua

ingestao excessiva pode causar toxicidade (selenose).



131

Em humanos, a ingestdo diaria recomendada de Se varia dependendo da
idade, sexo e fase da vida. Para a maioria dos adultos, a ingestao diaria recomendada
é de aproximadamente 55—-70 pg/dia. O Se geralmente € obtido através de uma dieta
balanceada que inclui alimentos como peixes, mariscos, nozes, sementes e graos
integrais (GORE; FAWELL; BARTRAM, 2010). Embora tenhamos testado uma
concentracdo de Se inferior a dose recomendada (40 uM) neste estudo, é possivel
que esta concentracdo seja tdxica para as ARPE-19, considerando que ndo ha
mecanismo de depuracdo em culturas celulares e a exposicdo ao Se nesta
concentracéao foi continua.

Outra possivel explicacdo para esses resultados estd na formulacdo quimica
do Se utilizada neste estudo. Os suplementos sé&o encontrados em diferentes
formulacbes para facilitar sua absor¢do pelo organismo. Alguns dos tipos mais
comuns de formulacdes de Se usadas em suplementos incluem selenometioninas,
seleneto e selenato, levedura de selénio e outras formulacdes especiais. No Brasil, a
forma comercial mais comum de Se € o bisglicinato de selénio quelado a 0,5%,
utilizado no presente estudo. As células ARPE-19 s&o provavelmente mais sensiveis
a este composto quimico de Se do que a selenometionina, que também é amplamente
utilizada.

Resultados semelhantes sobre o efeito pré-apoptético do BPA ja foram
descritos na literatura, incluindo aqueles em células C2C12 de mioblastos de
camundongo imortalizadas por Liu et al. (2021), nesse estudo o efeito pré-apoptético
do BPA foi atenuado pela suplementacdo com coenzima Q10 (CoQ10), um poderoso
antioxidante, que pode melhorar a integridade da membrana lisossomal, a funcéo de
degradacdo lisossomal e promover a autofagia. O efeito anti-apoptético do GSC e dos
seus componentes individuais foram observados neste estudo. Na verdade, o efeito
genotoxico do BPA pode ser dependente de 6rgaos e tipos de células, semelhante ao
das células sanguineas humanas (SANTOVITO et al., 2018; RUBERTO et al., 2022)
e de algumas linhagens celulares, como células de hepatoma humano (HepGZ2)
(KOBER et al., 2016; YU; LIU, 2023), onde o a frequéncia de MN e outros tipos de
danos gendmicos aumentam na presenca de BPA.

A andlise do efeito de cada componente individual do GSC revelou alguns
resultados surpreendentes: (1) O GSC nao apresentou efeitos aditivos ou sinérgicos
com o0s dos seus componentes individuais. (2), um efeito citogenotoxico foi

desencadeado pela exposicdo ao Se, o que nédo foi observado com o
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multissuplemento. Porém, antes de destacar ainda mais a acdo do Se nas células
ARPE-19, os (3) efeitos benéficos do Gua e do L-car devem primeiro ser elucidados.

O p6 de Gua é consumido pelos povos pré-colombianos que vivem na
Amazonia e, atualmente € amplamente utilizado como matéria-prima para a produgéo
de bebidas energéticas devido ao seu alto teor de cafeina. As propriedades funcionais
do Gua estdo bem estabelecidas (KOBER et al., 2016; FELIN et al., 2022; YU; LIU,
2023; ALGARVE et al., 2019; CADONA et al., 2017; DE ARAUJO et al., 2021; HACK
et al., 2023). Em um de nossos estudos anteriores, o Gua diminuiu a apoptose e a
necrose e modulou diferencialmente os niveis de expressdo de mRNA e proteina das
caspases 1, 3 e 8 em células ARPE-19 (BONADIMAN, 2017). Assim, os efeitos
citoprotetores do Gua contra o BPA s&o biologicamente plausiveis.

A L- car € uma molécula endbégena envolvida no metabolismo dos &cidos
graxos e € biossintetizada no corpo humano usando os aminoacidos L-lisina e L-
metionina como substratos. A L- car também pode ser obtida de muitos alimentos,
sendo a maior fonte a carne vermelha, seguida de peixe, aves e leite (KNOTTNERUS
et al., 2018). O potencial terapéutico da L-car foi examinado em termos de seus efeitos
neuroprotetores em algumas condicfes de doenca (RIBAS; VARGAS; WAJINER,
2014). Alguns dados sugerem gque ela pode ser usada como suplemento alimentar
para tratar a degeneracdo macular relacionada a idade associada a disfuncéo
mitocondrial (MOOS et al., 2022). Um estudo realizado por Li et al (2021) em células
ARPE-19 sugeriram que a L-car poderia atenuar a transicao epitelial-mesenquimal
(EMT), um importante mecanismo subjacente da vitreorretinopatia proliferativa
induzida por fator de crescimento transformador beta 1 (TGF-B1), inibindo as vias
quinase 1/2 regulada por sinal extracelular (ERK1/2) e Proteinas Quinases Ativadas
por Mitégeno (JNK) e regulando positivamente a expressdao de PPARy. Portanto,
nossos resultados corroboram achados anteriores sobre o papel funcional da
molécula no epitélio pigmentar da retina.

Como ja mencionado o Se néo apresentou os resultados esperados. Embora o
Se seja um elemento metabolicamente relevante e sua deficiéncia seja
potencialmente prejudicial, a relacdo entre o Se e a saude humana é complexa. Se
tem efeitos horméticos em humanos. Além disso, os efeitos toxicolégicos do Se
podem estar relacionados a sua forma (especiacdo). Estudos anteriores sobre
nanocapsulas de Se (Ozkaya et al., 2021) e Selenometionina (ANANTH et al., 2020)

revelaram os efeitos antioxidantes do Se nos marcadores de estresse oxidativo
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desencadeados pela exposicdo ao BPA. No entanto, no presente estudo, as células
ARPE-19 foram suplementadas com uma forma inorganica de Se (bis-glicinato de Se,
0,5%). Assim, a forma quimica do Se e sua concentragdo correspondente podem
influenciar seus efeitos nas células ARPE-19.

6 CONSIDERACOES FINAIS

Os resultados aqui descritos apoiam as hipéteses de que o BPA induz estresse
oxidativo, causando um desequilibrio nos niveis de O,- e ON e danos no DNA, o que
pode causar alteracdes na resposta imune das minhocas. Apesar da ativacao
inflamatoria desencadeada pelo BPA, a imunocompeténcia das minhocas em capturar
e destruir agentes externos, foi prejudicada. Portanto, a associacdo entre danos no
DNA e altera¢cdes no metabolismo imunoldgico inato poderia ser mecanismo a ser
considerado para a acao do BPA associada ao risco de DCNTs. Ainda, apesar das
limitacdes metodoldgicas inerentes aos estudos in vitro, Nossos resultados sugeriram
gue o GSC multissuplemento pode atenuar as alteracdes nos marcadores oxidativos
e genotdxicos relacionados a exposi¢cao das células ARPE-19 ao BPA. No entanto,
nossos resultados revelaram que as propriedades antioxidantes, antiapoptéticas e
genoprotetoras do GSC ndo foram universalmente compartilhadas pelos seus
componentes quando analisados isoladamente; apenas Gua e L-car provaram ser
benéficos. O Se ndo exibiu nenhum impacto positivo, provavelmente porque a faixa
de concentracdo de Se que € benéfica para os organismos é estreita. Mais estudos

precisam ser realizados para que nossas hipoteses sejam confirmadas.
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