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RESUMO

O Bisfenol-A (BPA) ¢ um quimico utilizado na fabricagdo de policarbonatos e
resinas epoxi e ¢ considerado um desregulador endécrino para diversas classes de
vertebrados. Entre as alteracdes causadas pelo BPA estd a queda de fertilidade e
espermatozodides defeituosos em mamiferos. Além dos efeitos como desregulador
endocrino, o BPA tem sido apontado em estudos recentes como um indutor de estresse
oxidativo. O estudo da a¢do de baixas doses deste composto ¢ mais bem estabelecido
em mamiferos do que em peixes, € portanto, a presente tese teve como objetivo a
investigacao dessa acdo no peixe Danio rerio. Os animais foram expostos a 2, 10 e 100
ug/L de BPA por 24 horas, 96 horas e 14 dias e a partir dai, foram realizadas analises
moleculares, bioquimicas e histologicas. As andlises moleculares e bioquimicas
demonstraram alteracdes na expressdao e atividade nas enzimas antioxidantes
Superoxido dismutase-1 (SOD-1), Catalase (CAT) e Glutationa-S-transferase (GST)
em animais expostos ao BPA por 24 horas. O gene park7, que codifica para a proteina
reguladora antioxidante DJ-1 apresentou uma indugdo de até 15 vezes em relagdo ao
grupo controle. As alteracdes em genes relacionados a reprodugdo surgiram mais
tardiamente, nos animais expostos por 96 horas. As analises histologicas
demonstraram principalmente danos nas células de Sertoli, que sdo responsaveis pelo
suporte e nutricdo das células germinativas. De acordo com os resultados, o presente
estudo pdde concluir que além de afetar os aspectos relacionados a reproducao, o BPA
¢ capaz de alterar importantes enzimas do sistema antioxidante, provavelmente

tornando as células mais vulneraveis ao estresse oxidativo.

Palavras-chave: Bisfenol-A, Danio rerio, Defesa antioxidante, Via

esteroidogénica, Reprodugao



ABSTRACT

Bisphenol-A (BPA) is a chemical used for production of polycarbonates and
epoxy resins and is considered an endocrine disrupter for various classes of vertebrates.
Among the changes caused by BPA is fertility decline and defective sperm in
mammals. In addition to the effects as an endocrine disrupter, BPA has been
demonstrated in recent studies as an inducer of oxidative stress. The study of the action
of low doses of this compound is best established in mammals than in fish, and
therefore this thesis aimed to research this action in Danio rerio fish. The animals were
exposed to 2, 10 and 100 pg/L of BPA for 24 hours, 96 hours and 14 days and
thereafter were held molecular, biochemical and histological analysis. The molecular
and biochemical analyzes showed changes in expression and activity in antioxidant
enzyme superoxide dismutase-1 (SOD-1), Catalase (CAT), and glutathione-S-
transferase (GST) in animals exposed for 24 hours to BPA. The park7 gene encoding
the regulatory protein DJ-1 antioxidant showed an induction up to 15 times compared
to the control group. Changes in genes related to reproduction emerged later, in animals
exposed for 96 hours. Histological analysis showed mainly damage Sertoli cells, which
are responsible for support and nutrition of germ cells. According to the results, this
study could conclude that in addition to affecting the aspects related to reproduction,
BPA can alter important enzymes of the antioxidant system, probably making the most

vulnerable cells to oxidative stress.

Keywords: Bisphenol-A, Danio rerio, antioxidant defense, steroidogenic

pathway, reproduction



INTRODUCAO GERAL

Durante séculos, a sociedade tem observado que os fatores ambientais podem
influenciar a satde tanto de um individuo quanto da populagdo como um todo
(Vandenberg et al., 2015). Dentre esses fatores estdo os contaminantes ambientais,
desde o final da Segunda Guerra Mundial, momento em que ocorreu a revolugdo
quimica, diversos desses compostos provenientes de industrias, atividade agricola, etc.
tém sua liberacdo intensificada no ambiente, afetando diversos habitats e populagdes
(Carson, 1962). Entretanto, apenas no inicio dos anos 60 a humanidade tornou-se
consciente dos potenciais efeitos em longo prazo destes produtos e seus riscos para os

ecossistemas aquaticos e terrestres.

Os primeiros relatos sobre o efeito de quimicos no ambiente e nos seres vivos
foram através do livro Silent Spring, de Rachel Carson, analisando principalmente os
impactos do pesticida diclorodifeniltricloroetano (DDT) sobre a vida de animais
silvestres ¢ humanos (Carson, 1962). A partir dai, iniciaram-se diversos estudos
relacionando contaminantes ambientais a alteracdes na vida selvagem e ao
aparecimento de doencas (Giger et al., 1984; Billa e Dezotti, 2007; Vandenberg et al.,

2015).

Em seu livro publicado em 1962, a ecologista Rachel Carson questionou a
seguran¢a de um grande nimero de substincias quimicas, e centrou-se principalmente
nos efeitos dos pesticidas sobre as espécies nao alvo. Apesar de diversas evidéncias
serem recolhidas por Carson, a questdo chave, se a exposicdo a quimicos pode
influenciar o aparecimento de doengas, continua sendo debatida (Lamb et al., 2014;
Zoeller et al., 2014). Uma importante evidéncia de que substancias quimicas poderiam
perturbar a vida selvagem foi observadaem 1960,quando diversas alteragdes em ninhos

de gaivotas, nos Grandes Lagos da América do Norte foram registradas. Essas
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alteragdes se apresentaram principalmente como anormalidades comportamentais e
cascas dos ovos frageis, as quais foram mais tarde ligadas a presenga de altos niveis do
pesticida DDT naquela area (Birkett e Lester, 2003; Lintelman et al., 2003). Outro fato
importante ocorreu também na década de 60 quando gestantes utilizaram o
medicamento dietilbestrol (DES) com suposta agdo antiabortiva e, aproximadamente
vinte anos depois foram observados tipos raros de céinceres nas filhas e filhos das
mulheres usudrias do DES. Estas patologias tardias foram relacionadas com a passagem
desse composto de mae para o feto (Thomas, 1996). Esse ¢ um efeito bem documentado
em humanos onde a exposicdo da mde a um contaminante, causa efeito na sua
descendéncia (Bila e Dezotti, 2007). Esses primeiros achados foram fundamentais para
que se iniciasse uma série de pesquisas que culminaram na constatagdo de que existiam
varios desses compostos no ambiente afetando as populacdes de diferentes formas
(Crain et al., 2007; Vandenberg et al., 2009). O destino final da maioria destes
contaminantes ¢ o ambiente aquatico, devido a descargas diretas ou a processos
hidrologicos e atmosféricos, portanto organismos viventes em rios, lagos € oceanos sao
constantemente alvo de diversos estudos relacionados a esses quimicos, também
chamados de xenobidticos (Hahn e Stegeman, 1994). Entre as substancias naturais e
antropogénicas que podem perturbar a fisiologia dos organismos, podem ser destacadas
as substancias que afetam o sistema enddcrino, porque essa perturbagao pode conduzir a
efeitos negativos sobre o crescimento, o desenvolvimento, o comportamento e a
reproducdo (Daughton e Ternes, 1999). Os quimicos que interferem na funcdo
endocrina, afetando a reprodugdo e outros aspectos da fisiologia hormonal, foram
denominados “Desreguladores Endocrinos” (Wingspread Conference Center, Racine,

Wisconsin, 1991).
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1.Desreguladores Enddcrinos

Sdo definidos como desreguladores enddcrinos “agentes exogenos que
interferem com a sintese, secre¢do, transporte, ligacdo, acdo ou eliminacdo dos
hormoénios naturais, os quais sdo responsdveis pela manutengdo da homeostase,
reproducdo, desenvolvimento e/ou comportamento”. O termo foi proposto em 1991, em
uma conferéncia, pela pesquisadora Theo Colborn (Wingspread Conference Center,
Racine, Wisconsin, 1991). O sistema endocrino regula diversos aspectos do
desenvolvimento, do metabolismo e processos reprodutivos, incluindo o
desenvolvimento embrionario, formagdo gonadal, diferenciacdo sexual, crescimento e
digestdo. Assim, compostos com capacidade de desregulacdo enddcrina podem afetar
estes processos por qualquer ligagdo ou bloqueio de receptores hormonais,
desencadeando ou prevenindo as respostas hormonais (Markey et al., 2001; Witorsch,
2002; Hotchkiss et al., 2008). Além da definicdo original dada por Theo Colborn,
existem diversas outras, entre elas a mais recente ¢ mais simplificada utilizada pela
Sociedade de Endocrinologia, que caracteriza um desregulador endocrino como “um
quimico exo6geno, ou uma mistura de produtos quimicos, que interferem com qualquer
aspecto da agao de um hormonio” (Zoeller et al., 2012).

Os compostos denominados desreguladores enddcrinos podem afetar diferentes
glandulas endodcrinas e, portanto diferentes grupos hormonais como, por exemplo,
hormoénios da tiredide, hormonios relacionados ao estresse, hormonio do crescimento e
horménios reprodutivos. Esses ultimos tém recebido nas tultimas décadas atencdo
especial j4 que muitos contaminantes tém se mostrado capazes de modificar as
quantidades dos hormodnios sexuais e consequentemente provocarem fendtipos
alterados, como mudangas na diferenciacdo sexual, infertilidade e feminizagao

(Vandenberg et al.,2009).

11



Entre os desreguladores endocrinos relacionados a reprodugdo, muitas pesquisas
nas décadas passadas identificaram uma crescente lista de contaminantes ambientais que
perturbamesses processos em muitos organismos, principalmente através interagdo
direta com receptores de hormonios esterdides (EPA, 2007). Um bem documentado
exemplo de desbalango enddcrino causado por um contaminante na vida selvagem ainda
¢ a masculinizacdo em fémeas de gastropodes (imposex) causada pelo tributilestanho
(TBT) (Santos et al., 2005). O efeito de masculinizacdo do TBT também ¢ conhecido
em peixes (Mcallister e Kime, 2003; Shimasaki et al., 2003; Santos et al., 2006).

Alguns desreguladores endocrinos influenciam o metabolismo de hormonios
esteroides atuando como ativadores ou repressores de enzimas chave, podendo alterar
diretamente a expressao do gene que codifica para essas enzimas (Hampl et al., 2016).
Entre os alvos de diversos desreguladores endocrinos, tem se dado particular atencao a
enzima aromatase, nao apenas em humanos e roedores, mas também em peixes, onde a
alteracdo da aromatase tem afetado a reproducao (Bonefeld-Jorgensen et al., 2007,

Chenschenko et al., 2008).

A interferéncia dos poluentes na regulacdo enddcrina tem gerado crescente
interesse publico, uma vez que os efeitos tém sido observados tanto em humanos
quanto em outros animais. Esses efeitos, de uma forma geral, incluem queda de
fertilidade (Petersen et al., 1998), cancer de mama (Wolff et al., 2000) puberdade
precoce (Honma et al., 2001) ou puberdade tardia (Faqi et al., 1998), e anormalidades
gonadais (Roos et al., 2001; Cook et al., 2003). Entre os contaminantes que atuam
sobre a via esteroidogénica e através de receptores de esteroides estdo diversos ftalatos,

pesticidas, e o Bisfenol-A, que ¢ foco do presente estudo.
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1.1.Bisfenol A (BPA)

O BPA ¢ uma substancia quimica de origem industrial, utilizado em uma vasta
gama de produtos de consumo, incluindo as guarni¢des de alimento, papéis térmicos,
latasde bebida, plasticos de policarbonato, brinquedos, equipamentos médicos, entre
outros (Vandenberg et al., 2007; Geens et al., 2012a, 2012b). O BPA possui uma ampla
producdo mundial, onde na Europa, por exemplo, quatro empresas fabricam um
montante total de 700.000 toneladas/ ano de BPA em seis locais de produgao
(European Commission,2003). A molécula de BPA (4, 4° -—dihidroxi-2, 2-
difenilpropano) € constituida de dois anéis fenolicos ligados por uma ponte com duas
ligacdes metila (Fig.1) e esse composto ¢ liberado no ambiente em altas quantidades,
sendo o ambiente aquatico afetado pela presenca do mesmo (Sodré et al., 2010; Huang
et al., 2012). O BPA em condi¢des ambientais se encontra em estado solido, porém se
dissolve relativamente bem em &4gua, sendo sua solubilidade de 120-300 mg/L. A
contaminacao de aguas superficiais por BPA pode ocorrer através de uma variedade de
rotas, incluindo as operagdes industriais, lixiviagdo e¢ a eliminacdo e tratamento de
dejetos humanos (Petrovic et al., 2004). J& a contaminag¢do das dguas subterraneas ¢
menos direta, com fontes conhecidas incluindo aterros, fossas sépticas, misturas com
aguas superficiais, etc. (Lapworth et al., 2012). Em ambientes aerdbios, como a maioria
dos rios, o BPA tem uma meia vida ambiental de 4,5 a 4,7 dias (Cousinset al.,2002),

sendo essa degradacdo realizada principalmente por bactérias (Kang e Ha, 2002).

Embora o BPA seja degradado quase que prontamente por microorganismos, a
sua presenga no ambiente como fragmento de policarbonato cria uma fonte ndo pontual
de lixiviagdo lenta, sendo assim, esse contaminante ¢ considerado a maioria dos detritos
antropogénicos encontrados em bacias hidrograficas e ambientes marinhos do mundo
(Crain et al., 2007).
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Fig. 1 Estrutura quimica da molécula de Bisfenol-A (BPA).

No Brasil, investigacdes recentes demonstraram que o BPA foi o xenoestrogeno
mais detectado em aguas de rios, dguas de esgotos e até em agua da rede publica, onde
foram registradas concentragdes que oscilaram entre 25-84 ng/L (Sodré et al., 2010).
Em geral, as concentracdes de BPA estdo abaixo de 1 ug/LL em ambientes aquaticos
menos contaminados (Huang et al.,, 2012; Yamazi et al., 2015). Entretanto, alguns
estudos também demonstram o BPA em concentracdes mais altas, acima de 21 ug/L
em rios e lagos mais poluidos (Crain et al., 2007) e em alguns lugares proximos a zonas
industriais com liberagdo de BPA as concentragdes podem chegar a centenas de
microgramas por litro (Careghini et al., 2014; Fukazawa et al., 2001). As concentragdes
de BPA observadas nos oceanos e estuarios sao relativamente baixas em comparacao
com alguns sistemas de agua doce. No entanto, a lixiviacdo do BPA pode ser uma
preocupacgdo em locais marinhos onde residuos de plastico se acumulam, ja que o BPA
lixivia mais rapidamente em 4gua marinha do que em sistemas de agua doce (Sajiki e
Yonekuni, 2003; Crain et al.,, 2007) e a degradagdo microbiana pode ocorrer mais

lentamente (Kang e Kondo, 2005).

A utilizacdo de BPA em embalagens em contato com alimentos estd permitida
na Unido Europeia mediante a diretiva 2002/72/CE, no qual se estabelece um limite
maximo de ingestdo diaria tolerdvel de BPA para o homem de 0,05 mg/kg/dia
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(European Food Safety Authority, 2008) e um limite de migragcdo especifico para os
alimentos de 0,6 mg/g. No Brasil, segundo a ANVISA, esse limite de migragdo
especifico ¢ 3 mg/kg. Em relagdo a presenga de BPA nos rios, a legislagdo brasileira
nao contempla limite para esse composto nas aguas, o que dificulta ainda mais o

controle da quantidade dessas substancias e de suas agdes em organismos aquaticos.

A molécula de BPA ¢ considerada componente estrogénico ja que seus dois
anéis de benzeno e dois substituintes OH, auxiliam o ajuste no local de liga¢ao do
receptor de estrogeno (ER) (Vandenberg et al., 2009). Assim, o BPA atua ligando-se a
receptores de estrégeno, apesar de também possuir diversas outras atividades como
desregulador quimico mediadas via multiplos caminhos moleculares (Le et al., 2008).
Assim como muitos contaminantes considerados desreguladores endocrinos, o BPA ¢
uma substancia que pode atuar tanto a nivel organizacional para alterar
permanentemente a estrutura de orgaos (ex. gonadas) quanto a nivel ativacional,
causando uma mudanga nos sistemas organizados normalmente (ex. gonadas e figado)

(Crain et al., 1998).

Além de ser considerado um agonista de receptores de ERs, se ligando aos ERs
nucleares com 0,1- 0,01% da afinidade do estradiol pelos mesmos receptores (Wetherill
et al., 2007), o BPA também pode antagonizar acdes de estrogénios, principalmente em
orgaos como cérebro e utero (Leranth et al., 2008 a, 2008b). Ainda, esse composto tem
a capacidade de se vincular a outros receptores esterdides e nao esterdides tais como o
receptor de androgeno (AR) (Lee et al.,2003, Wetherill et al., 2002, Xu et al.,2005) e

receptor de hormonios tiroideanos (TR) (Zoeller et al., 2005).

Por fim, o BPA ¢ capaz de afetar a expressdo de importantes enzimas do
metabolismo de esterdides, como por exemplo a aromatase (Castro et al., 2013). A

fungdo da enzima aromatase ¢ a conversdo de androgenos em estrogenos € uma alta
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atividade dessa enzima, portanto pode acarretar processos de feminilizacdo ou

infertilidade (Vandenberg et al., 2015; Crain et al., 2007).

Em relagdo aos efeitos do BPA nos primeiros estagios do desenvolvimento,
exposicao a concentragdes de 500 a 2.000 pg/L de BPA em um curto espago de tempo
provocam diversos efeitos em peixes como curvatura da coluna vertebral, edema
pericardico, atraso no desenvolvimento e defeitos em ot6litos (Alexander et al.,1998;
Duan et al., 2012; Fei et al., 2010). J4 nas menores concentragoes de BPA, eventos
organizacionais podem ser interrompidos como € observado na alteragdo da
determinacao sexual em Oryzias latipes (Kang et al., 2002; 2007) e peixe-zebra

(Draschikova et al., 2005).

Expressao génica por microarranjo demonstram a mudancga significativa que o
BPA promove em milhares de genes nas gonadas de uma série de modelos vertebrados
de laboratorio (Bredhult et al., 2009; Hermeier et al., 2009; Duan et al., 2010). Além
disso, modificacdes epigenéticas como metilagdo do DNA, estdo extremamente
relacionadas com variagdes ambientais e ultimamente associadas a presenca de BPA
(Dolinoy et al., 2010). Em células epiteliais mamarias a exposicdo ao BPA foi
encontrada suprimindo a apoptose através da inducdo de hipermetilagdo na regido

promotora do gene bcl2/11 (Fernandez et al., 2012).

O BPA ¢ metabolizado na fase II de detoxificacdo, principalmente pela reacao
de conjugacdo pela UDP-glucoronosil transferase com o 4cido glucurdnico em ratos,
camundongos, macacos € humanos. Essa conjugacdo, por sua vez forma o BPA-
monoglucoronide (BPA-gluc), o maior metabolito produzido de BPA e
fisiologicamente inativo, ndo tendo afinidade pelos receptores de estrogeno ou
atividade estrogénica (Matthews et al., 2001; Kurebayashi et al., 2003). O BPA-gluc ¢

excretado predominantemente pela via biliar nas fezes e urina (Volkel et al., 2002;
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Kurebayashi et al., 2003). Além do efeito do BPA como desregulador enddcrino,
diversos estudos tém demonstrado que esse composto pode causar estresse oxidativo,
pois gera espécies reativas de oxigénio (ROS) no cérebro, figado, rins, testiculos e
epididimo, e reduz a fun¢do mitocondrial em mamiferos (Chitra et al., 2003; Nakagawa

e Toyama, 2000).

2. Estrutura reprodutiva em peixes

A maioria dos peixes teledsteos € ovipara, mas a viviparidade esta presente em
alguns grupos, e sua fertilizagdo pode ser externa ou interna nos casos dos animais
viviparos. Cada espécie possui um periodo de desova bem regulado tanto por fatores
ambientais (sazonalidade, fotoperiodo, temperatura) quanto pela regulagdo hormonal

(Norris, 2007).

Em relagdao aos machos, a organiza¢do do tecido testicular nos peixes ¢ diferente
da organizacdo do tecido testicular nos mamiferos. No caso dos mamiferos, as células
germinativas estdo organizadas em tubulos, que vao desembocar no epididimo. Nesses
tabulos, as células mais indiferenciadas estdo na regido mais externa
(ex.espermatogdnias) enquanto os espermatozdides estdo na luz dos tubulos. J& nos
peixes teledsteos a organizacao ¢ um pouco mais simplificada e esse tecido testicular
encontra-se organizado em camaras/bolsas/cistos testiculares onde estdo localizados
agrupamento de células constituintes de uma mesma fase da espermatogénese,

associado a uma ou duas células de Sertoli (Norris, 2007; Shultz et al., 2010).

A espermatogénese ¢ um processo especifico de proliferacao e diferenciacdo de
células germinativas, que ocorre nos testiculos e € controlada basicamente por atividade
enddcrina e mediadores das juncgdes celulares das células de Sertoli (Fiorini et al.,

2004). Durante a espermatogénese, organelas citoplasmaticas sdo organizadas em
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regides especificas. Nos espermatozoides maduros, uma alta quantidade de
mitocondrias constitui um sitio de atividade energética para os movimentos ciliares, e
dessa forma, toxicos podem alterar o metabolismo energético dessa regido e diminuir a
fertilidade espermatica. O estresse oxidativo induzido por toxicos, por exemplo, ¢ uma
das causas mais comuns de dano espermatico em diversos grupos animais (Wisniewski

et al., 2015).

O funcionamento normal da espermatogénese ¢ dependente de um ambiente
hormonal bem orquestrado. Assim, o desenvolvimento normal do sistema reprodutivo e
a programagdao comportamental em adultos sdo dependentes da correta exposicao
(concentracdo e tempo) aos hormonios esteroides, especialmente estrogénio e

testosterona (Robinson, 2006; Schulz et al., 2009).

2.1. A via esteroidogénica

Os hormdnios esteroides exercem sua agao na célula-alvo através de receptores
intracelulares ou de membrana. O mecanismo gendmico classico empregando
receptores intracelulares (nucleares) consiste na regulacao — estimulagdo ou repressao —
de genes particulares. O processo individual inicia com a ligagdo do hormoénio ao
receptor, seguido pela translocagdo do complexo receptor-esterdide para o nucleo, a sua
ligagdo a elementos de resposta ao estrégeno e inicio da transcricdo. Entretanto, esse
processo necessita de uma série de fatores nucleares, coativadores ou repressores
(Shibata et al.,1997; Ratman et al., 2013). Estes hormodnios, juntamente com outros
tipos hormonios, genes, fatores de crescimento e neurotransmissores desempenham um
papel importante no desenvolvimento e funcdo do cérebro e do sistema nervoso em

geral (Hampl et al., 2016).
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Os hormonios esterdides sdo sintetizados a partir do colesterol, através de uma

série de reagdes enzimaticas, onde participam principalmente enzimas da familia

citocromo P450 (Norris, 2007). As enzimas responsaveis pela sintese dos hormonios

esterdides sexuais estdo representadas na Fig. 2. A producdo de esterdides ocorre em

orgdos esteroidogénicos classicos, tais como o cortex adrenal, testiculo, ovario e

placenta, no caso de mamiferos. Estes Orgdos sdo capazes, portanto, de converter

colesterol em pregnenolona pela enzima P450 a partir da clivagem da cadeia lateral do

colesterol (P450scc), no interior da mitocondria, e a partir da pregnenolona, produzir os

outros esterdides ativos, utilizando a maquinaria enzimatica especifica da via

esteroidogénica (Ueyama et al., 2002).
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Fig. 2 Representacdo da via de producdo de hormoénios esterdides sexuais. StAR- proteina

reguladora aguda da esteroidogénese; P450scc — desmolase; P450c17 — 17 alfa hidroxilase; p450aro —

aromatase (Kronenberg et al., 2011)
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2.2. Reproducgio e BPA

Organismos expostos ao BPA e outros plastificantes tém sido associados a
mudangas reprodutivas permanentes em nivel organizacional como, por exemplo,
alteracdes nas caracteristicas de dimorfismo sexual (Evans et al, 2004),
comportamento sexual (Pimenova et al, 2010) e também a alteracdes de nivel
ativational, ou seja temporarias e reversiveis, como por exemplo, a proliferacdo de
peroxissomos (Wilkinson e Lamb, 1999) e expressao de proteinas testiculares (Sobarzo

et al., 2009).

Quanto ao mecanismo de agao, efeitos deletérios do BPA no eixo de hormonios
esterdides sexuais tém sido bem caracterizados, principalmente em mamiferos
(Mathieu-Denoncourt et al., 2015). Estudos demonstraram que uma dose de 2 ng de
BPA por grama de peso corporal aumentou a expressao de receptores de estrogénio
ERa ¢ ERB em camundongos recém-nascidos (Kawai et al., 2007) enquanto apenas
ERp foi regulada positivamente pelo BPA em outros estudos com roedores (Akingbemi
et al., 2004; Phrakonkham et al., 2008). O BPA também pode alterar a via
esteroidogénica atuando na modificacao da expressao de alguns genes importantes que

codificam para proteinas dessa via (Saili et al., 2013).

Outros genes, proteinas e hormdnios relacionados a esteroidogénese tém sido
alterados apds a exposicdo de BPA, incluindo progesterona, receptor de progesterona
(PR) e vitelogenina (VGT), proteina precursora de gema de ovo essencial no
crescimento do ovario e nutricdo dos embrides (Mathieu-Denoncourt et al., 2015;
Vandenberg et al., 2015). Em peixes, por exemplo, a exposi¢do ao BPA aumentou a
expressdao de mRNA codificante para a VI'G em peixes truta arco-iris e peixe-zebra

(Aluruet al., 2010; Segner et al, 2003).
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Em roedores e peixes, BPA reduziu significativamente o peso dos testiculos e a
qualidade dos espermatozoides (Sakaue et al., 2001; Sohoni et al., 2001; Lahnsteiner et
al., 2005). A contagem de espermatozdides também foi reduzida em exposicdo do
barrigudinho Poecilia reticulata a baixas doses de BPA (Haubruge et al., 2000). No
peixe Oryzias latipes, exposicdo a 800 pg/L de BPA promoveu uma redugdo da
fecundidade e fertilidade desses peixes, além de um desbalanco na razdo sexual nos
animais expostos em periodo embrionario (Kang et al., 2002). Por fim, o BPA quando
administrado em altas doses também pode afetar a diferenciagdo sexual em peixes. Foi
observado em experimentos com peixe-zebra, que a exposi¢ao a doses altas de BPA
culmina em um desenvolvimento gonadal anormal e em alteragdes na razao sexual,

com tendéncia a feminilizagao (Drastichova et al., 2005).

Sabe-se, porém, que niveis ambientalmente relevantes também podem
contribuir para o aparecimento de condigdes intersexuais. Por exemplo, trabalhos com
barbo imaturo (Barbus sp.) coletados a jusante de uma fonte de poluicio por BPA
apresentavam uma alta incidéncia de intersexualidade, enquanto barbos intersexuais
nao foram observados a montante dessa fonte de poluicdo (Vigano et al., 2006).
Entretanto, dados de laboratorio sugerem que o BPA sozinho nao ¢ capaz de induzir o
efeito de intersexualidade em peixes, tendo possivelmente esse efeito a participagdo de
demais contribuintes, caracterizando a mistura de substancias presentes no ambiente

(Kang et al., 2002).

3. Sistema de defesa antioxidante em peixes

As espécies reativas de oxigénio abrangem o anion superoxido (O,), peroxido

de hidrogénio (H»0,), e radicais hidroxilas (HO"), que estdo envolvidas em diferentes

vias de sinalizagdo celular, incluindo apoptose, mas também estdo implicados no
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desenvolvimento de patologias, produzindo dano em varios componentes celulares

como lipidios insaturados, proteinas e acidos nucléicos (Sies, 1993).

A situacdo de dano oxidativo, pode se dar, entre outros fatores, pela presenga de
xenobidticos nos organismos. Aguas residuais, por exemplo, contém uma grande
variedade de poluentes organicos e metalicos, incluindo pesticidas, hidrocarbonetos
aromaticos, dibenzofuranos, compostos estrogénicos e muitos metais, sendo a maioria

dessas substancias, agentes oxidantes (Avci et al., 2005).

A defesa dos organismos contra danos oxidativos pode ser ndo enzimatica,
através de substincias antioxidantes, como algumas vitaminas, acido Urico, glutationa e
carotenoides. Além disso, existe em todas as classes de vertebrados e em invertebrados
um sistema de defesa antioxidante enzimatico, onde diversas enzimas antioxidantes,
entre elas superoxido dismutase (SOD) e catalase (CAT), atuam impedindo a cascata de
reacOoes oxidantes, interceptando e inativando os compostos reativos de oxigénio
intermedidrios. As enzimas antioxidantes sdo, portanto, cruciais no esforco de
neutralizar a toxicidade de oxigénio quando o fornecimento de outros compostos

antioxidantes sdo escassos ou esgotados (Ahmad, 1995).

3.1 A via DJ-1/NRF2

Na produgdo de ROS e dano celular induzido por BPA a proteina DJ-1 tem
importante papel em mamiferos (Ooe et al., 2005). Essa proteina atua na regulagdo
antioxidante, anti-apoptética e citoprotetora, modulando a transcricdo de genes-chave
(Khale et al., 2009; Wilson, 2011). A DJ-1 regula a liberagdo do fator eritrdéide nuclear
de transcricdo 2 (Nrf2), que por sua vez induz a expressio de diversos genes
antioxidantes, se ligando aos chamados elementos de resposta eletrofilicos (EprE) no

DNA (Malhotra et al., 2008). Sob condi¢des normais, o sistema EpRE- Nrf2 mantém a

22



proteina Nrf2 em baixos niveis no citoplasma. Isso ¢ conseguido pela sintese e
degradacdo constitutiva de Nrf2. A Proteina repressora Keapl, que estd presente
principalmente no citoplasma, regula fortemente esse processo (Zhang e Hannick,

2003).

Em células expostas a indutores de estresse oxidativo, foi observado um
aumento da presenga de uma forma mitocondrial oxidada da DJ-1, que perde assim sua
capacidade reguladora antioxidante levando a diminuicdo da expressdo de NRF2, e
conseqiiente diminui¢do na expressao de genes antioxidantes (Fig. 3) (Kinumi et al.,
2004; Mitsumoto et al., 2001). O Nrf-2 ¢ membro da familia de fatores de transcri¢ao
cap’n’collar, com ziper de leucina, e responsavel pela expressdo constitutiva e
induzivel de genes controlados pelo elemento de resposta EprE (ou ARE) como por
exemplo quinona oxidoredutase-1 (NQO1), heme oxigenase-1 (HOI), tioredoxinas
(TRX), glutationa-S-transferase (GST), superdxidos dismutase (SODs), glutationa
redutase (GR), glutationa peroxidase (GPX) e outras enzimas de fase I, II e III
(Thimulappa et al., 2002). A DJ-1 ¢ expressa em varios tecidos, € homologos de DJ-1
sdo expressos desde microrganismos a mamiferos, inclusive no peixe zebra Danio rerio

(Khale et al., 2009).
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Fig.3 Esquema adaptado de Malhotra et al. (2008) demonstrado a agdo da DJ-1 em situacdo
fisiologica de geragdo de ROS (A), e frente a uma indugdo forte de estresse oxidativo, que leva a
oxidacdo/inativagdo da proteina DJ-1 (B). ROS = Espécies Reativas de Oxigénio. ARE=elemento de

resposta antioxidante.

3.2.8istema de defesa antioxidante e BPA

Conhecimentos e avancos recentes dos estudos de toxicidade oxidativa por
xenobidticos em organismos aquaticos oferecem um campo fértil para estudos de
toxicologia aquatica (Livingstone, 1998). Muitos contaminantes ambientais tém sido
relatados por perturbar o equilibrio pro-oxidante/antioxidante de células, induzindo
assim o estresse oxidativo (Bindhumol et al., 2003). Nos ultimos anos, uma série de
estudos ecotoxicolégicos investigou danos em pardmetros de estresse oxidativo em
varias espécies de peixes expostos a metais e poluentes organicos (Valvanidis 2006;

Tao et al,, 2016).

Em relagdo ao BPA, o mecanismo de agdo desse composto na geragdo de

estresse oxidativo ndo € totalmente claro, mas figados de ratos expostos por 30 dias a
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doses baixas (0,2, 2 e 20 pg/Kg/dia) de BPA demonstraram uma diminui¢do na
atividade de importantes enzimas antioxidantes como SOD-1, CAT, GPX e GR
(Bindhumol et al., 2003). O BPA também foi demonstrado com potencial para induzir a
producao de ROS no esperma epididimal dos ratos expostos a doses baixas (Chitra et
al., 2003). Ja em peixes, foi observado que larvas de Gobiocypris rarus expostas ao
BPA por sete dias as concentragdes de 1.225 e 1.000 pg/L apresentaram um aumento
na produgdao de H,O,, inducdo de estresse oxidativo e imunossupressao (Tao et al.,
2016). Além disso, mamiferos expostos a doses baixas de BPA apresentaram alteragdes
tanto na expressdao quanto na quantidade de proteina DJ-1 no cérebro, demonstrando a
relacdo desse composto com a regulagdo de vias relacionadas a defesa antioxidante

nesses animas (Ooe et al., 2005).

4. MODELO EXPERIMENTAL

O peixe-zebra ¢ um modelo experimental amplamente usado em laboratdrio,
devido a seu tamanho pequeno, manutencao facil e barata, desenvolvimento rapido,
entre outros. A fertilizacdo € externa e os embrides sao de facil manipulacdo e
monitoramento. Em peixe-zebra o desenvolvimento inicial das goénadas ¢ como
ovarios, a diferenciagdo inicia nos machos aproximadamente 5 - 7 semanas apos a
eclosdo, se desenvolvendo como testiculos normais aproximadamente no terceiro més.
A determinacdo genética do sexo ¢ desconhecida, mas a maturidade sexual geralmente
¢ relacionada com o tamanho do animal. A ovulacdo depende da exposi¢ao das fémeas
a ferormdnios gonadais dos machos e apresentam comportamentos de cortejo
especificos. A eclosdo acontece aproximadamente 72 horas apos a fertilizacdo, mas

pode ser afetada pela incidéncia de luz (48-72 horas) (Spence et al., 2007).
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Esse modelo experimental tem origem no Sudeste da Asia e foi introduzido
como um organismo modelo genético por George Streisinger no final dos anos 1960
(Streisinger et al., 1981; Bhat, 2003). O genoma do peixe-zebra estd completamente
sequenciado e os genes de peixe-zebra partilham uma homologia de 60-80% com os
genes humanos, mais uma importante caracteristica para estudos sistémicos
toxicologicos que envolvem expressao génica (Esch et al.,2012). Além disso, devido ao
seu pequeno tamanho, a avaliagdo patologica de baixo custo eficiente de todos os

principais orgaos pode ser realizada em um niimero limitado de laminas.

5. JUSTIFICATIVA

Os estudos recentes relacionando desreguladores enddcrinos e peixes tém sido
focados no desenvolvimento embriondrio ou reversao sexual frente a exposicao a esses
compostos, geralmente utilizando doses relativamente altas. No presente estudo,
utilizamos concentragdes encontradas no ambiente e analisamos aspectos moleculares
referentes as duas vias de extrema importancia para o organismo, a via esteroidogénica
e a do sistema de defesa antioxidante enzimatico. Trabalhos relacionando o efeito do
BPA em doses ambientais no sistema de defesa antioxidante ainda sdo escassos e
poucos dados tém sido obtidos principalmente em organismos aquaticos. Dessa forma,
escolhemos o peixe Danio rerio como modelo para a obtencdo de resultados que
possam esclarecer parcialmente alguns aspectos do impacto que concentragdes ja

encontradas no ambiente podem trazer aos peixes.
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OBJETIVO GERAL
Avaliar aspectos reprodutivos e relacionados a defesa antioxidante em Danio rerio

expostos a concentragdes ambientalmente relevantes de BPA.

Objetivos Especificos

e Avaliar a expressdao de um grupo de genes relacionados a enzimas atuantes na

via esteroidogénica e na reproducao de Danio rerio expostos ao BPA de forma

aguda e subcronica.

e Avaliar a expressao de um grupo de genes relacionados a enzimas atuantes no

sistema de defesa antioxidante e detoxificagdo de fase Il em Danio rerio

expostos ao BPA de forma aguda e subcronica.

e Avaliar a expressao do gene que codifica para a proteina reguladora de defesa

antioxidante DJ-1 em Danio rerio expostos ao BPA de forma aguda e

subcronica.

e Verificar respostas bioquimicas relacionadas com as defesas antioxidantes e

atividades enzimaticas em Danio rerio expostos ao BPA de forma subcronica.

e Analisar aspectos histopatologicos nos testiculos de Danio rerio expostos

diferentes de concentragcdes de BPA um tempo considerado cronico.
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e Analisar a morfologia ultraestrutural espermatica de Danio rerio expostos a

diferentes de concentragcdes de BPA em um tempo considerado cronico.
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Abstract

Bisphenol-A (BPA) is a chemical widely used in the industry, and considered
an endocrine disrupter for various animal groups, but recent studies has been seen as a
causative agent of oxidative stress by decreasing the enzymatic antioxidant defenses.
The action of BPA as a pro-oxidant has been well described in mammals and suggested
that this compound acts by repressing the expression of regulatory pathways of
antioxidant genes, such as the DJ-1/Nrf2 pathway. In present study, zebrafish Danio
rerio were exposed to concentrations of 2, 10 and 100 pg/L of BPA for 24 and 96 hours
and gene expression and biochemical parameters related to reproduction and
antioxidant defense were observed. Regarding gene expression, we performed a
expression of genes related to steroidogenic pathway components and enzymes of
antioxidant defense system. The results demonstrated a down-regulation of genes
related to antioxidant defense, as superoxide dismutase-1 (SOD-1), and catalase (CAT),
in animals exposed to BPA for 24 hours. In contrast, the gene coding for glutathione S-
transferase (GST) enzyme was induced in 24 hours (5 fold induction). The park7 gene
was induced significantly in 24 and 96 hours (15 and 7 fold induction, respectively),
indicating their participation in action of BPA on the cell, as occurs in mammals.
Changes in genes related to steroidogenic pathway emerged later, in animals exposed
for 96 hours. Important genes as Cypl9al, Cypl9a2, StAR and Vig2 were organ-
dependent induced. It was also observed biochemical responses of decreased total
antioxidant capacity in animal brain, and changes in the activity of SOD-1, CAT and
GST enzyme in various organs. Thus, the present study found that environmentally
concentrations of BPA induce significant molecular and biochemical changes of time-
dependent and tissue-dependent in zebrafish.

Keywords: Antioxidant defense, Bisphenol-A, Steroidogenesis, Zebrafish.
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1. Introduction

Bisphenol-A (BPA: 4,4'-dihydroxy-2,2-diphenylpropane) is a carbon-based
synthetic chemical, commonly used in the manufacture of epoxy resins and
polycarbonates, which displays endocrine disrupter activity in vitro and in vivo studies
(Keum et al., 2010). This compound is considered a pseudo-persistent chemical, since
despite its short half life, is ubiquitous in the environment due to continuous release
(Oehlmann et al., 2009). The production of materials containing BPA has grown
exponentially. In 2003, the production of BPA was 3.2 million tonnes (Tsai, 2006),
with approximately one third manufactured in the United States (US National Institute
of Health, 2008). In 2011, the global production of BPA reached approximately 4.4
million tones (Merchant Research ans Consulting Itd, 2016). Recent studies have
shown that the action of BPA as an endocrine disrupter is mainly by binding to
estrogen receptors (Crain et al., 2007; Suzawa and Ingraham, 2008; Vandenberg et al.,
2015), although also have several other disruptor activities, mediated via multiple
molecular pathways, including the change in transcription factors and gene expression
(Le et al., 2008). BPA was seen altering both expression and activity of important
enzymes related steroidogenic pathway, as aromatase (Cyp/9 gene) and Sa- reductase

(Srd5a gene) in mammals (Suzawa and Ingraham, 2008).

In addition to the effect as an endocrine disrupter, several studies have
suggested that this compound may cause oxidative stress, increasing the amount of
reactive oxygen species (ROS) in the brain, liver, kidney, testis and epididymis, and
reducing mitochondrial function in mammals (Nakagawa and Toyama, 2000; Chitra et
al., 2003). Oxidative stress is defined as an imbalance between production and
depletion of reactive oxygen species (ROS). Increased ROS generation is a product of
imbalance on the components responsible for eliminating excess ROS or the result of
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dysfunction in the complexes mitochondrial respiratory chain (CRM). These processes
are also involved steroid hormones (Chen et al., 2009). This situation may occur when
the organisms are exposed to environmental contaminants such as metals, pesticides
and oil (Valvanidis et al., 2006). The protection to oxidative damage may be non-
enzymatic, by antioxidants such as some vitamins, uric acid, glutathione and
carotenoids. Furthermore, there is in all vertebrates and invertebrates animals an
enzymatic antioxidant defense system, where several antioxidant enzymes including
superoxide dismutase (SOD) and catalase (CAT), act preventing the cascade of
oxidative reactions. The antioxidant enzymes are crucial in efforts to counteract the
toxicity of oxygen in situations of high ROS production (Ahmad, 1995). Furthermore,
in order to prevent situations of high amount of reactive oxygen species in the cell
environment, there are several regulatory proteins that act activating the system
antioxidant response, such as nuclear erythroid transcription factor - 2 (Nrf-2) and
cytoplasm regulatory protein DJ-1. The protein DJ-1 is expressed in several tissues,
highly conserved among vertebrates, which is homologs are expressed from
microorganisms to mammals, including zebrafish Danio rerio (Bai et al., 2006; Khale
et al., 2009). In zebrafish, DJ-1 also seems to act as redox-reactive and neuroprotective
agent, regulating the action of antioxidant enzymes and exerting an anti-apoptotic role
(Bai et al, 2006; Baulac et al., 2009). DJ-1 protein may act as a scavenger or stabilize
the transcription factor NRF2, master regulator of antioxidant response (Clements et

al., 2006).

Most of the studies related to BPA treat their effects as endocrine disrupter and
its consequences for reproduction, however, studies related to the oxidizing effect of
this compound is low (Toyama and Nakagawa, 2000; Bindhumol et al. 2003; D'Cruz et

al, 2011). In vivo data suggest that BPA is able to induce oxidative damage in liver
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repeated exposure (Bindhumol et al., 2003). Furthermore, in vitro assays demonstrated

that pro-oxidant BPA effect was also observed, but at higher doses (Ooe et al., 2005).

Finally, mammals studies have shown that exposure to BPA can lower the
activity of DJ-1 protein, decreasing the antioxidant response of organisms and causing

an intense cellular oxidative stress situation (Ooe et al., 2005).

Considering this scenario, the objective of this study is to analyze expression of
genes related to reproduction and antioxidant defense in a fish for toxicological studies,
the zebrafish Danio rerio. Along with molecular analysis, biochemical analysis of
antioxidant capacity and enzymatic activity will help in understanding the BPA primary

mechanisms of action in freshwater fish exposed to environmental concentrations.

2. Material and methods

2.1. Animal exposure and sampling protocol

Adult animals were maintaned from Institute of Biological Sciences, Federal
University of Rio Grande, Rio Grande, RS, Brazil. The fish were kept at 28°C and
photoperiod 14C: 10D, and fed twice daily with a commercial feed. The commercial
feed (Supervit®) is estrogenic and antioxidant components (Vitamine E and C,
glutathione) free. Adults Danio rerio with sexual maturity (4 months) were used for
exposure to BPA in independent experiments. The animals were exposed to BPA in
concentrations of 2, 10 and 100 pg/L, and a control group, only the solvent BPA used
in the experiment, 0.01% ethanol. No quantification of the compound was carried out,
since daily water renewal and replacement 50% of BPA. After the exposures, the
animals were anesthetized with tricaine solution (500 mg/L) and testis, liver, brain, and

gut were collected to the molecular and biochemical analyses.
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2.2. RNA extraction and cDNA synthesis

Total RNA was isolated from various tissues of each exposure group (n=10)
using reagent TRIzol (Invitrogen, Brazil), following the manufacturer's
recommendations. The extracted RNA was treated with DNAse I (Invitrogen, Brazil).
The amount total of RNA was determined with a Fluorometer Qubit and a Quant-iT
RNA BR Assay Kit (Invitrogen, Brazil), and the RNA integrity was assessed by
electrophoresis with agarose 1% gel. For cDNA synthesis, the total RNA was reverse
transcribed using the reverse transcription kit High-Capacity cDNA (Applied

Biosystems, Brazil), following the manufacturers' protocols.

2.3. Gene expression
Gene expression experiments were performed by real time qPCR (7500 Real Time
System, Applied Biosystems). Each sample was analyzed in duplicate. Specific primers
were designed for each gene analyzed using the Primer-BLAST tool from GenBank.
The beta-actin and 18S were used as housekeeping genes. In this study, the
housekeeping genes were tested using geNorm VBA applet for Microsoft Excel
(Vandesompele et al., 2002).The genes analyzed were DJ-1, SOD-1, SOD-2, CAT, GST,
GCLc (antioxidant genes) StAR, Cypl9al, Cypl9a2, Vtg2 (genes related to synthesis
and action of reproductive hormones) (Table 1). The results were analyzed to statistical

software REST 2009 (Pffafl et al., 2009)

2.4. Total antioxidant capacity (ACAP)

Total antioxidant capacity against peroxyl radicals was determinedaccording to
Amado et al. (2009). Homogenates aliquots of tissues (testes, brain, liver and gut) were
placed in a medium containing 30 mM HEPES (pH 7.2), 200 mM KCI, 1 mM MgCl,

and 40 pM fluorogenic compound 2 ', diacetate 7'- dichlorofluorescein (H,DCFDA,
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Invitrogen) in the presence or absence of 2,2'-azobis 2-methylpropionamidine
dihydrochloride (ABAP; 4 mM, Aldrich), which generatesperoxyl radicals by thermal
decomposition at 37°C. Fluorescence was considered as a measure of ROS and was
read on a spectrophotometer equipped with a microplate reader (Victor 2, Perkin-
Elmer) at wavelengths of 485 and 530 nm for excitation and emission, respectively.
The total yield of fluorescence was calculated by integrating the fluorescence units
(FU) over the measurement period. The relative difference between the area of ROS
with or without ABAP has been regarded as a measure of the antioxidant powers of the
tissues, where the area difference is inversely proportional to the antioxidant capacity

(Amado et al., 2009).

2.5. Enzyme Assays

The fish organs were homogenized (1:4 w/v) at 4°C in buffer containing 5 mM
EDTA, 250 mM sucrose, Tris-base 100 mM, 1 mM phenylmethylsulfonyl fluoride
(PMSF, Sigma) and the pH adjusted. The homogenates were centrifuged at 1,000 g for
20 min at 4°C and the resulting supernatants were centrifuged again at 10,000 g for 45
min at 4°C. The obtained supernatant was collected and stored at -70°C. Six samples

were used for biochemical determinations for each experimental group.

The activity of catalase enzyme (CAT) was analyzed following the protocol
established by Beutler (1975), determining the initial rate of decomposition of H,Osto
240 nm. The results were expressed in CAT units, where one unit is the amount of
enzyme which hydrolyzes 1 mol of H,O, per minute per mg protein at 30°C and pH
8.0.Superoxide dismutase (SOD) was measured by the method described by McCord
and Fridovich (1969). The enzymatic activity was expressed as a SOD unit, where one

unit is definedas the amount of enzyme required to inhibit 50% reduction of
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cytochrome C per minute per mg protein at 25 © C and pH 7.8. The glutathione-S-
transferase (GST) was determined by monitoring at 340nm, the formation of a
conjugate between 1 mM GSH and 1 mM 1-chloro-2,4-dinitrobenzene (CDNB) (Habig
and Jakoby, 1981). The results were expressed as GST units, where one unit is defined
as the amount of enzyme conjugate CDNB 1 mol per minute per mg of protein at 25°C

and pH 7.40. In all the enzymatic assays, the reagents were supplied by Sigma.

2.6. Statistical analysis

The biochemical data are presented as mean + SE. Statistical analyses were
performed using one-way ANOVA (P<0.05), with normality and homogeneity of
variance requirements previously tested. When there was a significant difference, the
Tukey post test was applied. For molecular data was used the statiscal software REST

2009.

3. Results and discussion

The chemical estrogenic effects study still requires a greater
understanding of the molecular pathways related to their mechanisms of toxicity,
particularly with regard to gene expression and cell signaling (Kiyama et al., 2014).
Endocrine disrupters have challenged the classical toxicological assumptions related to
the dose-response relationship, the action at different stages of life and the chemical
mixtures impact (Vogel, 2004). The exposure to these chemicals, besides disturb the
reproduction, has been reported to increase oxidative stress , thereby disturbing the
balance pro /antioxidant components on the cells (Morgan et al., 2014). Studies have
associated BPA with redox status changes in various organs of mammals, especially
brain, contributing to the progression of certain diseases, including neurodegenerative

diseases (Suzuki et al., 2003; Jones and Miller, 2008).
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The biochemical marker Vitellogenin (Vtg), an egg yolk precursor essential for
the development of eggs and embryos is produced in the liver of females during oocyte
maturation. The expression of this protein in male fish has been considered estrogenic
disruptor endocrine exposure marker (Softker and Tyler, 2012). The Vg2 gene was
induced in testis and liver of animals when exposed to 96 hours (Fig. 2AB). Studies
relating gene expression of vitellogenin and endocrine disruptors in fish are scarce,
more common direct measurements of protein in animal liver. Li et al. (2016) reported
a 125% increase in the amount of this protein in Oryzias latipes liver, though in much
larger doses than those used in this study. Moreover, it has been shown that the VGT
synthesis in male fathead minnow Promelas pimephales and Japanese medaka. O.
latipes was induced by 160 pg / L BPA for 3 days (Sohoni et al., 2001), and 100 pg / L

for 70 days (Tabata et al., 2004).

Studies with mammals has shown that BPA has the ability to change the
enzymatic antioxidant defense system, making it generally less active and therefore
generating oxidative stress in the brain, liver, kidney, testicles, and other organs (Chitra
et al., 2003; Kabuto et al. 2003; D'Cruz et al, 2011). In zebrafish embryos, exposure to
BPA and nonylfenol also led to changes related to oxidative stress and antioxidant

parameters (Wu et al., 2011).

In the present study, adult zebrafish exposed to BPA for 24 hours demonstrated
a decrease in the expression and activity of SOD-1 and CAT enzymes,in organs such as
the testis, liver and brain (Fig. 1ABCD, 5BC and 7B). The decrease in SOD and CAT
expression have also been observed in several studies in mammals exposed to similar
concentrations of BPA and may be related in part to inactivate regulatory antioxidant
proteins such as DJ-1 present in high concentrations in the brain (Ge et al., 2014;
Morgan et al, 2014). Already in animals exposed to BPA for 96 hours, the SOD

37



expression remained reduced compared to control, in liver, brain and gut (Fig 2BCD)
and the CAT expression was reduced only in liver (Fig 2B). Regarding the activity of
these enzymes in 96 hours CAT showed no significant difference compared to control,
while SOD happens to be induced in the liver in animals exposed to the highest BPA
concentration (Fig. 6B). This response of SOD and CAT may be associated with
compensatory regulatory mechanisms, making the expression of these genes remain
low but the proteins activity is recovered over time and the activity of enzymes and
even induced, such SOD, in an attempt to compensate for the decrease in gene

expression.

The total antioxidant capacity was lower in 24 hours in the brain and liver of
animals (Figs. 3BC) and at 96 hours just in the brain (Fig. 4C) indicating that indeed
the BPA is able to decrease the antioxidant response in fish. The decrease of antioxidant
capacity demonstrating a failure of the primary antioxidant system to act against free
radicals, as occurs in mammals exposed to similar doses of BPA, causing an increase in

ROS generation (Chitra et al., 2003 Korouma et al., 2014).

The GSTal gene expression was induced in 24 hours (Fig. 1B) and the GST
activity was induced in 24 and 96 hours in the liver and brain of animals (Figs. 10B and
9BC). Increased GST activity has also been observed in Japanese medakaOryzias
latipes exposed to high concentrations of BPA (Li et al., 2016) and probably acts to
offset the reduced activity of other antioxidant enzymes. Furthermore, the enzyme GST
is known as a major detoxifying agent related to BPA, at least in mammals (Tanabe et
al, 2012; Tamiselvan et al, 2014.). This study demonstrated that expression of the gene
encoding this enzyme also appears to be a reliable biomarker of exposure to relatively

low doses of BPA.
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In addition, expression of the gene related to biotransformation CYP1A was
induced in 24 and 96 hours in the testis and liver of exposed animals (Figs. 1AB, 2B).
The relation of the BPA presence and modifications in detoxifying genes such as
CYPIA still is not clear, however it is known that in mice liver, the presence of
endocrine disruptors with a similar mechanism of action to BPA alters significantly
specific activity of cytochromes P450 (Hanioka et al., 1998). BPA has been shown to
modulate the expression of different genes of the cytochrome P450 family (Lee et al.,
2006) and, unlike the present study, reducing the CYPIA expression at in vitro
experiments with higher doses of the compound (Jeong et al., 2000).The liver was a
highly responsive organ in the expression responses and antioxidant enzymes activity,
such in other studies with fish (Buhler and Williams, 1988; Li et al., 2016). This organ
is generally known as the main site of detoxification of environmental contaminants.
Antioxidants levels (constitutive or induced) in fish are tissue-specific and are generally

higher in the liver than in other tissues (Buhler and Williams, 1988).

The park7 gene, that encoding the DJ-1 protein, was induced in the brain at 24
hours and 96 hours, with fold induction of 15 and 7, respectively (Figs. 1C and 2C).
The DJ-1 protein is highly conserved and has a high basal expression and activity in the
brain of zebrafish, but is also active in other organs, to a lesser extent (Bai et al., 2006).
DJ-1 regulates the antioxidant activity in the cell because has the function of releasing
to the Nrf2 transcription factor, which induces genes as SOD-1, CAT and GSTal.
Studies with rats demonstrate that BPA is capable of inactivating the DJ-1 protein,
through molecular mechanisms remain unclear. This may explain the increased of gene
expression in zebrafish exposed, in order to compensate the decline of the protein.
Despite having high activity in the brain, the DJ-1 protein is also active in other organs,

such liver and brain (Bai et al, 2006; Yanagida et al., 2009). Thus, the activity of this
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protein could be somehow influencing the reduction of antioxidant enzyme activity in

others studied organs, but more studies are needed to confirm this hypothesis.

BPA has already been observed by altering the expression of various genes
related to reproduction in all classes of vertebrates (Suzawa and Ingraham, 2008). Liu
et al (2012) observed effects of BPA concentration dependent on the expression of
genes encoding steroidogenic enzymes such as StAR, CYPI11A1, 3fHSD, CYPI7A41 and

CYPI19alinrare minnow Gobiocypris rarus gonads.

The Cyp19 gene encodes Aromatase (CYP19 enzyme, cytochrome P450arom),
which has an important and essential role in synthesis of steroids, catalyzing the
transformation of androgens into estrogens (Huang and Leunga, 2009; Hinfray et al.,
2006). Different to mammals, many teleost fish, including zebrafish, have two of the
CYPI19 gene isoforms in their genomes (cypl9ale cypl9a2), thus producing two
different cDNAs are expressed in the brain and gonads (Callard et al., 2001; and
Linney Lassiter, 2007). The Cyp19al gene is expressed predominantly in the gonads,
and the Cypl9a2 is predominant in the brain (Hinfray et al., 2006, Cheshenko et al.,
2008).In this study the Cypl9al and Cypl9a2 genes were induced in the gonads and
brain, respectively (Figs 1BC and 2BC) corroborating studies that demonstrate their
difference in basal and inductive expression in different tissues (Suzawa and Ingraham,

2008, Chenschenko et al., 2009).

Another gene altered by exposure to BPA in organs such gut, liver and testis
was the StAR gene (Figs. 2AB and 1D). The steroidogenic acute regulatory protein is
an important target for endocrine disruptors and is responsible for cholesterol
trafficking, precursor of steroids into the mitochondria (Hampl et al., 2016). The

expression of StAR gene can be altered by a variety of endocrine disruptors (Caron et

40



al, 1998; Clark et al., 2007, Kumar et al., 2008) but higher levels than those used in this

study.

In general, steroidogenic genes are considered targets of estrogenic endocrine
disruptors, since in its promoter region are present responsive targets to estrogen
receptors (Suzawa and Ingraham, 2008; Cheschenko et al., 2009). Thus, the mechanism
of action by which BPA alters the expression of genes related to steroidogenic pathway
may be via direct interaction of nuclear estrogen receptors. These receptors finally
binding to estrogen response elements in DNA, for example, as shown in studies with

fish and mammals (Kuiper et al., 1998; Suzawa and Ingraham, 2008).

The BPA concentrations which the animals were more responsive both related
to reproduction as the antioxidant defense were 10 and 100pg/L both environmentally
relevant and present in polluted sites throughout the world (Crain et al., 2007).
Although more studies are needed, this study shows some potential molecular

biomarkers for acute and subchronics exposures at relatively low concentrations.

In addition, the relationship between time-dependent gene expression and
activity of proteins after exposure to endocrine disrupting contaminants have been little
explored, so the present study showed an interesting relationship between the selected
groups of genes and response in relation to the exposure times, where the reproductive

genes was later responsive that the antioxidant genes.

4. Conclusion

BPA is able to alter the expression of important genes related to both the
steroidogenic pathway as the antioxidant defense system, and change biochemical

aspects related to cell antioxidant defense in environmentally relevant concentrations.
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Captions
Table 1 Primers employed in the qPCR reactions.

Figure 1. Expression of genes related to steroidogenic pathway and antioxidant
defense (n=8) in testis, liver, brain and gut of Danio rerio exposed to BPA for 24
hours. The results are given by subtracting the CT (Cycle Threshold) from the
normalizing gene by the CT of the target gene. The relative expression results are
normalized by the values of beta-actinand EF1a gene expression and the control group
is represented by the line of the x axis (1). Asterisks represent significant differences in

relation to control group (ANOVA — p< 0.05 — Tukey).

Figure 2. Expression of genes related to steroidogenic pathway and antioxidant
defense (n=8) in testis, liver, brain and gut of Danio rerio exposed to BPA for 96
hours. The results are given by subtracting the CT (Cycle Threshold) from the
normalizing gene by the CT of the target gene. The relative expression results are
normalized by the values of beta-actinand EF1a gene expression and the control group
is represented by the line of the x axis (1). Asterisks represent significant differences in

relation to control group (ANOVA — p< 0.05 — Tukey).

Figure 3. Effects of Bisphenol A on Total antioxidant capacity in testis, liver,
brain and gut of Danio rerio exposed for 24 hours (1/ Relative area
difference).Significant difference (p < 0.05) between controland exposed animals is

indicated by different letters.

Figure 4. Effects of Bisphenol A on Total antioxidant capacity in testis, liver,
brain and gut of Danio rerio exposed for 96 hours (1/ Relative area difference).
Significant difference (p < 0.05) between controland exposed animals is indicated by

different letters.
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Figure 5. Superoxide dismutase (SOD) activities in testis, liver, brain and gut of
Danio rerio exposed to BPA for 24 hours. The results are referred as SODunits
(amount of sample inhibiting cytochrome c reduction by 50% under thespecified
conditions of the assay). Significant difference (p < 0.05) between controland exposed

animals is indicated by different letters.

Figure 6. Superoxide dismutase (SOD) activities in testis, liver, brain and gut of
Danio rerio exposed to BPA for 96 hours. The results are referred as SODunits
(amount of sample inhibiting cytochrome c¢ reduction by 50% under thespecified
conditions of the assay). Significant difference (p < 0.05) between controland exposed

animals is indicated by different letters.

Figure 7. Catalase (CAT) activities in testis, liver, brain and gut of Danio rerio
exposed to BPA for 24 hours. The results are referred as CAT units (amount of enzyme
able to decompose 1 mmol ofH,O, per minute per milligram of protein). Significant
difference (p < 0.05) between controland exposed animals is indicated by different

letters.

Figure 8. Catalase (CAT) activities in testis, liver, brain and gut of Danio rerio
exposed to BPA for 96 hours. The results are referred as CAT units (amount of enzyme
able to decompose 1 mmol ofH202 per minute per milligram of protein). Significant
difference (p < 0.05) between controland exposed animals is indicated by different

letters.

Figure 9. Glutathione S-transferase (GST) activities in testis, liver, brain and
gut of Danio rerio exposed to BPA for 24 hours. The results are referred as GST units

(enzyme amount needed toconjugate 1 mmol of CDNB per minute and per milligram of
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total proteins). Significant difference (p < 0.05) between controland exposed animals is

indicated by different letters.

Figure 10. Glutathione S-transferase (GST) activities in testis, liver, brain and
gut of Danio rerio exposed to BPA for 24 hours. The results are referred as GST units
(enzyme amount needed toconjugate 1 mmol of CDNB per minute and per milligram of
total proteins). Significant difference (p < 0.05) between controland expoded animals is

indicated by different letters.
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Table 1

Primer name Primer sequence 5° — 3" forward Primer sequence 5 — 3’ reverse Efficiency
B-actin CGAGCAGGAGATGGGAACC CAACGGAAACGCTCATTGC F 100.0 — R 96.0
188 AGGGACAAGTGGCGTTCAGC GCAGGGTAGGCACACGT GA F 99.0- R100.0
SOD-1 TGGAACCCCACTAGTCAATT TTGGCGTTGCCACCGGAT F 100.0 — R 100.0
SOD-2 TGGCAAAGGGTGA CACCGCCATTGGGTGACAGA F 90.8-R 99.7
CAT AACCTGCTGCAGAAACCGTG AACCCTGTGCTGGGGTACACTG F 99.9-R 100.0
GSTal AGGTCCCTTTGGTGGAGATT TCCTTGTTTTCAGCCGGTCCT F94.4-R98.8
GCLe GGTGGCAAGCCGGATCACAT TGATGCTGCAAGCCTGAAGG F 100.0 -R 98.0
CYPIA GCATAACGATACGTTCGATAAGGA GCTCCGAATAGGTCATTGACGA F99.9-R 100.0
Park7 TGCCCTCCTGGTCCTTCAACA AGCCTGGAGGACGCACACAA F 96.6 - R 98.6
Cypl9al ATTGAAGCCGTGCTGCTGC TCCACAGCGATTGTCCTGAGC F 100.0 -R 98.5
Cypl9a2 TGTGTGAGCGCCACCAACAG CGATGCAGCCGAGGAGATTG F98.2R91.3
STAR AGGCTGTGCCGGAGATTG CAGATGTCCCGTGGT F100.0-R97.2
Vg2 TCATGGGTGCTGCCTGCTGA ACAGCGCAGCATAGGCTCAA F 100.0-R 92.0
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Figure 2

Gene expression
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7

CAT Activity

) Testis 24h B) Liver 24h
0. 10+ a
1 Control group a —_
8 3 2 ug/L BPA 81—
5 el a EE 10 pg/L BPA 7 6 ab
2 a a a EE 100 ug/L BPA £
2 /= - = >
2 =
£ <
G 2 ©
. . . 0 . r
& & « \@‘f 4 u < @"r
o) Brain 24h D) Gut24h
o 10-
8, a a a >
5 6l — 7 6 a a a
2 — c a —_—
5 . 2 4 T
= =
5 2| S
0 T T ° I I
P Y B s LS

58



Figure 8
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Figure 9
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Figure 10
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Abstract

Bisphenol-A (BPA) is a chemical used as monomer for polycarbonates and
epoxy resins production, and its production is major worldwide. This compound is
considered an endocrine disrupter for various classes of vertebrates, but its effects in
some specific groups such as fish, still are poorly studied. To check the BPA effects on
spermatogenesis was chose a fish model extremely used in toxicological studies, the
zebrafish (Danio rerio). In order to analyze tissue and cellular structure after chronic
exposure to BPA (14 days), we expose the males at three concentrations: 2, 10 and 100
ug/L of BPA, and a negative control group. The first two concentrations (2 and 10 pg/L
BPA) can be found in natural environments contaminated with BPA. After exposure,
the males were anesthetized and their testes removed for further analysis in optical and
electron microscope. Additionally, water samples were stored for further quantification
of BPA by LC-MS/MS. The lowest concentration used showed no visible and
significant differences from the control group in cell and tissue morphology of the
testis. In contrast, the 10 and 100 pg/L concentrations showed defects that are
potentially related damage to Sertoli cells, which play a central role in spermatogenesis.
The changes include presence of immature cells, changes in crossing-over, break
testicular wall and damages in Sertoli cells and germ cells. Moreover, in higher
concentration, was possible to observe a malformation in a high number of sperm. This
study therefore shown that chronic exposure to environmental concentrations of BPA
was able to change various structural parameters of sperm cells of zebrafish, probably

via damage to Sertoli cells.

Keywords: Bisphenol-A, Histopatology, Reproduction, Sertoli cells, Zebrafish
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1.Introduction

Bisphenol A (BPA) is an important industrial chemical, widely used in the
manufacture of polycarbonate, epoxy resins, chemical papers, dental sealants, etc.
(Bermudez et al., 2010; Riu et al., 2011). This compound is one of the chemicals with
highest volume of world production and persists in residual wastewater through
incomplete polymerization or gradual release products containing BPA (Biedermann et
al., 2010; Vandenberg et al., 2010; Zhang et al., 2013). Recent studies have
demonstrated that BPA is an endocrine disrupter for various vertebrate classes
(Vandenberg et al., 2010, 2015;Bandhari et al, 2015) and exposure in humans may be
partly responsible for the increase in reproductive male disorders classified as testicular
syndromes, including cryptorchidism, testicular cancer and low adulthood sperm
production (Lucas et al.,, 2009). Its known that BPA can act interacting with
reproductive hormones such as estradiol and testosterone, causing an imbalance in
normal production of these hormones and consequent reproductive changes in various
animal groups (Cheschenko et al., 2005; Suzawa and Ingraham, 2008; Vandenberg et
al.,, 2009). BPA binds to estrogen receptors, interacting primarily with the ERa and
ERpP receptors with greater affinity for the ERB (Le et al., 2008; Suzawa and Ingraham,
2008; Vandenberg et al., 2009). Additionally can also bind to the androgen receptor

(AR), present both activities, estrogenic and anti-androgenic (Bondesson et al., 2009).

Regarding the BPA effectsin fish, these include steroidogenic genes
transcription activation, vitellogenin (Vtg) induction in males, impaired development
and sex ratio, among others (Crane et al., 2007). Zebrafish exposed to BPA during the
embryonic period had their differentiation/altered ratio associated with gonadal
ontogeny. The fishes were fed diets containing 178 estradiol or BPA and were
abnormal sex ratios (3,8F:1M) when fed with 100 mg/kg (Drastichova et al., 2005).
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This data are mechanically informative, but ecologically irrelevant, since such
concentrations are too high and generally not found in the environment (Drastichova et

al., 2005).

It is known, however, that environmentally relevant concentrations may also
contribute to the intersex conditions. For example, immature barbel (Barbus sp.)
collected downstream from a source of pollution for BPA had a high incidence of
intersex barbs that were observed upstream of the pollution source (Vigano et al.,
2006). Whereas high BPA concentrations cause determination / proportion of abnormal
sex in fish, amphibians, reptiles and birds, lower concentrations can cause changes in
gonadal function, and therefore environmentally relevant concentrations the potential to
alter the testicular structure of teleost fish, contributing for intersex conditions and

infertility (Crain et al., 2007).

Spermatogenesis is a specific proliferation and differentiation process of germ
cells that occurs in the testis, and is controlled primarily by endocrine activity (FSH and
LH) and cell juntions mediators (Fiorini et al., 2004). Recent studies with ratsWistar
have shown that BPA can affect spermatogenesis, reduce the sperm qualityand affect
the hypothalamic-pituitary axis (Wisnieski et al., 2015). Moreover, was seen that BPA
can interfere with the expression of junctional proteins of the Sertoli cells in mammals
when exposed during the neonatal period, affecting spermatogenesis and generating
infertility. Sertoli cells provide nutritional and physical support to the cells precursors
of sperm (Fiorini et al., 2004; Salian et al., 2009). However, spermatogenesis studies

under the effect of BPA on fish are still relatively scarce.

The zebrafish is considered a model for toxicological studies due to advantages,

such as protocol established, small size, easy maintenance among others. Thus, this
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paper aims to examine of the histological structure of the zebrafish testis exposed to

different concentrations of BPA in a sub chronic time.

2. Material and methods

2.1. Exposure and sampling

The exposure was performed at the laboratory of toxicology and pharmacology
of University of Cordoba (Cordoba, Spain). The photoperiod was 16 hours light / 8
hours dark, the temperature of 26£1°C and an oxygen saturation of 60%. The animals
were fed twice a day (Supervit ®). The animals were randomly divided into four
groups (n=12) in 25 liter tanks: control group and three groups of concentrations of 2,
10 and 100pg/L BPA (Sigma-Aldrich ®). Fish were exposed to BPA for 14 days
following the guidelines of OECD (OECD, 1993), through a continuous flow regulated
by programmed peristaltic pumps. After two weeks exposure, all animals were
euthanized with an overdose of tricaine anesthetic solution (MS-222®, Aldrich®
Sigma) at a concentration of 500 mg/L buffered to a concentration of 300 mg/L sodium

bicarbonate (Sigma Aldrich®)

2.2. BPA content analysis in water

Three times a week, every water tank was sampled, keeping —20°C until its
analytical verification of BPA concentrations present. Prior to analysis, samples were
thawed and subsequently processed with ammonium hydroxide, filtered through 0.22
micron and injected in a volume of 20 pL system LC-MS/MS, with a detection limit of

0.2t0 0.3 pg/L.
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2.3 Histopathological analysis: optical and electronic microscopy

2.3.1. Structural study

Testes were fixed with 10% buffered formaldehyde at room temperature,
dehydrated in ascending scale of ethanol and embedded in paraffin. The testicular
samples of each block (4um) were stained with hematoxylin/eosin for histopathology.

The sections were observed and photographed under an optical microscope.

2.3.2.Ultra structural study

Testes were fixed in 2% glutaraldehyde in 0.1 M phosphate buffer solution (pH
7.4) overnight and subsequently refixed with osmium tetroxide in 0.1 M phosphate
buffer solution (pH 7.4) for 30 minutes. After dehydration in ascending scale of
alcohols and inclusion in Araldita, the semithin and ultra-thin sections were performed
in ultramicrotome LKB. The semithin sections were stained with toluidine blue, while
for ultra-thin sections was used stained-double with uranyl acetate and lead citrate. The
cuts for the ultra structural study were photographed and analyzed in a transmission

electron microscope Philips CM10 (Philips Export BV).

3. Results and discussion

The clearest effects of BPA are the reproductive damages, which is relatively
well studied in mammals. BPA acts primarily interacting with estrogen receptors, as an
agonist or sometimes antagonist of these receptors, and therefore causing hormonal
imbalance and structural changes in the brain, gonads and other organs of exposed
animals (EPA, 2005; Crain et al., 2007, Vandenberg et al., 2015). Among the analyzes
related to reproductive aspects, effects on spermatogenesis BPA currently seem to be

the most sensitive reproductive endpoint in adult fish (Crane et al., 2007).
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In this study we analyzed the structure and ultrastructure of zebrafish testis
exposed to BPA and histopathological effects were observed mainly at the highest
exposure concentrations, 10 and 100 p/L, being more pronounced at the highest
concentration used. BPA was maintained in constant water concentrations according
with the data obtained by LC-MS / MS (Table 1). The concentrations used in this study
are very similar to those used by different authors in several species of fish (Lindholst
et al., 2000; Mandich et al., 2007, Villeneuve et al, 2012.). Coinciding with previously
reported data, mortality was inconsiderable (less than 1%) during the period of
exposure to BPA (Villeneuve et al.,, 2012). Furthermore, there were no signs of

abnormal behavior during exposure.

Control group animals showed, as expected, a normal testicular structure with
sperm cell groups organized into testicular cysts, Sertoli cells with normal appearance
and completely viable sperm. The Danio rerio testis are paired organs, elongated and
located symmetrically in the dorsal region of the celomic cavity between the ventral
surface of the swim bladder, the liver and the dorsal part of the lateral. Within this
testis, Sertoli cells surround germ cells forming cysts, where the germ wall cell groups
develop synchronously and the spermatogenesis process occurs (Rupik et al., 2011).
Testicular structure displayed in the control group allowed us to distinguish and

characterize the different types and stages of the sperm cells (Fig.1).

The spermatogonia have dispersed chromatin, single nucleolus and many
ribosomes in the cytoplasm. Already the primary spermatocytes appear as oval cells
and having a structure denominated synaptonemal complex in the nucleus. Spermatids
can be observed at different stages of their development, and finally the rounded head

spermatozoa are out of the cysts in the lumen of the tubular region.
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Testicular structure of animals exposed to 10 and 100 pg/L were found many
adipocytes related to disruption of parenchyma, thus featuring a break testicular wall
(Fig. 2). Oehlmann et al. (2000) observed cell wall breakage oviducts in molluscs
exposed BPA and octylphenol (OP) in similar concentrations to those used in this
study. Studies with mammalian demonstrate that several endocrine disrupters can cause
damage in testicular membranes, and those caused by hormonal imbalance or for the
generation of oxidative stress and lipid peroxidation (Yang et al., 2005; Xi et al., 2013;

Jianjie et al., 2016; Kalb et al., 2016).

In primary spermatocytes, an important ultrastructure characteristic is the
synaptonemal complex, which is a meiosis-specific structure essential to recombination
of homologous chromosomes (crossing-over) (Iwai et al., 2005). When the animals
were exposed to a concentration of 100 pg/L of BPA did not have the synaptonemal
complex in the vast majority of its primary spermatocytes compared to primary
spermatocytes in the control group (Fig. 3). This effect may be related to any changes
caused directly or indirectly by BPA, possibly preventing the normal operation of
crossing-over during meiosis. Studies in mammals have shown that some contaminants
such as alcohol, the mycotoxin zearalenone and antimitotic agents can cause structural
damage or changes inexpression of genes related to the synaptonemal complex (Obe
and Ristow, 1979; Allen et al., 1988; Zatecka et al, 2014). Studies concerning the
presence of contaminants and damage in synaptonemal complex in fish, however, are
extremely scarce. BPA has been shown to be mutagenic in germ cells and sperm of

rats, influencing sperm motility and fertility of the animals (Tiwari and Vanage, 2013).

At concentrations of 10 and 100 pg/L, several tubular parts with abnormal
sperm counts were observed, and when these areas were observed in transmission

microscopy is shown defective spermatozoa with changes that included high amount of
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cytoplasm and atrophied tails (Fig. 4). Likewise, when Fathead minnow (Pimephales
promelas) were exposed to 16 pg/L or higher concentrations of BPA, their testis
significantly reduced the number of mature spermatozoa and increased the number of
immature sperm in their seminiferous tubules (Sohoni et al.,, 2001). Furthermore,
Guppies (Poecilia reticulata) exposed to 294 pg/L BPA for 21 days obtained
significantly reduced sperm count (Haubruge et al., 2000). In rats, exposure to BPA
reduced sperm production and caused significant damage to acrosome, the plasma
membrane and reduced mitochondrial activity (Wisniewski et al., 2015). In addition to
the histopathological alterations, decreased motility and velocity of sperm in goldfish
exposed to environmentally relevant concentrations of BPA suggests that changes in
the structure and sperm function are associated with deficits in steroidogenesis and
changes in sperm maturity (Hatef et al., 2010). Although the mechanisms by which
they occur all these effects of BPA in sperm quality are not yet fully elucidated, it is
suggested that the damage observed in Sertoli cells can be closely related to the
changes observed in the epididymis of animals, since these cells they are responsible

for nutritional support and much of the hormone synthesis in spermatogenesis fish.

The process cytoplasmatic of Sertoli cells surrounding the germ cells at
different stages of development since the beginning of spermatogenesis until the final
stages, and bind to these cells through junctional protein complexes (Rupik et al.,
2011). Maintenance of these cells in normal operation is extremely important for
reproductive success of vertebrates, since it is responsible for providing physical
support, perform phagocytosis residual bodies, and the formation of hemotesticular
barrier (Griswold and Russel, 1993; Andrade et al., 2001; Rupik et al, 2011.). In this
sense, structural analysis in animals exposed to 100 pg/L showed that Sertoli cells

appear to be damaged and with little association to spermatic cells. This featuring an
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abnormal situation where this cells are not possibly performing its role efficiently (Fig.

5).

Studies in mammals showed that BPA can affect protein cell junction /
occlusion Sertoli cells, such as occludins and cadherins, which can cause problems in
the production of spermatozoa and therefore effects on fertility of the animals (Fiorini
et al., 2004, Salian et al., 2008). It was observed in rats that a low dose of 2.4 pg/Kg
was capable of altering the expression of Sertoli cell junction proteins, reducing the
expression of proteins such as Cx-43 and increased the expression of N-cadherin and
Z0-1, suggesting so that BPA is a potential toxicity Sertoli cells (Salian, et al., 2008).
Furthermore, in vitro studies demonstrate that exposure to BPA may cause apoptosis in
mammalian Sertoli cells (Iida et al., 2003). Experiments with fish suggest that BPA is a
toxic compound on the Sertoli cells, acting for example by changing hormone receptors
present on these cells (Higaki et al., 2013). Finnaly, related damage to Sertoli cells may
have consequences of oxidative stress caused by BPA, as previously observed in
studies with ratsthat showed that BPA is probably able to generate intracellular ROS

and trigger apoptotic cascades in Sertoli cells (Ge et al, 2014; Qian et al, 2014).

4.Conclusion

This study showed that chronic exposure to environmental concentrations of
BPA was able to alter many structural parameters of zebrafish spermatogenesis. These
alterations are via damage to Sertoli cells, probably through the generation of oxidative

stress or or direct damage to cell junction proteins.
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Captions

Table 1. Bisphenol A nominal and real concentrations (pug/L) in water

expressed by mean + SD.

Figure 1. (A) Light microscope. Bars 50 um. (B) Ultrastructural observations.
Bars 2 pum.(A) Control group: cystic structure of spermatogenesis in teleost,
demonstrating sperm cells at different levels of development stages. (B) Control group:
ultrastructural view demonstrating cysts in different stages of sperm cells. STC- Sertoli
cells; SG- Spermatogonia; PSC- Spermatocyte; SSC- Secondary spermatocyte; SPM-

Spermatids; SZ- Spermatozoa.

Figure 2. Histopathological changes in zebrafish testis exposed to 10 and 100
ug/L of bisphenol-A. (A), (C) and (E): Light microscope. Bars, 20 um. (B), (D) and
(F): ultrastructural observations. Bars, 2 pum. (A) Control group: cystic structure
associated with Sertoli cells.(B) Control group: ultrastructure of Sertoli cells and few
adipocytes (C) 10ug/L BPA: larger number of adipocytes among cystic structures of
testicular tissue. (D) 10ug/L BPA: ultrastructure Sertoli cells and adipocytes (E)
100pug/L BPA: impaired cystic structure and higher number of adipocytes, indicating
parenchymal disruption (F) 100ug/L BPA: Ultrastructure of damaged Sertoli cells and
adipocytes.  AD- Adipocytes STC- Sertoli cells; SG- Spermatogonia; SPM-

Spermatids; SZ- Spermatozoa.

Figure 3. Histopathological changes in zebrafish testis exposed to 100pg/L of
bisphenol-A. (A) and (C): Light microscope. Bars, 20um. (B) and (D): ultrastructural
observations.Bars, 2um. (A) Control group: structure demonstrating cysts with primary
spermatocytes (B) Control group: ultrastructure of primary spermatocytes with

presence of synaptonemal complex (C) 100pg/L BPA: structure demonstrating cysts
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with primary spermatocytes (D) 100pg/L BPA: ultrastructure of primary spermatocytes
with absence of synaptonemal complex. STC- Sertoli cells; SG- Spermatogonia; PSC-
Spermatocyte; SN- Synaptonemal complex SSC- Secondary spermatocyte; SPM-

Spermatids

Figure 4. Histopathological changes in zebrafish testis exposed to 100ug/L of
bisphenol-A. (A) and (C):Light microscope. Bars, 20um. (B) and (D) ultrastructural
observations. Bars, 2um. (A) Control group: cystic structure demonstrating cysts of
spermatids and differentiation into sperm (B) Control Group: ultrastructure of mature
spermatozoa (C) 100ug/L BPA: impaired cystic structure containing spermatozoa (D)
100pg/L BPA: ultrastructure of damaged spermatozoa demonstrating high amount of
residual cytoplasm. AD- Adipocytes STC- Sertoli cells; SG- Spermatogonia; PSC-
Spermatocyte; SZ- Spermatozoa; N = Nucleous; Ce- Centriole; M= Mitochondria; F-

Flagellum; C= cytoplasm

Figure 5. Histopathological changes in zebrafish testis exposed to 10 and
100pg/L of bisphenol-A. (A),(C) and (E):Light microscope. Bars, 20 um. (B),(D) and
(F): ultrastructural observations. Bars, 2um. (A) Control group: cystic structure and
Sertoli cells (B) Ultrastructure of Sertoli cell (C) 10ug/L BPA: cystic structure and
Sertoli cells (D) 10pug/L BPA: Ultrastructure of Sertoli cell (E) 100pug/L BPA: structure
cystic impaired and Sertoli cells among the rare cells sperm cysts (F) 100ug/L BPA:
Ultrastructure of damaged Sertoli cells. STC- Sertoli cells; LC- Leydig cells; SG-

Spermatogonia; PSC- Spermatocyte;SPM- Spermatids; SZ- Spermatozoa

81



Table 1

BPA nominal concentration

Control 2 pug/L 10 pg/L 100 pg/L
BPA concentration
. Non- 1,5888 + 6,272 +
in water (mean 14 detected 0.1188 0.8084 70,0875 + 3,9686
days)
Figure 1
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Figure 2
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Figure 5
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DISCUSSAO GERAL

A interferéncia de contaminantes na vida dos animais tem sido bem relatada ao
longo das ultimas décadas, e estudos demonstram que um numero cada vez maior
desses quimicos estdo disponivel em quantidades ambientais que sdo capazes de gerar
danos irreversiveis ¢ em todos os grupos animais (Crain et al., 2007). Entre esses
contaminantes, os desreguladores enddcrinos tém recebido atencdo especial por seus
diferentes efeitos dependentes de dose, de estagio de vida, tecido, etc. (Vandenberg et

al., 2015).

Existe uma grande discussdo principalmente nos paises desenvolvidos,
relacionadas as essas doses e concentragdes € aos testes relacionados por organizagdes
nacionais para estabelecer essas doses. Nas ultimas décadas, uma série de especialistas
concluiu que ndo ha provas suficientes de que as exposicdes a baixas doses de BPA
pode alterar o desenvolvimento de 6rgaos e sistemas especificos, incluindo o cérebro, a
prostata, glandula mamaria, entre outros (Chapin et al., 2008; Richter et al., 2007; vom
Saal et al., 2007). Apesar de existirem estudos que nao conseguem identificar os efeitos
de BPA em doses baixas (Delclos et al, 2014; Tyl et al, 2008) muitos destes estudos
tem falhas significativas, como poucos exemplares ou auséncia de controles adequados,
que reduzem dessa forma a sua qualidade informativa. Nesta controvérsia atual em
relacdo as concentracdes seguras, pouca atencdo tem sido dada a toxicidade a nivel

molecular e bioquimica, abordada na presente tese.

Muitos estudos com mamiferos relatam que o BPA ¢ capaz de gerar estresse
oxidativo nas células desses organismos promovendo principalmente a diminui¢do das
defesas oxidantes e a producdo/liberacdo de espécies reativas de H,O, (Bindhumol et
al., 2003; Chitra et al., 2003). Embora as andlises moleculares sejam muitas vezes

utilizadas para apoiar ou até mesmo substituir resultados bioquimicos, a ligacdo entre
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os efeitos que ocorrem em varios niveis celulares nem sempre ¢ facil prever e resulta
que a expressdo do gene e a atividade catalitica da proteina podem ter diferentes
tendéncias e portanto, respostas conflitantes (George et al., 2004; Kammann et al.,

2008).

Em relacdo as respostas relacionadas a enzimas atuantes na via esteroidogénica,
a quantidade de trabalhos ¢ maior, principalmente com mamiferos, e demonstra que a
analise de expressdao quantidade e atividade dessas proteinas podem ser um caminho
para o estabelecimento de niveis seguros de BPA em diferentes ambientes (Vandenberg

et al., 2015).

Nas ultimas décadas, a grande maioria dos estudos relacionando peixes com a
acdo de desreguladores endocrinos tem focado em exposigoes a doses altas e efeitos
como alteracdo de prole, infertilidade, reversao sexual e mortalidade. No presente
estudo, foram utilizadas concentragdes relativamente baixas, encontradas no ambiente,
e além das alteragdes moleculares, também foram demonstrados danos histologicos
importantes, o que vai ao encontro a estudos que demonstram ruptura nos tecidos

reprodutivos apenas em doses altas, ndo encontradas no ambiente.

Na presente tese, foi observado uma relacdo tempo-dependente e tecido-
dependente de efeitos do Bisfenol-A em Danio rerio expostos a concentragdes
ambientalmente relevantes, o que indica que diferentes tempos de exposicdo podem
tender a induzir diferentes sistemas, comeg¢ando com a diminui¢do das respostas
antioxidantes e tardiamente levando a danos no sistema reprodutivo, associado
principalmente & esteroidogénese e a producdo de gametas. No ambiente, o BPA ¢
continuamente liberado e portanto tanto danos oxidativo quanto enddcrinos podem ser
perpetuados e causar efeitos mais severos como reversdo sexual, infertilidade e

apoptose (Crain et al., 2007). Entretanto, os resultados aqui demonstrados sugerem que
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ndo ¢ necessaria uma exposi¢do continua ou em altas doses para que sejam alterados
sistemas bdsicos, provavelmente causando uma maior demanda energética e danos

histologicos irreversiveis.
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CONCLUSOES

O BPA foi capaz de alterar a expressdo de genes relacionados a defesa
antioxidante, biotransformacao e regulagdo antioxidante em Danio rerio
expostos de forma aguda a concentragdes ambientalmente relevantes;

O BPA induziu a expressdo de genes relacionados a via esteroidogénica
em Danio rerio expostos de forma subcrénica a concentragdes
ambientalmente relevantes;

A capacidade antioxidante total foi alterada nos peixes expostos ao BPA,
onde os principais tecidos afetados foram figado e cérebro, como ocorre
em mamiferos expostos a baixas doses desse composto;

A Atividade das enzimas SOD-1, CAT, e GST foi alterada nos tecidos
dos animais expostos ao BPA por 24 e¢ 96 horas, demonstrando serem
bons biomarcadores para a presenca do contaminante na agua;

O BPA foi capaz de induzir danos significativos nas células
espermaticas de Danio rerio quando expostos a concentragdes
ambientalmente relevantes de forma cronica, indicando que
concentragdes presentes no ambiente sao capazes de desencadear danos
em cé¢lulas de Sertoli, espermatocitos e espermatozoides;

O presente trabalho demonstrou que concentragdes de BPA presentes no
ambiente atualmente, sdo capazes de alterar aspectos moleculares,
bioquimicos e histologicos de Danio rerio, em estudos in vivo com

diferentes tempos de exposi¢ao.
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