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RESUMO

ESTUDO COMPARATIVO DQS EFEITOS TOXICOS INDUZIDOS POR METIL E
ETILMERCURIO EM Saccharomyces cerevisiae

AUTORA: Angelica Ramos
ORIENTADORA: Nilda B. V. Barbosa
CO-ORIENTADORA: Cristiane Lenz Dalla Corte

O mercurio é um metal de alta toxicidade, sendo encontrado no ambiente principalmente
devido a processos industriais e antropoldgicos. O metilmercirio (MeHg) origina-se da metilacdo do
mercurio inorganico no ambiente aquatico e acumula-se em peixes através da cadeia alimentar. O
consumo de peixes contaminados € uma das principais formas de intoxicacdo por MeHg. O
etilmercurio (EtHg), o qual compde o timerosal, é usado como conservante de medicamentos e
vacinas. Estudos sobre a toxicologia do EtHg nos sistemas bioldgicos sdo escassos quando comparado
ao MeHg. A levedura Saccharomyces cerevisiae vem sendo usada amplamente em pesquisas
toxicolégicas como modelo alternativo para estudar os mecanismos moleculares envolvidos nos
efeitos de agentes toxicos, incluindo metais pesados.

Utilizando S. cerevisiae como organismo modelo, este estudo teve como objetivo investigar e
comparar as toxicidades de MeHg e EtHg, enfatizando a participacdo do estresse oxidativo nas
alteracBes celulares. Cepas selvagem e com genes deletados para as defesas antioxidantes: y-
glutamilcisteina sintetase (AGshl), glutationa peroxidase (AGpx1), catalase T (ACttl), superdéxido
dismutase (ASodl), peroxiredoxin mitocondrial (APrx1), tiorredoxina citoplasmatica (ATrx1) e o fator
de transcri¢do (AYapl) foram usadas para identificar os eventos e as proteinas alvo ligadas a
citotoxicidade do MeHg e EtHg. Além disso, avaliamos a oxidacdo da DHR123 e a permeabilidade da
membrana por meio da citometria de fluxo. Nossos dados demonstraram um aumento na formacéo de
EROs e na permeabilidade da membrana nas cepas selvagem expostas ao MeHg e EtHg. Além disso,
houve uma inibicdo de crescimento celular nas cepas mutantes e selvagem apds o tratamento com 0s
COmMpostos.

De forma geral, os dados obtidos contribuem para o entendimento da toxicologia de
compostos de mercurio usando um modelo alternativo, o qual apresenta grandes vantagens em termos

de custeio, manuteng&o, reprodutibilidade e tempo experimental.

Palavras-chave: Metilmercurio. Etilmercuario. Saccharomyces cerevisiae. Estresse Oxidativo.



ABSTRACT

COMPARATIVE STUDY OF TOXIC EFFECTS INDUCED BY METHYL and
ethylmercury IN Saccharomyces cerevisiae

AUTHOR: Angelica Ramos
ADVISOR: Nilda B. V. Barbosa
CO ADVISOR: Cristiane Lenz Dalla Corte

Mercury is a highly toxic metal found in environment mostly due to anthropological and
industrial processes. Methylmercury (MeHg) originates from the methylation of inorganic mercury in
aquatic environment and accumulates in fish through the food chain. Consumption of contaminated
fish is a major form of MeHg poisoning. Ethylmercury (EtHg), which comprises thimerosal is used as
a preservative for drugs and vaccines. Studies on the toxicology of EtHg in biological systems are
scarce when compared to MeHg. The yeast Saccharomyces cerevisiae has been widely used in
toxicological research as an alternative model to study the molecular mechanisms involved in the toxic
agents effects, including heavy metals.

This study aimed to investigate and compare the toxic effects mediated by MeHg and EtHg in
wild type strains and mutants to genes related to oxidative stress in S. cerevisiae.: y-glutamylcysteine
synthetase (AGshl), glutathione peroxidase (AGpx1), catalase T (ACttl), superoxide dismutase
(ASod1), mitochondrial peroxiredoxin (APrx1), cytoplasmic thioredoxin (ATrx1) and redox
transcription factor (AYapl). We evaluate the inhibition of cell growth, as well as the mutant strains
tolerance to the compounds. Furthermore, we evaluated the oxidation of DHR123 and membrane
permeability by flow cytometry. Our data showed an increase in the formation of ROS and membrane
permeability in wild type strains exposed to MeHg and EtHg. Furthermore, there was an inhibition of
cell growth in wild type and mutant strains after treatment with the compounds.

In general, the data obteined contribute to the understanding of the toxicology of mercury
compounds using an alternative model, which has great advantages in terms of cost, maintenance,

reproducibility and experimental time.

Key words: Methylmercury. Ethylmercury. Saccharomyces cerevisiae. Oxidative stress.
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APRESENTACAO

No item INTRODUCAO esta descrito uma revisio bibliografica sucinta sobre os temas
abordados nesta dissertacdo. No final deste item estéo apresentados a justificativa do trabalho

e os objetivos geral e especificos.
O DESENVOLVIMENTO esta disposto na forma de um manuscrito, o qual se encontra no

item MANUSCRITO. As se¢des Introducdo, Materiais e Métodos, Resultados, Discussdo e

Referéncias Bibliograficas encontram-se no manuscrito e representam a integra deste estudo.

No item CONCLUSOES s&o apresentadas as concluses gerais do presente trabalho.

As REFERENCIAS BIBLIOGRAFICAS apresentadas no final da dissertacdo referem-se

somente as citacdes que aparecem ao item INTRODUCAO.



1. INTRODUCAO

1.1. MERCURIO

Na natureza, 0 mercurio € encontrado sob as formas inorganica e organica. Na forma
inorganica podemos incluir o mercurio elementar (Hg®), o cation mercuroso (Hg,**) e o cétion
mercrico (Hg*"). O mercdrio inorganico é encontrado sob o estado liquido em temperatura
ambiente, é considerado bom condutor elétrico e pode formar ligas metalicas (CLARKSON,
et al 2002)

O mercurio inorganico pode ser produzido de maneira natural, por meio de vulcGes
e/ou intemperismo das rochas, bem como de maneira antrdpica pelas inddstrias. Assim, ao
entrar em contato com ambientes aquaticos pode, naturalmente, iniciar seu ciclo
biogeoguimico. Uma vez que entra em contato com o sedimento andxico, o mercurio
inorganico é metilado por bactérias redutoras de sulfato e ferro formando o metilmercurio
(MeHg). Este pode desmetilar-se, retornando ao estado inorgénico e assim a atmosfera. Pode
também voltar ao solo por meio da chuva e regressar novamente aos ambientes aquaticos.
Além disso, pode bioacumular-se nos organismos aquaticos fazendo com que sua
concentracdo aumente a cada nivel tro6fico da cadeia alimentar (biomagnificacdo), causando
toxicidade aos animais e aos humanos que mantém uma dieta rica em peixes (Figura 1)
(HINTELMANN, 2010).

Figura 1. Ciclo do mercurio (metilacdo do Hg(ll)) no ambiente aquatico (PAULAIN, 2013).

B Human exposure

to toxic methylmercury
via fish or seafood
consumption

e Arioxicenvironments
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Ao longo da histdria, ha diversos relatos da utilizagdo do mercurio para diferentes fins.
ha cerca de 3000 anos, os chineses usavam-o como cinabre, uma tinta vermelha utilizada para
as escrituras. Na Europa, utilizava-se 0 metal como antisséptico, preservativo, bem como para
0 tratamento da sifilis. Porém, Paracelsus, um famoso médico da época, constatou que em
altas doses o mercurio poderia ser mortal, proferindo a famosa frase “a dose faz o veneno”,
que hoje continua a ser o principio fundamental na ciéncia da toxicologia. Além disso, para
fazer chapéus de alta qualidade, chapeleiros faziam uso do nitrato de mercurio e se
envenenavam com o vapor, 0 qual causava distdrbios psicomotores. Ainda, na Franca, ha
cerca de 150 anos foi introduzido o uso de amalgamas de mercUrio e prata para fins
odontoldgicos, 0 que se mantém até os dias atuais apesar dos possiveis efeitos toxicos (Figura
2). Outro emprego do mercdrio que se matem até hoje é o uso em termémetros, podendo gerar
residuos e contaminar o ambiente (CLARKSON, 2006; 2007; GOLDWATER, 1972).

O Brasil é um grande gerador de residuos de mercurio por meio da industria,
principalmente na fabricagdo de eletronicos, baterias e lampadas fluorescentes. O setor
qguimico emite esse metal em concentracGes elevadas para a atmosfera, bem como as usinas
termoelétricas o liberam associado com as cinzas. Alias, a mineracdo é considerada a maior
fonte de exposicéo direta e de contaminagdo de ambientes aquéticos e terrestres, assim como
de emisséo de vapor de mercdrio para a atmosfera (MMA, 2013).

Figura 2. O mercurio na historia. (modificado de GOLDWATER, 1972).

0

TTIvy
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1.1.1 Metilmercurio

O metilmercario (MeHg) é considerado um dos mais toxicos poluentes ambientais
sendo tal toxicidade responsavel por diversos danos a salde e ao meio ambiente. Incidentes
com este composto nas décadas de 1950 e 1970 causaram danos irreparaveis as vitimas. Na
baia de Minamata no Japdo, o lancamento de mercurio de uma fabrica para o rio foi
responsavel por um dos maiores casos de envenenamento por MeHg na histéria da
humanidade. Sintomas como falta de coordenacdo motora, distdrbios neuronais, dorméncia
nas extremidades, bem como reducdo do campo visual, foram observados na populagdo. Em
1971, um surto de intoxicacdo ocorreu no lraque, onde mais de 6000 pessoas foram
hospitalizadas por terem consumido péo a partir de graos tratados com um fungicida a base de
MeHg (BAKIR, 1973; MC CURRY, 2006). Além disso, a mineracdo do ouro € responsavel
por 37% do consumo e emissdo de mercario no mundo (UNEP, 2013) somente em 2011,
1400 toneladas de mercario foram utilizadas na mineracdo, consequentemente , gerando
residuos de mercurio no ambiente (UNEP, 2012) Estes casos colaboraram para aprofundar as
pesquisas sobre a toxicidade do MeHg em sistemas biologicos.

Ap6s a absorcdo no trato intestinal (KERSHAW et al, 1980; NIELSEN e
ANDERSEN, 1992), o MeHg é distribuido para todo o organismo podendo atravessar a
barreira hematoencefélica e causar danos ao sistema nervoso central (SNC) (ASCHNER e
CLARKSON, et al 1988). O mesmo também pode atravessar a barreira placentaria afetando o
SNC do feto em formacdo (CLARKSON et al, 2003; COSTA et al., 2004; JOHANSSON et
al., 2007; GRANDJEAN e HERZ, 2011). Abordagens experimentais in vivo e in vitro
demonstraram que 0 MeHg pode complexar-se com o aminoacido cisteina, uma vez que este
complexo é semelhante a molécula de metionina, 0 MeHg entra nas células do SNC através
do sistema de transporte L-amino acido transportador (LAT) por um mecanismo de
mimetismo (FARINA et al. 2011a). Além disso, em adultos, também j& foi demonstrado que
o sistema cardiovascular é alvo dos efeitos toxicos do composto (CHOI et al., 2009).

A toxicidade induzida por MeHg ¢é atribuida, em parte, as suas propriedades
eletrofilicas, que fazem com que o mesmo interaja com 0s grupos tidis e selendis de
biomoléculas de baixo peso molecular, como a glutationa (GSH) e proteinas (FARINA et al.,
2011a), sendo assim, o sistema antioxidante GSH é considerado um dos alvos principais do
metal (KAUR et al., 2006; ASCHNER e SYVERSEN, 2005). Além disso, 0 MeHg também

pode interagir com grupos selendis presentes em enzimas do sistema antioxidante como a
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glutationa peroxidade (GPx) e tiorredoxina redutase (TrxR), causando a diminuicdo das
defesas celulares, o que pode levar a danos oxidativos (ASCHNER, et al 2010; FARINA, et al
2009, 2011; FRANCO, et al 2009, GLASER, et al 2010). Dalla Corte demonstrou que o
aumento do estresse oxidativo induzido por MeHg pode envolver alteracbes na homeostase
glutamatérgica (DALLA CORTE et al, 2012). O MeHg pode inibir a captacdo de glutamato
em cultura de astrocitos (PORCIUNCULA, et al 2003), assim como aumentar a liberacéo de
glutamato em vesiculas sinapticas (MORETTO et al, 2005). Estes eventos levam ao aumento
de niveis extracelulares de glutamato, acarretando em morte neuronal. O aumento de Ca**
intracelular foi demonstrado em vérios tipos celulares apds a exposicdo ao MeHg
(SERAFIAN, 1993; ATCHISON e HARE, 1994; GRAFF, 1997), culminando em
desequilibrio na homeostase do Ca®** (CASTOLDI et al, 2001) e consequente disfuncéo
mitocondrial (SEEGAL e DREIEM, 2007).

1.1.2. Etilmercdrio

Etilmercirio € um composto organico de mercdrio derivado do metabolismo do
timerosal, um composto que foi desenvolvido em 1927 para ser usado como conservante em
cosmeéticos, medicamentos, removedor de maquiagem e vacinas. Contudo, somente em 1943
foi concluido que o timerosal era um contaminante e que ndo poderia ser considerado um
conservante ideal (GEIER, et al 2007). No entanto, o timerosal continua sendo o conservante
de muitas vacinas, expondo criancas no periodo pré e pos-natal ao EtHg (KERN, et al 2011;
BIGHAM, et al 2005). Nos ultimos anos, os EUA tém reduzido a exposicdo de criancas até os
6 meses de idade ao timerosal, mas nos paises em desenvolvimento, bem como no Brasil, seu
uso permanece em vacinas de multiplas doses (KERN, et al 2013; DOREA, 2011).

Normalmente, o timerosal é encontrado em vacinas de doses multiplas, na qual séo
injetadas intramuscularmente. No madsculo, o timerosal é dissociado em tiosalicilato e EtHg
(Figura 3), este, assim como 0 MeHg, também tem grande afinidade por grupos tiois (-SH) de
biomoléculas. Pouco se sabe sobre sua distribui¢do pelo organismo, contudo, parece depender
de moléculas de baixo peso molecular, como cisteina e glutationa, ou de grandes moléculas
contendo tiol (DOREA, et al. 2012).

19



Figura 3. Dissociagdo do Timerosal em tiosalicilato e etilmercurio.
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Recentes estudos tém demonstrado que criangas urbanas expostas ao EtHg (através
das vacinas) apresentam maior risco de desenvolver retardo no desenvolvimento psico e
neuromotor do que criancas da comunidade rural, onde h& maior ingestdo de peixes
contaminados com MeHg (DOREA, et al 2012; MARQUES, 2014). Estudos em criangas
relacionando o uso de vacinas com timerosal e autismo mostraram um aumento na taxa de
diagnostico dessa doenca (GEIER, et al 2013; YOUNG, et al 2008; GALLAGHER, et al
2010).

Alguns mecanismos bioquimicos tém sido descritos para demonstrar a toxicidade do
EtHg e/ou timerosal in vitro. Em células neuronais e em neuroblastoma humano, foi
evidenciando o efeito tdxico de baixas doses de EtHg culminando na morte destes tipos
celulares (GEIER, 2009; 2015). J&4 em linfocitos-B, o timerosal causou hipersensibilidade nas
células, bem como a carbonilacdo de proteinas, além de levar ao estresse oxidativo. O estudo
também descobriu que as mitocondrias, sdo organelas-alvo na sensibilidade das células ao
timerosal. (SHARPE, et al. 2013).

As vias de toxicidade do EtHg sdo de igual dimensdo as encontradas para o MeHg
(DOREA, et al. 2013). Assim, como nos estudos a respeito da toxicidade do MeHg, Migdal
(2010) relacionou os mecanismos toxicolégicos do timerosal com a deplecdo de GSH e o
aumento de EROs, seguido por estresse oxidativo. Ainda, alteracbes na permeabilidade da
membrana mitocondrial que podem levar ao influxo de calcio (MIGDAL et al., 2010) .
Apesar do tempo de permanéncia no sangue ser menor em comparacdo com MeHg, o EtHg
permaneceu mais tempo no cérebro de macacos (BURBACHER et al., 2005), bem como
levou & acumulagio de Hg inorganico no cérebro de animais expostos ao Timerosal (DOREA,
2011).
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1.2 ESTRESSE OXIDATIVO E ANTIOXIDANTES

Espécies reativas de oxigénio (EROs) como peroxido de hidrogénio (H20,), radical
superéxido (O,") e radical hidroxila (OH¢) podem ser geradas por fontes enddgenas, como
respiracdo celular, infeccbes microbianas, degradacdo de acidos graxos e oxidacdo de
biomoléculas. Além disso, sdo geradas tambeém por fontes exdgenas, como acdo de poluentes,
cigarro, alcool, radiacdo e exposi¢do a metais (WU, et al 2013; HALLIWELL, et al 2007).
Naturalmente na cadeia transportadora de elétrons das mitocéndrias dos sistemas vivos, as
EROs sdo geradas a partir do oxigénio (O,). Este exerce um papel contraditério: de um lado, o
O, é essencial para a vida e a respiracdo aerdbica, de outro, o processo de reducdo de O, para
formacdo de dgua pode gerar EROs, podendo causar danos as céelulas (DAVIES, et al 1995;
WARNER, et al 1994).

Para proteger os sistemas bioldgicos, varios mecanismos de defesa celular séo
utilizados, incluindo antioxidantes enziméticos e ndo-enzimaticos (NORDBERG e ARNER,;
2001). O sistema antioxidante enzimatico € composto por algumas enzimas, tais como
superéxido dismutase (SOD), catalase (CAT) e glutationa peroxidase (GPx) (REDDY e
YAO, 1996). Estas enzimas atuam em conjunto na via metabdlica de espécies reativas, como
por exemplo, no bloqueio da peroxidacéo lipidica, onde a SOD atua convertendo o superéxido
em peroxido de hidrogénio, que é decomposto em &gua pela CAT, impedindo assim, a
formacédo de radical hidroxila. J& a GPX converte peroxidos em formas ndo toxicas (WU, et al
2013). Peroxirredoxinas (Prx) e tiorredoxinas (Trx) também tém papel fundamental na defesa
antioxidante. Assim como a CAT e a GPx, a Prx também degrada os hidroperoxidos (RHEE,
et al 2011; WOOD, et al 2003). Esta enzima revelou-se um membro importante da defesa
antioxidante, contudo, ha indicios que o papel da Prx é mais complexo do que somente a
remocdo de hidroperdxidos (YANG, et al. 2002). O sistema tiorredoxina é tiol-dependente e
atua fornecendo elétrons para uma variedade de enzimas (LU, 2014). Além deste, as defesas
antioxidantes contam com um sistema ndo-enzimatico, do qual fazem parte a glutationa (GSH
- v-L-glutamil-L-cisteinilglicina), vitamia C, vitamina E, entre outros. A glutationa serve
como doador de elétrons para a reagdo de reducdo de peroxido catalisada pela GPx, formando
glutationa oxidada (GSSG). Esta por sua vez, € reduzida pela glutationa redutase (GR),
formando um ciclo redox (DROSE, 2012).

A formacéo exacerbada de EROs, a diminuicdo das defesas antioxidantes bem como a
combinacdo desses dois eventos leva a um desequilibrio denominado estresse oxidativo. Tal
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desequilibrio pode ter como consequéncias danos a macromoléculas celulares como proteinas,
lipideos e &cidos nucleicos. (HALLIWELL B e WHITEMAN, 2004; HALLIWELL, 2007).

Estudos ja demonstraram que o MeHg pode inibir a atividade das enzimas
antioxidantes glutationa peroxidase (GPx) e tioredoxina redutase (TrxR) (FARINA et al,
2009; FRANCO et al, 2009) enquanto que o EtHg pode também inibir componentes do
sistema tiorredoxina (Trx), além de ter sido relacionado com o esgotamento da glutationa
reduzida (GSH), aumentando as espécies reativas de oxigénio (RODRIGUES, 2015). Essas
enzimas sdo componentes importantes para o sistema antioxidante e a inibicdo destas pode
contribuir para o desequilibrio redox (FARINA et al., 2011b), assim, o estresse oxidativo
mediado por MeHg e EtHg, pode ser considerado um evento central na toxicidade induzida
por estes organometais.

Sabendo que compostos de mercurio atuam formando EROs e consequentemente
culminando em um quadro de estresse oxidativo, torna-se clara a importancia dos sistemas
antioxidantes para a defesa celular contra danos induzidos por esse metal. Assim, tendo em
vista a necessidade de corroborar com estudos sobre a toxicidade de metais mediada pelo
estresse oxidativo, estudos vém sendo realizados utilizando os mais diversos modelos
experimentais. Contudo, nos ultimos anos, vém crescendo consideravelmente a utilizacdo de
modelos alternativos para se estudar mecanismos de toxicidade associados as formas

organicas de mercdrio.

1.3 LEVEDURA Saccharomyces cerevisiae COMO ORGANISMO MODELO

Saccharomyces cerevisiae € classificada como um fungo da classe Ascomycota. Sua
caracteristica morfoldgica principal € reproduzir-se por brotos, especialidade que a torna
conhecida como “levedura de brotamento”. Evidéncias da utilizacdo da S. cerevisiae datam do
periodo Neolitico (7400-7000 A.C.) onde a levedura era utilizada na fabricacdo do vinho
(MCGOVERN et al. 1997). Porém, somente no ano de 1872 a S. cerevisiae foi descrita por
Pasteur como sendo um micro-organismo (MCGOVERN et al. 1997). No entanto, apenas em
1930 tem-se o registro do primeiro trabalho com a levedura como organismo experimental,
bem como em 1950, a construcdo da cepa S288C, a qual foi posteriormente utilizada como
cepa parental para o isolamento de mutantes (MORTIMER e JOHNSTON, 1986). Em 1996 o

genoma da S. cerevisiae foi totalmente sequenciado levando a um consideravel aumento nas
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pesquisas envolvendo mutantes, bem como a genética e biologia molecular (GOFFEAU et al,
1996).

S. cerevisiae € um organismo eucariotico unicelular, ndo patogénico que possui um
ciclo de vida curto de aproximadamente 90 minutos e o0 seu crescimento e manutencdo nédo
sdo muito dispendiosos (ALTMANN et al., 2007). As células de leveduras tém semelhancas
notaveis com as células de mamiferos, incluindo macromoléculas, organelas, varias proteinas
e genes ortologos relacionados a doencas humanas (PLOGER et al.,2000) (Figura 3). Genes
do tipo selvagem podem ser substituidos por alelos alterados ou interrompidos. O fendtipo
resultante ap6s a interrupcdo ou delecdo de genes da levedura tem contribuido para a
compreensdo da fungdo de inimeras proteinas in vivo (SHERMAN, 1997; 2002).

Assim como em células eucarioticas, a levedura apresenta um eficaz mecanismo de defesa
antioxidante, o qual pode ser estudado utilizando cepas com delecdo de genes especificos,
inclusive genes envolvidos nas defesas enziméticas e ndo enziméticas, dentre eles: Gshl — y-
glutamilcisteina sintetase, catalisa 0 primeiro passo na biossintese da glutationa (GSH). Sua
expressao é induzida por oxidantes, cadmio e mercurio. A abundancia da proteina aumenta
em resposta ao stress. E um gene ndo essencial, sua mutacdo nula confere auxotrofia a
glutationa, seu crescimento € lento e ocorre aumento da sensibilidade ao estresse oxidativo
(KISTLER et al. 1990; GRANT et al. 1996); Gpx1 — Glutationa peroxidase € induzida pela
diminuicdo de glicose que protege as células dos hidroperdxidos de fosfolipidios e peroxidos
ndo fosfolipideos durante o estresse oxidativo; GPX1 tem um paralogo, HYR1, que surgiu a
partir de toda a duplicacdo do genoma (INOUE et al. 1999); Cttl — Catalase citosélica T; tem
um papel na protecdo contra os danos oxidativos causados por peréxido de hidrogénio. Gene
ndo essencial, o mutante nulo alongou sua vida cronoldgica, € sensivel ao ressecamento, ao
choque térmico, estresse oxidativo, e varios produtos quimicos. Em estudos de grande escala
de aptiddo competitiva, é reduzido em meio minimo, mas aumentou em meio com glicerol ou
etanol (TRACZYK et al 1985); Sodl — Superoxido dismutase, cobre-zinco citoplasmatica,
entra nucleo sob estresse oxidativo para promover a transcricdo de genes de resposta ao
estresse. E ortdlogo humano da SOD1 implicado em Esclerose Lateral Amiotréfica, aumenta
abundancia sob estresse, replicacdo do DNA e durante a exposicao ao acido bdrico. Gene néo
essencial, o mutante nulo requer lisina e metionina, exibe um defeito de crescimento sob
condicgdes respiratdrias. Apresenta diminuicdo da vida util cronologica e replicativa, e é
sensivel a uma variedade de tensfes ambientais, incluindo o stress oxidativo, desidratacdo, pH

alcalino, e a presenca de véarios produtos quimicos. (GRALLA, et al. 1991; CULOTTA,
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2006); Prx1 — Peroxiredoxina mitocondrial com atividade de tiorredoxina peroxidase, € um
membro da familia 1-Cys das Prx’s sendo ativada por peroxidases Tem um papel importante
na reducdo de hidroperdxidos, sua reativaco requer Trr2p e glutationa. E induzida durante o
crescimento respiratdrio e estresse oxidativo, é fosforilada e tem sua abundancia aumenta em
resposta ao stress de replicagdo de DNA (PEDRAJAS, et al. 2000). Trxl — isoenzima
tioredoxina citoplasmética é parte do sistema tiorredoxina que protege as células contra o
estresse oxidativo e redutor, sua abundancia aumenta sob estresse e replicacdo do DNA.
TRX1 tem uma pardlogo, TRX2, que surgiu a partir de toda a duplicacdo do
genoma(MULLER, EG. 1991). E a Yapl — fator de transcri¢do (bZIP), € necessario para a
tolerancia ao estresse oxidativo, é ativada por H,O, por meio da formacédo de vérias etapas de
ligacGes dissulfeto e de transito a partir do citoplasma para o nucleo. Yaplp é degradada no
nacleo apds o stress oxidativo e medeia a resisténcia ao cadmio, sua distribuicdo relativa ao
nacleo aumenta a tensdo sobre a replicacdo de DNA. YAP1 tem um paralogo, CAD1, que
surgiu a partir de toda a duplicacdo do genoma (MORTIRMER, 1989).

Considerando tais caracteristicas, 0 uso de células de levedura como um organismo
modelo constitui uma ferramenta relevante para avaliar o papel do estresse oxidativo na

toxicologia de varios agentes, incluindo metais pesados.

Figura 4. Diagrama simplificado da levedura Saccharomyces cerevisiae.
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2. JUSTIFICATIVA

Embora compostos contendo mercurio sejam reconhecidos pelos efeitos adversos que
causam a saude humana e ao ambiente, estudos acerca dos precisos mecanismos envolvidos
nos seus efeitos toxicos em nivel celular, ainda sdo escassos e merecem uma ateng&o especial.

Com relagdo ao MeHg, existem mais estudos voltados para esses aspectos e no geral o
conhecimento sobre os efeitos do composto em diferentes tipos celulares in vitro e in vivo é
mais amplo e vém crescendo gradualmente. O EtHg, um composto também de grande
relevancia para a satde publica, o nimero de pesquisas ainda é discreto e pouco se sabe sobre
0s eventos citotdxicos mediados por este compostos nas células.

Com o intuito de ampliar o conhecimento sobre a toxicologia dos mercuriais nos
sistemas bioldgicos e de comparar os efeitos de duas formas importantes de mercurio em
termos de intoxicacdo, o presente estudo foi delineado para caracterizar parametros
toxicologicos em S. cerevisiae associados com a exposi¢do aos compostos MeHg e EtHg,

com enfoque em estresse oxidativo como evento envolvido nos efeitos analisados.
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3. OBJETIVOS

3.1 Objetivo geral

Investigar e comparar os efeitos toxicos entre 0 MeHg e EtHg em cepas selvagem e cepas
com genes deletados relacionados as defesas antioxidantes de Saccharomyces cerevisiae.

3.2 Objetivos especificos

e Analisar o efeito da exposicdo ao MeHg e EtHg sobre a formacao de Espécies Reativas, e

também, sobre a permeabilidade da membrana na cepa selvagem de S. cerevisiae;

e Avaliar o efeito do crescimento celular da cepa selvagem e das cepas com delecdo de
genes relacionados as defesas antioxidantes de S. cerevisiae expostas ao MeHg e EtHg,

bem como, a formacéo de col6nias em meio solido;

e Investigar o envolvimento dos sistemas antioxidantes na protecdo da célula contra a

exposi¢ao aos compostos organomercuriais.
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ABSTRACT

Mercury is a toxic metal widely dispersed in nature that severely affects the environment and
humans. Methylmercury (MeHg) is highly neurotoxic and human exposure results mainly
from consumption of contamined fish. Neurological symptoms also have been evidenced in
human exposed to Ethylmercury (EtHg), which is present in thimerosal-containing vaccines.
Using Saccharomyces cerevisiae as model organism, this study aimed to investigate and
compare the toxicity of MeHg and EtHg, emphasizing the participation of oxidative stress on
cell alterations. Wild type and mutant strains with deleted genes for antioxidant defenses,
namely: y-glutamylcysteine synthetase (AGshl), glutathione peroxidase (AGpx1), catalase T
(ACtt1), superoxide dismutase (ASodl), mitochondrial peroxiredoxin (APrx1), cytoplasmic
thioredoxin (ATrx1) and redox transcription factor (AYapl) were used to identify events and
target proteins linked to MeHg and EtHg cytotoxicity. Both compounds significantly inhibited
cell growth and increased membrane permeability and ROS production in wild type yeast
cells. In general, all mutants had their growth affected by compounds, exhibiting higher
tolerance to MeHg. Our results indicate the involvement of oxidative stress in the detrimental
effects induced by MeHg and EtHg and point S. cerevisiae as a suitable model to investigate

the toxicology of mercurials.

Key words: mercury, oxidative stress, yeast
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1. Introduction

Mercury (Hg) is considered by World Health Organization (WHO) one of the ten most
hazardous chemicals for human health. It may be found in nature mainly as product from
volcanic action, weathering of rocks, anthropogenic activity in industrial processes and
mining (WHO). Among mercury containing compounds, methylmercury (MeHg) is pointed
as the main way of human exposure to Hg, being contamined fish consumption the main route
of human exposure to the compound (Clarkson e Magos, 2006). In Brazil, cases of MeHg
intoxication have been reported in many regions from Amazonian territory, especially in
mining and fish-eating populations (Marques, et al. 2013). It is well known that MeHg
intoxication can result in severe and irreversible damage to the central nervous system
(Clarkson, et al. 2003; Franco, 2009; Farina, et al. 2011a;b). In addition to neurotoxicity,
recent studies have highlighted the harmful effects of MeHg towards cardiovascular system
(de Marco, et al. 2010; Moreira, et al. 2012). Different mechanisms are involved in the
molecular and cellular toxicity elicited by MeHg. In this regard, events associated with
oxidative stress such as thiol depletion, mitochondrial dysfunctions, calcium dyshomeostasis,
excitotoxicity and free radical overproduction have been considered important mediators of
MeHg cytotoxicity (Roos, et al., 2010; Farina, et al., 2011a; Dalla Corte, et al., 2012a).

Another organomercury that has received considerable toxicological attention is
ethylmercury (EtHg). The compound shares some chemical properties with MeHg and is
known as metabolite of thimerosal (sodium ethyl mercury thiosalicylate), which is used as a
preservative for drugs and vaccines in many countries (Pless e Risher, 2000; Rogrigues,
2015). Although, there is no evidence on the toxicity from low doses found in vaccines; it is
important consider the fact that repeated exposure to low doses might occur from pregnancy
to postnatal vaccination schedule (Marques et al., 2007; Barile et al, 2012; Dorea, 2010;
2011). In this sense, epidemiological studies have evidenced a significant relationship
between increased Hg exposure from thimerosal in childhood vaccines and neurological
deficits (Dorea, 2012). In terms of action mechanisms, the toxic effects of EtHg are less
investigated than MeHg, and researches toward EtHg in biological systems are still scarce.
However, there is experimental evidence that EtHg elicits increase in ROS production,
changes in mitochondrial membrane permeability and calcium influx and disturbances in
thioredoxin cycle (Migdal et al. 2010; Rodrigues, et al. 2015).
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Saccharomyces cerevisiae has emerged as advantageous tool for exploring a wide
variety of biological aspects, including toxicological parameters (Kitagaki et al, 2007). Yeast
cells exhibit conserved molecular pathways and a high degree of genetic similarities with
mammalian cells (Ploger et al., 2000). Important, yeast cells exhibit a complete machinery
against oxidative phenomena, which encompasses the action of glutathione peroxidase,
catalase, superoxide dismutase, thioredoxin reductase, peroxiredoxin reductase and DNA
repair enzymes (Sherman, 2002).

Considering mainly following aspects: i) the scarcity of comparative studies about EtHg
and MeHg toxicities in biological systems and the importance of them to understand the
biochemical basis by which mercury exposure triggers cellular damage; ii) the importance of
use and validation of S. cerevisiae as a simple alternative model for investigating cellular
dysfunctions caused by environmental toxicants including heavy metals; in this study, we
sought to compare how MeHg and EtHg toxicities are established in S .cerevisiae,
emphasizing the participation of oxidative stress on cell alterations. For this purpose, S.
cerevisiae wild type and mutant strains with genes deleted for antioxidant defenses were used

to identify events and target proteins linked to MeHg and EtHg cytotoxicity.

2. Materials and methods

2.1. Chemicals

Agar, bactopeptone and yeast extract were purchased from Difco (USA). Methylmercury
chloride (MeHgCI), Ethylmercury chloride (EtHgCl), Dihydrorhodamine 123 (DHR) and
Propidium lodide (Pi) were purchased from Sigma (USA). The other chemicals were of

analytical grade and purchased from local commercial suppliers.

2.2. Growth Conditions

The S. cerevisiae strains used in this study are listed in Table 1. All strains were kindly
provided by Prof. Dr. Monica Lomeli and Prof. Dr. Claudio Masuda of Institute of Medical
Biochemistry from Federal University of Rio de Janeiro (UFRJ). Cells were growth in YPD
medium (2% peptone, 1% extract yeast, 2% glucose) under overnight incubation at 250 rpm
shaking, 30°C until an optical density (OD) of 0.8.
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2.3 Curve of growth

For curve growth, the cells were inoculated into fresh liquid medium YPD in a final optical
density (OD) of approximately 0.008. Wild-type and mutant strains were exposed to MeHg
and EtHg at final concentrations ranging from 0.5 to 5 uM for 12, 18 and 24 hours. Cells were
shaking at 30°C during all period. Afterwards, cell density was determined by measuring the
absorbance spectrophotometer at 600 nm (Azad et al, 2014; Tulha, et al. 2012).

2.4. ROS Determination

ROS levels were determined in wild type strain (OD~0.08) using dihydrorhodamine 123
(DHR) probe as marker, accordingly the methodology described by Tulha et al (2012).
Briefly, cells were exposed to MeHg and EtHg at final concentrations of 0.5, 1, 2.5 and 5 uM
for 24 hours. Afterwards, cells were centrifuged, washed twice with phosphate buffer (PBS)
pH 7.4 and then incubated with dihydrorhodamine 123 (final concentration 20uM) for 30
minutes in dark at 30°C. Fluorescence was measured in a Flow Cytometer BD Accuri, where
probe signal was detected at FL1 530/30.

2.5. Evaluation of cell membrane permeability

Cell membrane permeability was determined in wild type strain (OD~0.08) using the probe
Propidium iodide (Pi). Yeast cells were exposed to MeHg and EtHg at final concentrations of
0.5, 1, 2.5 and 5 uM for 24 hours. Afterwards, cells were washed twice with buffer PBS pH
7.4, and incubated with Pi (final concentration 30 uM) for 20 minutes. Fluorescence was
measured at FL2 585/40 in a Flow Cytometer BD Accuri (Tulha et al., 2012).

2.6. Determination of yeast tolerance to MeHg and EtHg

Tolerance of Wild type and mutant yeast cells to MeHg and EtHg was determined by spotting
test, as described by Kwolek-Mirek and Zadrag-Tecza (2014), with minor modifications.
Yeast cells were first grown in YPD solid media until an OD~8, and then diluted to OD=1.
Four subsequent 1:10 dilutions of cell suspensions were performed. Then, 3uL of each
dilution was plated onto YPD-agar medium containing MeHg or EtHg at final concentrations
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of 0.5, 1.5 and 2.5 uM. Plates were incubated for 48 hours and the colony growth compared
between wild type and mutants.

2.7. Statistical analysis

Statistical analysis was done using the software GraphPad Prism 6.0. Results were expressed
as mean + standard error of the mean (SEM). Statistical differences were analyzed by two-
way ANOVA followed by Bonferroni post-test when appropriate. Differences were

considered significant when p<0.05.

3. Results

Cell growth is impaired by MeHg and EtHg

Firstly, we evaluated cell growth of wild-type strain exposed to MeHg and EtHg in liquid
medium for 12, 18 and 24 hours. We observed that both mercury compounds affected
significantly the growth of cells from 1uM (Figure 1A and 1B). After 24 hours, the cells
exposed to 1uM MeHg and EtHg had about 70% and 40% growth respectively compared with
the control. There was no cell growth in the medium containing the higher concentrations of
MeHg and EtHg (2.5 and 5uM). This effect was verified in all tested times.

MeHg and EtHg increase ROS levels in S.cerevisae

ROS levels were measured in wild type strain treated with both mercury compounds (0.5 - 5
uM) for 24hs (Figure 2). The exposure of yeast cells to 0.5,1 and 2.5 uM MeHg and EtHg did
not culminate with elevated ROS levels. However, a significant increase in ROS levels was
verified in yeast cells treated with SuM MeHg and EtHg (Figure 2A and 2B). The potential of

compounds in inducing ROS overproduction was similar.

MeHg and EtHg increase membrane permeability in S.cerevisae

Cell membrane permeability was evaluated in yeast exposed to mercury compounds (0.5 - 5
uM) for 24h, and further treated with Pi. Yeast cells exposed to MeHg and EtHg at
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concentration of SuM had a significant and similar increase in membrane permeability when
compared to the values found in control group (Figure 3A and 3B). These effects elicited by

compounds were not verified in cells exposed to concentrations of 0.5, 1 and 2.5 uM.

S. cerevisiae tolerance is diminished by MeHg and EtHg

Considering the effects of mercury compounds in increasing ROS levels, we evaluated
qualitatively the tolerance of some mutant strains for antioxidant defenses grown in solid
medium containing MeHg and EtHg, namely the strains: y-glutamylcysteine synthetase
(AGshl), glutathione peroxidase (AGpx1), catalase T (ACttl), superoxide dismutase (ASod1l),
mitochondrial peroxiredoxin (APrx1), cytoplasmic thioredoxin (ATrx1) and transcription
factor for cellular stress (AYapl). In this set of experiment was possible observe that all tested
strains were more resistant to MeHg than EtHg and that the tolerance of them for both
compounds decreased with increasing concentration (Figure 4). For MeHg, this effect was
more prominent in cells grown in the medium containing 2.5 uM of compound. Different, all
strains were highly sensitive to EtHg from 1.5 uM. The medium containing 2.5 uM EtHg
inhibited completely the cell growth in all dilutions tested (Figure 4).

S. cerevisiae growth in liquid medium is inhibited by MeHg and EtHg

In this set of experiments we investigated the effects of MeHg and EtHg on growth of
wild type and mutant strains in liquid medium. In order to verify the pattern growth of each
mutant cell, firstly, we evaluate the growth of mutant cells in relation to the wild-type strain.
It was possible observe that there was no significant difference in the growth profile among
strains (Figure 5). Afterwards, the experiments with mercury compounds were performed.
Figure 6 shows the inhibition growth of yeast strains treated with MeHg at final
concentrations ranging from 0.5 to 5 uM. In general, the mutant strains were more sensitive to
MeHg than wild type strain, used as control. Comparing all mutants, it is possible observe that
the strains with deletion in genes encoded for AGshl and ACtt were more sensitive to MeHg
(Figure 6). The growth of these mutants was markedly inhibited from 0.5uM and 1 pM
MeHg, respectively. Exception for AGpx1 and ATrx1, a complete inhibition of growth was
verified in MeHg-treated strains from 2.5uM (Figure 6A, 6B, 6D, 6E and 6F).
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Results from figure 7 illustrate the inhibition growth of strains EtHg- treated in liquid
medium. All tested strains were more sensitive to EtHg than MeHg. EtHg exposure decreased
significantly the growth of strains from 0.5 uM and caused a total growth inhibition from 1
uM. Among different mutants, EtHg affected mainly those with deletion in AYapl, ASodl
and ATrx1 genes (Figure 7A, 7E, 7G).

4. Discussion

The toxicity of organic mercury compounds has been studied for a long time
(Clarkson, 2002; Doérea, 2008; Marques et al, 2010). In this scenario, the environmental
exposures to MeHg and their neurotoxic effects are responsible for the large number of
studies in this field (Clarkson, 2007; 2006). Different from MeHg, the principal form of
exposure to EtHg is in vaccines where it is found as thimerosal (Dorea, 2010; 2011). Also
important, recent studies have reported developmental delays in children and newborn
exposed to low and continuous doses of EtHg from thimerosal (Geier et al., 2015; Dérea,
2011, 2016). Although the symptoms from intoxication by MeHg and EtHg are relatively
known in humans, the precise mechanisms involved in the detrimental effects triggered by
compounds in biological systems are not fully understood. With this in mind, this study aimed
to compare the toxicities of EtHg and MeHg, using yeast cells as toxicological target. To our
knowledge this is one of the few studies utilizing S. cerevisiae to evaluate mercury-induced
toxicities.

Firstly, we evaluated the growth profile of wild-type strain exposed to different
concentrations of MeHg and EtHg. In general, both compounds were toxic to cells by
inhibiting significantly cell growth. However, the toxicity elicited by low concentrations of
EtHg was more pronounced than MeHg in this parameter. The exposure of wild-type strains
to mercury compounds was similarly marked by two interesting phenomena: ROS
overproduction and membrane permeability loss.

Increased ROS levels has been postulated as an important hallmark of oxidative stress
induced by mercury-containing compounds in different experimental models (Roos et al,
2010; Marques, 2014, Dorea, 2014). In diverse mammalian cell types, MeHg exposure
commonly culminates with exacerbated generation of ROS (Dalla Corte et. al., 2012a;
Shanker, et al. 2005; Dérea, 2013). The high affinity of compound for -SH groups from low

molecular weight molecules and thiol-containing proteins and the consequent antioxidant
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system disruption have been pointed out as principal mechanism involved in this effect (Roos
et al.,2010; Farina, 2011b). Increased production ROS and reduced intracellular GSH are also
phenomena observed in some cell lines exposed to EtHg (Choi et al., 2009,; Migdal et al.,
2010; Zimmermann et al., 2013). Corroborating results from literature with other organisms,
here we found that both compounds display analogous effects on ROS formation in S.
cerevisiae, increasing ROS levels at concentration of SuM.

Another signal of MeHg and EtHg toxicity towards S. cerevisiae was the change caused
in membrane permeability to the dye Pi, characteristic that might be associated with loss of
cell viability and cell death. Although there are no related published data with yeast, these
findings have been evidenced in other models. An elegant study performed by Baskin and
collaborators demonstrated that thimerosal induces membrane and DNA damage and
apoptosis in human neurons and fibroblasts (Baskin et al., 2003). For MeHg, these effects
have already been reported in several cell types (Kuo, 2004; Fujimura and Usuki, 2015;
Dupont et al, 2016). Important, a recent comparative study on MeHg and EtHg effects in rat
glioma C6 cells also demonstrated the analogous toxicities of compounds regarding cellular
viability (Zimmermann et al., 2013).

The impairment of antioxidant defense systems is among the main harmful effects
provoked by exposures to mercury compounds in experimental studies (Farina, et al, 2011a).
Similar to mammalian, yeast antioxidant machinery is composed by a wide range of enzymes
that in response to oxidative insults can be accurately regulated (Mortimer, 2000; Pereira, et
al. 2012; Morano, et al. 2012). In S. cerevisiae, the expression of antioxidant enzyme genes is
thinly controlled by redox-sensitive transcription factor YAP-1, a functional homologue of
mammalian AP-1 factor (Activator protein 1) in yeast. Under oxidative stress-inducing
conditions, Yapl dissociates from cytosolic inhibitory protein Crm1 and translocates to the
nucleus, leading to enhanced expression of the target genes (Kuge., et al. 1998; Maeta, et al.
2004). In addition to YAP1, here we analyzed the effects of MeHg and EtHg particularly in
strains with deletion in genes for y-glutamylcysteine synthetase (AGshl), glutathione
peroxidase (AGpx1), mitochondrial peroxiredoxin (APrx1), cytoplasmic thioredoxin (ATrx1),
catalase T (ACttl), superoxide dismutase (ASodl), proteins known by their important role as
regulators of the intracellular redox environment, and that usually are affected by mercury
exposure in other organisms. Among them, it is important highlight the isoforms from
glutathione and thioredoxin systems, which have been described as central targets of MeHg
poisoning (Franco et al, 2009; Zemolin et al., 2012; Carocci, et al, 2014; Branco, et al 2011).
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GPX isoforms catalyze the reduction of different peroxide species at the expense of GSH,
whereas TRX isoforms catalyze the transfer of reducing equivalents between NADPH and
thioredoxin, presenting a critical role in cycling GSSG/GSH (Flohe, et al, 1973; Nordberg, et
al 2001). Analyzing the growth of mutant strains, we verified that the mutant AGshl was
more sensitive to MeHg, followed by ACttl, APrx1, AYapl and ASodl. Different, ASod1 was
the mutant that exhibited higher sensitivity to EtHg, followed by AYapl and ATrx1. To note,
the growth of all tested mutants was more affected by EtHg than MeHg. Taken together, these
data indicate that in addition to GPX and TRX systems, catalase and superoxide dismutase
seem play a key role on redox dyshomeostasis induced by MeHg and EtHg in S. cerevisiae.

Collectively, the data of the present work show that both MeHg and EtHg exhibit similar
toxic potential toward S. cerevisiae. In terms of action mechanisms, the results indicate that
probably the stress oxidative had a strong participation on the harmful effects elicited by both
compounds, since mutants with deletion in genes engaged for pathways related with
antioxidant defenses were markedly sensitive to compounds. Additionally, this study points S.
cerevisiae as a suitable model to investigate and expand the knowledge about the toxicology
from mercurials, considering the fact that the findings obtained corroborate with those found

in vertebrates.
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Figure 1. Effect of MeHg and EtHg on Saccharomyces cerevisiae growth. Wild type
strains were treated with MeHg (A) and EtHg (B) for 12, 18 and 24h at 30°C under shaking.
Cell density was determined by measuring the absorbance in spectrophotometer at 600 nm.
Values are expressed as mean=SEM of four independent experiments. Data were analyzed by
one-way ANOVA fallowed by Bonferroni's post hoc test. *p<0.05 compared to control.
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Figure 2. Effect of MeHg and EtHg on ROS levels in Saccharomyces cerevisiae

ROS production induced by MeHg (A) and EtHg (B) was analyzed in Wild type strains by
flow cytometer after 24h of exposure. Values are expressed as mean+SEM of four
independent experiments. Data were analyzed by one-way ANOVA fallowed by Bonferroni's
post hoc test. *p<0.05 compared to control.
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Figure 3. Effect of MeHg and EtHg on membrane permeability of Saccharomyces
cerevisiae. Plasma membrane permeability was analyzed in Wild type strains by flow
cytometer after 24h of exposure to MeHg (A) or EtHg (B). Values are expressed as
mean=SEM of four independent experiments (n=4). Data were analyzed by one-way ANOVA
fallowed by Bonferroni's post hoc test. *p<0.05 compared to control.
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Figure 4. Saccharomyces cerevisiae tolerance to MeHg and EtHg. Tolerance of wild type
and mutant strains to MeHg and EtHg was determined by spot test. Cells were first grown in
YPD media until OD=1. Four subsequent 1:10 dilutions were plated on YPD-agar containing
0.5, 1.5 and 2.5 uM MeHg or EtHg. Plates were then incubated for 48 hours. The picture
represents the data of four independent experiments.
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Figure 5. Growth profile of mutant strains. Wild type and mutant strains were kept for 12,
18 and 24h at 30°C under shaking. After, cell density was determined by measuring the
absorbance in spectrophotometer at 600 nm. Values are expressed as mean+=SEM of four
independent experiments. Data were analyzed by one-way ANOVA fallowed by Bonferroni's
post hoc test.
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Figure 6. Effect of MeHg on growth of mutant strains. Cells were treated with MeHg in
liquid medium for 24h at 30°C under shaking. Cell density was determined by measuring the
absorbance in spectrophotometer at 600 nm. (A)AYapl (B)AGshl (C)AGpxl (D)ACttl
(E)ASodl (F)APrx1 (G)ATrxl1l. Values are expressed as meantSEM of four independent
experiments. Data were analyzed by one-way ANOVA fallowed by Bonferroni's post hoc test.
*p<0.05 compared to control.
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Figure 7. Effect of EtHg on growth of mutant strains. Cells were treated with EtHg in
liquid medium for 24h at 30°C under shaking. Cell density was determined by measuring the
absorbance in spectrophotometer at 600 nm. (A)AYapl (B)AGshl (C)AGpxl (D)ACttl
(E)ASodl (F)APrx1 (G)ATrxl1l. Values are expressed as meantSEM of four independent
experiments. Data were analyzed by one-way ANOVA fallowed by Bonferroni's post hoc test.
*p<0.05 compared to control.
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Table 1- S. cerevisiae strains

Strain

Description

WT BY4741

ACttl

AGshl

AGpx1

APrx1

ASod1

ATrxl

AYapl

MATa; his3A1; leu240; met15A40;

ura3A0

MATa; ura3A40; leu2A40; his341;

metl1540; YGROS8Sw: :kanMx4

MATa; ura3A40; leu2A40; his341;

metl15A0; YJL101c::kanMx4

MATa; ura340; leu2A0; his341;

metl1540; YKLO26¢::kanMx4

MATa; ura3A0; leu2A40; his341;

metl540; YBLO64c::kanMx4

MATa,; ura340; leu2A0; his3A41;

metl1540; YJRI104c::kanMx4

MATa; ura340; leu2A40; his341;

metl1540; YLRO43c: :kanMx4

MATa; ura340; leu2A40; his341;

met1540; YMLOO7w::kanMx4

Cytosolic catalase T; has a role in protection from
oxidative damage by hydrogen peroxide 1

v - glutamylcysteine synthetase; catalyzes the first step in
glutathione (GSH) biosynthesis; expression induced by
oxidants, cadmium, and mercury; protein abundance
increases in response to DNA replication stress 2

Phospholipid hydroperoxide glutathione peroxidase;
induced by glucose starvation that protects cells from
phospholipid  hydroperoxides and nonphospholipid
peroxides during oxidative stress 3

Mitochondrial peroxiredoxin with thioredoxin peroxidase
activity; induced during respiratory growth and oxidative
stress; phosphorylated; protein abundance increases in
response to DNA replication stress 4

Cytosolic copper-zinc superoxide dismutase; detoxifies
superoxide; abundance increases under DNA replication
stress and during exposure to boric acid,;

Cytoplasmic thioredoxin isoenzyme; part of thioredoxin
system which protects cells against oxidative and
reductive stress; abundance increases iunder DNA
replication stress;6

Basic leucine zipper (bZIP) transcription factor; required
for oxidative stress tolerance; Yaplp is degraded in the
nucleus after the oxidative stress has passed; relative
distribution to the nucleus increases upon DNA
replication stress;

Table 2 — ICsq values for MeHg and EtHg on cell growth in WT and mutant strains.

1Co MeHg (nM) ICoo EtHg (uM)
WT 2.57+0.01 0.61 +0.02
AYapl 1.41+0.03 0.24 +0.11
AGshl 1.04 £ 0.02 0.67 +£0.03
AGpx1 2.02 £0.02 0.53+0.01
ACttl 1.27 +0.03 0.65+0.02
ASod1 1.46 +0.02 0.05+2.32
APrx1 1.34 +0.05 0.67 £0.04
ATrx1 2.00£0.02 0.31+0.06
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5. CONCLUSOES

De acordo com os dados encontrados neste trabalho, podemos concluir que:

e Os compostos MeHg e EtHg foram tdxicos para as células de S. cerevisiae;

e EtHg apresentou maior toxicidade as células de levedura;

e Cepas com delecdo de genes antioxidantes apresentaram maior sensibilidade aos

compostos;
e Sistemas antioxidantes como tiorredoxina, peroxirredoxina, superéxido dismutase,

catalase e glutationa sdo essenciais para a defesa celular contra a toxicidade de

organometais.
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6. PERSPECTIVAS

Tendo em vista os resultados obtidos nesse trabalho, temos como perspectivas:

e Investigar os mecanismos de transporte do MeHg e EtHg para o interior da célula;

e Investigar parametros de apoptose nas células expostas aos compostos;

e Verificar o papel de outras enzimas do sistema de defesa antioxidante frente a toxicidade

induzida por ambos compostos.
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