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RESUMO

Tese de Doutorado
Programa de Pds-Graduagdo em Biogquimica Toxicoldgica
Universidade Federal de Santa Maria, RS, Brasil

EFEITOS DE COMPOSTOS ORGANICOS DE SELENIO FRENTE A TOXICIDADE
INDUZIDA POR GLUTAMATO E METILMERCURIO

AUTORA: Cristiane Lenz Dalla Corte
ORIENTADOR: Jodo Batista Teixeira da Rocha
LOCAL E DATA DA DEFESA: Santa Maria, Margo de 2012.

Os compostos organicos de selénio tém sido propostos como potenciais agentes farmacolégicos para o
tratamento de patologias associadas ao estresse oxidativo. Em particular, o disseleneto de difenila e o ebselen
tém sido demonstrados como potentes agentes antioxidantes em uma variedade de modelos experimentais. Dessa
forma, os objetivos do presente estudo foram: avaliar os efeitos do ebselen e do disseleneto de difenila, bem
como, da sua combinagdo com a guanosina, sobre o estresse oxidativo induzido por glutamato em diferentes
regides do cérebro de rato (artigo 1); testar os efeitos do disseleneto de difenila frente a disfuncdo mitocondrial
induzida por metilmercario (MeHg) em fatias de figado de rato (manuscrito 1); e investigar os efeitos do MeHg
(5 mg/ kg/ dia, i.g.) e/ ou disseleneto de difenila (1 mg/ kg /dia, i.p.) sobre a disfungdo mitocondrial, a atividade
da tioredoxina redutase (TrxR), os niveis de mercdrio, e a atividade locomotora ap6s 21 dias de tratamento em
ratos (manuscrito 2). No artigo 1 foi observado que os compostos organicos de selénio (ebselen e disseleneto de
difenila) e a guanosina foram capazes de reduzir a producédo de espécies reativas de oxigénio (EROS) induzida
por glutamato em fatias de cortex, estriado e hipocampo de rato quando usados isolados ou combinados. A
guanosina também preveniu a inibi¢do da captacdo de glutamato nas regies do cérebro testadas. A combinagao
dos compostos orgénicos de selénio com a guanosina foi mais efetiva na protecdo contra a producdo de EROS
induzida por glutamato do que cada composto separadamente. Os resultados do manuscrito 1 mostram que o
disseleneto de difenila na concentragdo mais baixa (0,5 M) preveniu contra a disfuncdo mitocondrial induzida
por MeHg em fatias de figado de rato, a qual pode estar associada com a interagdo do intermediario selenol do
disseleneto de difenila com o MeHg formando um complexo inerte, bem como com as propriedades
antioxidantes do intermediario selenofenol. No manuscrito 2, foi observado que o co-tratamento com disseleneto
de difenila protegeu contra a deplecéo de tidis pelo MeHg em mitocdndrias de cérebro e figado de rato mas, nao
preveniu a disfuncdo mitocondrial cerebral e hepética induzida por MeHg, nem protegeu contra a inibicdo da
atividade da TrxR por MeHg em cérebro, figado e rim. Além disso, o co-tratamento com disseleneto de difenila
causou um maior acumulo de Hg no cérebro e figado, e aumentou os déficits motores e a perda de peso corporal.
Em conjunto, os resultados apresentados aqui reforcam o papel central da disfungcdo mitocondrial na toxicidade
induzida pelo MeHg tanto in vitro quanto in vivo e o papel da TrxR como um alvo molecular para 0 MeHg em
ratos. Além disso, os resultados indicam que os compostos organicos de selénio, como o ebselen e o disseleneto
de difenila, sdo agentes promissores contra o dano oxidativo induzido tanto por glutamato quanto por MeHg in
vitro, no entanto deve-se ter muita cautela ao extrapolar estes resultados para situagfes in vivo, uma vez que o
co-tratamento com disseleneto de difenila e MeHg aumentou a neurotoxicidade em ratos.

Palavras-chave: Compostos organicos de selénio. Metilmercurio. Disfuncdo mitocondrial.
Glutamato. Estresse oxidativo.
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ABSTRACT

Thesis of PhD’s Degree
Graduate Course in Toxicological Biochemistry
Federal University of Santa Maria, RS, Brazil

EFFECTS OF ORGANOSELENIUM COMPOUNDS AGAINST THE TOXICITY
INDUCED BY GLUTAMATE OR METHYLMERCURY

AUTHOR: Cristiane Lenz Dalla Corte
ADVISOR: Jodo Batista Teixeira da Rocha
PLACE AND DATE OF THE DEFENSE: Santa Maria, March, 2012.

Organoselenium compounds have been proposed as potential pharmacological agents in the treatment
of diseases associated with the oxidative stress. Particularly, ebselen and diphenyl diselenide has been
demonstrated as potential antioxidant agents in a variety of experimental models. Thus, the aims of the present
study were: to evaluate the effect of ebselen and diphenyl diselenide, as well as, their combination with
guanosine on the oxidative stress induced by glutamate in different regions of rat brains (article 1), to test the
effects of diphenyl diselenide on mitochondrial dysfunction induced by methylmercury (MeHg) in rat’s liver
slices (manuscript 1), and investigate the effects of MeHg (5 mg/ kg/ day, i.g.) and/ or diphenyl diselenide (1 mg/
kg /day, i.p.) on mitochondrial dysfunction, thioredoxin reductase (TrxR) activity, mercury levels and locomotor
activity after 21 days of treatment in rats (manuscript 2). In article 1, the organoselenium compounds (ebselen
and diphenyl diselenide) and guanosine were able to reduce the glutamate-induced reactive oxygen species
(ROS) production in cortex, striatum and hippocampus of rat when used isolated or in combination. Guanosine
also prevented glutamate uptake in the regions of rat brains tested. The combination of guanosine with
organoselenium compounds was more effective against glutamate-induced ROS production than the individual
compounds alone. The results in manuscript 1, show that diphenyl diselenide, at low concentrations (0.5 pM),
protected against the MeHg-induced mitochondrial dysfunction in liver slices, which may be associated with the
interaction between diphenyl diselenide’s selenol intermediate and MeHg, with the formation of inert
complex(es), as well as, with the antioxidant properties of the selenophenol intermediate. In manuscript 2, it was
observed that diphenyl deiselenide protected against thiol depletion by MeHg in cerebral and hepatic
mitochondria, but it didn’t prevent the mitochondrial dysfunction induced by MeHg in brain and liver, nor
protected from TrxR activity inhibition by MeHg in brain, liver and kidney. Moreover, the co-treatment with
MeHg and diphenyl diselenide caused an increase in mercury deposition in brain and liver, increased the motor
deficits and the loss of body weight. Taken together, the results present here reinforce the central role of the
mitochondrial dysfunction on the toxicity induced by MeHg both in vivo and in vitro, and the role of TrxR as a
molecular target for MeHg in rats. Moreover, the results indicate that organoselenium compounds, such as
ebselen and diphenyl diselenide, are promising agents against the oxidative damage induced by both glutamate
and MeHg in vitro, however, caution must be taken on the extrapolation of these results to in vivo situations,
since the co-treatment with diphenyl diselenide and MeHg increased the neurotoxicity in rats.

Keywords: Organoselenium compounds. Methylmercury. Mitochondrial dysfunction.
Glutamate. Oxidative stress.
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APRESENTACAO

No item INTRODUGCAO, esta descrita uma sucinta revisio bibliografica sobre os
temas trabalhados nesta tese.

Os resultados que fazem parte desta tese estdo apresentados sob a forma de artigos, 0s
quais se encontram no item ARTIGOS CIENTIFICOS. As sec¢des Materiais e Métodos,
Resultados, Discussdo dos Resultados e Referéncias Bibliograficas, encontram-se nos
préprios artigos e representam a integra deste estudo.

Os itens, DISCUSSAO E CONCLUSOES, encontram-se no final desta tese,
apresentam interpretacdes e comentarios gerais sobre os artigos cientificos contidos neste
trabalho.

As REFERENCIAS BIBLIOGRAFICAS referem-se somente as citacdes que
aparecem nos itens INTRODUCAO, DISCUSSAO e CONCLUSOES desta tese.



1. INTRODUCAO

1.1. Selénio

O elemento selénio, juntamente com o oxigénio, o enxofre, o tellurio, e o polénio, faz
parte do grupo 16 (antigamente grupo 6A), ou grupo dos Calcogénios da tabela periddica.
Consequentemente, o selénio compartilha com o enxofre e o telurio algumas propriedades
fisicas e quimicas. Inicialmente, o selénio foi reconhecido como um elemento téxico. O
primeiro caso bem documentado de intoxicacdo por selénio em mamiferos foi em decorréncia
da ingestdo de pastagens com altos niveis de selénio por cavalos no Fort Randall nos EUA em
1856. Além disso, a toxicidade do selénio foi demonstrada experimentalmente no inicio do
seculo XX (Franke 1934a, b; Franke e Painter, 1935; Painter, 1941; Moxon e Rhian, 1943), e
foi associada com os casos de intoxicacéo relatados anteriormente.

Apenas no inicio dos anos 1950, um estudo pioneiro de Schwarz e Foltz, forneceu as
observac0es iniciais de que o selénio pode prevenir a necrose hepatica em ratos alimentados
com uma dieta deficiente de selénio (Schwarz e Foltz 1957). A associacdo entre o selénio e
patologias do figado levou rapidamente ao reconhecimento de que o selénio é um elemento
traco nutricionalmente importante (Oldfield, 1987; Navarro-Alarcon e Cabrera-Vique, 2008).
A identificacdo do aminodcido selenocisteina no centro ativo da enzima glutationa peroxidase
(GPx) hepética de ratos trouxe o reconhecimento de um novo nucledéfilo, ex: o selenolato.
Este grupo participa como um poderoso agente redutor em enzimas antioxidantes, tais como a
GPx e a tioredoxina redutase (TrxR) (Flohe e cols., 1973; Rotruck e cols., 1973; Oh e cols.,
1974; Flohe, 1988; Allan e cols., 1999; Lu e Holmgren, 2009; Nogueira e Rocha 2010).

1.1.1. Compostos orgéanicos de selénio

Desde a descoberta de que o selénio poderia desempenhar um papel fundamental na
atividade de enzimas antioxidantes o interesse por compostos organicos contendo selénio
cresceu bastante, principalmente pelo fato de que estes poderiam imitar a quimica fisioldgica
redox dos grupos selenol/ selenolato, podendo complementar as defesas naturais das células
contra agentes oxidantes (Rotruck e cols., 1973; Nogueira e cols., 2004). Dessa forma,
compostos organicos de selénio sintéticos poderiam representar uma nova estratégia
terapéutica para doencas relacionadas com o estresse oxidativo (Parnham e Graf, 1991; Arteel
e Sies, 2001; Mugesh e cols., 2001; Nogueira e cols., 2004). O estresse oxidativo caracteriza-
se por um desequilibrio entre a producdo de espécies reativas de oxigénio (EROS) e a sua

remogdo por sistemas antioxidantes (Ali e cols., 1992; Yee e Choi, 1996; Sarafian, 1999;



Sanfeliu e cols., 2001). A superproducdo de EROs pode danificar macromoléculas bioldgicas,

tais como acidos nucléicos, proteinas, lipidios e carboidratos (Xiong e cols., 2007).

1.1.1.1. Ebselen

O primeiro composto organico de selénio relatado na literatura com atividade
mimética da GPx foi o ebselen (2-fenil-1,2-benzisoselenazol-3[2H]-ona) (Figura 1). O
ebselen na presenca de glutationa reduzida (GSH) catalisa a reducdo de uma ampla variedade
de hidroperoxidos e pode ajudar o sistema de defesa celular contra o estresse oxidativo
(Muller e cols., 1984; Parnham e Kindt, 1984; Wendel e cols., 1984). O mecanismo da
reducdo catalitica de hidroperoxidos desempenhado pelo ebselen foi proposto por Maiorino e
colaboradores e pareceu cineticamente idéntico ao da reacdo enzimatica da GPx (Maiorino e
cols., 1988). O ebselen reage com os tidis para produzir um selenenil sulfeto (Figura 2). O
selenenil sulfeto reage com um segundo equivalente de GSH para produzir um unico produto
que € caracterizado como selenol. Finalmente, o selenol reage com peréxido de hidrogénio
(H20>) ou hidroperoxido organico para formar H,O, ou o respectivo alcool (ROH), e o acido
selenénico do ebselen, o qual produz uma outra molécula de H,O e regenera o ebselen
(Nogueira e Rocha, 2011).
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Figura 1. Estrutura do ebselen.

Além da atividade antioxidante, o ebselen demonstrou possuir propriedades
antiinflamatoria, antinociceptiva, neuroprotetora e anti-ulcera em varios modelos animais
(Maiorino e cols., 1992; Nogueira e cols., 2004). Na verdade, a demonstracéo clinica de que o
ebselen apresentou efeitos neuroprotetores contra as condi¢Bes patoldgicas associadas com a
isquemia cerebral cerca de uma década atras (Saito e cols., 1998; Yamaguchi e cols., 1998;
Ogawa e cols., 1999; Parnham e Sies, 2000) e os extensos dados obtidos em modelos animais
demonstrando que o ebselen foi efetivo contra os efeitos deletérios causados por isquemia/
reperfusdo reforcam ainda mais a importancia do estudo da farmacologia e toxicologia dos

compostos organicos de selénio (Dawson e cols., 1995; Ozaki e cols., 1997; Takasago e cols.,



1997; Imai e cols., 2001; Lapchak e Zivin, 2003; Hamacher e cols., 2009; Seo e cols., 2009;
Tunc e cols., 2009; Gul e cols., 2010).

Evidéncias indicam que as propriedades antioxidante e farmacoldgica do ebselen séo,
em grande parte, devido as suas reacBes com o sistema da tioredoxina (Trx) (Zhao e
Holmgren, 2002). O ebselen pode ser reduzido tanto pela tioredoxina redutase (TrxR) na
presenca de NADPH quanto pela Trx reduzida para formar um selenol, que reage com
hidroperéxidos produzindo um derivado acido selenénico. O selenol também pode sofrer uma
rapida oxidacdo para formar um disseleneto que atua como um substrato para a TrxR de
mamiferos, formando como produto final um selenol ativo (Zhao e Holmgren, 2002; Zhao e
cols., 2002).
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Figura 2. Mecanismo de reducéo catalitica de hidroperoxidos pelo ebselen. Fonte: Nogueira e
cols., 2004.

1.1.1.2. Disseleneto de difenila

O disseleneto de difenila (Figura 3), o mais simples diaril disseleneto, é bastante
empregado como intermedidrio na sintese organica. A possibilidade de uma possivel
contamigdo ocupacional motivou estudos toxicologicos com este composto. No entanto, a
descoberta de que o disseleneto de difenila possui uma maior atividade tiol-peroxidase que o
ebselen (Wilson e cols., 1989) além de apresentar uma menor toxicidade em roedores (Meotti
e cols., 2003; Nogueira e cols., 2003), motivou estudos a respeito da farmacologia deste

composto.



Se

Figura 3. Estrutura do disseleneto de difenila.

Nogueira e cols. (2003) demonstrou que o disseleneto de difenila possui atividade
antinociceptiva e antiiflamatéria melhores que o ebselen. QOutras atividades bioldgicas do
disseleneto de difenila também foram relatadas durante a ultima década como hepatoprotetora
(Borges et al., 2005, 2006), nefroprotetora (Brandao et al., 2009), anti-ulcera (Savegnago et
al., 2006, Ineu et al., 2008), cardioprotetora (de Bem et al., 2009; Rocha et al., 2009),
neuroprotetora (Rosa et al., 2003; Stangherlin et al., 2008; Burger et al., 2006), anti-
carcinogénica (Barbosa et al., 2008), anti-hiperglicémica (Barbosa et al., 2006), anxiolitica
(Savegnago et al., 2008) e antidepressiva (Ghisleni et al., 2008; Savegnago et al., 2008).
Dessa forma, este composto tem emergido como um candidato para diferentes fins
terapéuticos.

Outra importante aplicacdo do disseleneto de difenila seria na reducdo da deposicao de
mercurio (Nogueira e Rocha, 2010). O grupo selenol possui uma alta afinidade pelo mercdrio
podendo interagir com determinados compostos mercuriais (Sugiura e cols., 1976).
Consequentemente, a toxicidade dos compostos mercuriais pode ser modificada pela sua
interacdo com grupos selendis e tendo em vista o fato de que o disseleneto de difenila pode
ser reduzido no seu intermediario selenol apos a interacdo com tiois, este composto poderia
alterar a toxicidade dos compostos mercuriais apds exposi¢do in vivo (Nogueira and Rocha,
2010, 2011; Farina e col., 2011a).

Recentemente foi demonstrado que a exposicdo simultanea ao disseleneto de difenila e
ao MeHg causou uma reducdo acentuada na deposicdo de mercurio no figado, rim e cérebro
de camundongos (de Freitas e cols., 2009). Foi proposto que o intermediario selenol formado
apos a reducdo do disseleneto de difenila poderia reagir com MeHg para formar um complexo
mais excretavel do tipo CHsHgSePh, o que reduziu consideravelmente a deposi¢cdo de
mercurio em camundongos adultos (de Freitas e cols., 2009). Além disso, as propriedades
antioxidantes do disseleneto de difenila também podem contribuir para a protecdo contra o
estresse oxidativo induzido por MeHg, como demonstrado em fracbes de cérebro de

camundongo ricas em mitocondrias (Meinerz e col., 2011). No entanto, outro trabalho



demonstrou que a exposi¢cdo aguda e concomitante ao cloreto de mercurio (HgCl,) e
disseleneto de difenila causou 100% de mortalidade e potencializou o dano renal em
camundongos, sugerindo um efeito sinérgico téxico entre Hg** e selénio relacionado com um
complexo formado entre Hg® * e disseleneto de difenila o qual poderia ter atividade pro-
oxidante (Brandao e cols., 2006, 2010). Por outro lado, pré- e pds-tratamentos subcrénicos
com disseleneto de difenila foram eficazes na protecdo contra as alteragcdes imunoldgicas e
hematoldgicas induzidas por HgCIl, em camundongos (Brandao e cols., 2008).

O mecanismo catalitico proposto para a acdo antioxidante do disseleneto de difenila
envolve a interacdo direta com tidis de baixo peso molecular gerando grupos selenois
intermediarios (Figura 4) (Nogueira e cols., 2004). De um modo semelhante ao que ocorre no
centro ativo da GPx, o grupo selenol/ selenolato formado pode decompor o0 H,0, e peroxidos
lipidicos (Nogueira e Rocha, 2010). Consequentemente, as propriedades farmacoldgicas do
disseleneto de difenila podem estar associadas com as suas atividades antioxidantes que
dependem grandemente da formacdo de um grupo selenol apds a interacdo com tidis
reduzidos (Nogueira e cols., 2004). Recentemente, foi demonstrado que o disseleneto de
difenila, da mesma forma que o ebselen, poderia ser substrato da TrxR cerebral e hepatica de
rato (de Freitas e Rocha, 2010, 2011). Portanto as propriedades antioxidantes do disseleneto

de difenila poderiam, pelo menos em parte, estar associadas a sua reducdo em selenofenol

{ Hse /=

pela TrxR.

N ) 2RSH
H,0 = /’ N/ \/
| \
\ |
. )
2( )—se—om 2 U—Sc—SR
{ |
2\ )~ 2RSH
rs f
B0 N N e /\
2N ¢ 2RSSR
H,0,

Figura 4. Mecanismo catalitico para a acdo antioxidante do disseleneto de difenila. Fonte:

Nogueira e Rocha, 2010.

1.1.1.3. Toxicologia dos compostos organicos de selénio



Embora a atividade do tipo tiol-peroxidase dos compostos organicos de selénio seja
importante para suas propriedades antioxidantes, também pode contribuir para suas
propriedades toxicoldgicas devido a oxidacao de tiois a partir de GSH ou proteinas contendo
tiol. No caso de enzimas isto pode resultar na perda da atividade catalitica (Nogueira e cols.,
2004). A interacdo de diferentes disselenetos de arila com tiois de baixo peso molecular e com
a enzima sulfidrilica &-aminolevulinato desidratase (5-ALA-D) de mamiferos foram
demonstrados por diferentes trabalhos (Barbosa e cols., 1998; Maciel e cols., 2000; Nogueira
e cols., 2004; Folmer e cols., 2005).

De significando toxicologico importante, tanto o ebselen quanto o disseleneto de
difenila podem induzir disfungdo mitocondrial in vitro, o que também foi associado com a
oxidacdo de importantes grupos tidis na mitocondria (Morin e cols., 2003; Puntel e cols.,
2010; Yang e cols., 2000a, b).

Além disso, tém sido demonstrado que o disseleneto de difenila pode causar efeitos
neurotdxicos como convulsdes em roedores, dependendo da dose administrada, do veiculo, da
via de administracdo e da idade dos animais (Nogueira e cols., 2001, 2002; Moretto e cols.,
2003, 2007; Prigol e cols., 2009; Nogueira e Rocha, 2011).

1.2. Glutamato

O aminoacido L-glutamato é o principal neurotransmissor excitatério do sistema
nervoso central (SNC) de mamiferos exercendo um papel fundamental na maioria das fungdes
do sistema nervoso incluindo a cognicdo, a memoria e o aprendizado, e também no
desenvolvimento do SNC (Fonnum, 1984; Collingridge e Lester, 1989;Headley e Grillner,
1990; Danbolt, 2001). Quase todos os neurdnios excitatorios no SNC sdo glutamatérgicos e
estima-se que mais da metade de todas as terminacBGes nervosas liberem este aminoacido
excitatério (Walton e Dodd, 2007).

O glutamato pode ser sintetizado, nos terminais nervosos, tanto a partir da glicose via
ciclo de Krebs e transamina¢do do a-cetoglutarato, quanto a partir da glutamina, produzida
nas células gliais, que € levada aos neur6nios e convertida pela glutaminase em glutamato
(Figura 5) (Deutch e Roth, 1999; Danbolt, 2001). Nos terminais nervosos, o glutamato é
armazenado dentro de vesiculas sinapticas por um processo dependente de Mg?*. Quando os
terminais glutamatérgicos pré-sinapticos sdo despolarizados, o glutamato vesicular € liberado
por exocitose na fenda sinéptica de forma dependente de Ca®* (Greene e Greenamyre, 1996).
Tanto a liberagdo de glutamato quanto o seu armazenamento nas vesiculas sinapticas sdo

processos dependentes de ATP, ou seja, acarretam dispéndio de energia (Danbolt, 2001). A



liberagdo de glutamato causa uma mudanga de 1000 vezes na concentracdo de glutamato na
fenda sinaptica (Nicholls e Attwell, 1990). O glutamato entdo, se liga aos receptores pos-
sinapticos ionotropicos, estimulando o influxo de cations para despolarizar a célula pés-
sinaptica (Walton e Dodd, 2007).

Apos a sua liberagdo o glutamato deve ser removido da fenda sindptica de forma
rapida e eficiente de modo a evitar o excesso de estimulacdo dos seus receptores. O glutamato
extracelular é entdo captado por transportadores dependentes de Na® de alta afinidade
localizados em neurdnios e astrocitos (Figura 5) (Maragakis e Rothstein, 2004). O glutamato
captado pelos astrocitos € entdo convertido em glutamina pela glutamina sintetase, podendo

ser transferida para 0s neurdnios para ser convertida em glutamato pela glutaminase ativada

por fosfato (Danbolt, 2001).
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Figura 5. Sinapse glutamatérgica. Fonte:

http://people.usd.edu/~cliff/Courses/Behavioral%20Neuroscience/Transmitters/transmitterfigs
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1.2.1. Receptores glutamatérgicos
Os receptores de glutamato sdo encontrados em ambas as membranas celulares
neuronal e glial. Os receptores glutamatérgicos ionotropicos mediam diretamente o influxo de

cations na célula pos-sindptica, levando a despolarizacdo da membrana (Figura 6). Os



receptores glutamatérgicos metabotropicos atuam indiretamente por meio de segundos

mensageiros intracelulares (Figura 6) (Walton e Dodd, 2007).
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Figura 6. Receptores glutamatérgicos. Fonte:

http://www.ucl.ac.uk/~smgxt01/frameh.htm?page=glutamat.htm

1.2.1.1. Receptores glutamatérgicos ionotropicos

A neurotransmissdo glutamatérgica é alcangada rapidamente através da ativacdo das
trés classes de receptores ionotropicos (iGIuRs) que sdo nomeados de acordo com suas
seletividades a agonistas especificos: N-metil-D-aspartato (NMDA), cainato (KA) ¢ acido a-
amino-3-hidroxi-5-metil-4-isoxazol-propidnico (AMPA) (Nakanishi, 1992; Ozawa e cols.,
1998; Simeone e cols., 2004). Os receptores ionotropicos podem ainda ser dividos em
receptores NMDA e ndo-NMDA. Os receptores ndo-NMDA, sdo ativados por AMPA e KA,
formam canais permeaveis principalmente aos ions Na* e K" e sio responsaveis pela
neurotransmissao sindptica excitatéria rapida (Tang e cols., 1989; Trussell e Fischbach, 1989;
Sommer e Seeburg, 1992; Heath e Shaw, 2002). Os receptores ativados por NMDA séo
permeéveis preferencialmente ao Ca**, possuindo uma cinética mais lenta com a abertura dos
canais persistindo por varias dezenas a centenas de milisegundos (Hudspith, 1997). Os
receptores glutamatérgico tém diferentes distribuicdes corticais, perfis farmacoldgicos, e
funcbes na neurotransmissao glutamatérgica.

Os receptores NMDA possuem cinco diferentes sitios de ligacdo para ligantes
endogenos que influenciam a abertura dos canais idnicos (Ozawa e cols., 1998). Dois destes
sitios de ligacdo sdo para os co-agonistas glutamato e glicina (Kleckner e Dingledine, 1988).

A ligacdo desses co-agonistas é necessaria para a abertura total do canal iénico. A ligacdo do



Mg®* a um sitio especifico no receptor bloqueia o canal iénico (Nowak e cols., 1984). Este
blogueio pode ser superado de forma dependente de voltagem, a partir de despolarizagdes
ocasionadas pela ativacdo prévia dos receptores AMPA e KA (Walton e Dodd, 2007).
Existem ainda um sitio regulatério para poliamidas, e um para 0 zinco que age inibindo o
fluxo i6nico, além de um sitio redox na face externa do receptor onde grupos sulfidrilicos (-
SH) podem interagir com derivados do éxido nitrico (NO) alterando a fungdo do receptor
(Aizenman e cols., 1989; Lei e cols., 1992; Rock e Macdonald, 1992). A oxidacao leva a
reducdo da entrada de Ca®* através dos canais de NMDA e tem sido proposto como um
mecanismo protetor contra a superestimulacdo do receptor NMDA sob condicGes de estresse
oxidativo (Aizenman e cols., 1990; Trotti e cols., 1998).

Os receptores AMPA existem em complexos tetrameéricos compostos de subunidades
GIuR 1 a 4 (Palmer e cols., 2005). Os receptores AMPA em sua maioria permitem o influxo
de Na* e K" apos a ligacdo do glutamato. A subunidade GIuR2 dos receptores AMPA, em sua
forma editada, é de particular interesse uma vez que a sua presenca no complexo do receptor
AMPA resulta em uma permeabilidade ao Ca** extremamente baixa (Hollmann e cols., 1991;
Brorson e cols., 1999). Os receptores AMPA que ndo contém uma subunidade GIuR2 se
assemelham a receptores NMDA na medida em que permitem um fluxo significativo de ions
Ca**. Embora sejam poucos em niimero, os receptores AMPA permeaveis a Ca®* poderiam
estar envolvidos nos mecanismos excitotoxicos (Kwak e Weiss, 2006).

Os receptores KA sdo compostos de duas subfamilias GIuR5-7 e KA-1 e -2, e estdo
envolvidos em ambos os tipos de neurotransmissdo, excitatoria e inibitdria, nas células
piramidais do hipocampo (Mulle e cols., 2000; Walton e Dodd, 2007). A ligacdo do KA aos
seus receptores ativa canais de Na** com cinética similar aos receptores AMPA (Huettner,
1990, 2003). O KA também pode se ligar com menor afinidade a receptores AMPA causando
a sua ativacdo (Hudspith, 1997).

1.2.1.2. Receptores glutamatergicos metabotropicos

Os receptores metabotrdpicos pertencem a familia de receptores acoplados a proteina
G, e medeiam uma variedade de fungdes, incluindo a excitabilidade neuronal, a transmissdo
sinaptica e a plasticidade neuronal, dependendo de sua associacdo com segundos mensageiros
(Walton e Dodd, 2007). Atualmente, oito subtipos de receptores metabotropicos (mGIuRS) ja
foram descritos, podendo ser agrupados em trés classes distintas com base nos mecanismos de
transduc&o de sinal intracelular e na afinidade por agonistas farmacoldgicos: grupo | (mGIluR1
e 5), grupo Il (mGIuR2 e 3) e grupo 11l (mGIluR4 e 6-8) (Okamoto e cols., 1994; Duvoisin e
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cols., 1995). Os receptores mGIuRs do grupo | podem provocar a liberacdo de Ca**
intracelular através da ativacdo da fosfolipase C (PLC) que produz inositol-1,4,5-trifosfato e
diacilglicerol como segundos mensageiros (Bruno e cols., 2001). Ja os receptores dos grupos
Il e Il s&o acoplados a adenilato ciclase (Meldrum, 2000). Os receptores mGIuRs estdo
localizados nos terminais pré- e pos-sinapticos e nas células gliais e sua ativacdo pode

promover efeitos excitatérios e inibitérios (Ozawa e cols., 1998).

1.2.2. Transportadores de glutamato

Apos a sua liberacdo na fenda sinaptica, o glutamato ndo é metabolizado por enzimas
extracelulares, mas sim removido através da captacdo celular (Trotti e cols., 1998). Até o
presente momento cinco isoformas de “transportadores de glutamato acoplados a Na* e K™
ou "transportadores de aminoacidos excitatérios” (EAATSs) foram identificados e nomeados:
GLAST (EAAT1), GLT1 (EAAT2), EAACL (EAAT3), EAAT4 e EAATS5 (Kanai e Hediger,
1992; Pines e cols., 1992; Storck e cols., 1992; Fairman e cols., 1995; Arriza e cols., 1997).
Os EAATS sdo encontrados na membrana plasmatica de varios tipos de células do SNC e sdo
utilizados para remover o glutamato do espago extracelular (Kanai e Hedinger, 2003;
Maragakis e Rothstein, 2004).

A atividade dos transportadores de glutamato depende do gradiente eletroquimico
gerado pela Na*/K*-ATPase na mesma membrana (Szatkowski e cols., 1990; Attwell e cols.,
1993). Uma molécula de glutamato é transportada para o citoplasma junto com 2-3 fons Na™ e
um H*, enquanto um jon K" é transportado para 0 meio extracelular (Zerangue e Kavanaugh,
1996; Kanai e Hediger, 2003). Esta estequiometria lhes permite promover uma alta
concentracdo de glutamato no interior das células e favorece a conservacdo de energia
(Zerangue e Kavanaugh, 1996; Attwell e Laughlin, 2001). A restauragdo do gradiente
eletroquimico de Na* ap0s a captacio de aminoacidos ocorre com o gasto de ATP consumido
pela Na'/K'-ATPase na membrana (Bonvento e cols., 2002). Portanto a manutengio dos
niveis energéticos é essencial para o controle da transmissdo glutamatérgica (Wadiche e cols.,
1995; Billups e cols., 1996). Além de serem co-transportadores de glutamato, estas cinco
proteinas também funcionam como canais de ClI". O influxo de CI" é ativado pelo glutamato,
mas ndo é termodinamicamente acoplado ao transporte (Fairman e cols., 1995).

A captacdo de glutamato é realizada principalmente pelos transportadores GLT-1 e
GLAST (Anderson e Swanson, 2000; Danbolt, 2001). Em um cérebro desenvolvido normal,
os transportadores GLT-1 e GLAST sdo encontrados apenas nas membranas dos astrocitos

intimamente associados com contatos sinapticos excitatérios, e sdo responsaveis por manter
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baixas as concentracfes de glutamato extracelular (Chaudhry e cols., 1995). Em particular, o
transportador GLT-1, é responsavel por 60% de toda a atividade de captagdo do glutamato
extracelular (Haugeto e cols., 1996; Rothstein e cols., 1996; Tanaka e cols., 1997; Robinson,
1998; Danbolt, 2001).

Notou-se em meados dos anos 1980 que a captacdo de glutamato é sensivel a
oxidantes de grupos-SH, incluindo o mercurio, e que a inibicdo deste é independente da
Na'/K*-ATPase (Ogita e Yoneda, 1986; Brookes, 1988; Aschner e cols., 1990) e é, em parte
reversivel por DL-ditiotreitol (DTT) (Albrecht e cols.,, 1993). Dados sugerem que 0S
transportadores de glutamato possuem um mecanismo regulatério redox baseado no -SH
(Trotti e cols., 1997b). A interconversdo redox de grupos -SH nos transportadores reduz a
Vmax do transporte de glutamato sem afetar o Km e sem afetar a condutancia do CI™ (Trotti e
cols., 1997a). Isto implica que a translocacgdo de glutamato e a de vias de permeacéo ionica da

molécula do transportador sdo separados e submetidos a modulacao independente.

1.2.3. Excitotoxicidade

A superestimulacdo dos receptores glutamatérgicos devido ao acimulo de glutamato
na fenda sinaptica pode levar a um processo conhecido como excitotoxicidade glutamatérgica
que resulta em morte neuronal (Lucas e Newhouse, 1957; Olney, 1969; Coyle e cols., 1981;
Choi, 1992). A excitotoxicidade do glutamato tem sido implicada em uma série de distdrbios
neuroldgicos, incluindo acidente vascular cerebral (AVC), epilepsia, lesdo cerebral
traumatica, doencgas neurodegenerativas e exposi¢do a toxinas ambientais (Meldrum, 1990;
Meldrum e Garthwaite, 1990; Bradford, 1995; Zauner e Bullock, 1995).

A ativacdo excessiva e prolongada dos receptores de glutamato causa a despolarizagao
sustentada de neurénios locais, que por sua vez, desencadeiam uma seqiéncia de eventos
intracelulares que culminam no influxo de Na* e Ca*" e a exocitose adicional de glutamato
(Choi, 1994). A excitotoxicidade pode ser dividida em duas fases distintas: uma fase aguda na
qual acontece uma intensa entrada de Na* extracelular acompanhada pelo influxo passivo de
agua e CI" levando a um inchaco celular e a e morte celular do tipo necrética, e uma segunda
fase tardia em que ocorre uma entrada intensa de Ca* extracelular levando a morte neuronal
que pode ocorrer varias horas apés o inicio do estimulo (Choi, 1994). Os receptores nao-
NMDA parecem estar mais vinculados a fase precoce, enquanto os receptores NMDA sdo
mais responsaveis pela deflagracdo da fase tardia (Choi, 1992). Estudos com antagonistas do

sistema glutamatérgico sugerem um maior envolvimento dos receptores NMDA como
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mediadores da morte neuronal associada com a exposicéo breve e intensa ao glutamato do que
0s outros tipos de receptores (AMPA e KA) (Walton e Dodd, 2007).

Existem varios mecanismos propostos para explicar a morte celular induzida por
glutamato, a maioria deles inclui 0 aumento na concentragdo de Ca?* citosélico devido a uma
superestimulacdo dos receptores glutamateérgicos (Trotti e cols., 1998; Danbolt, 2001;
Arundine e Tymianski, 2003). Uma via citotoxica que é ativada como resultado da sobrecarga
de Ca®", leva & ativacdo continua de uma grande variedade de enzimas dependentes de Ca*",
tais como lipases, proteases, endonucleases e outras enzimas catabolicas que, coletivamente,
tém consequéncias prejudiciais para a funcdo da célula, a estrutura da membrana e do
citoesqueleto, e que finalmente, levam a morte celular (Sattler e Tymianski, 2000; Arundine e
Tymianski, 2003). Uma segunda via citotoxica do Ca®* conduz & geracéo de EROs através da
ativagdo da oxido nitrico sintase (NOS) e a formagdo excessiva de NO. Niveis elevados de
Ca** na mitocondria desacoplam a fosforilacdo oxidativa, 0 que leva a uma diminuicdo do
abastecimento de energia e ao aumento da producdo de EROs (Choi, 1987; Bittigau e
Ikonomidou, 1997). A produgdo excessiva de EROs leva a oxidacdo das membranas
bioldgicas e a morte celular (Gotz e cols., 1994; Schulz e cols., 1995).

Sabe-se que as EROs séo capazes de inibir a captacdo de glutamato em culturas de
astrécitos (Gotz e cols., 1994) e essa inibicdo acontece através da oxidagdo de grupos tidis na
estrutura dos transportadores (Volterra e cols., 1994). A inibicdo dos transportadores de
glutamato por meio de oxidacdo de grupos tidis é consistente com a descoberta de que a
captacdo de glutamato é regulada pela quimica do estado redox de residuos de cisteina
reativos na estrutura do transportador (Trotti e cols., 1997a; Trotti e cols., 1997b). A inibicdo
da captacdo de glutamato pela oxidagdo de grupos tidis nos transportadores leva ao maior
acumulo de glutamato na fenda sinaptica. Dessa forma, estes eventos poderiam desencadear
um ciclo vicioso de cascatas neurotoxicas, a medida que o aumento do glutamato extracelular

ird promover um aumento adicional da formacdo de EROs (Trotti e cols., 1998).

1.2.4. O papel da guanosina na modulagdo do sistema glutamatérgico

Os derivados de guanina tém sido tradicionalmente estudados como moduladores de
processos intracelulares, principalmente em relagdo a atividade de proteinas G na transducéo
de sinais (Schmidt e cols., 2007). No entanto, elas também exercem varios efeitos
extracelulares ndo relacionados com a modulacdo de proteinas G, incluindo a modulacdo da
atividade glutamatérgica, efeitos comportamentais, e efeitos tréficos sobre as células neurais

(Baron e cols., 1989; Souza e Ramirez, 1991; Paz e cols., 1994; Ramos e cols., 1997; Burgos



13

e cols., 1998; Burgos e cols., 2000; Roesler e cols., 2000; Schmidt e cols., 2000; Ciccarelli e
cols., 2001; Lara e cols., 2001; Tasca e cols., 2004; Vinade e cols., 2005).

Estudos tém demonstrado que a guanosina, um nucleosideo de guanina, pode exercer
efeitos troficos em células neurais bem como modular o sistema glutamatérgico (Rathbone e
cols., 1999; Ciccarelli e cols., 2001; Soares e cols., 2004). Os mecanismos envolvidos nestes
efeitos parecem estar relacionados com a estimulacao sobre a captacdo de glutamato conferida
pela guanosina (Frizzo e cols., 2001; Frizzo e cols., 2002; Frizzo e cols., 2003; Schmidt e
cols., 2005). De fato a guanosina exibiu efeitos protetores em uma variedade de modelos de
neurotoxicidade envolvendo a superativacdo de receptores glutamatérgicos tanto in vitro,
quanto in vivo (Frizzo e cols., 2001). Em modelos in vitro, a guanosina inibiu a ligacédo do
glutamato e de seus analogos, preveniu respostas celulares aos aminoacidos excitatorios,
estimulou a captacdo de glutamato extracelular por culturas de astrocitos e fatias de cérebro, e
protegeu fatias de cérebro expostas a hipdxia/ hiperglicemia (Schmidt e cols., 2005). Em
modelos in vivo, a guanosina protegeu contra convulsbes induzidas por agentes
glutamatérgicos em roedores (Schmidt e cols., 2005). Dessa forma, as evidéncias apontam
que os derivados de guanina, como a guanosina, S0 potenciais alvos terapéuticos na

neuroprotecdo e na neuromodulacdo (Schmidt e cols., 2007).

1.3. Metilmercurio

O MeHg é uma forma organica de mercurio encontrada no ambiente aquéatico devido a
fontes de origem natural e antropogénica. O MeHg é gerado através da biometilacdo do
mercario inorganico presente em sedimentos aquaticos por bactérias redutoras de sulfato
(Clarkson e cols., 2003). Este processo leva ao subsequente acimulo de MeHg na cadeia
alimentar de organismos aquaticos, alcancando suas maiores concentracbes em peixes
predadores (Clarkson e cols., 2003). O MeHg apresenta um grande potencial de
biomagnificagdo podendo acumular em mais de sete ordens de magnitude a partir de
concentracdes sub ng/L na agua para concentracdes superiores a 1 mg/kg em peixes
piscivoros (Hintelmann, 2010). Em consequéncia disso, peixes contaminados constituem a
principal fonte de exposi¢do ao MeHg em humanos (Clarkson e cols., 2003).

Embora, a toxicidade do MeHg seja conhecida a bastante tempo, ela s6 passou a ser
mais profundamente estudada apos incidentes catastréficos de intoxicacdo por este metal
decorrentes do consumo de alimentos contaminados ocorridos entre as décadas de 50 e 70
(Hunter e Russell, 1954; Takeuchi e cols., 1962; Bakir e cols., 1973; Davis e cols., 1994). A

liberacdo industrial de MeHg na Baia de Minamata e no rio Agano, Japdo, entre os anos 1950
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e 1960 afetou milhares de pescadores e suas familias os quais passaram a sofrer de uma
doenca neuroldgica, exibindo sinais de descoordenacdo motora, reducdo dos campos visuais e
dorméncia nas extremidades (Harada, 1978).

Anos mais tarde, surtos de intoxicacdo por MeHg ocorreram em varios paises e foram
causados pela preparacdo caseira de pdo diretamente a partir de grdos tratados com um
fungicida que continha MeHg (WHO, 1976.). O mais grave desses surtos ocorreu no Iraque
entre 1971 e 1972 onde houve cerca de 6000 casos de internacdo em hospitais, e 459 mortes
registradas (Bakir e cols., 1973).

Os episddios mencionados contribuiram para o entendimento dos principais sintomas
clinicos bem como alteragBes histoldgicas provocados pela intoxicagdo com MeHg em
humanos, todavia, 0s mecanismos moleculares envolvidos na toxicidade do MeHg ainda ndo
foram totalmente elucidados. Além disso, ndo existe até o presente momento um tratamento
eficaz contra a intoxicacdo por MeHg e, portanto, o estudo da toxicologia do MeHg é de
grande importancia uma vez que pode ajudar na busca por novas terapias para o tratamento da

intoxicagéo por este contaminante ambiental.

1.3.1 Absorc¢ao, distribuigdo e excregao

Cerca de 95% do MeHg ingerido é absorvido no trato gastrointestinal, embora o local
exato de absorcdo ndo seja conhecido. Ele é distribuido a todos os tecidos em um processo
concluido em cerca de 30 horas, sendo que, aproximadamente 5% do MeHg é encontrado no
sangue e cerca de 10% no cérebro (Clarkson e cols.,, 2003). O MeHg é lentamente
metabolizado em mercurio inorganico principalmente pela microflora nos intestinos,
provavelmente a uma taxa de cerca de 1% da carga corporal por dia. Embora o MeHg seja a
forma predominante de mercdrio durante a exposi¢do, o mercurio inorganico lentamente
acumula e reside por longos periodos no SNC. Acredita-se que seja uma forma inerte,
provavelmente insoltvel de seleneto de mercdrio (WHO, 1990.).

A excrecao urinaria de MeHg é da ordem de 10%, ou menos, da eliminacdo total do
organismo. O MeHg passa por um extenso ciclo entero-hepatico. Ele é secretado na bile e
parcialmente reabsorvido pela circulacdo portal, assim, retornando para o figado. Uma fragéo
do mercurio biliar é convertida pela microflora em mercurio inorgénico, o qual € reabsorvido
em uma pequena escala. Assim, a maior parte do MeHg € eliminado por demetilacdo e
excrecao da forma inorgénica nas fezes (Clarkson e cols., 2003).

O MeHg estd presente no organismo na forma de complexos solUveis em agua

principalmente ligado a grupos tiois. Ele atravessa a barreira hemato-encefalica como um
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complexo com a L-cisteina. O complexo MeHg-L-cisteina € estruturalmente semelhante ao
aminoacido L-metionina, e consequentemente pode atravessar as membranas celulares via
transportador de aminoacidos neutros (Kerper e cols., 1992). O MeHg é bombeado para fora
das células na forma de um complexo principalmente com o GSH. Este complexo é secretado
na bile e, entdo a molécula de GSH ¢é degradada no ducto biliar e vesicula biliar em um
dipeptideo e, finalmente, no complexo L-cisteina. Presumivelmente, nesta forma o MeHg é
reabsorvido na corrente sanguinea para ser retornado ao figado, completando assim o ciclo
entero-hepatico (Ballatori e Clarkson, 1985; Dutczak e Ballatori, 1992, 1994).

1.3.2. Toxicidade

O SNC ¢ o alvo principal dos efeitos toxicos do MeHg, em particular, 0 SNC em
desenvolvimento. Mesmo uma exposi¢do a baixas doses de MeHg pode ter consequéncias
adversas para 0 SNC, especialmente durante a vida pré-natal levando a atrasos no
desenvolvimento cognitivo. Os problemas neuroldgicos decorrentes da exposicdo ao MeHg
incluem: déficits de coordenacdo motora, fraqueza e atrofia muscular, e diminuicdo ou perda
progressiva das fungdes sensoriais incluindo prejuizos da fala, visao e audi¢ao (Harada, 1997;
Limke e cols., 2004). Além do SNC, o figado e os rins parecem ser 6rgdos alvo importantes
para a toxicidade do MeHg (Mottet e cols., 1985; Zalups, 2000; Diaz e cols., 2001; Bragadin
e cols., 2002; Farina e cols., 2004; Flora e cols., 2008).

1.3.2.1. Mecanismos de toxicidade

A toxicidade do MeHg tem sido atribuida a trés mecanismos principais: a sua
interacdo com grupos -SH e selenoidrila (SeH) formando complexos com compostos
contendo tiol e selenol (Clarkson, 1972; Farina e cols.,, 2011), o disturbio dos niveis
intracelulares de Ca?* (Atchison e Hare, 1994; Graff e cols., 1997) e, a inducdo de estresse
oxidativo pela superproducdo de EROs ou pela redugdo na capacidade de defesa antioxidante
da célula (Lebel e Schatz, 1990; Sarafian e Verity, 1991; Yee e Choi, 1994).

O MeHg possui uma alta afinidade por grupamentos tiol e selenol podendo se ligar a
uma variedade de biomoléculas de baixo e alto peso molecular, o que é responsavel, pelo
menos em parte, pela reducdo da capacidade antioxidante e 0 aumento da geracdo de EROs
induzida pelo MeHg (Kaur e cols., 2006; Franco e cols., 2007; Farina e cols., 2009; Aschner e
cols., 2010; Farina e cols., 2011b). Isso se deve, principalmente ao fato de que o MeHg pode
prejudicar a atividade de proteinas contendo tiol e selenol, como a GPx, a Trx e a TrxR

(Carvalho e cols., 2008; Farina e cols., 2009; Franco e cols., 2009; Glaser e cols., 2010a;
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Wagner e cols., 2010a; Branco e cols., 2011; Carvalho e cols., 2011). Estas protéinas sdo
componentes importantes do sistema antioxidante celular, e a sua inibigdo contribui para a
ruptura do equilibrio redox normal das células (Farina e cols., 2011). Além disso, a ligacdo do
MeHg ao GSH, devido a sua elevada afinidade por grupos -SH, diminui a disponibilidade
deste antioxidante, expondo as células aos danos mediados por radicais livres (Shanker e
cols., 2005).

A GSH é o tiol de baixo peso molecular, mais importante e abundante nas células de
mamiferos. Além das suas propridades antioxidantes, os efeitos protetores do GSH estdo
relacionados também a sua capacidade de complexar com o mercurio limitanto a quantidade
deste metal disponivel para a interacdo com macromoléculas sensiveis. Dessa forma, o
fornecimento de precursores de GSH aos neurdnios via astrocitos e a manutencdo das
concentragdes intracelulares de GSH sdo cruciais para proteger as células contra a
neurotoxicidade induzida pelo MeHg. O MeHg € conhecido por inibir o transporte de cistina,
0 precursor chave da sintese de GSH, via transportadores Xac- em astrdcitos. O subseqiiente
esgotamento dos niveis de GSH em células neurais aumenta a vulnerabilidade das células ao
MeHg (Shanker e Aschner, 2001; Allen e cols., 2002).

Estudos in vitro demonstraram que o MeHg é capaz de inibir a captacdo de glutamato
em culturas de astrocitos (Porciuncula e cols., 2003). O MeHg também aumentou a liberacdo
de glutamato em vesiculas sinapticas e fatias corticais de cérebro de rato (Moretto e cols.,
2005). Esses eventos levariam ao aumento dos niveis extracelulares de glutamato que como
visto anteriormente desencadeia uma cascata de eventos culminando na morte neuronal.

O aumento do Ca?* intracelular foi demonstrado em varios tipos celulares apés a
exposicdo ao MeHg (Sarafian, 1993; Atchison e Hare, 1994; Graff e cols., 1997; Marty e
Atchison, 1997, 1998). Em células granulares do cerebelo, as alteracGes parecem estar
relacionadas inicialmente com a mobilizacdo de Ca®* a partir das reservas intracelulares
(primeira fase), seguido da entrada de Ca®" através de canais de membrana (segunda fase)
(Marty e Atchison, 1997). Efeitos como o aumento dos niveis de inositol fosfato e alteracGes
da fosforilacdo de proteinas, possivelmente devido & acdo de niveis elevados de Ca** como
um segundo mensageiro, também tém sido descritos (Saijoh e cols., 1993; Sarafian, 1993).

A liberacdo descontrolada de Ca®* da mitocondria também foi relatada durante o
estresse oxidativo, uma condicdo que esta envolvida na toxicidade do MeHg (Ali e cols.,
1992; Yee e Choi, 1996; Sarafian, 1999; Sanfeliu e cols., 2001). De fato, diversos trabalhos
tém demonstrado o aumento dos niveis de EROs apds a exposi¢do ao MeHg em varios tecidos
(Taylor e cols., 1973; Yonaha e cols., 1983; Lebel e cols., 1990; Sarafian e Verity, 1991,
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InSug e cols., 1997; Shenker e cols., 1999; Mundy e Freudenrich, 2000; Oyama e cols., 2000;
Farina e cols., 2011a).

O aumento dos niveis de EROs induzido por MeHg também pode estar relacionado a
alteracoes nas funcdes mitocondriais. As mitocondrias séo as principais organelas envolvidas
na producdo de EROs e também um dos sitios mais sucetiveis ao dano induzido por EROs
(Mori e cols., 2007). Entre as consequéncias do estresse oxidativo induzido por MeHg esta a
abertura do poro de transicdo de permeabilidade mitocondrial (PTPM), um processo
dependente de Ca?* (Aschner e cols., 2007). Este evento causa 0 aumento da permeabilidade a
prétons, ions e outros solutos < 1500 Da, levando ao colapso do potencial de membrada da
mitocondria (A¥m). A perda do A¥Ym resulta no inchago osmotico da matriz mitocondrial,
movimento de metabdlitos atraves da membrana interna, fosforilacdo oxidativa deficiente,
interrupcdo da sintese de ATP, geracdo de EROs e morte celular (Atchison e Hare, 1994;
Aschner e cols., 2007).

1.4. Justificativa

Diversos estudos tém demonstrado o envolvimento do estresse oxidativo no
desenvolvimento de doencas neurodegenerativas ou resultantes da exposi¢do a contaminantes
ambientais potencialmente neurotdxicos. Dessa forma, compostos antioxidantes que possuam
atividades biologicas e acgdes farmacologicas tém uma aplicacdo importante como
neuroprotetores. Em vista disto, compostos organicos de selénio com propriedades
antioxidantes vém sendo sintetizados e estudados devido ao seu potencial como agentes
terapéuticos e, portanto, o seu estudo frente a agentes pro-oxidantes potencialmente
neurotoxicos é de grande importancia. Além disso, a toxicologia dos compostos organicos de
selénio também precisa ser melhor estudada uma vez que trabalhos tém demonstrado que em

doses altas estes compostos podem apresentar efeitos tdxicos em roedores.
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1.5. Objetivos

1.5.1. Objetivo Geral
O presente estudo teve como objetivo geral investigar os efeitos dos compostos
orgénicos de selénio, ebselen e disseleneto de difenila, frente a toxicidade induzida por

glutamato ou MeHg.

1.5.2. Objetivos Especificos

Artigo 1

1- Avaliar os efeitos dos compostos organicos de selénio ebselen e disseleneto de
difenila sobre a producdo de EROs induzida por glutamato em fatias de cortex,
estriado e hipocampo de rato;

2- Avaliar os efeitos da guanosina, um modulador do sistema glutamatérgico, sobre a
producdo de EROs induzida por glutamato em fatias de cortex, estriado e
hipocampo de rato;

3- Testar os efeitos da guanosina sobre a inibicdo da captacdo de [*H]-glutamato em
fatias de cortex, estriado e hipocampo de rato;

4- Investigar os efeitos das interacGes entre compostos que modulam a atividade do
sistema glutamatérgico (guanosina) e antioxidantes (ebselen e disseleneto de
difenila) sobre a producdo de EROs induzida por glutamato em fatias de cortex,

estriado e hipocampo de rato;

Manuscrito 1

1- Avaliar os efeitos da exposicdo ao disseleneto de difenila e/ ou MeHg na produgdo
de EROs em mitocondrias isoladas de fatias de figado de rato;

2- Verificar os efeitos da exposicdo ao disseleneto de difenila e/ ou MeHg sobre a
capacidade de redugdo do MTT (atividade de enzimas desidrogenases) de
mitocéndrias isoladas de fatias de figado de rato;

3- Auvaliar os efeitos da exposigdo ao disseleneto de difenila e/ ou MeHg sobre 0 Aym
de mitocondrias isoladas de fatias de figado de rato;

4- Estudar os efeitos da exposicdo ao disseleneto de difenila e/ ou MeHg sobre o

consumo de oxigénio por mitocdndrias isoladas de fatias de figado de rato;

Manuscrito 2
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1- Investigar os efeitos do tratamento com disseleneto de difenila sobre alteragdes na
atividade motora induzidas por MeHg em ratos;

2- Avaliar os efeitos do tratamento com disseleneto de difenila e/ ou MeHg em
diferentes indicadores de funcdo mitocondrial em cérebro e figado de rato;

3- Avaliar os efeitos do tratamento com disseleneto de difenila e/ ou MeHg sobre a
atividade da enzima TrxR em cérebro, figado e rins de rato;

4- Estudar os efeitos do tratamento com disseleneto de difenila sobre a deposicdo de

mercurio em cérebro, figado e musculo esquelético de rato.
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2. ARTIGOS CIENTIFICOS

Os resultados que fazem parte desta tese estdo apresentados sob a forma de artigos
cientificos, os quais se encontram aqui organizados. Os itens Materiais e Métodos,
Resultados, Discussdo dos Resultados e Referéncias Bibliograficas, encontram-se no artigo e
nos manuscritos. O artigo 1 esta disposto na forma em que foi publicado na revista Brain
Research e 0s manuscritos 1 e 2 estdo dispostos na forma em que normalmente se submete

para publicacéo.
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21. — A COMBINACAO DE COMPOSTOS ORGANICOS DE SELENIO E
GUANOSINA PREVINE O ESTRESSE OXIDATIVO INDUZIDO POR
GLUTAMATO EM DIFERENTES REGIOES DO CEREBRO DE RATO

Artigo 1

THE COMBINATION OF ORGANOSELENIUM COMPOUNDS AND GUANOSINE
PREVENTS GLUTAMATE-INDUCED OXIDATIVE STRESS IN DIFFERENT
REGIONS OF RAT BRAINS

CRISTIANE L. DALLA CORTE, LUIZA L. BASTOS, FERNANDO DOBRACHINSKI,
JOAO B.T. ROCHA, FELIX A.A. SOARES

(Publicado na revista Brain Research)
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This study was designed to investigate the protective effects of the combination of guanosine
and 2 organoselenium compounds (ebselen and diphenyl diselenide) against glutamate-
induced oxidative stress in different regions of rat brains. Glutamate caused an increase in
reactive oxygen species (ROS) generation and a decrease in [*H]-glutamate uptake in striatal,
cortical, and hippocampal slices. Guanosine, ebselen, and diphenyl diselenide prevented
glutamate-induced ROS production in striatal, cortical and hippocampal slices. The combina-
tion of guanosine with organoselenium compounds was more effective against glutamate-
induced ROS production than the individual compounds alone. Guanosine prevented [*H]-
glutamate uptake inhibition in striatal, cortical, and hippocampal slices. Thus, protection
against the harmful effects of glutamate is possibly due to the combination of the antioxidant
properties of organoselenium compounds and the stimulatory effect of guanosine on gluta-
mate uptake. In conclusion, the combination of antioxidants and glutamatergic system mod-
ulators could be considered a potential therapy against the prooxidant effects of glutamate.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction

overstimulation (Danbolt, 2001; Trott et al., 1998; Walton
and Dodd, 2007). The glutamate transporters in the plasma

The amino acid L-glutamate is the predominant excitatory
neurotransmitter in the central nervous system (CNS) of
mammals (Gilgun-Sherki et al., 2002; McEntee and Crook,
1993). After being released in the synaptic cleft, L-glutamate
must be removed quickly and efficiently from the extracellu-
lar fluid by high-affinity transporters to avoid receptor

* Corresponding author. Fax: +55 55 3220 8978.
E-mail address: felix@ufsm.br (F.A.A. Soares).

membranes of both astrocytes and neurons perform this
task (Trotti et al., 1998). These glutamate transporters have
an important role in terminating synaptic transmission, as
sustained elevation of extracellular glutamate triggers neuro-
nal death through a mechanism termed excitotoxicity (Choi,
1992; Mejia-Toiber et al., 2006).

Abbreviations: ROS, reactive oxygen species; CNS, central nervous system; GPx, glutathione peroxidase; TBARS, thiobarbituric
acid-reactive species; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; LDH, lactate dehydrogenase; DCFH, 2',7’-dichloro-
fluorescin diacetate; NO, nitric oxide; ACSF, artificial cerebrospinal fluid; TBA, thiobarbituric acid; MDA, malondialdehyde; DMSO, dimethyl-
sulfoxide; NAD +, p-nicotinamide adenine dinucleotide; NADH, reduced p-nicotinamide adenine dinucleotide
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Excitotoxicity has been implicated in several neuronal disor-
ders such as epilepsy, ischemia, trauma, amyotrophic lateral
sclerosis, Huntington’s disease, and Alzheimer's disease
(Walton and Dodd, 2007, and references therein). The mecha-
nisms responsible for the elevation of extracellular glutamate in-
clude enhanced release of glutamate and the reduction of
glutamate uptake (Gilgun-Sherki et al, 2002). This process ap-
pears to involve sustained elevations of intracellular calcium
levels through glutamate transporters, leading to an imbalance
of sodium ions across plasma membranes (Gilgun-Sherki et al,,
2002). Excitatory events may stimulate ROS production, and
there is evidence that ROS can promote additional glutamate
release, generating a vicious amplifying cycle of the neurotoxic
cascade (Mailly et al., 1999; Pellegrini-Giampietro et al., 1990).
Indeed, the vulnerability of glutamate transporters to oxidants
provides evidence that excitotoxicity and oxidative stress are in-
terrelated and act synergistically to induce neuronal damage
(Coyle and Puttfarcken, 1993; Gilgun-Sherki et al., 2002; Trott et
al, 1998). This concept has general therapeutic implications, as
it suggests that using anti-excitotoxic and antioxidant agents in
combination may improve neuroprotection (Trotti et al., 1998).

The redox activity of selenium-containing molecules has
been suggested to provide antioxidants of considerable potency
(Nogueira et al., 2004; Parnham and Graf, 1991). This has stimu-
lated interest in the synthesis and reactivity of organoselenium
compounds, with particular emphasis on their biological
properties (Engman et al., 1997; Mugesh et al., 2001; Nogueira
et al.,, 2004). Of particular importance is that the antioxidant
activity of various organoselenium compounds appears to be
related, at least in part, to their glutathione peroxidase (GPx)-
like activity (Mugesh et al., 2001; Nogueira et al., 2004).

Ebselen was the first organoselenium compound suggested
for hydroperoxide-inactivating therapy in the presence of gluta-
thione (Nogueira et al., 2004). Ebselen has been safely adminis-
tered in several animal models of brain injuries with
pronounced neuroprotective effects (Namura et al, 2001;
Takasago et al., 1997). Based on the encouraging evidence of
the neuroprotective effects of ebselen in animal models, clinical
trials were conducted with this compound, obtaining modest
success (Gilgun-Sherki et al, 2002; Yamaguchi et al,, 1998).
Diphenyl diselenide (the simplest of the diaryl diselenides) has
been demonstrated to be even more active as a GPx mimic
and less toxic to rodents than ebselen (Meotti et al, 2003;
Wilson et al., 1989). In fact, diphenyl diselenide has a protective
role in a variety of in vitro and in vivo experimental models
associated with the overproduction of free radicals in the
brain, liver, and kidney (Burger et al., 2004; Burger et al,, 2006;
Funchal et al.,, 2006; Ghisleni et al., 2003, 2008; Kade et al., 2009;
Nogueira et al., 2004; Stangherlin et al., 2008).

Several studies have demonstrated that the extracellular nu-
cleoside guanosine can exert trophic effects on neural cells, as
well as modulate the glutamatergic system (Ciccarelli et al.,
2001; Rathbone etal., 1999; Soares et al., 2004). The mechanism
involved in these effects appears to be related to a stimulatory
effect on glutamate uptake afforded by guanosine (Frizzo
et al, 2001, 2002, 2003; Halliwell, 2006; Margaill et al, 2005;
Schmidt et al., 2005). Indeed, guanosine exhibits protective
effects in a variety of in vitro and in vivo models of neurotoxicity
that involve the overactivation of glutamate receptors (Frizzo
et al,, 2001). In in vitro models, guanosine inhibited glutamate

and analogous binding, prevented cell responses to excitatory
amino acids, stimulated the uptake of extracellular glutamate
by astrocyte cultures and brain slices, and protected brain slices
exposed to hypoxia/hypoglycemia (Schmidt et al., 2005, and
references therein). In in vivo models, guanosine protected
against seizures induced by glutamatergic agents in rodents
(Schmidt et al,, 2005).

Although antioxidants and purine derivatives are very
promising compounds for the treatment of CNS disorders,
there is no efficient curative treatment that has been proven
effective to date. Thus, combinations of treatments may have
synergistic effects that are more successful. In the present
study, we investigated the protective effects of the combination
of guanosine and 2 organoselenium compounds (ebselen and
diphenyl diselenide) against glutamate-induced oxidative
stress.

2. Results
2.1. Lipid peroxidation

Thiobarbituric acid-reactive substance (TBARS) levelsin cortical
and hippocampal slices treated with 10 mM glutamate were
significantly higher than that observed in control slices
(p<0.05) (Table 1). TBARS levels in striatal slices were not affect-
ed by treatment with any concentration of glutamate (Table 1).

2.2. Cellular viability

Cellular viability was evaluated by measuring the reduction of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) to a formazan product by mitochondrial dehydrogenases.
Glutamate was not able to decrease mitochondrial viability at
any concentration tested in striatal, cortical, and hippocampal
slices (data not shown). Lactate dehydrogenase (LDH) release
can be an index of cytotoxicity, as it is indicative of disruption
of the cellular membrane. Glutamate did not alter LDH release
at any concentration tested in striatal, cortical, and hippocam-
pal slices (data not shown).

2.3. ROS generation
23.1. Glutamate x guanosine

Glutamate significantly increased ROS production (2',7'-
dichlorofluorescin diacetate (DCFH) oxidation) in striatal,

Table 1 - Effect of glutamate on lipid peroxidation.

Glutamate (mM) TBARS production (% control)

Striatum Cortex Hippocampus
0 100+8.2 103.4+1.7 96+4.2
0.01 81554 93.9:1.9 117.5+4.2
01 9%6+1.6 100.9+3.8 101.2+0.8
1 1004+5.8 102.5x£29 125+5.9
10 1041+44 1345:116°  148.7:181°

Data are mean +SEM for n=4-5 in each group.
. P <0.05 compared to control.
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cortical, and hippocampal slices at concentrations of 1 and
10 mM (p<0.05, Fig. 1). Guanosine (100 uM) prevented ROS pro-
duction induced by 1 mM glutamate in striatal, cortical, and
hippocampal slices, but could not completely prevent ROS
production when it was induced by 10mM glutamate
(p<0.05, Fig. 1). Different concentrations of guanosine were
used to prevent DCFH oxidation induced by 1 mM glutamate.
Treatment with 100 and 200 pM guanosine blunted glutamate
(1 mM)-induced ROS production by striatal slices (p>0.05,
Fig. 2A). In cortical and hippocampal slices, guanosine
treatment prevented ROS production at concentrations of 10
and 20 pM, respectively (p<0.05, Figs. 2B, C). Cortical and
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Fig. 1 - Effect of guanosine (100 pM) and glutamate on ROS
production in striatal (A), cortical (B), and hippocampal

(C) slices from rats. Data are expressed as the mean+S.E.M.,,
n=6. Experiments were performed in duplicate. Bars with
different letters are significantly different (p <0.05) from each
other. Bars with the letter a are statistically indistinguishable
from the control.

hippocampal slices were more sensitive to guanosine than
striatal slices were.

2.32. Glutamate x organoselenium compounds
At low concentrations, diphenyl diselenide and ebselen signifi-
cantly prevented glutamate (1 mM)-induced ROS generation in

§60-
5 a
e T b
2 eof [FE aI _alb_ !
w
- b
5 o = L
3 sk B
S 204
®
)
T
[T
8 0 - - - - -
& & & & @
‘;@6‘ l &fﬁ‘ & &
3 PN N
© &Ne &“0 o xo@
AY A o
o) o c—;\"’k
~g 601 5
g |
°
-
I.E 40+
uw
=4 ab
.5 ) b b
b
ém- =
o
T
'
Q
9 9
#F &S &P
& ) N o Q ) &
& 2> & o N . V
[ . o l@" & &
& ¥ W S &
& (&) o o° 0\® C‘)\‘}
80

0 _i'_—\

404 l

DCFH oxidation (F-Fo)/Fo*100% ()

Fig. 2 - Effect of guanosine (Gua) on glutamate (Glut)-induced
ROS production in striatal (A), cortical (B), and hippocampal
(C) slices from rats. Data are expressed as the mean+S.E.M.,
n=6. Experiments were performed in duplicate. Bars with
different letters are significantly different (p <0.05) from each
other. Asterisk indicates significant differences from the
control (p<0.05).
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striatal, cortical, and hippocampal slices. Treatment with
diphenyl diselenide decreased glutamate (1 mM)-induced ROS
production to the control levels at concentrations of 0.5, 0.5,
and 10 uM in striatal, cortical, and hippocampal slices, respec-
tively (p<0.05, Fig. 3). Ebselen prevented glutamate (1 mM)-
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induced ROS production at concentrations of 0.5, 1, and 5 pM in
striatal, cortical, and hippocampal slices, respectively (p<0.05,
Fig. 4).

23.3. Glutamatex combined treatment (guanosine+
organoselenium compounds)

Considering that organoselenium compounds act as antioxi-
dants and guanosine could affect glutamate uptake, the use of
both in combination could better protect against glutamate
induced-ROS generation, as they could act via different mecha-
nisms. To test this hypothesis, we investigated whether none-
ffective concentrations of each compound in combination
could exert protective effects against glutamate induced-ROS
generation to avoid any possible toxic effect caused by high con-
centrations of these compounds. Indeed, the combination of
10pM guanosine and 1pM diphenyl diselenide was more
effective in preventing glutamate-induced ROS generation in
striatal, cortical, and hippocampal slices than the individual
compounds alone (p<0.05, Fig. 5). The combination of 100 uM
guanosine with diphenyl diselenide (1 uM) was also effective
in protecting against glutamate-induced ROS production in
striatal, cortical, and hippocampal slices, although this protec-
tion was not different from that exerted by guanosine (100 pM)
and diphenyl diselenide (1 pM) alone (p<0.05, Fig. 5).

The combination of ebselen (1 M) and guanosine (10 pM)
was better than the individual compounds alone in protecting
against ROS generation induced by glutamate (1 mM) in striatal,
cortical, and hippocampal slices (p<0.05, Fig. 6). Treatment of
striatal, cortical, and hippocampal slices with the combination
of guanosine (100 uM) and ebselen (1pM) significantly pre-
vented glutamate (1 mM)-induced ROS production, although
these changes were indistinguishable from those caused by
either compound [guanosine (100pM) and ebselen (1 puM)]
alone (p<0.05, Fig. 6).

2.4. [?H]-Glutamate uptake

Glutamate (1 mM) inhibited [*H]-glutamate uptake in striatal
(44.7% inhibition), cortical (24.9% inhibition), and hippocampal
(41.4% inhibition) slices compared to the intake in control slices
(p<0.05, Fig. 7). Treatment with 10 and 100 uM guanosine
prevented the inhibition of [*HJ-glutamate uptake in striatal,
cortical, and hippocampal slices (p<0.05, Fig. 7).

3. Discussion

The overstimulation of glutamate receptors triggers a sequence
of cellular events that includes oxidative stress and contributes
to the pathophysiology of a number of brain injuries (Danbolt,
2001; Mejia-Toiber et al., 2006; Walton and Dodd, 2007). In this

Fig. 3 - Effect of diphenyl diselenide (DPDS) on glutamate
(Glut)-induced ROS production in striatal (A), cortical (B), and
hippocampal (C) slices from rats. Data are expressed as the
mean+S.E.M., n=6. Experiments were performed in duplicate.
Bars with different letters are significantly different (p <0.05)
from each other. Asterisk indicates significant differences
from the control (p<0.05).
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Fig. 4 - Effect of ebselen (Ebs) on glutamate (Glut)-induced
ROS production in striatal (A), cortical (B), and hippocampal
(C) slices from rats. Data are expressed as the mean+S.EM.,
n=6. Experiments were performed in duplicate. Bars with
different letters are significantly different (p <0.05) from each
other. Asterisk indicates significant differences from the
control (p<0.05).

study, glutamate augmented ROS production as well as
decreased its uptake in striatal, cortical, and hippocampal slices
from rats, characterizing the primary events of harmful gluta-
matergic overstimulation. Glutamate induced an increase in
TBARS levels in cortical and hippocampal slices only at the
highest concentration tested (10 mM); however, the concentra-
tion of 1 mM used throughout the study did not induce changes
in the TBARS levels. Here, we would like to call attention to the
fact that the TBARS assay is only a global test for assessinglipid
peroxidation because thiobarbituric acid (TBA) is nonspecific for
malondialdehyde (MDA) and can react with nonlipid-related
materials and fatty peroxide-derived decomposition products
other than MDA (Janero, 1990). In this manner, utilization of
the TBARS assay in lipid peroxidation studies requires caution
regarding the interpretation of its results. Glutamate did not in-
duce a loss of viability in the assays performed in this study
(MTT reduction and LDH release), indicating that the slices
were viable during all experiments despite the increase in ROS
levels and the impairment of glutamate uptake. In addition,
we demonstrated that guanosine, ebselen, and diphenyl disele-
nide protected striatal, cortical, and hippocampal slices from
rats from the ROS production evoked by glutamate.

An oxidative stress condition and impairmment of glutamate
transport have been observed in parallel in several brain pathol-
ogies leading to acute or chronic neurodegeneration (Trotti
et al., 1998). Amyotrophic lateral sclerosis, Alzheimer’s disease,
and ischemic and traumatic injuries are examples of brain
pathologies in which alterations in glutamate transport and
oxidative stress are involved. The toxic pathways by which
exposure to excess glutamate can lead to aberrant ROS forma-
tion include Ca?*-dependent activation of nitric oxide (NO)
synthase, phospholipase A, and xanthine oxidase (Trotti
et al., 1998). In this manner, antioxidants are certainly a promis-
ing therapeutic class for the treatment of neurodegenerative
diseases (Halliwell, 2006; Margaill et al., 2005).

Organoselenium compounds have been proposed as poten-
tial therapeutic agents against the formation of free radicals
and the deleterious actions of ROS secondary to a variety of neu-
ronal injuries (Centuriao et al., 2005; Nogueira et al., 2004; Posser
et al.,, 2008; Zhao and Holmgren, 2002). In fact, the neuroprotec-
tive effects of ebselen and diphenyl diselenide have been attrib-
uted to the antioxidant properties of these compounds (Rossato
et al,, 2002; Warren, 2002). In addition, it has been reported that
low selenium concentrations in the elderly were significantly
associated with senility and cognitive decline (Berr et al,
2000). In view of these findings, the protective effects of both
compounds could be related to their ability to prevent the first
signs of glutamate neurotoxicity, such as oxidative stress.

In this study, guanosine was able to prevent the increase in
ROS generation induced by glutamate in striatal, cortical, and
hippocampal slices. These results again demonstrate the rela-
tionship between increased extracellular glutamate and
increased ROS production, as guanosine also protected against
the inhibition of glutamate uptake in all brain regions. In fact,
guanine-based purines such as guanosine are well-known
modulators of the glutamatergic system, and their neuroprotec-
tive effects have been demonstrated in several studies
(Ciccarelli et al,, 2001; Frizzo et al., 2001, 2002, 2003; Rathbone
et al, 1999; Schmidt et al., 2005). Therefore, the protective
effects of guanosine observed here could be related with its
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ability to reduce extracellular glutamate by activating gluta-
mate uptake into astrocytes (Frizzo et al., 2002; Soares et al.,
2004), subsequently preventing ROS production.

Although antioxidants and purine derivatives have proven
efficiency in counteracting the toxic effects of glutamate, there
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are no effective therapeutics for CNS injuries associated with
the overactivation of glutamate receptors to date. Thus, the
combination of antioxidants and purine derivatives could be
more interesting than each compound being used separately
for 2 reasons. Firstly, it would afford protection via different
mechanisms, as the antioxidant would act by attacking the
ROS, whereas guanosine would act by modulating the glutama-
tergic system. Secondly, the combination of drugs allows the
use of lower concentrations of each compound. This fact is of
great importance, as one problem with using high doses of
antioxidants is that they can become toxic. Studies have
reported that ebselen at high doses impaired glutamate trans-
mission as part of its toxic effects, and low doses prevent
glutamate-mediated neuronal death associated with its antiox-
idant and/or antiinflammatory properties (Nogueira et al., 2003;
Porciuncula et al., 2001, 2003). In the same manner, diphenyl
diselenide has been demonstrated to exhibit neuroprotective,
antiinflammatory, and antinociceptive activity (Meotti et al,,
2004; Nogueira et al., 2003, 2004), although exposure to high
doses of diphenyl diselenide induces seizure and death in rat
pups and alters glutamatergic homeostasis (uptake and bind-
ing) in vitro and in vivo (Nogueira et al., 2001; Prigol et al,, 2007).
Thus, the combination of therapies might decrease the dosages
for each agent and consequently reduce the occurrence of
adverse effects (Margaill et al., 2005).

Inview of this, the main objective of this study was to inves-
tigate whether the combined use of guanosine and organosele-
nium compounds could be more effective against glutamate-
induced oxidative stress than the individual compounds.
Indeed, the combination of guanosine and organoselenium
compounds prevented glutamate-triggered ROS production in
striatal, cortical, and hippocampal slices. These results corrobo-
rate the idea that the combined treatment is more effective
than the isolated use of each compound. Additionally, a recent
study demonstrated that organoselenium compounds used in
combination with guanosine can protect rat brain cortical slices
against methylmercury-induced ROS production related to glu-
tamatergic system disturbances (Roos et al., 2009).

Another point that should be noted is the different
responses of the brain regions to glutamate, guanosine, and
organoselenium compounds. According to our results, cortical
and hippocampal slices were more sensitive to the deleterious
effects of glutamate than striatal slices were, as observed by
the ROS and TBARS production induced by 10 mM glutamate.
In addition, the inhibition of glutamate uptake was more pro-
nounced in cortical and hippocampal slices. One explanation
for these differences could be the different concentrations and
distribution of glutamate receptors and transporters among
the brain regions (Erecinska and Silver, 1996; Maiti et al., 2006).
Glutamatergic synapses are more abundant in the cortex and
hippocampus than in the striatum (Lehre et al.,, 1995). These

Fig. 5 - Effect of the combination of guanosine (Gua) and
diphenyl diselenide (DPDS) on glutamate (Glut)-induced ROS
production in striatal (A), cortical (B), and hippocampal (C) slices
from rats. Data are expressed as the mean+S.E.M,, n=6.
Experiments were performed in duplicate. Bars with different
letters are significantly different (p<0.05) from each other. As-
terisk indicates significant differences from the control (p <0.05).
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findings could explain the lower susceptibility of striatal slices
to glutamate compared to cortical and hippocampal slices.

Moreover, cortical and hippocampal slices were more sensi-
tive to guanosine than striatal slices regarding glutamate-
induced ROS formation, which could also be explained by the
higher glutamatergic activity of these regions. However, the
effects of guanosine on glutamate uptake did not differ among
the brain regions. Therefore, other mechanisms could also be
involved in the ability of guanosine to decrease ROS production.
In addition to the stimulation of glutamate uptake, the decrease
in glutamate binding and the scavenging of hydroxyl radicals
induced by guanosine may also contribute to the protection
and to the different sensitivity observed among the brain
regions (Gudkov et al., 2006; Rubin et al., 1997).

The response of each region to the effect of the organosele-
nium compounds on ROS production varied according to the
concentrations used. The concentrations of organoselenium
compounds necessary to counteract ROS production were
lower in striatal and cortical slices than in the hippocampal
slices. In addition, the combined treatments were less effective
in the striatal slices than in hippocampal and cortical slices,
which could also be a consequence of the differences in the
glutamatergic activity among these brain regions. Although
we attribute the neuroprotection afforded by the organosele-
nium compounds to its antioxidant properties, we cannot rule
out the involvement of other mechanisms.

The discovery and development of potent antioxidant
agents has been one of the most promising approaches in the
search for treatments for CNS injury (Gilgun-Sherki et al,
2002). Although some of the antioxidants exhibited efficacy in
animal models, most of them did not exhibit beneficial effects
in clinical trials performed to date (Gilgun-Sherki et al., 2002).
The combination of antioxidants and substances capable of
modulating glutamatergic activity would be more effective
than the compounds alone because this combination could di-
minish oxidative stress generated via overactivation of NMDA
receptors and still could diminish excess glutamate in synaptic
clefts (Salom et al,, 2004). Our findings supported this idea and
demonstrated that organoselenium compounds incombination
with guanosine are promising tools against glutamate-induced
oxidative injury in CNS disorders. Furthermore, additional stud-
ies are necessary to determine the efficacy of the combination
of organoselenium compounds with guanosine in reducing the
prooxidative effects of glutamate in an in vivo model.

4. Experimental procedure
4.1. Materials

[*H]-glutamic acid was purchased from Amersham Biosciences
(Amersham, Bucks, UK). Guanosine, TBA, and MTT were

Fig. 6 — Effect of the combination of guanosine (Gua) and
ebselen (Ebs) on glutamate (Glut)-induced ROS production in
striatal (A), cortical (B), and hippocampal (C) slices from rats.
Data are expressed as the mean+5.E.M., n=6. Experiments
were performed in duplicate. Bars with different letters are
significantly different (p<0.05) from each other. Asterisk
indicates significant differences from the control (p <0.05).
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Fig. 7 - Effect of guanosine (Gua) and glutamate (Glut) on
[*H]-glutamate uptake in striatal (A), cortical (B), and
hippocampal (C) slices from rats. Data are expressed as the
meanzS.E.M., n=4. Experiments were performed in duplicate.
Bars with different letters are significantly different (p <0.05)
from each other.

obtained from Sigma Aldrich (St Louis, MO, USA). DCFH was
purchased from Molecular Probes (Eugene, OR, USA). Ebselen
was synthesized with the method described by Engman and
Hallberg (1989). Diphenyl diselenide was synthesized with the
method described by Paulmier (1986). Solutions of organochal-
cogens were prepared freshly in dimethylsulfoxide (DMSO),
and the final concentration of DMSO in the experiments was

2%. All other chemicals were of analytical grade and purchased
from local commercial suppliers.

4.2. Animals

Male adult Wistar rats (250-350g) from our own breeding
colony were kept in cages of 4 animals each. They were placed
in a room with controlled temperature (22+£3°C) on a 12-h
light/dark cycle with lights on at 7:00 a.m. and continuous ac-
cess to food and water. Our institutional protocols on animal
experimentation, which were designed to minimize suffering
and limit the number of animals sacrificed, were followed
throughout the study. All experiments were conducted in accor-
dance with the Committee on Care and Use of Experimental An-
imal Resources of the Federal University of Santa Maria, Brazil.

4.3. Slice preparation

Animals were sacrificed by decapitation. The brain was quick-
ly removed, placed on ice, and then dissected into 3 specific
regions: the cortex, the hippocampus, and the striatum. Slices
(0.4-mm thick) of the brain regions were rapidly prepared
using a Mcllwain Tissue Chopper and then placed in ice-cold
artificial cerebrospinal fluid (ACSF) containing 120 mM NaCl,
5mM KCl, 1.3 mM MgCl,, 1.5 mM CaCl,, 1.25 mM NaH,PO,,
35 mM NaHCOs, and 10 mM p-glucose. The buffer was bubbled
with 95% O and 5% CO, up to pH 7.4 throughout the
experiments.

4.4. Lipid peroxidation assay

Lipid peroxidation in the cortex, hippocampus, and striatum was
evaluated by the TBARS method according to Rios and
Santamaria (1991). The slices (5) were preincubated with L-gluta-
mate (0.01, 0.1, 1, and 10 mM) for 2 h in oxygenated ACSF. For
the TBARS assay, the slices were homogenized in 500 pL of ice-
cold ACSF, and 1mL of the TBA reagent (15% trichloroacetic
acid, 0.375% TBA, and 2.5% v/v HCl) was added. After 30 min of
incubation, samples were centrifuged (3000xg, 15 min), and the
TBARS levels were measured at 532 nm in the supernatant. The
final amounts of TBARS, mostly MDA, were calculated by interpo-
lation of values in an MDA standard curve and corrected by the
content of protein per sample. The results were calculated as
nmol of TBARS/mg of protein and expressed as percent of
controls.

4.5. Cellular viability assay

Cellular viability in the cortex, hippocampus, and striatum
was quantified by measuring the reduction of MTT to a dark
violet formazan product by mitochondrial dehydrogenases
(Mosmann, 1983). The slices (2) were incubated with L-gluta-
mate (0.01, 0.1, 1, and 10 mM) for 2h in oxygenated ACSF.
After incubation, the slices were washed twice with 1 mL of
ACSF. The MTT reduction assays were performed in plates
containing 1 mL of ACSF, and the reaction was started by add-
ing 0.5 mg/mL MTT. After 1 h of incubation at 37 °C, the medi-
um was removed, and the precipitated formazan in the slices
was solubilized in DMSO. The rate of MTT reduction was
measured spectrophotometrically at 570nm. The results
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were expressed as percent of MTT reduction with respect to
control values.

4.6. LDH release assay

LDH release, an index of cell disruption, was assessed in slices
of the cortex, hippocampus, and striatum. The slices (2) were
incubated with L-glutamate (0.01, 0.1, 1, and 10 mM) by 2h in
oxygenated ACSF. After this period, the total incubation
medium of the slices (1 mL) was removed and mixed with reac-
tion medium containing 100 mM glycine-KOH buffer (pH 10),
50mM lactate, and 1 mM NAD*. The enzyme activity was
measured by determining the amount of NADH formed at
room temperature at 340 nm (Pereira et al, 1991). Total LDH
activity was determined by the same procedure described
above after adding a final concentration of 10% Triton X-100
and disrupting the slice by homogenization. LDH leakage was
estimated as the ratio between the LDH activity in the incuba-
tion medium and that of the whole slice content. The results
were expressed as percent of LDH activity with respect to
control values.

4.7. Estimation of ROS generation

Generation of ROS was estimated with the fluorescent probe
DCFH by the method described by Ali et al. (1992). Slices (2) of
the cortex, hippocampus, and striatum were preincubated
with 100 pM guanosine in oxygenated ACSF for 15min at
37 °C. Then, L-glutamate (0.01, 0.1, 1, and 10 mM) was added to
the slices and incubated for another 2h in order to create a
dose-response curve of DCFH oxidation. The glutamate concen-
tration of 1 mM was used to perform the other experiments
with guanosine and organoselenium compounds because it
was the lowest concentration of glutamate that significantly
induced ROS generation (DCFH oxidation), which is supported
by other studies (Kannurpatti, et al., 2004; Molz, et al, 2011).
Then, we performed dose-response curve of DCFH oxidation
with L-glutamate (1 mM) versus guanosine (0.5-200 pM), diphe-
nyl diselenide (0.05-100pM), and ebselen (0.01-100 uM). To
study the effect of the combination of guanosine and organose-
lenium compounds, the concentrations of 10 and 100 uM were
chosen for guanosine, and 1 pM was chosen for diphenyl disele-
nide and ebselen. For the DCFH oxidation assay, the slices were
homogenized in 2.5 mL of saline solution (0.9% NacCl). Aliquots
of 25mL were incubated in the presence of DCFH (5uM) at
37 °C for 1h. Fluorescence was measured using excitation and
emission wavelengths of 488 and 522 nm, respectively. A
calibration curve was established with standard DCF. ROS levels
were expressed as percent of control as follows: (F-Fo)/Fo*100,
where F is the fluorescence intensity of the control slices and Fo
is the fluorescence intensity of the slices treated with
glutamate, guanosine, and/or organoselenium compounds.
The data with organoselenium compounds alone was omitted
because they did not exert any effect per se on the fluorescence
measurements (DCFH fluorescence).

4.8. [®HJ-glutamate uptake assay

For the glutamate uptake measurement, slices (2) of the cortex,
hippocampus, and striatum were preincubated with and

without 10 and 100 pM guanosine in oxygenated ACSF during
15 min at 37 °C. Then, 1 mM L-glutamate was added to the slices
and incubated for another 2 h. At the end of the incubation pe-
riod, the slices were washed twice with ACSF and adjusted to
pH 7.2. Glutamate uptake was performed according to Frizzo
et al. (2002) with some modifications. Briefly, uptake was per-
formed at 35 °C by adding 100 pM unlabeled L-glutamate and
1pM (0.33 pCi/mL) [°H]-glutamate. The reaction was stopped
after 7 (cortex), 5 (hippocampus), or 3 (striatum) min by washing
twice with 1 mL of cold ACSF, immediately followed by the addi-
tion of 0.5N NaOH, which was kept overnight. Sodium-
independent uptake was determined using choline chloride in-
stead of sodium chloride, which was subtracted from the total
uptake to obtain the sodium-dependent uptake. Incorporated
radioactivity was determined with a Packard scintllator (TRI
CARB 2100 TR—PerkinElmer, Waltham, MA, USA).

4.9. Protein measurement

Protein concentrations were assayed by the method of Lowry
et al. (1951) with bovine serum albumin as the standard.
4.10.  Statistical analysis

Data were analyzed statistically by 1-way ANOVA, followed by
Duncan'’s post-hoc tests. The results were considered statistically
significant when p<0.05.
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Abstract

Methylmercury (MeHg) is an environmental contaminant with toxic effects in multiple
organs. The present study was designed to investigate the possible protective effects of
diphenyl diselenide (DPDS), a seleno-organic compound, against MeHg-induced
mitochondrial dysfunction in rat liver slices. The liver slices were treated with MeHg (25 pM)
and/ or DPDS (0.5, 1, 5 uM) for 30 min at 37°C, then mitochondria was isolated from these
slices, and the reactive oxygen species (ROS) formation, oxygen consumption, membrane
potential (AWm) and mitochondrial function were assessed. MeHg decreased the
mitochondrial metabolic function, increased ROS production, impaired oxygen consumption
and collapsed the A¥Ym. DPDS protected against the MeHg-induced ROS generation and
prevented the decrease in the respiratory rate and in the mitochondrial metabolic function
[measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide (MTT)
reduction]. DPDS (0.5 uM) blunted the MeHg-induced A¥m collapse; however at 5 UM,
DPDS alone decreased AWm, yet partially protected the mitochondria from MeHg-induced
depolarization. The protection afforded by DPDS against the MeHg-induced mitochondrial
dysfunction may be associated with DPDS’s metabolism to a selenol intermediate, forming
inert complex(es) with MeHg, thus effectively decreasing its toxicity. Furthermore, the
selenol intermediate of DPDS (selenophenol) may have direct antioxidant properties. In
conclusion, the results demonstrate that low DPDS concentrations effectively prevent the

MeHg-induced mitochondrial dysfunction.

Keywords: Methylmercury; seleno-organic compounds; ROS  production;

mitochondrial permeability transition pore; mitochondrial dysfunction.
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Introduction

Methylmercury (MeHg) is a highly toxic environmental contaminant with worldwide
public health concern (Clarkson et al., 2003). MeHg is generated by biomethylation of
inorganic Hg in aquatic sediments, leading to its subsequent bioaccumulation in the aquatic
food chain (Clarkson et al., 2003). Accordingly, the consumption of contaminated fish and
sea food is considered the main source of human exposure to MeHg (Clarkson et al., 2003;
Dorea et al., 2006; Lando and Zhang, 2011).

The high affinity of MeHg for sulfhydryl (-SH) groups is considered an important
mechanism in mediating MeHg toxicity since the binding of MeHg to —SH groups inactivates
enzymes and disrupts biochemical and signaling pathways (Farina et al., 2011a,b; Valko et
al., 2005). ROS formation has also been implicated in MeHg toxicity, reflecting the
interaction of MeHg with thiol- and selenol-containing proteins (Aschner et al., 2007
Ceccatelli et al., 2010; Farina et al., 2009, 2011a,b). ROS can cause oxidative damage to
mitochondria, compromising mitochondrial function, thus further perpetuating ROS
production (Halliwell and Gutteridge, 1999). MeHg can also induce the opening of the
mitochondrial permeability transition pore (MTP), a process activated by excess of Ca*
within the mitochondria (Limke et al., 2003, 2004; Limke and Atchison, 2002). Opening of
the MTP allows for the passive diffusion of molecules <1.5 kDa, leading to a collapse of the
mitochondrial inner membrane potential (A¥m) (Limke et al., 2004). Loss of the A¥m can
result in mitochondrial swelling, movement of metabolites across the inner membrane,
defective oxidative phosphorylation, cessation of ATP synthesis, generation of ROS and
ultimately cell death (Atchison and Hare, 1994).

Selenium is an essential trace element for mammals and a major component of
antioxidant seleno-enzymes, such as glutathione peroxidase (GPx) and thioredoxin reductase
(TrxR) (Allan et al., 1999; Flohe, 1988; Holmgren, 1989). The discovery that selenium has a
fundamental role in the antioxidant activity of these enzymes has led to great interest in
organic selenium compounds, as potential remedies in combating oxidative stress in
biological systems (Nogueira and Rocha 2011, 2010).

Both organic and inorganic selenium can influence the deposition of MeHg in the
body and protect against its toxicity in animals (Choi et al., 2008; Fredriksson et al., 1993;
Ganther, 1971; Glaser et al., 2010). Mechanism(s) of selenium protection against MeHg-
induced toxicity may be related either to the formation of inert complexes between inorganic
or organic selenium compounds and MeHg, or by the formation of readily excretable MeHg
complexes (de Freitas et al., 2009; Pinheiro et al., 2009).
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The potential applications of antioxidants in the treatment of disease related to
oxidative stress have stimulated the synthesis and study, harnessing the beneficial biological
properties of seleno-organic compounds with GPx-like activity (Mugesh et al., 2001;
Nogueira et al., 2004; Parnham and Graf, 1991). Among these compounds, diphenyl
diselenide (DPDS) was shown to have efficacious properties, protecting a brain, liver and
kidney from the overproduction of free radicals in a variety of in vitro and in vivo
experimental models (Burger et al., 2004, 2006; Funchal et al., 2006; Ghisleni et al., 2003;
Moretto et al., 2005; Nogueira et al., 2004). For example, DPDS protected against toxic
effects of MeHg in mice and this protection was attributable to its antioxidant properties and
its ability to reduce Hg body burden via the formation of complex(es) between MeHg and
selenol (PhSeH), generating the readily excretable PhSeHgMe complex (de Freitas et al.,
2009). Recently, we have demonstrated that DPDS can also be a substrate to brain and liver
thioredoxin reductase (de Freitas et al. 2010, 2011). Consequently, its antioxidant and
protective effects can be linked to either its thiol-peroxidase-like activity (GPx-like activity)
or to its reduction to selenophenol by TrxR (see scheme 1).

Mitochondria are critical target organelles of MeHg toxicity and are involved in both
physiological and pathological ROS production. Accordingly, targeting compounds with
antioxidant properties to the mitochondria offer innovative pharmacological modalities in
protecting against ROS-induced mitochondrial dysfunction. Taking into account the
antioxidant properties of selenium and its ability to affect MeHg deposition in tissues, seleno-
organic compounds should be considered as potential therapeutic agents against the MeHg
toxicity. Accordingly, the present study was designed to test the hypothesis that DPDS, a
seleno-organic compound, will offer protection against in vitro MeHg induced-mitochondrial

dysfunction.

Materials and Methods

Chemicals

Chemicals, including ethylene glycol-bis(B-aminoethylether)-N, N,N',N'-tetraacetic
acid (EGTA), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), carbonylcyanide
p-trifluoromethoxyphenylhydrazone (FCCP), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), glutamic acid, rhodamine 123 and 2.7'-
Dichlorofluorescin diacetate (H,-DCFDA) were obtained from Sigma Aldrich (St Louis, MO,
USA). MeHg was obtained from Merck (Rio de Janeiro, RJ, Brazil). DPDS was synthesized
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using the method described by Paulmier (1986). DPDS solutions were prepared freshly in
dimethylsulfoxide (DMSO) with a final DMSO concentration in the experiments set at 2%; at
this concentration DMSO had no effects on the tested parameters. All other chemicals were of

analytical grade and purchased from local commercial suppliers.

Animals

Male adult Wistar rats (250-350 g) from our own breeding colony were kept in cages
of four animals each. They were placed in a room with controlled temperature (22 + 3°C) on a
12 h light/dark cycle with lights on at 7:00 a.m., and had continuous access to ad lib food and
water. Our institutional protocols for experiments with animals, designed to minimize
suffering and limit the number of animals sacrificed, were followed throughout. All
experiments were conducted in accordance with the Committee on Care and Use of

Experimental Animal Resources of the Federal University of Santa Maria, Brazil.

Slices Preparation

Animals were sacrificed by decapitation. The liver was quickly removed, placed on
ice, and slices (0.4 mm thick) were rapidly prepared using a Mcllwain Tissue Chopper and
then placed in an ice-cold Krebs-Ringer solution containing: 120 mM NaCl, 5 mM KClI, 1.3
mM MgCl,, 1.5 mM CacCly, 1.25 mM NaH;PO4, 35 mM NaHCO; and 10 mM D-glucose. The
buffer was bubbled with 95% O, and 5% CO, up to pH 7.4 throughout the experiments.

Standard incubation procedure

Slices of liver (60 slices) of rat were incubated for 30 min with/or without MeHg (25
puM) and/or DPDS (0.5, 1, 5 pM) at 37°C. Slices were then washed 3 times with a cold
solution of 100 uM L-cysteine hydrochloride and homogenized for mitochondria isolation
(see details below). The concentration of MeHg (25 uM) was based on a previous study (Roos
etal., 2011).

Isolation of rat liver mitochondria

Rat liver mitochondria were isolated as previously described by Brustovetsky and
Dubinsky (2000), with some modifications. The liver slices were rapidly weighed and
homogenized in 1:5 (w/v) ice-cold ‘isolation buffer I’ containing 225 mM mannitol, 75 mM
sucrose, 1 mM K'-EGTA, 0.1% bovine serum albumin (BSA) and 10 mM K*-HEPES, pH

7.2. Slices were then manually homogenized using a potter glass and centrifuged for 7 min at
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2,000 g. The resulting supernatant was centrifuged for 10 min at 12,000 g and the first
mitochondrial pellet was re-suspended in ‘isolation buffer II” containing 225 mM mannitol,
75 mM sucrose, 1 mM K*-EGTA, and 10 mM K*-HEPES pH 7.2 and re-centrifuged at
12,000 g for 10 min. The supernatant was discarded and the final pellet was gently washed

and resuspended in ‘isolation buffer II” without EGTA.

Measurements of mitochondrial transmembrane electrical potential (4 ¥m)

Mitochondrial A¥Ym was estimated by fluorescence changes in rhodamine 123 (2 uM)
recorded by RF-5301 Shimadzu spectrofluorometer (Kyoto, Japan) operating at excitation and
emission wavelengths of 495 and 535 nm, with slit widths of 1.5 nm (Guo et al., 1998).
Mitochondria (1 mg protein) were added at 15 s of recording to 3 ml standard incubation
buffer containing 100 mM sucrose, 65 mM KCI, 10 mM K*-HEPES buffer (pH 7.2), 50 uM
EGTA, 200 uM ADP, 400 uM MgCl,, 1 mM Pi, 5 mM glutamate and 5 mM succinate.
Responses were recorded for the ensuing 5 min. At 200 s of recording FCCP (1 uM) was
added. Data on mitochondrial transmembrane electrical potential (A¥m) are presented as

Arbritrary Fluorescence Units.

Estimation of reactive oxygen species (ROS) production

Mitochondrial ROS generation was determined spectrofluorimetrically, using the
membrane permeable fluorescent dye H,-DCFDA recorded by RF-5301 Shimadzu
spectrofluorometer (Kyoto, Japan) operating at excitation and emission wavelengths of 488
and 525 nm, with slit widths of 3 nm (GarciaRuiz et al., 1997). Mitochondria (0.3 mg protein)
were added to 3 ml standard incubation buffer containing 100 mM sucrose, 65 mM KCI, 10
mM K*-HEPES buffer (pH 7.2) and 50 uM EGTA. Responses were recorded for the ensuing
5 min. At 15 s of recording the H,-DCFDA (1 uM) was added. When CacCl, (60 uM) was
used it was added at 30 s of the recording. Data on ROS production are presented as

Arbritrary Fluorescence Units.

Assessment of mitochondrial metabolic function

Mitochondrial metabolic function was assessed by the conversion of MTT to a dark
violet formazan product by mitochondrial dehydrogenases (Mosmann, 1983). MTT (400 pg/
ml) was added to the standard buffer (100 mM sucrose, 65 mM KCI, 10 mM K*-HEPES
buffer (pH 7.2), 50 uM EGTA, 200 uM ADP, 400 uM MgCl;, 1 mM Pi, 5mM glutamate and

5 mM succinate) containing an aliquot of mitochondria (0.3 mg protein), and incubated for 45
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min at 37°C. After 45 min the precipitated formazan was solubilized in DMSO. The rate of
MTT reduction was measured spectrophotometrically at a wavelength of 570 nm. Results

were expressed as the percentage of MTT reduction with respect to control values.

Oxygen Uptake Measurements

Oxygen uptake was measured using an oxymeter (Hansatech model with a Clark-type
electrode) at 30 °C. The isolated rat liver mitochondria (1 mg protein) were incubated with 2
ml of the standard incubation buffer containing 100 mM sucrose, 65 mM KCI, 10 mM K-
HEPES buffer (pH 7.2) and 50 uM EGTA. Succinate (5 mM) was placed in the medium in

order to increase the respiratory state.

Protein measurement
Protein was assayed by the method of Lowry et al. (1951) with bovine serum albumin

as standard.

Statistical analysis
Data were analyzed statistically by one-way analysis of variance (ANOVA), followed

by Duncan’s post-hoc tests. The results were considered statistically significant when p<0.05.

Results

Effects of MeHg and DPDS on mitochondrial metabolic function

Mitochondria isolated from liver slices previously treated with 25 uM MeHg reduced
MTT less efficiently than mitochondria isolated from non-treated slices (Figure 1; p<0.05).
Treatment of liver slices with DPDS did not alter the MTT reducing activity by isolated
mitochondria. Notably, the co-treatment of liver slices with DPDS (0.5, 1, 5 uM) fully
reversed the inhibition of MTT reduction caused by short-term MeHg treatment to levels

indistinguishable from controls (p<0.05; Figure 1).

Effects of MeHg and DPDS on ROS generation

Oxidation of H,-DCFH by mitochondria isolated from liver slices previously treated
with 25 pM MeHg was significantly higher than that observed in mitochondria isolated from
non-MeHg-treated slices (Figure 2; p<0.05). CaCl, (60 uM) increased ROS production (H»-
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DCFH oxidation) both in mitochondria isolated from MeHg-treated or control liver slices
(Figure 2).

The co-treatment of slices with DPDS (0.5, 1, 5 uM) blunted mitochondrial MeHg-
induced ROS generation (p<0.05, Fig. 3A and B). However, the protection was inversely
related to the concentration (i.e., the highest concentration of DPDS tested afforded only a
partial protection against MeHg induced-ROS generation, while the lowest concentration (0.5
KUM) provided a complete protection). This may be related to the fact that 5 uM DPDS alone
partially increased DCFH oxidation (Figure 3B).

Effects of MeHg and DPDS on 4¥m

Polarization (A¥m) of mitochondria isolated from liver slices previously treated with
25 UM MeHg was significantly reduced vs. the polarization observed in mitochondria isolated
from non-MeHg-treated slices (Figure 4; p<0.05). DPDS at 0.5 and 1 pM had no effect in
mitochondrial AYm when compared to mitochondria isolated from control liver slices; co-
treatment of slices with 0.5 uM of DPDS blunted the pretreatment effect of MeHg on liver
mitochondrial polarization (Figure 4A) whereas 0.1 pM of DPDS partially decreased the
MeHg-induced mitochondrial depolarization (Figure 4B). In contrast, 5 uM DPDS caused a
partial dissipation of mitochondrial A¥Ym and the co-treatment only partially decreased the

MeHg-induced mitochondrial depolarization (Figure 4C).

Effects of MeHg and DPDS on oxygen consumption

Treatment of liver slices to MeHg significantly decreased the mitochondrial oxygen
consumption as determined in the presence of succinate as a substrate (p<0.005, Table 1). The
co-treatment of slices with 0.5 pM of DPDS significantly attenuated the MeHg-induced
reduction in oxygen consumption reaching levels indistinguishable from those in
mitochondria isolated from control liver slices (p<0.005, Table 1). At 1 and 5 uM of DPDS
the MeHg-induced reduction in oxygen consumption was restored to normal levels; however,
the protection was partial (oxygen consumption was similar to control values, but was not
different from that of MeHqg group; Table 1).

Discussion
This study investigated the efficacy of DPDS in attenuating MeHg-induced hepatic
mitochondrial dysfunction. Our findings demonstrated that MeHg caused mitochondrial

dysfunction as observed by a decrease in mitochondrial metabolic function, an increase in



42

ROS production, a decrease in the oxygen consumption and the collapse of the mitochondrial
A¥Ym (Scheme 2). These findings are in agreement with other studies corroborating
mitochondrial dysfunction after exposure to MeHg both in vivo and in vitro (Cambier et al.,
2009; Glaser et al., 2010; Mori et al., 2007; Roos et al., 2011; Wagner et al., 2010; Yin et al.,
2011).

MeHg is known to alter mitochondrial Ca** regulation, causing increased
mitochondrial Ca®* transient and the MeHg per se inducing MTP opening (Atchison and
Hare, 1994). Opening of the MTP allows the passive diffusion of low molecular weight
molecules, including Ca®*, through the internal mitochondrial membrane, thus dissipating the
proton gradient across the mitochondrial membrane. In this way, MeHg can cause
mitochondrial dysfunction and lead to increased ROS production (Aschner et al., 2007).
Given these observations, results presented herein are consistent with MeHg-induced
decreased the mitochondrial A¥m that is secondary to Ca®* entry during slice pre-incubation
and the ensuing overproduction of ROS and MTP opening.

Overall, DPDS prevented the MeHg-induced mitochondrial toxicity in liver slices. The
reduction of MTT to formazan, catalyzed by mitochondrial dehydrogenase enzymes, is
indicative of the activity of these enzymes. Accordingly, one potential explanation for the
efficacy of DPDS in protecting against MeHg-induced mitochondrial toxicity may reside in
its ability to restore the activity of mitochondrial dehydrogenase enzymes possibly by forming
a complex with MeHg thus effectively reducing total cellular MeHg burden (Figure 1). Our
results are consistent with previous in vivo works in which MeHg exposure decreased the
activity of dehydrogenases enzymes (Glaser et al., 2010; Mori et al., 2011; Yoshino et al.,
1966). Dehydrogenase enzymes inhibition by MeHg could be directly related to covalent
modification of the enzyme by the formation of MeHg-protein adducts (Glaser et al., 2010).

Corroborating the inhibition of dehydrogenases by MeHg, mitochondrial oxygen
consumption was decreased after exposure of liver slices to MeHg (Table 1). As observed in
the MTT assay, DPDS partially (at 1 and 5 uM) or completely (at 0.5 uM) prevented the
MeHg-induced inhibition of mitochondrial oxygen consumption. Accordingly, we posit that
the MeHg-induced inhibition of oxygen consumption and its partial or complete
normalization by DPDS is associated with modulation of respiratory chain mitochondrial
dehydrogenases.

DPDS also prevented the MeHg-induced decrease in mitochondrial A¥Ym, although
only at low concentrations (Figure 4A,B). The highest concentration of DPDS only partially
protected from the MeHg-induced mitochondrial depolarization (Figure 4C). In fact at 5 uM
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DPDS caused mitochondrial depolarization, likely related to excessive oxidation of critical
thiol groups on mitochondrial proteins (Puntel et al., 2010).

In the case of MeHg-induced ROS formation, DPDS partially or completely prevented
the DCFH oxidation (Figure 3). Furthermore, as observed for mitochondrial polarization,
DPDS caused a concentration-dependent increase in DCFH oxidation, indicating that
concentrations higher than 1 pM can be oxidizing important thiol groups from mitochondrial
proteins and disrupting mitochondrial integrity.

In summary, MeHg can either deplete glutathione (GSH) levels which induce
oxidative stress and lipid peroxidation, or directly interact with sulfhydryl proteins, leading to
protein oxidation and loss of function, both the events can lead to mitochondrial dysfunction
(Scheme 2). DPDS can decrease MeHg toxicity to mitochondria via its reduction to
selenol/selenolate (PhSeH/PhSe—), which can directly block the pro-oxidative effects of
MeHg due to its thiol-peroxidase activity or can form a stable complex with MeHg (see
Scheme 1 and 2). However, at high concentrations the toxic effects of DPDS should be
considered, since it can cause the oxidation of -SH groups leading to the inactivation of
important thiol-containing proteins (see Scheme 1).

In conclusion, results presented here demonstrate that DPDS at low concentrations can
prevent the mitochondrial dysfunction induced by MeHg. The efficacy of DPDS in protecting
against MeHg-induced mitochondrial toxicity could be, at least in part, attributed to the
interaction of its PhSeH/PhSe— with MeHg to form a stable complex. MeHg toxicity is also
associated with overproduction of mitochondrial ROS. Accordingly, an alternative and/or
supplementary mode of action invokes the antioxidant properties of DPDS and modulation of
oxidative stress in ameliorating the mitochondrial effects of MeHgq. Future studies should
provide additional pharmacological characterization of DPDS and determine the
mechanism(s) responsible for its protection and its efficacy in treatment broad spectrum

disorders with inherent mitochondrial dysfunction.
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Legends of Schemes

Scheme 1. Possible pathways for the toxic and therapeutic effects of DPDS. In the
toxic pathway, PhSeH formation leads to the oxidation of free- or protein-thiols, causing GSH
depletion and protein loss-of-function. In the therapeutic pathway, DPDS decomposes
peroxides either as a substrate for TrxR or as a mimic of GPx via the formation of the
PhSeH/PhSe— intermediate. DPDS can decrease MeHg toxicity via its reduction to
PhSeH/PhSe—, forming a stable complex with MeHg (PhSeHgMe).

Scheme 2. Protective effect of DPDS against MeHg-induced mitochondrial
dysfunction. MeHg can either deplete GSH levels which exacerbate oxidative stress and lipid
peroxidation, or directly interact with sulfhydryl proteins, leading to protein oxidation and
loss-of-function. These events can reduce oxygen consumption and collapse the mitochondrial
A¥Ym. DPDS can decrease mitochondrial MeHg toxicity via its transformation to
PhSeH/PhSe—, which can directly block the pro-oxidative effects of MeHg due to its thiol-

peroxidase activity or secondary to the formation of a stable complex with MeHg.
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Legends of Figures

Figure 1. Effect of pre-treatment of liver slices with MeHg (25 uM) and/or DPDS
(0.5, 1, 5 uM) for 30 min on isolated mitochondrial metabolic function (MTT reduction).
Data are expressed as the mean £ S.E.M., n=3-4. Experiments were performed in duplicates.
(*) represents p<0.05 as compared to control group by Duncan’s multiple range test. (#)

represents p<0.05 as compared to MeHg group by Duncan’s multiple range test

Figure 2. Effect of pre-treatment of liver slices with MeHg (25 uM) on isolated
mitochondrial ROS generation. (A) Oxidation of H,-DCFH by mitochondria isolated from
slices previously incubated with MeHg and/or DPDS. (B) Statistical analysis of the 300 s
timepoint. H,-DCFDA (1 uM) was added at 15 s of recording. CaCl, (60 uM) was added at
30 s of recording. Data are expressed as the mean £ S.E.M., n=3-4. Experiments were
performed in duplicates. Bars with different letters are significantly different (P<0.05) from

each other.

Figure 3. Effect of pre-treatment of liver slices with MeHg (25 uM) and/or DPDS
(0.5, 1, 5 pM) on mitochondrial ROS generation. (A) Oxidation of H,-DCFH by
mitochondria isolated from slices previously incubated with MeHg and/or DPDS. (B)
Statistical analysis of the 300 s timepoint. H,-DCFDA (1 uM) was added at 15 s of recording.
Data are expressed as the mean + S.E.M., n=3-4. Experiments were performed in duplicates.

Bars with different letters are significantly different (P<0.05) from each other.

Figure 4. Effects of pre-treatment of liver slices with MeHg (25 uM) and/or DPDS
0.5(A), 1 (B), 5 uM (C) on A¥m. The mitochondria and FCCP were added where indicated
by arrows. Mitochondria (1 mg/ ml) were added at 15 s of recording. FCCP (1 uM) was added

at 200 s of recording. The traces are representative of 3 independent experiments.
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Table 1
Effects of MeHg (25 uM) and DPDS on mitochondrial respiratory rates.

o Respiration rate with
Respiration rate .
_ succinate
(nmol Oz/ml/min) )
(nmol Oz/ml/min)

Control 1,11+ 0,12 3,7+0,84
DPDS 0.5 uM 1,36 + 0,18 3,42+0,77
DPDS 1 pM 1,17 + 0,12 3,64+ 0,39
DPDS 5 uM 1,23 + 0,14 3,22+ 0,56
MeHg 1,05+ 0,12 2,45 + 0,63%
DPDS 0.5 pM + MeHg 1,08 + 0,08 4,55 + 0,48
DPDS 1 pM + MeHg 1,25+ 0,18 3,39+ 0,37
DPDS 5 pM + MeHg 1,08 + 0,13 3,44+ 0,87

Oxygen consumption was monitored in the presence of 5 mM succinate as a
respiratory substrate. Values are the mean = S.D. of 3 different experiments.
2 Indicates p<0.05 as compared to control.

® Indicates p<0.05 as compared to DPDS 0.5 uM + MeHg.
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23. O DISSELENETO DE DIFENILA AUMENTA A NEUROTOXICIDADE
INDUZIDA POR METILMERCURIO EM RATOS

Manuscrito 2

DIPHENYL DISELENIDE INCREASES METHYLMERCURY -INDUCED
NEUROTOXICITY IN RATS

CRISTIANE L. DALLA CORTE, CAROLINE WAGNER, JESSIE H. SUDATI,
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Abstract

Methylmercury (MeHg) is an important environmental contaminant with toxic effects
to humans and experimental animals. Diphenyl diselenide (DPDS) is an organoselenium
compound that has been extensively studied for its potential antioxidant, pharmacological and
neuroprotective activities. In this study we attempted to investigate the efficacy of DPDS in
attenuating MeHg toxicity in rats. Rats were treated with MeHg (5 mg/ kg/ day, i.g.) and/ or
DPDS (1 mg/ kg /day, i.p.) during 21 days. Body weight gain and motor deficits (rotarod and
open-field tests) were evaluated during the treatment. In addition, hepatic and cerebral
mitochondrial dysfunction (reactive oxygen species (ROS) formation, total and non-protein
thiol levels, mitochondrial membrane potential (A¥m), mitochondrial metabolic function and
mitochondrial swelling), hepatic, cerebral and muscular mercury (Hg) levels, and hepatic,
cerebral and renal TrxR activity were evaluated in rats treated with MeHg and/ or DPDS.
MeHg caused a decrease in body weight and induced motor deficits in rats. MeHg also
induced hepatic and cerebral mitochondrial dysfunction, and inhibited TrxR activity in liver,
brain and kidney. The co-treatment with DPDS protected hepatic and cerebral mitochondrial
thiols from depletion by MeHg but, did not prevent hepatic and cerebral mitochondrial
dysfunction, nor recovered hepatic, cerebral and renal TrxR activity inhibited by MeHg.
Additionally, the co-treatment with DPDS increased Hg accumulation in liver, brain and
skeletal muscle, and increased the motor deficits and body weight lost. In conclusion, the
results of the current study indicate that DPDS, at a low dose, can increase Hg deposition and

the neurotoxic effects induced by MeHg exposure in rats.

Keywords: Methylmercury, organoselenium compounds, oxidative stress, thioredoxin

reductase, mitochondrial dysfunction.
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Introduction

Methylmercury (MeHg) is one of the most dangerous environmental contaminant with
toxic effects to humans and experimental animals (Carvalho et al., 2011; Clarkson et al.,
2003). Environmental MeHg is derived from inorganic mercury biomethylation carried out
primarily by aquatic microorganisms (Compeau and Bartha, 1985) with subsequent
accumulation in the marine food chain (Dorea, 2008; Kuntz et al., 2009; Shanker et al., 2004).
Fish and seafood are the most prevalent sources of human exposure to MeHg, and many
populations are exposed to potentially dangerous levels of MeHg in their diet (WHO). MeHg
causes acute and chronic damage to multiple organs, most profoundly to the central nervous
system (CNS) in particular when exposures occur during the initial stages of brain
development (Clarkson et al., 2003; Costa et al., 2004; Grandjean and Herz, 2011; Hassan et
al., 2011; Johansson et al., 2007; Marsh et al., 1995).

The events mediating MeHg toxicity are largely dependent upon its electrophilic
properties, which allows for its interaction with soft nucleophilic groups (mainly thiols and
selenols) from either low or high-molecular-weight biomolecules (Farina et al., 2011a). The
interaction of MeHg with soft nucleophilic groups from biomolecules is responsible, at least
in part, for decreased antioxidant capacity and increased reactive oxygen species (ROS)
generation (Aschner et al., 2010; Farina et al., 2009; Farina et al., 2011a; Franco et al., 2007,
Kaur et al., 2006). Most important MeHg can disrupt the activity of thiol- and selenol-
containing proteins, such as glutathione peroxidase (GPx), thioredoxin (Trx) and thioredoxin
reductase (TrxR) (Branco et al., 2011; Carvalho et al., 2008, 2011; Farina et al., 2009; Franco
et al., 2009; Glaser et al., 2010a; Wagner et al., 2010a,b). These proteins are important
components of the cellular antioxidant system, and their inhibition contributes to the
disruption of the normal redox balance of cells (Farina et al., 2011a). Mammalian TrxR is a
selenoenzyme containing a unique, catalytically-active selenolthiol/selenenylsulfide in the
conserved C-terminal sequence (-Gly-Cys- Sec-Gly; (Sandalova et al., 2001; Zhong et al.,
2000). The thioredoxin (Trx) system, composed of thioredoxin reductase (TrxR), Trx, and
NADPH, is critical for the cellular stress response, protein repair, and protection against
oxidative damage (Arner and Holmgren, 2000; Lillig and Holmgren, 2007).

In addition, MeHg can disrupt mitochondrial functioning by targeting specific thiol-
containing proteins, including respiratory chain complexes (Atchison and Hare, 1994; Dreiem
and Seegal, 2007; Glaser et al., 2010a,b; Usuki et al., 2008). The inhibition of these
complexes or enzymes can contribute to mitochondrial depolarization and swelling up on

MeHg exposure. Mitochondrial targeting by MeHg has also been associated with an increase
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in mitochondrial overproduction of ROS, which can further exacerbate the toxicity of MeHg
by attacking additional nucleophilic centers in mitochondria and in other subcellular
compartments (Farina et al., 2011a; Franco et al., 2009; Roos et al., 2011).

Several studies demonstrated that organic and inorganic selenium can influence the
deposition of MeHg in the body and protect against its toxicity in animals (Choi et al., 2008;
Fredriksson et al., 1993; Ganther, 1971; Glaser et al., 2010b). Selenium (Se) is an essential
trace element for a wide range of living organisms, including humans (Allan et al., 1999;
Flohe, 1988; Holmgren, 1989; Kumar et al., 1992). Se is necessary for the expression of at
least 25 Se-dependent enzymes, including GPx, the TrxR and several other seleno-proteins
which modulate the cellular redox and antioxidant status (Bianco et al., 2002; Hatfield and
Gladyshev, 2002; Panee et al., 2007).

In addition to inorganic and naturally occurring organoselenium compounds, synthetic
organoselenium compounds can also exhibit protective effects against MeHg. Accordingly,
ebselen and diphenyl diselenide have been shown to exert beneficial effects against in vitro
and in vivo MeHg-induced neurotoxicity (Farina et al., 2003a,b; Moretto et al., 2005a,b; Roos
et al., 2009; Usuki et al., 2011; Yin et al., 2011). Diphenyl diselenide (which is the simplest of
the diaryl diselenides; Nogueira and Rocha, 2010) protected against some toxic effects of
MeHg and lowered the Hg burden in the brain, liver and kidneys of adult mice (de Freitas et
al., 2009). The molecular mechanism(s) which underlie(s) the neuroprotective effects of
diphenyl diselenide can be related either to the direct interaction of MeHg with “selenol
intermediate” of diphenyl diselenide after its reaction with thiols, or indirectly, by the
modulation of oxidative stress (via GPx- and/or TrxR-like activities) (de Freitas et al., 2010;
Nogueira and Rocha, 2010). In short, the neuroprotective effects of diphenyl diselenide
against MeHg-induced toxicity can be related to its antioxidant properties and to its abilities
to form stable complexes with MeHg, which can increase Hg excretion and decrease the
MeHg body burden. Furthermore, diphenyl diselenide can be partially metabolized to
inorganic Se, which may, at least in part, account for its neuroprotective effects against MeHg
(Adams et al., 1989).

Therefore, the aim of the present study was to investigate the potential therapeutic
effects of DPDS to counteract MeHg-induced toxicity and mitochondrial dysfunction in rats.
To accomplish this goal, the effects of DPDS on the deposition of Hg were studied in the
brain and liver of rats. An additional goal of this study was to examine the effect of DPDS on

the inhibition of TrxR activity in rats exposed to MeHg.
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2. Materials and Methods

2.1. Chemicals

Chemicals, including ethylene glycol-bis(B-aminoethylether)-N, N,N’,N'-tetraacetic
acid (EGTA), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 24
dinitrophenol (2,4 DNP), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), glutamic acid, safranin O, 2',7'-dichlorofluorescin diacetate (H,-DCFDA), and
methylmercury chloride (MeHg) were obtained from Sigma Aldrich (St Louis, MO, USA).
DPDS was synthesized using the method described by Paulmier (1986). All other chemicals
were of analytical reagent grade and purchased from local commercial suppliers.

2.2. Animals

Male Wistar rats, weighing 270-320 g and with age from 3 to 3.5 months from our
own breeding colony, were kept in cages of four animals each. They were placed in a room
with controlled temperature (22 + 3°C) on a 12 h light/dark cycle with lights on at 7:00 a.m.
and had continuous access to food and water. Our institutional protocols for animal
experimentation, designed to minimize suffering and limit the number of animals sacrificed,
were followed throughout. All experiments were conducted in accordance with the
Committee on Care and Use of Experimental Animal Resources of the Federal University of
Santa Maria, Brazil.

2.3. Treatment

Sixteen rats were equally divided into four experimental groups as follows: 1) control
(10 mL/Kg of water intragastrically (i.g.) and 1 mL/Kg of soybean oil intraperitoneally (i.p.));
2) DPDS (10 mL/Kg of water i.g. and 1 mg/Kg of DPDS i.p.); 3) MeHg (5 mg/Kg of MeHg
i.0. and 1 mL/Kg of soybean oil i.p.); and 4) DPDS + MeHg (5 mg/Kg of MeHg i.g. and 1
mg/Kg of DPDS i.p.). Exposure protocol was performed daily over 21 days and was based on
previous studies (de Freitas et al., 2009; Martins et al., 2009). Twenty-four hours after the last
administration, the animals were sacrificed and the livers, brains, kidneys and skeletal muscle
were quickly removed from the rats, placed on ice, and homogenized.

2.4. Motor coordination tests

2.4.1. Open field test

General locomotor activity was evaluated by placing the animals individually in the
center of an open-field arena (45 x 45 x 30 cm) made of polywood with black walls and a
white floor which was divided into 9 equal squares, as previously described (Broadhurst,
1960). The number of line crossings (number of segments crossed with the four paws) and

hearings (expressed by the number of time rearing on the hind limbs) were measured over 5
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min and taken as an indicator of locomotor activity. The test was realized 3 times: 24 hours
before beginning the treatment (basal), and at the treatment day 11.

2.4.2. Rotarod test

Motor coordination skills were tested on the rotarod apparatus as described previously
(Lalonde et al., 2003, 2004). Briefly, the rotarod apparatus consists of a rod 30-cm long and
7.5 cm in diameter that rotates at a constant speed of 10 rpm. The rod was flanked by two
cardboard plates in order to prevent any escape and suspended at a height of 30 cm. One hour
before the first test all animals were trained in the rotarod until they could remain in the
apparatus for 60 s without falling. The latency to fall and the number of falls from the
apparatus were recorded until 120 s. The tests were conducted 3 times: 24 hours before
beginning the treatment (basal), at the treatment day 11, and before the sacrifice.

2.5. Thioredoxin reductase (TrxR)

2.5.1. TrxR purification

TrxR was partially purified by a modification of the method described by Holmgren
and Bjornstedt (1995). Tissues were homogenized in buffered saline (137 mM NacCl, 2.7 mM
KCI, 4.3 mM Naz;HPO,, and 1.4 mM KH2PO,4, pH 7.3). Livers, brains and kidneys (0.5 Q)
were homogenized in 10, 3 and 5 volumes of buffered saline, respectively. Homogenates were
centrifuged at 13,000 g for 30 min. The protein in the supernatant was measured and adjusted
to 10 mg/ml. The supernatant was dialyzed against buffered saline for 16 h to remove
endogenous glutathione (GSH) and Trx. The dialyzate was heated at 55°C for 10 min, cooled,
and centrifuged at 13,000 g for 30 min to remove denatured protein.

2.5.2. TrxR activity

TrxR activity was measured by the method described by Holmgren and Bjornstedt
(1995). The reaction mixture consisted of the following: 0.24 mM NADPH, 10 mM EDTA,
100 mM potassium phosphate buffer (pH 7.0), 2 mg/ml 5,5 dithiobis -2-nitrobenzoic acid
(DTNB), and 0.2 mg/ml of BSA. The partially purified TrxR was added (to final
concentration of 6-8 pg of protein) containing the reaction mixture and the absorbance were
followed at 412 nm for a maximum of 4 min.

2.6. Isolation of rat brain and liver mitochondria

Rat brain and liver mitochondria were isolated as previously described by
Brustovetsky and Dubinsky (2000), with some modifications. Brain and liver were rapidly
weighing and homogenized in 1:5 (w/v) ice-cold ‘isolation buffer I’ containing 225 mM
mannitol, 75 mM sucrose, 1 mM K*-EGTA, 0.1% bovine serum albumin (BSA) and 10 mM
K*-HEPES, pH 7.2. The tissue was then manually homogenized using a potter glass. The
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resulting suspension was centrifuged for 7 min at 2,000 g. After centrifugation the supernatant
was re-centrifuged for 10 min at 12,000 g. The pellet was re-suspended in ‘isolation buffer II’
containing 225 mM mannitol, 75 mM sucrose, 1 mM K*-EGTA, and 10 mM K*-HEPES pH
7.2 and re-centrifuged at 12,000 g for 10 min. The supernatant was discarded and the final
pellet gently washed and re-suspended in ‘isolation buffer II” without EGTA.

2.7. Mitochondrial nonprotein and total thiol content

Mitochondrial nonprotein and total thiol content were measured according to the
method of Ellman (1959). To determine total thiol groups, mitochondria (0.3 mg protein) was
added to the reaction medium containing 10 mM Tris-HCI pH 7.2, 1% SDS, and 10 mM
DTNB. Nonprotein thiol content was measured by adding 50 uL 10% TCA to 50 uL of the
mitochondria (0.3 mg protein). After centrifugation (4,000 x g at 4°C for 10 min), the protein
pellet was discarded, and an aliquot of the clear supernatant, neutralized with 0.1 M NaOH,
was added to the medium containingl0 mM Tris-HCIl pH 7.2, and 10 mM DTNB. The
samples absorbance was measured spectrophotometrically at a wavelength of 412 nm.

2.8. Measurements of mitochondrial transmembrane electrical potential (4%¥m)

Mitochondrial A¥Ym was estimated by fluorescence changes in safranin O (3 mM)
recorded by RF-5301 Shimadzu spectrofluorometer (Kyoto, Japan) operating at excitation and
emission wavelengths of 495 and 535 nm, with 1 slit widths of 1.5 nm (Guo et al., 1998).
Mitochondria (0.3 mg protein) were added at 15 seconds of recording to 3 mL standard
incubation buffer containing 100 mM sucrose, 65 mM KCI, 10 mM K*-HEPES buffer (pH
7.2), 50 uM EGTA, 200 uM ADP, 400 uM MgCl,, 1 mM Pi, 5mM glutamate and 5 mM
succinate. Records were evaluated during 5 minutes. At 250 seconds of recording the 2,4
DNP (100 pM) was added. Data of mitochondrial transmembrane electrical potential (A¥m)
in Figures are presented as Arbritrary Fluorescence Units (AFU).

2.9. Estimation of reactive oxygen species (ROS) production

The mitochondrial generation of ROS was determined spectrofluorimetrically, using
the membrane permeable fluorescent dye H,-DCFDA recorded by RF-5301 Shimadzu
spectrofluorometer (Kyoto, Japan) operating at excitation and emission wavelengths of 488
and 525 nm, with slit widths of 3 nm (GarciaRuiz et al., 1997). Mitochondria (0.3 mg protein)
were added to 3 mL standard incubation buffer containing 100 mM sucrose, 65 mM KCI, 10
mM K*-HEPES buffer (pH 7.2), 50 uM EGTA. Records were evaluated during 5 minutes. At
15 seconds of recording the H,-DCFDA (1 pM) was added. Data of ROS production in
figures are presented as Arbritrary Fluorescence Units (AFU).

2.10. Assessment of mitochondrial metabolic function
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Mitochondria metabolic function was assessed by the conversion of MTT to a dark
violet formazan product by mitochondrial dehydrogenases (Mosmann, 1983). MTT (400 pg/
ml) was added to the standard buffer (100 mM sucrose, 65 mM KCI, 10 mM K*-HEPES
buffer (pH 7.2), 50 uM EGTA, 200 uM ADP, 400 uM MgCl;, 1 mM Pi, 5mM glutamate and
5 mM succinate) containing an aliquot of mitochondria (0.3 mg protein), and incubated for 45
minutes at 37°C. After 45 min the precipitated formazan was solubilized in dimethylsulfoxide
(DMSQ). The rate of MTT reduction was measured spectrophotometrically at a wavelength of
570 nm. Results were expressed as the percentage of MTT reduction with respect to control
values.

2.11. Assessment of mitochondrial swelling

Measurement of mitochondrial swelling was performed in a RF-5301 Shimadzu
spectrofluorometer at 600 nm (slit 1.5 nm for excitation and emission — Votyakova and
Reynolds, 2005). Data for mitochondrial swelling are expressed as Arbitrary Absorbance
Units (AAU). The difference (AA) between the initial absorbance reading and the final
absorbance reading were used for statistical analysis.

2.12. Determination of Hg levels

Tissue levels of total Hg were measured in liver, brain and skeletal muscle collected at
the time of euthanasia. Approximately 0.4 g of the tissues were weighed and digested with 5
mL of HNOj3 acid (65%). Digested samples were diluted to 50 mL with ultrapure water before
analysis by Inductively Coupled Plasma Mass Spectroscopy (ICP-MS).

2.13. Protein measurement

Protein was assayed by the method of Bradford (1976) with bovine serum albumin as
standard.

2.14. Statistical analysis

Data were analyzed statistically by one- or two-way analysis of variance (ANOVA),
followed by Duncan’s post-hoc tests when appropriate. The results were considered

statistically significant when p<0.05.

3. Results

3.1. Effects of DPDS and MeHg on body weight.

Treatment with MeHg induced a loss of body weight from the second week until the
end of the treatment when compared to the control rats (p < 0.05, Figure 1). Rats that receveid
the co-treatment with DPDS and MeHg also showed a decrease in the body weight when

compared to control and DPDS groups (p < 0.05, Figure 1). Rats treated with DPDS lost
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weight after the first week of treatment (p < 0.05), but they gradually recover their weights

being statistically undistinguishable from the controls at the end of the treatment (Figure 1).

3.2. Effects of DPDS and MeHg on motor coordination and spontaneous locomotor
activity

The effects of the treatments with MeHg and/ or DPDS on the locomotion and motor
coordination were verified by the open-field and rotarod tests, respectively. Rats treated with
MeHg after 11 days presented an increase in the number of falls on the rotarod and a decrease
in the latency to the first fall when compared to control rats (p < 0.05, Figure 2A, 2B). Rats
treated with DPDS did not present statistical differences on the rotarod test when compared to
control rats; however, rats co-treated with DPDS and MeHg presented an increase in loss of
motor coordination observed by an increased number of falls and reduced latency to the first
fall when compared to the other groups (p < 0.05, Figure 2A, 2B). The rotarod test could not
be performed at the end of the treatment in those rats receiving MeHg since they were
incapable to stay at the apparatus due to serious motor impairment caused by MeHg.

Rats treated with MeHg showed a decrease in the number of crossings on the open-
field at the end of the treatment when compared to the control rats (p < 0.05, Figure 3A). Rats
that received the co-treatment with MeHg and DPDS also presented a significant decrease in
the number of crossings (from the treatment days 11), and a decrease in the number of
rearings (at the end of the treatment) when compared to the control rats (p < 0.05, Figure 3B).
Treatment with DPDS did not interfere in the performance of the rats on the open-field. The
decrease in the number of crossings and rearings observed in all groups at treatment days 11
and 21 when compared to the basal is expected since the animals stay familiarized with the

open-field arena.

3.3. Effects of DPDS and MeHg on TrxR activity

MeHg has been demonstrated to preferentially inhibit TrxR activity both in vitro and
in vivo (Carvalho et al., 2008; Carvalho et al., 2010; Branco et al., 2011). Since DPDS was
shown to be a substrate for TrxR, we decided to measure the activity of this enzyme in
different tissues of rats treated with MeHg and/ or DPDS. Rats treated with DPDS presented
hepatic and renal TrxR activities increased when compared to the controls rats, while the
cerebral TrxR activity presented only a tendency to increase (p < 0.05, Figure 4). Treatment

with MeHg caused a decrease in the activity of TrxR from liver, kidney and brain when
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compared to the control rats (p<0.05, Figure 4). Co-treatment with DPDS could not restore

MeHg-inhibited TrxR activity in the liver, kidney and brain of rats (Figure 4).

3.4. Effects of DPDS and MeHg on mitochondrial dysfunction

3.4.1. Mitochondrial metabolic function

The hepatic mitochondrial metabolic function (MTT reduction) was not affected by
any treatment (Figure 5). In brain, treatment with MeHg or co-treatment with MeHg and
DPDS decreased the capacity of mitochondrial dehydrogenases to reduce MTT when
compared to mitochondria from control rats (p < 0.05, Figure 5). Treatment with DPDS alone
did not affect the cerebral mitochondrial metabolic function of rats.

3.4.2. Mitochondrial total and nonprotein thiols

MeHg treatment caused a decreased in the mitochondrial total thiol levels in brain and
liver when compared to control rats (p < 0.05, Figure 6). Treatment with DPDS alone did not
alter the mitochondrial total thiol levels from liver and brain of rats (Figure 6). The co-
treatment with DPDS recovered MeHg-induced mitochondrial total thiol levels depletion in
rat’s liver and brain (p < 0.05, Figure 6). Rats treated with MeHg presented decreased levels
of mitochondrial nonprotein thiols in liver when compared to control rats and the co-
administration with DPDS recovered the nonprotein thiol contents to control levels (p < 0.05,
Figure 7A). Mitochondrial nonprotein thiols levels were not affected by any treatment in brain
(Figure 7B).

3.4.3. Mitochondrial swelling

Treatment with MeHg statistically increased the mitochondrial swelling in liver when
compared to control rats (p < 0.05, Figure 8A). The co-treatment with DPDS partially
prevented MeHg-induced mitochondrial swelling in liver, but these values were not
statistically different from the values found for rats exposed only to MeHg (Figure 8A).
Treatment with MeHg also increased the mitochondrial swelling in brain (p < 0.05) and the
co-treatment with DPDS did not protect from this increase in mitochondria swelling induced
by MeHg (p < 0.05, Figure 8B). Treatment with DPDS alone did not alter the mitochondrial
swelling in brain and liver of rats when compared to the control group (Figure A and B)

3.4.4. Mitochondrial ROS production

Mitochondrial ROS production (DCFH oxidation) was significantly increased in liver
of rats treated with MeHg or co-treated with MeHg and DPDS (p < 0.05, Figure 9A). Rats
treated with DPDS presented hepatic mitochondrial ROS levels similar to the control. ROS

production by mitochondria of brain was not affected by any treatment (Figure 9B).
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3.4.5. Mitochondrial 4%¥m

Polarization (A¥m) of mitochondria from liver of rats co-treated with MeHg and
DPDS was significantly reduced when compared to the other groups (p < 0.05, Figure 10A).
Treatment with DPDS and MeHg alone did not cause mitochondrial depolarization in liver of
rats. Treatment with DPDS and/ or MeHg had no effect in mitochondrial A¥m in brain of rats
(Figure 10B).

3.5. Effects of DPDS and MeHg on Hg content

Treatment with MeHg increased the levels of Hg in brain, liver and skeletal muscle of
rats when compared to the rats not exposed to MeHg (p < 0.05, Figure 11). The co-treatment
with DPDS caused an additional increase in the deposition of Hg when compared to MeHg
alone in brain and liver, and had a tendency to increase in the skeletal muscle (Figure 11).
Two-way ANOVA of mercury levels revealed a significant interaction between MeHg and
DPDS both in brain and in liver (F;16=13.310, F116=5.537, respectively, p < 0.05).

Discussion

The present study investigated the potential protective effect of DPDS, an
organoselenium compound, in attenuate MeHg-induced toxicity in rats. The results herein
showed that the co-treatment with DPDS and MeHg increased Hg deposition in the brain and
liver of exposed rats. These results differ from those of de Freitas et al. (2009) where DPDS
led to a significant reduction in Hg concentrations in brain, liver and kidney of MeHg-
exposed mice. The discrepancies between the 2 works could be attributed to the differences
between the species and the route of administration, since in the present work it was used rats
and the via of administration for DPDS was i.p., and in the study of de Freitas (2009) it was
used mice and DPDS was administered subcutaneously (s.c.). In the study of de Freitas et al.
(2009) the proposed mechanism for the reduction in organs Hg burden by diphenyl diselenide
is the formation of a selenol/selenolate (PhSeH/PhSe—) intermediate which could interact with
MeHg, generating the readily excretable PhSeHgMe complex. One possible explanation for
the increase in hepatic and cerebral Hg deposition by the co-treatment with DPDS observed in
this study could be the conversion of DPDS to selenhidric acid, this selenium compound
could bind to MeHg to form a less soluble complex (Pinheiro et al., 2009). Thus, the increase
in hepatic and cerebral Hg deposition by the co-treatment with DPDS possibly involves
Hg:Se interactions but with the formation of a less excretable compound that can accumulate

in critical organs (Pinheiro et al., 2009). These results are in agreement with other studies that
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showed an elevated deposition of Hg in key brain regions after oral selenium administration
(Moller-Madsen and Danscher, 1991; Newland et al., 2006; Prohaska and Ganther, 1977;
Schionning, 2000; Schionning et al., 1997).

The decreased weight gain or even loss of weight is a prominent and readily observed
sign of severe MeHg toxicity in experimental animals. In this study, rats treated with MeHg
presented body weight lost, although the most severe loss of body weight occurred in rats co-
treated with DPDS and MeHg. In addition, rats treated with MeHg showed a decrease in
locomotor activity observed by the rotarod and open-field tests. The co-treatment with DPDS
and MeHg also increased the loss of motor coordination (rotarod test) in rats. These results
indicate that the co-treatment with DPDS increased the neurotoxic effects of MeHg in rats.
The motor deficits are generally the most evident neurological effects following MeHg
exposure (Dietrich et al., 2005; Goulet et al., 2003; Kim et al., 2000; Rice, 1996). In vivo
studies based mainly on the use of rodents, point to impairment in intracellular calcium
homeostasis, alteration of glutamate homeostasis and oxidative stress as important events in
MeHg-induced neurotoxicity. The overactivation of NMDA-type glutamate receptors
increases Ca®* influx into neurons, therefore leading to the activation of important pathways
involved with cell death (Choi, 1992; Pivovarova and Andrews, 2010). Alternatively, Ca**
can be taken up by mitochondria, where it may stimulate the generation of reactive oxygen
species (ROS) (Ceccatelli et al., 2010; Lafon-Cazal et al., 1993; Reynolds and Hastings,
1995).

Consistent with this hypothesis, several studies corroborates MeHq's ability to induce
mitochondrial dysfunction and consequent generation of ROS (Mori et al., 2007). In view of
this, we investigated MeHg toxicity to brain and liver mitochondria of exposed rats. The
results present herein showed that exposure to MeHg induced mitochondrial dysfunction
observed by the increase in mitochondrial swelling and decrease in mitochondrial metabolic
function (mitochondrial dehydrogenases activity) in brain, and the increase in mitochondrial
swelling and ROS production (DCFH oxidation) in liver. The high affinity of MeHg for
sulfhydryl (-SH) groups is considered an important mechanism in mediating MeHg toxicity
since the binding of MeHg to —SH groups inactivates enzymes including respiratory chain
complexes (Farina et al., 2011a,b; Glaser et al., 2010a,b; Mori et al., 2007; Valko et al., 2005).
Consistent with this, is the decrease in mitochondrial dehydrogenases activity in brain of
exposed rats. In the same way, the inhibition of these complexes can contribute to
mitochondrial swelling and ROS production on MeHg exposure. Alternatively, the co-

treatment with DPDS prevented mitochondrial nonprotein and total thiol groups depletion
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induced by MeHg in brain and liver of rats. Accordingly, the DPDS-prevented thiol depletion
may reside in its ability to form a complex with MeHg thus effectively reducing MeHg
binding to protein and free thiols. However, the co-treatment with DPDS did not protect from
the MeHg-induced mitochondrial swelling and decrease in mitochondrial metabolic function
in brain and increase in mitochondrial ROS production in liver. These indicate that,
mechanisms other than the interaction with important free- and protein-thiols, may be
involved in the MeHg-induced mitochondrial dysfunction observed here.

Previous studies have demonstrated that MeHg can directly inhibit TrxR activity both
in vitro and in vivo (Branco et al., 2012; Carvalho et al., 2011; Wagner et al., 2010a). Here,
we show that MeHg treatment inhibited TrxR activity from brain, liver and kidney of rats.
MeHg forms covalent bounds between its Hg moiety and the selenium of the selenocysteine
of the enzyme, thus directly inhibiting the activity of TrxR (Carvalho et al., 2011). Since
TrxR is critical for the cellular antioxidant defense system the inhibition of this enzyme could
have a central role in the toxicity of MeHg. Recently, diphenyl diselenide was demonstrated
to be a substrate for cerebral and hepatic rat TrxR which could account at least in part for the
antioxidant properties of DPDS (de Freitas et al., 2010; de Freitas and Rocha, 2011). In our
study, rats treated solely with DPDS showed an increase in the activity of renal and hepatic
TrxR. The formation of selenhidric acid from DPDS could also explain the increase in TrxR
activity, since this inorganic form of selenium could be converted to selenocystein and
incorporated to selenoenzymes such as TrxR (Pinheiro et al., 2009). The co-treatment with
DPDS and MeHg was not able to avoid or recover MeHg-inhibited TrxR activity of brain,
liver and kidney of rats. Similarly, studies in vitro and in vivo showed that selenite was
capable of recover the activity of TrxR when inhibited by HgCl, but not by MeHg, and the
effect of selenite was attributed to the displacement of the Hg from the active site, given rise
to mercury selenide and regenerating the TrxR selenol (Branco et al., 2012; Carvalho et al.,
2011).

In conclusion, the results of this study showed that DPDS, at a low dose, can increase
Hg body burden and MeHg neurotoxicity in rats. The results present here also reinforce the
central role of the mitochondrial dysfunction on the toxicity induced by MeHg exposure in
vivo as well as the role of TrxR as a molecular target for MeHg in rats. Further research into
MeHg-DPDS interactions will help to better understand the consequences of the

concomitantly exposure to these compounds.
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Legends

Figure 1. Effect of methylmercury (MeHg) and/ or diphenyl diselenide (DPDS) on
the body weight. Data are expressed as mean = S.E.M., n=4. (*) represents p<0.05 as
compared to control by Duncan’s multiple range test. (#) represents p<0.05 as compared to
DPDS by Duncan’s multiple range test.

Figure 2. Rotarod test in rats exposed to methylmercury (MeHg) and/ or
diphenyl diselenide (DPDS). The number of falls (A) and latency for the first fall (B)
were recorded. Data are expressed as mean + S.E.M., n=4. Bars with different letters are
significantly different (P<0.05) from each other (one-way ANOVA followed by the Duncan
multiple range test).

Figure 3. Open field test in rats exposed to methylmercury (MeHg) and/ or
diphenyl diselenide (DPDS). Ambulation (crossing) (A) and rearing (B) were recorded.
Data are expressed as mean = S.E.M., n=4. Bars with different letters are significantly
different (P<0.05) from each other (one-way ANOVA followed by the Duncan multiple range
test).

Figure 4. Thioredoxin reductase activity in liver (A), kidney (B) and brain (C) of
rats exposed to methylmercury (MeHg) and/ or diphenyl diselenide (DPDS). Data are
expressed as mean = S.E.M., n=4. Bars with different letters are significantly different
(P<0.05) from each other (one-way ANOVA followed by the Duncan multiple range test).

Figure 5. MTT reduction in liver (A) and brain (B) mitochondria of rats exposed
to methylmercury (MeHg) and/ or diphenyl diselenide (DPDS). Data are expressed as
mean = S.E.M., n=4. Bars with different letters are significantly different (P<0.05) from each
other (one-way ANOVA followed by the Duncan multiple range test).

Figure 6. Total thiol content in liver (A) and brain (B) mitochondria of rats
exposed to methylmercury (MeHg) and/ or diphenyl diselenide (DPDS). Data are
expressed as mean + S.E.M., n=4. Bars with different letters are significantly different
(P<0.05) from each other (one-way ANOVA followed by the Duncan multiple range test).

Figure 7. Nonprotein thiol content in liver (A) and brain (B) mitochondria of rats
exposed to methylmercury (MeHg) and/ or diphenyl diselenide (DPDS). Data are
expressed as mean + S.E.M., n=4. Bars with different letters are significantly different
(P<0.05) from each other (one-way ANOVA followed by the Duncan multiple range test).

Figure 8. Mitochondrial swelling in liver (A) and brain (B) of rats exposed to

methylmercury (MeHg) and/ or diphenyl diselenide (DPDS). Data are expressed as mean
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+ S.E.M., n=4. Bars with different letters are significantly different (P<0.05) from each other
(one-way ANOVA followed by the Duncan multiple range test).

Figure 9. ROS production (H,-DCFH oxidation) in liver (A) and brain (B)
mitochondria of rats exposed to methylmercury (MeHg) and/ or diphenyl diselenide
(DPDS). Insets represent statistical analysis of the 300 s timepoint. Data are expressed as
mean + S.E.M., n=4. Bars and lines with different letters are significantly different (P<0.05)
from each other (one-way ANOVA followed by the Duncan multiple range test).

Figure 10. Mitochondrial depolarization in liver (A) and brain (B) of rats exposed
to methylmercury (MeHg) and/ or diphenyl diselenide (DPDS). Data are expressed as
mean + S.E.M., n=4. (*) represents p<0.05 as compared to control by Duncan’s multiple
range test.

Figure 11. Hg content in liver (A), brain (B), and muscle (C) of rats exposed to
methylmercury (MeHg) and/ or diphenyl diselenide (DPDS). Data are expressed as mean
+ S.E.M., n=4. Bars with different letters are significantly different (P<0.05) from each other
(one-way ANOVA followed by the Duncan multiple range test).
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Figure 6.
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Figure 7.
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Figure 9.
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Figure 11.
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3. DISCUSSAO

Os compostos organicos de selénio tém sido propostos como potenciais agentes
terapéuticos contra a formacdo e acbes deletérias de EROs secundarias a uma variedade de
patologias. Em particular o disseleneto de difenila e o ebselen, os quais que tém sido
demonstrados como potentes agentes antioxidantes em uma variedade de modelos
experimentais (Nogueira e Rocha, 2010; 2011). A excitotoxicidade glutamatérgica
caracteriza-se pela superestimulacdo dos receptores glutamatérgicos o que por sua vez
desencadeia uma sequéncia de eventos celulares que incluem o estresse oxidativo (Trotti e
cols., 1998). Além disso, diversos estudos tém mostrado uma relacdo direta entre a producéo
de EROs, deficiéncias na captacdo de glutamato e doencas neurodegenerativas agudas e
crbnicas (Margaill e cols., 2005; Halliwell, 2006). Dessa forma, os antioxidantes sdo uma
classe terapéutica promissora para o tratamento de doencas neurodegenerativas. No artigo 1
apresentado nesta tese avaliamos os efeitos do ebselen e do disseleneto de difenila, bem
como, a associacdo destes compostos com um modulador do sistema glutamatérgico, a
guanosina, na protecdo do estresse oxidativo induzido por glutamato em fatias de cortex,
estriado e hipocampo de rato. De fato, foi observado neste trabalho que o glutamato aumentou
a producdo de EROs bem como diminuiu a captacdo de [*H]-glutamato em fatias estriatais,
corticais e hipocampais de ratos. Frente a isso, observamos que tanto o ebselen quanto o
disseleneto de difenila foram capazes de reduzir a producdo de EROs induzida por glutamato
em fatias de cortex, estriado e hipocampo de ratos. Estes resultados demonstram o potencial
farmacoldgico de ambos os compostos em prevenir 0s primeiros sinais da neurotoxicidade
glutamatérgica, tal como o estresse oxidativo.

Da mesma forma, a guanosina foi capaz de prevenir o aumento na geracdo de EROs
induzida por glutamato em fatias estriatais, corticais e hipocampais. Estes resultados
demonstram novamente a relacdo entre o aumento do glutamato extracelular e o aumento da
producdo de EROs, considerando que a guanosina também protegeu contra a inibicdo da
captacdo de glutamato em todas as regides do cérebro testadas. Estes resultados estdo de
acordo com outros estudos que vém demonstrando que os efeitos neuroprotetores da
guanosina poderiam estar relacionados com a sua habilidade de reduzir o glutamato
extracelular pela ativacdo da captagdo de glutamato pelos astrdcitos (Frizzo e cols., 2002;
Soares e cols., 2004), com a subsequente prevencdo da producdo de EROs (Rathbone e cols.,
1999; Ciccarelli e cols., 2001; Frizzo e cols., 2001; Frizzo e cols., 2002; Frizzo e cols., 2003;
Schmidt e cols., 2005).
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Tambeém foi observado no artigo 1 que a combinacdo de guanosina com ebselen ou
disseleneto de difenila foi mais efetiva em prevenir a producdo de EROs induzida por
glutamato em fatias estriatais, corticais e hipocampais do que o uso de cada composto
separadamente. Isto provavelmente se deve ao fato de que esta combinacao pode proporcionar
protecdo através de diferentes mecanismos: a guanosina atuaria aumentando a captagao
astrocitaria de glutamato enquanto que os antioxidantes, ebeselen e disseleneto de difenila,
por sua vez agiriam neutralizando as EROs geradas ou impediriam as reacfes de propagacao
dos radicais formados. Além disso, a combinacdo permite o uso de concentracfes mais baixas
de cada composto e, portanto, menos tdxicas. Sendo assim, os resultados do artigo 1 mostram
que 0s compostos organicos de selénio em combinacdo com a guanosina sdo terapias
promissoras contra o dano oxidativo induzido por glutamato em doencas do SNC.

Um dos mecanismos propostos para explicar a toxicidade do MeHg é o estresse
oxidativo o qual poderia estar relacionado com alteracbes nas fungGes mitocondriais. Os
resultados do manuscrito 1 mostraram que o MeHg causou disfuncdo mitocondrial em fatias
de figado de rato, a qual foi observada por uma diminuicdo na atividade de enzimas
desidrogenases, um aumento na producdo de EROs, uma diminuigdo no consumo de oxigénio
e o colapso do AYm mitocondrial. Estas descobertas estio de acordo com outros estudos
corroborando a disfuncdo mitocondrial ap6s a exposicdo ao MeHg tanto in vivo quanto in
vitro (Mori e cols., 2007; Cambier e cols., 2009; Glaser e cols., 2010b; Wagner e cols., 2010b;
Roos e cols., 2011; Yin e cols., 2011). Neste estudo também foi possivel observar que o Ca*
aumentou a producdo de EROS induzida pelo MeHg. O MeHg é conhecido por alterar a
homeostase do Ca®* podendo causar a disfuncdo mitocondrial e levar ao aumento da producéo
de EROs (Aschner e cols., 2007). Baseado nestas observacdes, os resultados apresentados
aqui sdo consistentes com uma diminui¢do no A¥m mitocondrial secundaria a entrada de Ca®*
induzida por MeHg durante a pré-incubacdo da fatia e com a subsequente superproducéo de
ERO:s.

Neste estudo o disseleneto de difenila foi capaz de prevenir a toxicidade mitocondrial
induzida por MeHg em fatias de figado a qual pode estar associada com a sua habilidade de
restaurar a atividade de enzimas desidrogenases mitocondriais possivelmente por formar um
complexo com MeHg assim reduzindo a carga total de MeHg na célula. Os resultados
apresentados qui sdo consistentes com trabalhos prévios in vivo nos quais a exposicdo ao
MeHg diminui a atividade de enzimas desidrogenases (Yoshino e cols., 1966; Glaser e cols.,
2010b; Mori e cols., 2011). O consumo de oxigénio mitocondrial também foi diminuido apés

a exposicao de fatias de figado ao MeHg estando de acordo com a inibicdo de desidrogenases
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pelo MeHg. O disseleneto de difenila preveniu parcialmente (nas concentragdes de 1 e 5 uM)
ou completamente (na concentracdo de 0.5 pM) a inibicio do consumo de oxigénio
mitocondrial induzida por MeHg, o que poderia estar associado com a modulacdo das
desidrogenases da cadeia respiratoria mitocondrial. O disseleneto de difenila também
preveniu a perda do A¥Ym mitocondrial induzida por MeHg nas concentragdes mais baixas,
enquanto na sua concentragdo mais alta ele protegeu apenas parcialmente da despolarizacdo
mitocondrial induzida por MeHg. De fato, 5 uM de disseleneto de difenila causou a
despolarizacdo mitocondrial, o que provavelmente esta relacionado a oxidacdo excessiva de
grupos tidis criticos em proteinas mitocondriais (Puntel e cols., 2010). Da mesma forma, o
disseleneto de difenila preveniu completamente a producdo de EROSs apenas na concentracdo
mais baixa, causando um aumento na oxidacdo da DCFH em concentra¢cdes mais altas do que
1 pM indicando que estas poderiam oxidar grupos tidis importantes em proteinas
mitocondriais e romper a integridade mitocondrial. Dessa forma, o DPDS pode diminuir a
toxicidade do MeHg na mitocondria através da sua reducdo a selenol/selenolato
(PhSeH/PhSe—), o qual poderia bloquear diretamente os efeitos pro-oxidativos do MeHg
devido a sua atividade tiol-peroxidase ou poderia ainda formar um complexo estavel e inerte
com o MeHg. No entanto, em altas concentrac@es os efeitos toxicos do disseleneto de difenila
deveriam ser considerados, uma vez que podem causar a oxidacao de grupos —SH levando a
inativagdo de proteinas tidlicas importantes.

Tendo em vista a protecdo desempenhada pelo disseleneto de difenilla frente a
disfuncdo mitocondrial induzida por MeHg (manuscrito 1), no manuscrito 2 investigou-se um
possivel efeito protetor do disseleneto de difenila sobre a toxicidade induzida por MeHg em
ratos. Os resultados apresentados aqui mostram que a exposicdo ao MeHg in vivo induziu a
disfuncdo mitocondrial a qual foi observada pelo aumento no inchago mitocondrial,
diminuicdo na atividade de desidrogenases mitocondriais no cérebro e, aumento no inchago
mitocondrial e producdo de EROs no figado. A afinidade do MeHg por grupos -SH ¢
considerada um importante mecanismo na mediacdo da toxicidade do MeHg. Como
comentado anteriormente, a ligacdo do MeHg aos grupos —SH pode inativar enzimas
incluindo complexos da cadeia respiratoria (Valko e cols., 2005; Glaser e cols., 2010a; Glaser
e cols., 2010b; Farina e cols., 2011a; Farina e cols., 2011c; Mori e cols., 2011;), o0 que ¢
consistente com a diminuicdo na atividade das desidrogenases mitocondriais de cérebro de
ratos expostos ao MeHg observado aqui. Da mesma forma, a inibicdo destes complexos pode
contribuir para o inchaco mitocondrial e para a producdo de EROs na exposicdo ao MeHg.

Por outro lado, o co-tratamento com disseleneto de difenila preveniu a deplecdo de grupos
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tiois induzida por MeHg em mitocondrias de cérebro e no figado de ratos. Portanto, a
prevencao da deplecdo de tiois pelo disseleneto de difenila parece novamente residir na sua
habilidade para formar um complexo com o MeHg assim, efetivamente reduzindo a ligacao
de MeHg com proteinas e tiois livres. No entanto, ao contrario do estudo in vitro (manuscrito
1) o co-tratamento com disseleneto de difenila ndo protegeu da difuncdo mitocondrial
induzida por MeHg em cérebro e figado de ratos, sugerindo que outros mecanismos, além da
interacdo com tidis, estdo envolvidos na disfuncdo mitocondrial induzida por MeHg
observada aqui.

O efeito do disseleneto de difenila frente a perda da coordenacdo motora em ratos
induzida por MeHg também foi investigado no manuscrito 2. Os déficits motores sdo
geralmente os efeitos neurologicos mais evidentes apos a exposi¢cdo ao MeHg (Kim e cols.,
2000; Goulet e cols., 2003; Dietrich e cols., 2005; Rice, 1996). No entanto, como observado
neste trabalho o co-tratamento com disseleneto de difenila aumentou a perda da coordenagao
motora (teste do rotarod) induzida por MeHg em ratos. Estes resultados indicam que o
disseleneto de difenila aumentou os efeitos neurotoxicos induzidos pelo MeHg em ratos.

Os resultados apresentados aqui também mostraram que o disseleneto de difenila
aumentou a deposicdo de Hg no cérebro e no figado de ratos expostos ao MeHg. Uma
possivel explicacdo para esse aumento poderia ser a conversaio de DPDS em é&cido
selenidrico, este composto de selénio pode se ligar ao MeHg para formar um complexo menos
solivel (Pinheiro et al., 2009). Dessa forma, o aumento na deposicdo de Hg hepatica e
cerebral pelo co-tratamento com disseleneto de difenila possivelmente envolve interacdes
Hg:Se com a formacdo de um composto menos excretdvel que pode acumular em 6rgédo
criticos (Pinheiro et al., 2009). Estes resultados estdo de acordo com outros estudos que
mostram uma deposicdo elevada de Hg em regides do cérebro apds a administracdo oral de
selénio (Prohaska e Ganther, 1977; Ganther, 1978; Moller-Madsen e Danscher, 1991;
Schionning e cols., 1997; Schionning, 2000; Newland e cols., 2006).

Por fim, foi observado neste estudo que o tratamento com MeHg inibiu a atividade da
TrxR de cérebro, figado e rins de ratos o que esta de acordo com outros estudos (Wagner e
cols., 2010a; Branco e cols., 2011; Carvalho e cols., 2011). Uma vez que a TrxR é critica para
as defesas antioxidants celulares a inibicao desta enzima poderia ter um papel central na
toxicidade do MeHg. Recentemente, o disseleneto de difenila foi demonstrado ser substrato
para a TrxR cerebral e hepatica, o que poderia explicar pelo menos em parte as propriedades
antioxidantes do disseleneto de difenila (de Freitas e cols., 2010; de Freitas e Rocha, 2011).

Neste estudo, os ratos tratados apenas com disseleneto de difenila mostraram uma maior
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atividade da TrxR renal e hepatica. A formacdo de acido selenidrico a partir do DPDS
também poderia explicar o aumento da atividade da TrxR, uma vez que esta forma inorgéanica
de selénio pode ser convertida em selenocisteina e incorporada em selenoenzimas tais como a
TrxR (Pinheiro et al., 2009). O co-tratamento com disseleneto de difenila e MeHg ndo foi
capaz de proteger ou recuperar a atividade da TrxR inibida por MeHg em cérebro, figado e
rins de rato. De forma semelhante, estudos in vitro e in vivo mostraram que o selenito foi
capaz de recuperar a atividade da TrxR quando inibida por HgCl, mas ndo por MeHg (Branco
e cols., 2011; Carvalho e cols., 2011).

Em conjunto, os resultados apresentados aqui reforcam o papel central da disfuncao
mitocondrial na toxicidade induzida pelo MeHg tanto in vitro quanto in vivo e o papel da
TrxR como um alvo molecular para o MeHg em ratos. Alem disso, os resultados indicam que
0s compostos organicos de selénio, como o ebselen e o disseleneto de difenila, sdo agentes
promissores contra 0 dano oxidativo induzido tanto por glutamato quanto por MeHg in vitro,
no entanto deve-se ter muita cautela ao extrapolar estes resultados para situagdes in vivo, uma
vez que 0 co-tratamento com disseleneto de difenila aumentou a neurotoxicidade do MeHg

em ratos.
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4, CONCLUSOES

Artigo 1

1. Os compostos antioxidantes ebselen e disseleneto de difenila preveniram a producéo
de EROs induzida por glutamato em fatias de cortex, estriado e hipocampo de rato.

2. O modulador do sistema glutamatérgico guanosina, preveniu a geracdo de EROs
induzida por glutamato em fatias de cortex, estriado e hipocampo de rato.

3. A guanosina protegeu frente a inibicdo da captacdo de [°H]-glutamato em fatias de
cortex, estriado e hipocampo de rato.

4. A combinacdo de um modulador do sistema glutamatérgico, a guanosina, e de
antioxidantes (ebselen e disseleneto de difenila) foi mais efetiva em prevenir os efeitos pré-

oxidantes do glutamato do que os compostos isolados.

Manuscrito 1

1. O disseleneto de difenila, em baixas concentracBes, preveniu o aumento da
producdo de EROs induzidas por MeHg em mitocondrias isoladas de fatias de figado de rato.

2. O disseleneto de difenila preveniu a inibicdo da atividade de enzimas
desidrogenases mitocondriais (redu¢do do MTT) induzida por MeHg em fatias de figado de
rato.

3. O disseleneto de difenila, em baixas concentragdes, protegeu frente a perda do Aym
induzida por MeHg em mitoc6ndrias isoladas de fatias de figado de rato.

4. O disseleneto de difenila, na concentracdo mais baixa, preveniu a reducdo do
consumo de oxigénio induzido por MeHg em mitocéndrias isoladas de fatias de figado de

rato.

Manuscrito 2

1. O tratamento com disseleneto de difenila aumentou o déficit motor induzido por
MeHg em ratos.

2. O disseleneto de difenila preveniu a deplecdo de tidis mitocondriais, mas ndo a
disfuncao mitocondrial induzida por MeHg em cérebro e figado de rato ex vivo.

3. A exposicdo ao MeHg inibiu a atividade da TrxR em cérebro, figado e rins de rato
ex vivo. O tratamento com disseleneto de difenila aumentou a atividade da TrxR em figado e
rins, no entanto, o co-tratamento com disseleneto de difenila ndo preveniu a inibicdo da

atividade da TrxR por MeHg em cérebro, figado e rins de rato ex vivo.
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4. O tratamento com disseleneto de difenila aumentou a deposi¢do de Hg em cérebro e

figado de rato ex vivo.
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5. PERSPECTIVAS

Com base nos resultados obtidos no presente trabalho, faz-se necessario:

- Investigar a combinacgéo de ebselen ou disseleneto de difenila com a guanosina em

reduzir os efeitos excitotoxicos do glutamato em modelos in vivo.

- Investigar os mecanismos envolvidos na protecdo do disseleneto de difenila frente a

disfuncdo mitocondrial induzida por MeHg.

- Estudar a interacdo entre MeHg e disseleneto de difenila para melhor entender os

efeitos deste complexo em sistemas bioldgicos.

- Investigar se o disseleneto de difenila pode exercer efeitos protetores frente a

disfuncdo mitocondrial em outros modelos animais.
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