UNIVERSIDADE FEDERAL DE SANTA MARIA
CENTRO DE CIENCIAS NATURAIS E EXATAS
PROGRAMA DE POS-GRADUACAO EM BIOQUIMICA
TOXICOLOGICA

AVALIACAO DO DISSELENETO DE DIFENILA E
ANALOGOS COMO SUBSTRATOS DA TIOREDOXINA
REDUTASE

Tese de Doutorado

Andressa Sausen de Freitas

Santa Maria, RS, Brasil

2011




AVALIACAO DO DISSELENETO DE DIFENILA E
ANALOGOS COMO SUBSTRATOS DA TIOREDOXINA
REDUTASE

por

Andressa Sausen de Freitas

Tese apresentada ao Programa de Pos-Graduacéo em
Bioquimica Toxicoldgica, Area de Concentracdo em
Bioquimica Toxicoldgica, da Universidade Federal de Santa
Maria (UFSM, RS), como requisito parcial para obtencao do
grau de
Doutora em Bioquimica Toxicologica.

Santa Maria, RS, Brasil

2011




Universidade Federal de Santa Maria
Centro de Ciéncias Naturais e Exatas
Programa de P6s-Graduacédo em Bioquimica Toxicoldgica

A Comissédo Examinadora, abaixo assinada, aprova a Tese de
Doutorado

AVALIACAO DO DISSELENETO DE DIFENILA E
ANALOGOS COMO SUBSTRATOS DA TIOREDOXINA
REDUTASE

Elaborada por
Andressa Sausen de Freitas

como requisito parcial para a obtencao de grau de
Doutora em Bioquimica Toxicoldgica

COMISSAO ORGANIZADORA

Jodo Batista Teixeira da Rocha
(Presidente/ Orientador)
(UFSM)

Jeferson Luis Franco
(UNIPAMPA)

Daiana Silva de Avila
(UNIPAMPA)

Margareth Linde Athayde
(UFSM)

Ricardo Brandao
(UFSM)

Santa Maria, 15 de julho de 2011




“DA FELICIDADE

Quantas vezes a gente, em busca da ventura,
Procede tal e qual o avozinho infeliz:

Em vao, por toda parte, os 6culos procura
Tendo-os na ponta do nariz!”

Mario Quintana



AGRADECIMENTOS

Em primeiro lugar a Deus, pela vida, pela saude, pela familia, pelo amor

e por iluminar os caminhos que escolho para seguir;

Aos meus pais, Carlos e lara pelos valores, ensinamentos, apoio
incondicional e por acreditarem que sou capaz, mesmo quando nem eu
acredito. Enfim, por sempre me incentivarem a estudar e estar em busca de

novos conhecimentos. Este momento é para voces;

Aos meus avos, Delfino e Geracilda, Lourengo e Altanira, pelo carinho,

pela torcida, pelas velas acesas. Obrigada!

Ao meu irmdo Luiz Felipe, pela amizade, pelos momentos de

descontracdo....Saudade de passarmos mais momentos juntos.

Ao Guilherme, por tudo: amar, apoiar, compreender e tornar tudo mais
facil. Obrigada, por ser o melhor companheiro que poderia ter, estando do meu

lado de forma incondicional e assim me fazendo mais feliz. Amo-te;

Ao meu orientador Jodo Batista, meus agradecimentos pela
oportunidade, pelos ensinamentos, pela dedicacdo e pela paciéncia comigo.

Minha sincera admiragao!

Ao pessoal do laboratério, em especial, a Carol, Jéssie e Cris, pelos
ensinamentos, empréstimos de materiais, pela amizade. Ao Alessandro e a
Emily pelo apoio durante os experimentos. Agradeco a todos pelo convivio e

conhecimentos compatrtilhados;

Aos demais professores do Programa de Pds-graduacdo em Bioquimica

Toxicoldgica que contribuiram de alguma forma para minha formacao;



As funcionérias, Angélica e Marcia pelo atendimento e auxilio sempre

prestados com boa vontade e simpatia;

Enfim, a todos aqueles, que com seus conhecimentos, comentarios,

sugestdes e apoio tornaram possivel a realizacdo deste trabalho.



RESUMO

Tese de Doutorado
Programa de P6s-Graduacao em Bioquimica Toxicoldgica
Universidade Federal de Santa Maria, RS, Brasil.
Avaliacdo do Disseleneto de Difenila e analogos como substratos da
tioredoxina redutase
AUTOR: Andressa Sausen de Freitas
ORIENTADOR: Joao Batista Teixeira da Rocha
DATA E LOCAL DA DEFESA: Santa Maria, Julho de 2011

Desde que o ebselen, um composto organico de selénio, foi utilizado com
relativo sucesso no tratamento de condigdes neuropatolégicas associadas ao
estresse oxidativo, hd um empenho para o entendimento preciso de seu
mecanismo de acdo e de outros compostos organicos de selénio. Embora o
mecanismo de acao destes compostos tenha sido relacionado com suas
capacidades de mimetizar a enzima glutationa peroxidase (GPx), estudos tém
demonstrado que o ebselen serve como substrato para a tioredoxina redutase
(TrxR) de mamiferos, o que pode ser outro componente de sua acao
farmacoldgica, uma vez que o sistema da TrxR tem um importante papel na
defesa celular protegendo as células de processos oxidativos, por meio da
reducdo de hidroperéxidos. Contudo, ha uma escassez de informagdes sobre a
capacidade de outros compostos organicos de selénio atuarem como substrato
para a TrxR de mamiferos. Assim, no presente estudo testamos a hipétese de
que o ebselen, o disseleneto de difenila e seus analogos (disseleneto de 4,4-
bistrifluormetildifenila, disseleneto de 4,4-bismetoxidifenila, disseleneto de 4,4-
biscarboxidifenila, disseleneto de 4,4-bisclorodifenila e disseleneto de 2,4,6-
hexametildifenila) também poderiam servir como substratos para a TrxR
hepatica e cerebral de ratos. O disseleneto de difenila, disseleneto de
bismetoxidifenila e disseleneto de bisclorodifenila (em concentra¢cdes de 10, 15
e 20uM) estimularam a oxidagdo do NADPH na presenga de TrxR hepatica e
cerebral. No entanto, ebselen e disseleneto de bistrifluormetildifenila que
demonstraram ser substrato para a TrxR hepatica, ndo serviram como substrato
para a TrxR cerebral, o que pode ser explicado pelas diferencas de expressao
das isoformas de TrxR, bem como pela existéncia de variantes de splices
alternativos em diferentes tecidos e células. Os resultados aqui apresentados

também sugerem que o disseleneto de difenila apresenta propriedades hepato e



neuroprotetoras por fazer uso das duas vias, aqui estudadas, para degradacao
de peréxidos, ou seja, por servir como substrato para a TrxR e por atuar como
mimético da glutationa peroxidase. No entanto, as propriedades neuroprotetoras
do ebselen podem ser devido a atividade mimética a glutationa peroxidase, uma
vez que este composto ndo provou ser um bom substrato para a TrxR cerebral.
Também o disseleneto de bismetoxidifenila ndo demonstrou atividade mimética
a GPx, porém foi um bom substrato para a TrxR, logo nossos estudos indicam
uma dissociacdo entre as duas vias para degradacdo de perédxido de
hidrogénio, ou seja, disselenetos que sdo bons substratos para a TrxR ndo sao

necessariamente miméticos a GPx e vice-versa.

Palavras-chaves: Glutationa Peroxidase, Tioredoxina redutase, Compostos

organicos de selénio
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Since the successful use of the organoselenium compound ebselen in
clinical trials for the treatment of neuropathological conditions associated with
oxidative stress, there have been concerted efforts geared towards
understanding the precise mechanism of action of ebselen and other
organoselenium compounds, especially the diorganyl diselenides such as
diphenyl diselenide, and its analogs. Although the action mechanism of ebselen
and other organoselenium compounds has been shown to be related to their
ability to generally mimic native glutathione peroxidase (GPx), ebselen has also
been shown to serve as a substrate for the mammalian thioredoxin reductase
(TrxR), demonstrating another component of its pharmacological mechanisms,
since thioredoxin reductase (TrxR) system plays important roles in cellular
defense protecting against oxidative processes, possibly by the detoxification of
hydroperoxides. In fact, there is a dearth of information on the ability of other
organoselenium compounds, especially diphenyl diselenide and its analogs, to
serve as substrates for the mammalian enzyme thioredoxin reductase.
Therefore, in the present study, we tested the hypothesis that ebselen, diphenyl
diselenide and some of its analogs (4,4’-bistrifluoromethyldiphenyl diselenide, 4,4'-
bismethoxy-diphenyl diselenide, 4.4’-biscarboxydiphenyl diselenide, 4,4’-
bischlorodiphenyl diselenide, 2,4,6,2’,4’,6’-hexamethyldiphenyl diselenide) could
also be substrates for rat hepatic and cerebral TrxR. Then, Diphenyl diselenide,
bismethoxydiphenyl diselenide and bischlorodiphenyl diselenide (at
concentrations of 10, 15 and 20 uM) stimulated NADPH oxidation in the
presence of partially purified brain and liver rat TrxR. However, Ebselen and
bistrifluoromethyl-diphenyl diselenide that demonstrated to act as a substrate for

liver TrxR did not serve as a substrate for cerebral TrxR. This fact can be



explained by the differential expression of TrxR isoforms and the existence of
alternative splice variants of TrxR in different mammalian tissues or cells. The
results presented here, also, suggest that diphenyl diselenide displays
neuroprotective properties by mimicking the activity of glutathione peroxidase
and also act as a substrate for the enzyme thioredoxin reductase. However,
Ebselen has not proven to be a good substrate for the brain TrxR, indicating that
the neuroprotective property of this compound is due to its thiol peroxidase- like
activity. Therefore, we show for the first time that diselenides are good
substrates for mammalian TrxR, but not necessarily good mimetics of GPx, and
vice versa. For instance, bis-methoxydiphenyl diselenide had no GPx activity,
whereas it was a good substrate for reduction by TrxR. Our experimental
observations indicate a possible dissociation between the two pathways for

peroxide degradation (either via substrate for TrxR or as a mimic of GPXx).

Keywords: Glutathione peroxidase; Thioredoxin reductase; Organoselenium

compounds
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APRESENTACAO

Os resultados que fazem parte desta tese estdo apresentados sob a
forma de artigo e manuscrito, os quais se encontram no item ARTIGOS
CIENTIFICOS. As secdes Materiais e Métodos, Resultados, Discussdo dos
Resultados e Referéncias Bibliograficas, encontram-se nos artigos e
representam a integra deste estudo.

Os itens DISCUSSAO E CONCLUSOES, encontrados no final desta
tese, apresentam interpretagcdes e comentarios gerais sobre o0s artigos
cientificos contidos neste trabalho.

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



1. INTRODUCAO

A oxidagdo € parte fundamental da vida aerObica e do nosso
metabolismo e, assim, o0s radicais livres, substancias cujo elétron
desemparelhado encontra-se centrado, principalmente, nos atomos de oxigénio
ou nitogénio, sdo produzidos naturalmente ou por alguma disfuncao bioldgica.
No entanto, o excesso dessas espécies reativas de oxigénio (EROs) ou de
nitrogénio (ERNs) apresenta efeitos prejudiciais, tais como a peroxidagdo dos
lipidios de membrana e agressdo a proteinas, carboidratos e DNA, podendo
conduzir a vérias patologias, tais como Alzheimer, Parkinson, aterosclerose,
diabetes, cancer, entre outras (Halliwell, 1992). O excesso de radicais livres é
combatido por antioxidantes que sdo produzidos pelo organismo ou que provém
da dieta, entre as substancias antioxidantes, esta o selénio, por isso, atualmente
existe um grande interesse no estudo dessa substéancia.

O selénio foi descoberto pelo quimico suico Jons Jacob Berzelius em
1817 e tem sido reconhecido como um microelemento essencial para muitas
formas de vida, incluindo o homem, uma vez que faz parte de enzimas com
atividade antioxidante. Nas ultimas trés décadas, o conceito de que 0 selénio
pode ser melhor nucledfilo que outros antioxidantes tém levado a sintese de
compostos organicos de selénio (Arteel & Sies, 2001).

O Ebselen (2-fenil-1,2-benzisoselenazol-3(2H)-ona), um
organocalcogénio, tém demonstrado éxito em experimentos clinicos,
especialmente em patologias associadas com estresse oxidativo (Yamaguchi et
al,. 1998; Saito et al., 1998; Ogawa et al., 1999). Esses resultados promissores
tém estimulado o interesse na area dos compostos organicos de selénio, com
énfase em suas propriedades biolégicas (Engman et al., 1997; Mugesh et al.,
2001; Nogueira et al., 2004; Avila et al., 2008). De modo geral, estas
propriedades tém sido atribuidas, principalmente, a suas atividades tipo tiol
peroxidase ou glutationa peroxidase, ou seja, a capacidade de decompor
peroxidos utilizando para isso a glutationa reduzida ou outros tidis (Wilson et al.,
1989; Mugesh et al., 2001; Farina et al., 2003; Nogueira et al., 2004).

Além disso, alguns estudos tém demonstrado que o Ebselen é também

substrato para a tioredoxina redutase (TrxR) de mamiferos, ou seja, o Ebselen e
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seus disselenetos podem ser reduzidos em presenca de NADPH e TrxR a um
intermediario selenol/selenolato que decompde eficientemente o perdxido de
hidrogénio. Estes estudos consideram, ainda, que a decomposi¢éo de peréxidos
pelo Ebselen pode ser mais eficiente pela via da TrxR do que por sua atividade
tiol peroxidase (Zhao & Holmgren, 2002; Zhao et al., 2002).

O disseleneto de difenila (PhSe),;, outro organocalcogénio, tem
demonstrado propriedades antioxidantes e neuroprotetoras similares as do
Ebselen. Esse composto, assim como o Ebselen, reage eficientemente com
hidroperéxidos e peroxidos organicos através de reacdo similar a catalisada
pela glutationa peroxidase (GPx). Contudo, ha uma escassez de informac¢fes na
literatura indicando que compostos organicos de selénio, tais como o0
disseleneto de difenila e andlogos, possam ser substratos para TrxR.
Considerando que a TrxR pode ser a principal via para decomposicdo de
peroxidos utilizada pelo Ebselen e que diaril disselenetos tém demonstrado
atividades semelhantes as do Ebselen, testamos a hipétese de que estes

compostos também poderiam ser substratos para a TrxR.
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2. REVISAO BIBLIOGRAFICA

2.1. Estresse oxidativo

As células estdo continuamente produzindo radicais livres e espécies
reativas de oxigénio (EROs) e nitrogénio (ERNs) como parte do processo
metabdlico. As EROs incluem o peréxido de hidrogénio (H.O2), bem como
radicais livres tais como anion superoxido (O»e-), radical hidroxil (-OH) entre
outros. Dentre as ERNs incluem-se o oxido nitrico (NO¢), 6xido nitroso (N203),
acido nitroso (HNO,), nitritos (NO), nitratos (NOs~) e peroxinitrito (ONOO).
Essas espécies possuem grande reatividade e instabilidade e, por isso, podem
atacar componentes celulares provocando danos em lipidios, proteinas e no
DNA, o que desencadeia uma série de eventos envolvidos em diversas
doencas.

As espécies reativas sdo normalmente neutralizadas pelos sistemas
antioxidantes presentes no organismo. Os antioxidantes sdo substancias que
direta ou indiretamente protegem os sistemas celulares dos efeitos téxicos
produzidos por radicais oxidativos (Halliwell, 1995). As defesas antioxidantes
podem ser tanto enziméticas (catalase, superdxido dismutase, glutationa
peroxidase, tioredoxina redutase, entre outras) quanto nao-enzimaticas
(glutationa, tocoferéis, acido ascorbico). Assim, o estado de estresse oxidativo
pode resultar tanto de um aumento na producéo de espécies reativas quanto da
reducao da capacidade antioxidante celular total (Halliwel, 1992; Dawson &
Dawson, 1996).

O estresse oxidativo tem sido implicado em uma variedade de doencgas
degenerativas incluindo, os males de Alzheimer e Parkinson, doencas
inflamatorias, cancer, diabetes mellitus e aterosclerose, bem como na toxicidade
induzida por metal (Aschner et al., 2007). Desta forma, a utilizacdo de agentes
com atividade antioxidante na terapéutica desses disturbios pode ser eficaz. Por

iSsoO a busca por esses agentes tem se tornado cada vez maior.
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2.2. Selénio

O selénio € um calcogénio do grupo 16 da tabela periodica, podendo
apresentar-se sob quatro estados de oxidacdo: selenato (Se*®), selenito (Se*™),
selénio elementar (Se°) e seleneto (Se™).

Na primeira metade do século XX, foi considerado um elemento
indesejavel devido a sua toxicidade, contudo, na segunda metade do século XX
houve uma mudanca na importancia deste composto para a biologia e nutricdo
humana.. Uma nova perspectiva biol6gica do selénio foi demonstrada por um
trabalho pioneiro de Schwarz & Foltz (1957), o qual reportava que esse
elemento, em baixas concentra¢cdes, € um nutriente essencial.

O selénio pode ser encontrado nos seguintes alimentos: castanha-do-
par4, alho, cebola, brécolis, cogumelos, cereais, pescados, ovos e carnes
(Dumont et al., 2006). Nos ultimos anos, tem sido relatado que a sua deficiéncia
pode levar a predisposicdo para o desenvolvimento de algumas doencas, tais
como cancer, esclerose, doenca cardiovascular, cirrose e diabetes (Navarro-
Alarcon & Lopez-Martinez, 2000). Contudo, altas doses podem ser toxicas, uma
vez que esse elemento possui a habilidade de oxidar grupamentos tiolicos
(Barbosa et al., 1998; Nogueira et al., 2004).

O papel bioguimico do selénio ficou evidente quando foi demonstrado
que esse calcogénio é componente de muitas proteinas nomeadas,
selenoproteinas. Entre elas, as enzimas glutationa peroxidase (Flohe & Gunzler,
1973) e tioredoxina redutase (Engman et al., 1997). Estes sistemas enzimaticos
tém importantes papéis na defesa celular, protegendo contra processos
oxidativos, possivelmente pela detoxificacdo de hidroperoxidos e, ainda,
apresentam envolvimento especifico na defesa contra o peroxinitrito (Sies &
Arteel, 2000; Klotz & Sies, 2003).

2.3 Selenoproteinas
Selenoproteinas sdo proteinas que contém o selénio na forma de
seleniocisteina (Sec, U), agora reconhecida como o 21° aminoacido. Muitas

selenoproteinas tém sido identificadas, entre elas as enzimas antioxidantes

glutationa peroxidase e tioredoxina redutase (Holben et al., 1999).
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As selenoproteinas existem em bactérias e eucariotos, mas ndo em todas
as espécies desses reinos. Plantas superiores e leveduras, por exemplo, nao
possuem selenoproteinas e nem o sistema necessario para sua sintese (Lu &
Holmgren, 2009).

GSSG M GSH
tRNA|S S
x Berl{Sec) Se(-2) < Se(+4) < Se(+6)

Seryl tRNA[Ser](Sec) synthase ATP
.:'I S- 1
. er Selenophospha te
Synthase
+ SePOs AMP+Pi

Selenophosphate

Selenocysteine synthase

Sec Pi

Selenocysteyl tRNA

Selenoprotein
MRNA

Figura 1. Representacdo esquematica da incorporacdo de selenocisteina a

selenoproteinas (Nogueira & Rocha, 2011).

A incorporagdo de selénio como Sec em uma selenoproteina
exige um mecanismo especifico para decodificar o c6don UGA no
RNA mensageiro (RNAmM), que normalmente opera na terminagcdo da traducgéo.
Selenito e selenato provenientes dos alimentos séo utilizados por células de
mamiferos como fonte de selénio. O selenito é reduzido a seleneto pela
glutationa e sistema tioredoxina. Selenetos também podem ser gerados a partir
de selenometionina e Sec da dieta, e ser utilizado como fonte de selénio para
biossintese de Sec.

A selenofosfato sintase 2, converte o seleneto a selenofosfato, que € o

doador de selénio para um selenocisteinil no RNA transportador (RNAt). Fatores
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de insercdo de elemento de sequéncia (SECIS) e proteinas (um fator de
alongamento EFSec e a proteina de ligacdo SECIS 2) trabalham em conjunto
para incorporar a Sec em um polipeptideo nascente no local codificado pelo
cédon UGA em células de mamiferos (Lu & Holmgren, 2009; Nogueira &Rocha,
2011) (Figura 1).

As selenoproteinas de mamiferos podem ser classificadas em dois
grupos de acordo com a localizacdo do residuo de selenocisteina. Um grupo de
selenoproteinas possui Sec em um sitio muito perto do C-terminal da proteina,
como a Tioredoxina redutase. E o outro grupo, que inclui a glutationa
peroxidase, tem o residuo de Sec na parte N-terminal (Figura 2) (Lu &
Holmgren, 2009).
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TrxR1, TrxR2 TRNER | ‘ LcooH
FAD NADPH Intertace
CPHS (\N V_(j( G_CI (l
TGR H,NT) i Lcoon
Grx FAD NADPH Interface
U

GPxs ™ B oot

Trx fold Pap afo Trx fold ppa

Figura 2: Representacdo esquematica das isoformas de TrxR e GPx. (Lu &
Holmgren, 2009)

As pesquisas recentes tém procurado estabelecer a funcdo e a biologia
molecular destas selenoproteinas, uma vez que o selénio esta presente como
residuo de selenocisteina no sitio ativo das enzimas como a glutationa
peroxidase (Wingler & Brigelius-Flohé, 1999) e tioredoxina redutase (Holmgren,
1985). A partir dessas evidéncias muitas pesquisas tém proposto que
compostos organicos de selénio possam mimetizar a agado da enzima glutationa

peroxidase (Mugesh et. al, 2001; Nogueira et. al, 2004).
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2.3.1 Glutationa peroxidase

A glutationa peroxidase (GPx) € uma selenoenzima com atividade
antioxidante que protege varios organismos vivos do estresse oxidativo. Ela
catalisa a reducdo de metabdlitos do anion superoxido, tais como peroxido de
hidrogénio ou hidroperoxidos lipidicos na presenca de glutationa (GSH),
formando, como produtos, agua e glutationa oxidada (GSSG) (lwaoka &
Tomoda, 1993).

Nos anos 70 ficou demonstrado que a GPx é uma enzima selénio (Se)-
dependente com estrutura tetramérica (Flohé et al., 1973), ou seja, possui
qguatro subunidades idénticas contendo, em cada uma, um sitio catalitico
composto pelo residuo de selenocisteina (Sec) como subunidade que participa
do processo catalitico (Chambers et al., 1986).

O selénio (Se) do sitio catalitico estd envolvido na formagdo do
intermediario selenol (Enz-SeH), que reage com o peroxido reduzindo-o a agua
ou alcool formando o acido selenénico (Enz-SeOH). Este reage com a
glutationa reduzida (GSH) formando o selenosulfeto (Enz-SeSG). Finalmente,
este € atacado por um segundo equivalente de GSH regenerando a forma ativa
da enzima e produzindo simultaneamente a glutationa oxidada (GSSG) (Figura
3) (Wendel et al., 1984; Ursini et al., 1995).

OS50 ROOH
Enz-3eH

asH ROH

Enz-5e50 Ene-S0H

H,0 GSH
Figura 3: Ciclo catalitico da enzima GPx
Exitem seis tipos de enzimas GPx, as quais sdo divididas de acordo com
a sequéncia de aminoacidos, especificidade por substrato e localizacdo

subcelular. A GPx, também chamada de GPx classica, citosoélica ou celular

(GPx1) é a mais abundante selenoenzima, pois é encontrada em quase todos
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os tecidos (Chu et al., 1993). A GPx2 ocorre no citosol principalmente do trato
gastrintestinal (Cheng et al., 1997). A GPx3 foi primeiramente identificada no
plasma humano e é uma glicoproteina compativel com sua funcao extracelular
(Takahashi et al., 1987). A GPx4, também chamada de fosfolipideo
hidroperoxido, esta associada a membrana celular e é descrita como uma
proteina inibidora de peroxidacdo. Em contraste com as outras GPx, as quais
possuem estrutura tetramérica, a GPx4 é um monbmero e encontra-se
principalmente no cérebro e coragdo de mamiferos (Duan et al., 1988; Ursini et
al., 1995). As GPx5 e GPx6, diferem das demais por ndo serem selénio-
dependentes, ou seja, apresentam cisteina no sitio catalitico (Kryukov et al.,
2003) e suas fung¢des bioldgicas ainda ndo estdo bem estabelecidas. Embora a
GPx possa agir em uma ampla gama de substratos, dados experimentais in
vitro sugerem que todos os tipos de GPx sdo especificos para a GSH como

agente redutor.

2.3.2. Tioredoxina redutase (TrxR)

Juntamente com o sistema da glutationa peroxidase, o sistema da
tioredoxina redutase é reconhecido como o principal regulador do ambiente
redox intracelular. O sistema tioredoxina é formado pela enzima tioredoxina
redutase, pela proteina tioredoxina (principal substrato para a TrxR) e NADPH.
Nesse sistema, a TrxR reduz o dissulfeto do sitio ativo da tioredoxina a ditiol,
usando o NADPH como doador de elétrons (Figura 4) (Arnér & Holmgren, 2000;
Arnér, 2009).

As isoenzimas de TrxR sdo oxirredutases homodiméricas dependentes
de NADPH e contém um FAD por subunidade (Lu & Holmgren, 2009). Trés
isoformas de TrxR ja foram identificadas em mamiferos: TrxR citosdlica (TrxR1
ou TrxR), a mitocondrial (TrxR2) e tioredoxina glutationa redutase (TrxR3 ou
TGR), isolada de testiculos de ratos (Figura 1) (Nordberg & Arnér, 2001; Arnér,
2009; Lu & Holmgren, 2009).

As trés isoformas de TrxR sdo selenoproteinas que contém um residuo
selenocisteina (Sec) préximo a porgcao carboxi-terminal, o qual é essencial para
sua atividade (Lu & Holmgren, 2009) (Figura 1). Além disso, a acessibilidade e

alta reatividade do selenolato na porcdo C-terminal do sitio ativo confere a TrxR
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de mamiferos uma ampla gama de substratos, desde moléculas pequenas
como selenito e hidroperoéxidos lipidicos a proteinas como a tioredoxina (Trx ).
Muitos estudos demonstram que a atividade antioxidante da TrxR de
mamiferos pode estar relacionada também a regeneracao direta de compostos
antioxidantes pela enzima. A reducado do acido ascorbico e do radical ascorbil
livre, do &cido lipdico e da ubiquinona podem ser eficientemente realizadas pela
TrxR. Da mesma maneira, a reducao de compostos de selénio para a sintese
da propria TrxR e de outras selenoproteinas torna a TrxR uma enzima chave no

metabolismo do selénio no organismo (Nordberg & Arnér, 2001).

substrate,, product,,,

A

NADPH + H" = TmxR —= NADP*

N

Tﬁ-ﬁg Trx-{:SHJE

Protein-(SH), Protein-5,

Figura 4: Mecanismo catalitico da TrxR (Arnér & Holmgren,2000)

2.4. Compostos organicos de selénio

O interesse pelos organocalcogénios teve inicio a partir de 1930, apés a
descoberta de aplicacdes sintéticas e de propriedades bioldgicas importantes
desta classe de compostos (Petragnani et al., 1976; Parnham & Graf, 1991).
Consequentemente, a tentativa crescente de desenvolver substancias dessa
classe com aplicagdes farmacolégicas aumentou notavelmente nas Ultimas
décadas (Parnham & Graf, 1991). O fato de moléculas simples contendo selénio

atuarem como potentes agentes antioxidantes tem conduzido a sintese de
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compostos organicos que utilizam a atividade redox do selénio (Arteel & Sies,
2001; Commandeur et al., 2001; May et al., 2002).

2.4.1 Ebselen

O protétipo da classe de organicos de selénio é o ebselen (Figura 5), um
composto que tem sido extensivamente estudado nas Ultimas décadas.
Apresenta baixa toxicidade, sendo o primeiro a ser relatado como um mimético
da enzima GPx e usado com relativo sucesso no tratamento de isquemia

cerebral humana (Dawson et al., 1995).

-:'.:}
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Figura 5: Estrutura quimica do 2-fenil-1,2-benzilsoselenazol-3(2H)-ona ou

i
[a

ebselen.

Este composto reage com grupos tidis, como a glutationa (GSH) (Ullrich
et al., 1996), e apresenta uma série de propriedades farmacolégicas, tal como
inibicdo da peroxidagéo lipidica (Parnhan & Graf, 1987), inibicdo da atividade de
lipoxigenase (Parnhan & Graf, 1987), bloqueio da produc¢éo do anion superoxido
e protecdo contra o peroxinitrito (Masumoto & Sies, 1996). Além disso, possui
propriedades antioxidantes incluindo atividade antiinflamatéria, antinociceptiva e
neuroprotetora (Maiorino et al., 1992; Nogueira et al., 2004; Burger et al., 2005).
Isso se deve provavelmente a sua habilidade de reduzir peréxidos consumindo
GSH e outros ti6is, mimetizando a atividade catalitica da selenoenzima GPx.
Essa capacidade mimética do ebselen tem sido utilizada como padrdo para
comparar com outros compostos de Selénio.

Recentemente, Zhao & Holmgren (2002), demonstraram que o ebselen
também interage como substrato para a enzima TrxR podendo ser reduzido
pelos elétrons provenientes do NADPH e formando um intermediéario
selenol/selenolato. Este, por sua vez, pode eficientemente decompor peréxido

de hidrogénio (Figura 6). Essa pesquisa também considera que a decomposicao
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de peroxidos pelo ebselen via TrxR pode ser mais eficiente do que pela

atividade mimética a GPx.

Ebse-SeH,
Sec-SeH,
, HLO,
«*_3.“?; 2k
P l
l.'l H“—O
Ebse, = e Ebse-SeOH,
Sec-Sec 4 Sec-SeOH,
¥
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Figura 6: Reducado do ebselen (Ebse) e selenocistina (Sec-Sec) pelo sistema
tioredoxina redutase (Lu, Berndt & Holmgren, 2009)

2.4.2 Disseleneto de Difenila

Estudos tém reportado que diaril disselenetos sdo potentes antioxidantes
(Cotgreave et al, 1992). Entre esses compostos, o disseleneto de difenila (figura

7), um simples organocalcogénio, apresenta muitas atividades biolGgicas

comuns ao Ebselen (Meaotti et al., 2004, Nogueira et al., 2004).

O

Figura 7: Estrutura quimica do disseleneto de difenila (PhSe),).

O disseleneto de difenila é um composto organico de selénio que

apresenta efeitos anti-ulcerosos (Saveghago et al., 2005), antiinflamatérios,
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antinociceptivos (Nogueira et al, 2003b), hepatoprotetor (Borges et al., 2006) e
antioxidante em alguns modelos experimentais para a avaliagcdo de estresse
oxidativo (Nogueira et al., 2004; Santos et al., 2005a,b; Borges et al., 2006;
Luchese et al., 2007). Adicionalmente, este composto também apresenta
atividade quelante em animais expostos ao cadmio (Santos et al., 2005a), bem
como, capacidade de reduzir as concentrac6es de mercurio em cérebro, rim e
figado de camundongos (de Freitas et al., 2009).

Assim como o ebselen, o disseleneto de difenila reage eficientemente
com hidroperoxidos e peroxidos organicos atraves de reacdo similar a
catalisada pela glutationa peroxidase (GPx). Todavia, o disseleneto de difenila
demonstrou ser mais ativo como mimético da glutationa peroxidase (Wilson et
al., 1989) e menos téxico em roedores que o Ebselen (Nogueira et al., 2003a;
Meotti et al., 2003).

2.4.3 Analogos do disseleneto de difenila

Devido as numerosas atividades bioldgicas relatadas para o disseleneto
de difenila, tem sido investigado se a introducdo de grupamentos funcionais no
anel aromatico do disseleneto de difenila pode alterar seus efeitos. De fato,
segundo Nogueira et al., (2003a) o disseleneto de difenila provoca convulsdes
tonico-clonicas em camundongos, que s&o reduzidas ou suprimidas pela
introdugdo de grupamentos funcionais (cloro, trifluormetil e metoxi) no anel
aromatico deste composto.

Contudo, Wilhelm et al., (2009a) demonstrou que a introducdo do
grupamento trifluormetil na posicdo meta do anel aromatico do disseleneto de
difenila induz toxicidade e altera o efeito protetor deste composto contra o dano
induzido pelo 2-nitropropano em ratos. Em contrapartida, outros estudos
demonstram que este mesmo composto, o0 disseleneto de 3,3-
bistrifluormetildifenila (Figura 8) é um composto antioxidante e antimutagénico,
capaz de proteger bactérias, leveduras e culturas de células de mamiferos

contra mutagénese induzida por peréxido de hidrogénio (Machado et al., 2009).
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Figura 8: Estrutura quimica do disseleneto de 3,3-bistrifluormetildifenila
Machado et al., 2009).

Outro composto com substituicdo na posi¢ao para do anel aromatico do
disseleneto de difenila, o disseleneto de 4,4-bismetoxidifenila, (figura 9)
demonstrou compensar o défict nos sistemas antioxidantes hepaticos e
melhorar o dano induzido por lipopolissacarideo e D-galactosamina em
camundongos (Wilhelm et al., 2009b). Este composto também tem demonstrado
propriedades antinociceptivas (Jesse et al.,2009) e neuroprotetoras (Pinton et
al.,2010) que sdo mais relacionadas com sua capacidade de modular
receptores do que com sua atividade antioxidante. Contudo, ha uma escassez
de informagdes na literatura indicando que compostos organicos de selénio, tais

como o disseleneto de difenila e analogos possam ser substratos para TrxR.
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Figura 9: Estrutura quimica do disseleneto de 4,4 bismetoxidifenila (Wilhelm,

2009b).
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3. OBJETIVOS

3.1 OBJETIVO GERAL

Avaliar a capacidade de alguns compostos organicos de selénio como

substratos para a enzima tioredoxina redutase de cérebro e figado de rato.

3.2. OBJETIVOS ESPECIFICOS

Avaliar a reducdo do ebselen, disseleneto de difenila e analogos
(disseleneto de 4,4-bistrifluormetildifenila, disseleneto de 4,4-bismetoxidifenila,
disseleneto de 4,4-biscarboxidifenila, disseleneto de 4,4-bisclorodifenila e
disseleneto de 2,4,6-hexametildifenila) pela tioredoxina redutase de figado de

rato.

Avaliar a reducdo do ebselen, disseleneto de difenila e anélogos
(disseleneto de 4,4-bistrifluormetildifenila, disseleneto de 4,4-bismetoxidifenila,
disseleneto de 4,4-biscarboxidifenila, disseleneto de 4,4-bisclorodifenila e
disseleneto de 2,4,6-hexametildifenila) pela tioredoxina redutase de cérebro de

rato.

Testar a atividade tiol peroxidase do ebselen, disseleneto de difenila e
andlogos (disseleneto de 4,4-bistrifluormetildifenila, disseleneto de 4,4-
bismetoxidifenila, disseleneto de 4,4-biscarboxidifenila, disseleneto de 4,4-

bisclorodifenila e disseleneto de 2,4,6-hexametildifenila).

Testar a atividade tiol oxidase do ebselen, disseleneto de difenila e
analogos (disseleneto de 4,4-bistrifluormetildifenila, disseleneto de 4,4-
bismetoxidifenila, disseleneto de 4,4-biscarboxidifenila, disseleneto de 4,4-

bisclorodifenila e disseleneto de 2,4,6-hexametildifenila).

Correlacionar as atividades tiol peroxidase e tiol oxidase do ebselen,

disseleneto de difenila e analogos (disseleneto de 4,4-bistrifluormetildifenila,
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disseleneto de 4,4-bismetoxidifenila, disseleneto de 4,4-biscarboxidifenila,
disseleneto de 4,4-bisclorodifenila e disseleneto de 2,4,6-hexametildifenila) com
a capacidade desses compostos de ser substrato para a enzima tioredoxina

redutase hepatica.
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4. ARTIGO CIENTIFICO

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, Discussédo dos Resultados e Referéncias Bibliogréficas,
encontram-se nos proprios artigos. O artigo 1 esta na forma como foi publicado
na revista, enquanto o manuscrito 1 esta na forma como foi submetidos a

revista.

33



4.1 Artigo 1

Reducédo do disseleneto de difenila e analogos pela tioredoxina redutase
de mamiferos é independente da atividade mimética a glutationa
peroxidase: Uma nova via possivel para sua atividade antioxidante

Reduction of Diphenyl Diselenide and Analogs by Mammalian

Thioredoxin Reductase Is Independent of Their Gluthathione

Peroxidase-Like Activity: A Possible Novel Pathway for Their
Antioxidant Activity

Andressa Sausen de Freitas, Alessandro de Souza Prestes, Caroline Wagner,
Jéssie Haigert Sudati , Diego Alves , Lisiane Oliveira Porciuncula, Ige Joseph
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Molecules (2010) 15:7699-7714

34



Molecules 2010, 15, 7699-7714; doi:10.3390/molecules15117699

OPEN ACCESS

molecules

ISSN 1420-3049
www.mdpi.com/journal/molecules

Article

Reduction of Diphenyl Diselenide and Analogs by
Mammalian Thioredoxin Reductase Is Independent of
Their Gluthathione Peroxidase-Like Activity: A
Possible Novel Pathway for Their Antioxidant Activity

Andressa Sausen de Freitas *, Alessandro de Souza Prestes *, Caroline Wagner *,
Jéssie Haigert Sudati *, Diego Alves 2, Lisiane Oliveira Porcitincula *, Ige Joseph
Kade *

and Jodo Batista Teixeira Rocha **

! Departamento de Quimica, Centro de Ciéncias Naturais e Exatas, Universidade Federal

de Santa Maria, 97105-900, Santa Maria RS, Brazil; E-Mails:
andressasausen@yahoo.com.br(A.S.F.); prestes_asp@hotmail.com(A.S.P.);
carolwagner@ibest.com.br(C.W.); jhsudati@gmail.com(J.H.S.)

Departamento de Quimica, Universidade Federal de Pelotas, Brazil; E-Mail:
dalves@gamail.com (D.A.)

Departamento de Bioquimica, Instituto de Ciéncias Béasicas da Saude, Universidade
Federal do Rio Grande do Sul, 90035-003, Porto Alegre, RS, Brazil;

E-Mail: loporciuncula@yahoo.com.br (L.O.P.)

Departament of Biochemistry, Federal University of Technology of Akure, Akure,
Ondo, Nigeria; E-Mail: ijkade@yahoo.com (1.J.K.)

* Author to whom correspondence should be addressed; E-Mail:
jbtrocha@yahoo.com.br;
Tel.: 55-55-3220-8140; Fax: 55-55-3220-8978.

Received: 23 August 2010; in revised form: 14 October 2010 / Accepted: 26 October
2010/
Published: 28 October 2010

Abstract: Since the successful use of the organoselenium drug ebselen in
clinical trials for the treatment of neuropathological conditions associated
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with oxidative stress, there have been concerted efforts geared towards
understanding the precise mechanism of action of ebselen and other
organoselenium compounds, especially the diorganyl diselenides such as
diphenyl diselenide, and its analogs. Although the mechanism of action of
ebselen and other organoselenium compounds has been shown to be related
to their ability to generally mimic native glutathione peroxidase (GPx), only
ebselen however has been shown to serve as a substrate for the mammalian
thioredoxin reductase (TrxR), demonstrating another component of its
pharmacological mechanisms. In fact, there is a dearth of information on the
ability of other organoselenium compounds, especially diphenyl diselenide
and its analogs, to serve as substrates for the mammalian enzyme thioredoxin
reductase. Interestingly, diphenyl diselenide shares several antioxidant and
neuroprotective properties with ebselen. Hence in the present study, we tested
the hypothesis that diphenyl diselenide and some of its analogs (4.4’-
bistrifluoromethyldiphenyl diselenide, 4,4’-bismethoxy-diphenyl diselenide,
4.4’-biscarboxydiphenyl diselenide, 4,4’-bischlorodiphenyl diselenide,
2,4,6,2°,4°,6’-hexamethyldiphenyl diselenide) could also be substrates for rat
hepatic TrxR. Here we show for the first time that diselenides are good
substrates for mammalian TrxR, but not necessarily good mimetics of GPx,
and vice versa. For instance, bis-methoxydiphenyl diselenide had no GPx
activity, whereas it was a good substrate for reduction by TrxR. Our
experimental observations indicate a possible dissociation between the two
pathways for peroxide degradation (either via substrate for TrxR or as a
mimic of GPx). Consequently, the antioxidant activity of diphenyl diselenide
and analogs can be attributed to their capacity to be substrates for
mammalian TrxR and we therefore conclude that subtle changes in the aryl
moiety of diselenides can be used as tool for dissociation of GPx or TrxR
pathways as mechanism triggering their antioxidant activities.

Keywords: glutathione peroxidase; thioredoxin reductase; organoselenium
compounds

1. Introduction

In the last three decades, the concept that selenium-containing molecules may be
better nucleophiles than classical antioxidants has led to the design of synthetic
organoselenium compounds such as ebselen, (2-phenyl-1,2-benzisoselenazol-3(2H)-one)
that was reported to exhibit borderline success in clinical trials, especially in pathologies
associated with oxidative stress [1-3]. These promising results have stimulated the
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interest in the area of organochalcogen synthesis with particular emphasis on their
biological properties [4-7].

The antioxidant properties of ebselen and other organochalcogenides have been
linked mainly to glutathione peroxidase- or thiol-peroxidase-like activities (i.e., these
compounds can decompose peroxides using either reduced glutathione or other thiols)
[4,5,8,9]. However, the Holmgren group recently demonstrated that ebselen is also a
substrate for mammalian Trx reductase (TrxR) and can be reduced by electrons derived
from NADPH, forming its selenol/selenolate intermediate [10,11]. These authors have
also observed that the selenol/selenolate of ebselen can be oxidized to ebselen diselenide,
which is also a good substrate for mammalian Trx reductase [10]. Consequently, ebselen
and its diselenide can be reduced to a common selenol/selenolate that can efficiently
decompose hydrogen peroxide. Most importantly, the Holmgren group elegantly
obtained persuasive experimental points of evidence indicating that the decomposition of
hydrogen peroxide by ebselen via Trx reductase was more efficient than that the thiol-
peroxidase-like activity [10].

Mammalian TrxRs are large selenoproteins with structures showing a close homology
to glutathione reductase, but with an elongation containing a unique catalytically active
selenolthiol/selenenylsulfide in the conserved C-terminal sequence Gly-Cys-Sec-Gly. It
also has a remarkable wide substrate specificity, reducing not only different thioredoxins
but also selenite, selenodiglutathione, selenocystine, ebselen and its diselenide [10,12-
15]. During its catalytic cycle, the selenocysteinyl residue of TrxR interacts with a
cysteinyl residue, forming an enzyme intermediate that transitorily possesses a -S-Se-
bond. This bond is subsequently reduced to -SH and SeH, which participate in the
reduction of the disulfide from Trx or disulfides and diselenides from artificial substrates
(including ebselen diselenide).

On the other hand, classical GPx (GPx1) is a selenium-containing antioxidant enzyme
composed of four identical subunits, and each subunit contains one selenocysteine
residue [16,17]. This enzyme reduces hydrogen peroxide and a broad scope of organic
hydroperoxides using GSH as electron donor. However, it does not reduce the
hydroperoxy groups of complex lipids, a reaction mediated by a phospholipid
hydroperoxide glutathione peroxidase (GPx4) [16]. In contrast to TrxR, the catalytic
cycle of Seleno-GPx enzymes involves the oxidation of the selenol to selenenic acid that
is subsequently reduced back to selenol in two steps by the consumption of an equivalent
of two molecules of GSH. Consequently, the formation of -S-Se- bond involves first the
interaction of the oxidized selenium atom from the selenenic acid in the catalytic centre
of the enzyme with the low molecular weight GSH.

From a mechanistic point of view, the interaction of a thiol with a diselenide can form
the corresponding disulfide and selenol intermediates [5,18]. The selenol/selenolate can
subsequently be oxidized to the selenenic acid by hydrogen peroxide [10,18], which can
be a low-molecular weight analog of the selenocysteinyl residue from the active centre
of GPx. In the presence of excess of thiol, the selenenic acid can be reduced back to
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selenol that hypothetically could maintain a mimetic catalytic cycle of GPx (glutathione
peroxidase- or thiol-peroxidase like activity, depending on the reducing thiol considered)
[5,8]. Alternatively, in the absence of an excess of a low molecular weight reducing
thiol, TrxR can reduce ebselen and/or ebselen diselenide using reducing equivalents from
NADPH [10,11].

Figure 1. Structures of diselenide compounds.
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Diphenyl diselenide and analogs share several antioxidant and neuroprotective
properties with ebselen [5,19-26] and they are also mimetics of native GPx enzyme [5,8].
However, there is a dearth of information in the literature indicating that simple
diorganyl diselenides such as diphenyl diselenide and its analogs can be substrates for
TrxR. Hence, taking into account that the TrxR can be the major pathway for the
observed reduction of ebselen or its diselenide form in vivo, and also that simple aryl
diselenide compounds are analogs of ebselen diselenide, we tested the hypothesis that
these compounds (Figure 1) could also be substrates for TrxR.

2. Results
2.1. Thiol Oxidase Activity of Selenium Compounds

Table 1 shows the thiol oxidase activity of selenium compounds. Apparently,
diphenyl diselenide exhibited a more profound thiol oxidase activity when compared to
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other organoselenium tested. In fact, diphenyl diselenide caused an almost complete
oxidation of DTT after 60 min of reaction. The ability of the seven organoselenium
tested to oxidize thiol is in the order:  diphenyl diselenide
> bischlorodiphenyl diselenide > bisfluoromethyldiselenide > hexamethyldiphenyl
diselenide ~ ebselen > bismethoxydiphenyl diselenide > biscarboxydiphenyl diselenide
(p < 0.01, one-way ANOVA followed by Duncan’s test). It is noteworthy that DTT
oxidation determined in the presence of hexamethyl-diphenyl diselenide or ebselen was
not different from that determined in the absence of chalcogens (control). In addition,
bismethoxydiphenyl diselenide and biscarboxydiphenyl diselenide did not exhibit
significant thiol oxidase activity. Indeed, they decreased DTT oxidation.

Table 1. Effects of different selenium compounds on DTT oxidation.

0 min 60 min (%) -SH
(nmol -SH/mL.) (nmol - oxidation)
SH/mL)

Control 43.48 £0.24 30.62 +0.25% 29.57
I—Diphenyl diselenide 5.82 +0.27¢ 86.61
II—Bistrifluoromethyl- 23.37 £0.36° 46.25
I11—Bismethoxy- 36.46 + 0.83" 16.14
IV—Biscarboxy- 47.19 +0.32" 0.0
V—aBischloro- 17.88 £ 0.26" 58.87
VI1—Hexamethyl- 28.00 + 0.40° 35.60
VIl—Ebselen 29.51 +0.27%" 32.12

Values represent mean + s.e. from three independent experiments performed in
duplicate. Selenium compounds were tested at 0.1 mM [(i) diphenyl diselenide, (ii)
bistrifluoromethyl-diphenyl diselenide, (iii) bismethoxydiphenyl diselenide, (iv)
biscarboxydiphenyl  diselenide, (v)  bischlorodiphenyl  diselenide, (i)
hexamethyldiphenyl diselenide and (vii) ebselen]. Reaction was started by adding
DTT (to a final concentration of 0.5 mM) and then, aliquots (100 pL) were sampled
immediately or 60 min after mixing DTT with compounds. Statistical analysis was
performed by One-way ANOVA followed by Duncan’s multiple range test. Means
that do not share the same superscript letter are different (p < 0.05).

2.2. Ebselen and Diphenyl Diselenide Compounds Are Substrates for Hepatic
Mammalian Thioredoxin Reductase (TrxR)

Figures 2 and 3 show the effect of organoselenium compounds on the oxidation of
NADPH in the presence of partially purified hepatic mammalian TrxR. Diphenyl
diselenide, bisfluromethyldiphenyl diselenide, bismethoxydiphenyl diselenide and
bischlorodiphenyl diselenide (at concentrations of 10, 15 and 20 uM) and ebselen (at
concentrations varying from 5 to 15 uM) stimulated NADPH oxidation in the presence
of partially purified hepatic mammalian Trx Reductase (TrxR), indicating that they are
substrates for hepatic mammalian TrxR. In fact, diphenyl diselenide was a better
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substrate than its analogs particularly when tested at 20 uM (Figure 2, three-way
ANOVA, see Figure legend for details) and ebselen (Figure 3, separate analysis
performed only for diphenyl diselenide and ebselen using
5-15 uM by two-way ANOVA, data not shown). Oxidation of NADPH observed in the
presence of these selenium compounds were almost completely blocked by 1 1M AuCI3
(more than 90%), Furthermore, we confirmed the formation of reduced intermediates of
diselenides that were substrate for TrxR by reacting aliquots of the enzymatic reaction of
NADPH oxidation with DTNB (here we have included 5 uM of AuCl; to inhibit any
further reduction of DTNB by NADPH catalyzed by TrxR during color development
(data not shown).

Figure 2. Reduction of diselenide compounds | (A), Il ( B), 11l (C), IV (D),
V (E) e VI (F) by NADPH catalyzed by mammalian Thioredoxin Reductase
(TrxR). Enzyme was mixed with a medium containing 50 mM Tris-HCI, 1
mM EDTA, pH 7,5 and then reaction was started by adding NADPH (final
concentration 100 pM). 0 (o), 10(0), 15(A), 20(V) UM diselenide
compounds. Statistical analysis were performed by three-way ANOVA
(six diselenides x four concentrations x 11 sampling points). Data analysis
yielded a significant diselenide x concentration x time interaction F(150,
1,440) = 42.5; p < 0.000001, which indicates that the consumption of
NADPH was dependent on the concentration, on the type of compound and
on the sampling time.
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Figure 3. Reduction of ebselen (0, 5, 7.5, 10, 15 or 20 uM) by NADPH
catalyzed by mammalian TrxR. Enzyme was mixed with a medium
containing 50 mM Tris-HCI, 1 mM EDTA, pH 7.5 and, then reaction was
started by adding NADPH (final concentration 100 pM). Statistical analysis
were performed by two-way ANOVA (six concentrations x 11 time points).
Data analysis yielded a significant concentration x time interaction [F(50,
360) = 24.6; p < 0.000001], which indicates that the consumption of NADPH
determined in the presence of ebselen depended both on its concentration and
on time of sampling.
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2.3. Thiol Peroxidase-Like Activity of Diphenyl Diselenide and its Analogs

The results obtained from the analysis of the thiol peroxidase-like activity of 200 uM
of diphenyl diselenide and its analogs and ebselen (50 uM) are presented in Figures 4
and 5, respectively. In Figure 4, we observe that bischlorodiphenyl diselenide and
bistrifluoromethyldiphenyl diselenide decomposed hydrogen peroxide with a similar
efficiency, when compared to diphenyl diselenide. In contrast, bismethoxydiphenyl
diselenide, biscarboxydiphenyl diselenide and hexamethyldiphenyl diselenide had no
thiol-peroxidase-like activity. In Figure 5, the thiol peroxidase-like activity of ebselen
could not be measured at 200 uM, because the readings at 305 nm were higher than the
limit of the spectrophotometer.
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Figure 4. GPx like behavior of diselenide compounds: (I) diphenyl
diselenide, (1) bistrifluoromethyldiphenyl diselenide, (rn
bismethoxydiphenyl diselenide, (1) biscarboxydiphenyl diselenide, (V)
bischlorodiphenyl diselenide and (V1) hexamethyl-diphenyl diselenide. Two
hundred uM of diselenide compounds was added. Statistical analysis were
performed by two-way ANOVA (seven compounds x 13 sampling times).
Data analysis yielded a significant compound type x time of sampling
interaction [F(72, 504) = 57.9 p < 0.01), which indicates that PhSSPh
production varied as a function of sampling time and the diselenide
considered.
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Figure 5. GPx like behavior of ebselen . Fifty uM of ebselen was tested.
Statistical analysis were performed by two-way ANOVA (two concentrations
x 13 times of sampling). Data analysis yielded a significant concentration %
sampling time interaction [F(12,144) = 228,4; p < 0.000001], which indicates
that ebselen caused an increase in PhSSPh formation that was time

dependent.
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2.4. Correlation between Thiol Oxidase, Thiol Peroxidase-Like and Effectiveness of
Diphenyl Diselenide, its Analogs and Ebselen to be Substrate for TrxR

Figure 6 show the correlation analysis (Spearman rank test) between the thiol oxidase
activity, thiol peroxidase-like activity, and the effectiveness of diselenides and ebselen to
be substrates for hepatic mammalian TrxR. Figure 6a shows a significant correlation
between thiol oxidase and the effectiveness of diselenides and ebselen to act as
substrates of TrxR (r = 0.85; p = 0.013). In addition, Figure 6b shows a tendency for a
significant correlation between thiol oxidase activity with thiol-peroxidase-like activity
(r = 0.71, p = 0.07). However, as shown in Figure 6c¢, statistical analysis revealed no
significant correlation between thiol-peroxidase like activity and the effectiveness of
diselenides and ebselen to act as substrates for TrxR (r = 0.67, p = 0.094). From a
qualitative point of view, it can easily be observed that bismethoxydiphenyl diselenide
had a high activity as substrate for mammalian TrxR (Figure 2C), whereas it has no
activity as a mimetic of GPx (Figure 4). Similarly, bistrifluoromethyldiphenyl diselenide
had a weak activity as substrate for TrxR (Figure 2B), whereas it has a high thiol-
peroxidase-like activity (Figure 4). The relative activities of all three determinations in
relation to control groups are presented in Table 2.
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Table 2. Comparisons of the relative activities (GPx, TrxR and Thiol
oxidase) of organoseleno compounds.

Sample GPx TrxR Thiol
oxidase

Control 1.00 1.00 1.00
I—Diphenyl diselenide 15.95 8.6 2.93
I1—Bistrifluoromethyl- 12.84 4.95 1.56
I11—Bismethoxy- 0.00 11.35 0.55
IVV—Biscarboxy- 0.31 0.90 0.0
V—aBischloro- 17.29 8.8 1.99
VI—Hexamethyl- 0.00 2.05 1.20
VII—Ebselen 4.12 5.15 1.09

Relative activities were calculated in relation to the control (arbitrary value
of 1.00), i.e., activity determined in the absence of selenium compounds. For
GPx the concentration of the diselenide compounds was 200 uM and for
ebselen it was 50 uM. For TrxR assay, calculations were made using the
concentration of 15 uM for all the tested selenium compounds.

3. Discussion

Organoseleno compounds, particularly, 2-phenyl-1,2-benzisoselenazol-3(2H)-one or
ebselen were used in clinical trials about 10 years ago for the treatment of
neuropathological conditions associated with oxidative stress [1-3]. Based on literature
data, these authors attributed the neuroprotective effects of ebselen to its anti-
inflammatory properties and its thiol peroxidase-like activity (for reviews about the
antioxidant properties of ebselen see [4,5]). In fact, the concept that ebselen (and other
organocalchogens) could be used for the treatment of human diseases associated with
oxidative stress was linked essentially to their GPx-like activity. Based on this
assumption, we have investigated the pharmacological and antioxidant properties of
diphenyl diselenide, the simplest of the diaryl diselenide compounds, in different in vitro
and in vivo models of oxidative stress. In fact, literature demonstrates a higher GPx-like
activity for diphenyl diselenide (about two times), than ebselen [8,27]. Furthermore,
diphenyl diselenide and analogs also have higher anti-inflammatory activity than ebselen
[28]. Although the GPx-like activity of organoseleno compounds could account for their
pharmacological properties, there is no study showing a clear correlation between the
thiol-peroxidase like activity and in vivo protective effects in rodents. Some of
diselenides used here (diphenyl diselenide, p-Cl-, FsC-) have antioxidant activity
(determined by TBARS) in the uM range, when brain was used as the source of lipids.
However, the compound with highest GPx-like activity (p-Cl-) was the one with a weak
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antioxidant activity. These results indicate that the antioxidant activity (as determined by
the production of TBARS) is also not directly related to GPx-like activity.

More recently, the Holmgren group have elegantly demonstrated that ebselen and its
diselenide were good substrates for human thioredoxin reductase [10,11]. Furthermore,
they have also clearly demonstrated that the antioxidant activity of ebselen and its
diselenide is related to their reductions by mammalian thioredoxin reductase (TrxR) and
thioredoxin (Trx) producing ebselen selenol and that the TrxR pathway could more
efficiently decompose hydrogen peroxide than the GPx-like pathway [10]. Consequently,
the potential participation of simple diaryl diselenides as substrates for TrxR could
explain their antioxidant and pharmacological properties.

In the present study, we observed that the thiol oxidase-like ability (ability to oxidize
thiols in the absence of peroxide), GPx-like activity (oxidation of thiols determined in
the presence of peroxide) and the ability of these compounds to be reduced by TrxR
varied greatly depending on the substitution in the aromatic moiety. Diphenyl diselenide,
bisfluoromethyl diselenide and bischlorodiphenyl diselenide exhibited all these three
activities. In contrast, bismethoxydiphenyl diselenide has a high activity as a substrate
for mammalian TrxR, whereas it has no GPx mimetic activity. In the case of
bistrifluoromethyldiphenyl diselenide, on the other hand, we have to emphasize that it
exhibited a weak activity as a substrate for TrxR (Figure 2B), whereas it has a high thiol-
peroxidase-like activity. Biscarboxydiphenyl diselenide and hexamethyldiphenyl
diselenide did not exhibit any of these activities in appreciable amounts. Although the
thiol oxidase activities of a diselenide can indicate a potential pro-oxidant property and,
consequently, can give some indication about its potential
toxicity [5,29], its interaction with thiols is critical for forming the selenol/selenolate for
degradation of peroxides. In the present study, it is obvious that diselenides that exhibit
appreciable thiol peroxidase like activity and/or that were good substrates for TrxR
displayed thiol oxidase activity, except bismethoxydiphenyl diselenide. In fact, there is a
positive correlation between thiol oxidase activity and the capacity of these compounds
to be reduced by TrxR. In addition, the statistical analysis of the GPx of the
organoselenium compounds showed a tendency towards a positive correlation between
thiol oxidase and GPx-like activity. However, there is no significant correlation between
thiol peroxidase-like activity and the capacity of diselenides to be reduced by TrxR
indicating that for some compounds there is no relationship between their thiol
peroxidase like activity and their ability to be a suitable substrate for TrxR. For instance,
as indicated in Table 2, bismethoxydiphenyl diselenide was a good substrate for
mammalian TrxR but has neither thiol peroxidase-like activity nor thiol oxidase activity.
In fact, it exhibits thiol oxidase activity lower than the control. The apparent paradoxical
effects of biscarboxy- and bismethoxydiphenyl diselenide on DTT oxidation are not
easily explainable. Particularly if one consider that the carboxy group is an electron
withdrawing group (which is expected to stabilize the selenol and, consequently, to
diminish its catalytic properties as thiol oxidizing agent); and the methoxy- group is an
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electron donating group and should increase the reactivity of the selenol/selenolate
formed. For the case of the biscarboxy-substituent, the stability of the selenol/selenolate
might permit it to reduce back the oxidized DTT to DTT before being oxidized by
molecular oxygen (see [5] for details about the catalytic oxidation of thiols by diphenyl
diselenide), which could explain its “protective” effect on thiol oxidation. However, this
explanation cannot be applied to bismethoxydiphenyl diselenide. One factor that could
contribute to these differences is the presence of a relatively bulky group with oxygen in
both R groups. Thus, the presence oxygen in these groups and steric hindrance could
difficult the interaction of these two compounds with DTT.

The diselenides used here are structurally similar, thus it is difficult to explain why
they exhibit differential activities as either thiol oxidase or thiol peroxidase mimic and/or
their capacity to be reduced by TrxR. Previously, we have observed that a bulky organic
moiety markedly decreased the antioxidant and thiol-peroxidase-like activity of a
diselenide analog of cholesterol [30]. Here, the organic moiety substitutions in the
diselenides examined in the present study were relatively smaller molecules when
compared to cholesterol, but the present data showed a marked decline in their reactivity
as thiol oxidase, thiol peroxidase mimic and their ability to act as substrates for TrxR.
For instance, biscarboxydiphenyl diselenide and hexamethyldiselenide were almost
inactive either as GPx mimic or as substrates for TrxR. Furthermore, we also observe
that the GPx mimetic ability of the diselenides could be altered due to electronic effects.
For example, electron donating groups (in the case of hexamethyl and
bismethoxydiphenyl deselenide) caused a complete loss of thiol peroxidase activity. On
the other hand, introduction of electron withdrawing groups (chloro- or triflouromethyl-)
was generally associated with non-significant changes in thiol peroxidase-like activity
(the exception was the introduction of a carboxyl group that caused a complete
inactivation of all the activities). It is apparent however, that electronic effect may not be
a critical factor that could determine the capacity of the diselenides to be reduced by
TrxR. In fact, the introduction of an electron donating group could either be associated
with a high (bismethoxydiselenide) or low (hexamethyl-) capacity to be reduced by
TrxR. In contrast to GPx-like activity, introduction of electron withdrawing groups
(chloro or trifluoromethyl) were associated with high and moderate capacity to be
substrate for TrxR (Table 2). Consequently, we can suppose that the ability of the
diselenides to be substrates for TrxR may be related to steric effect which could be a
more important factor than factors that could interfere with the selenol/selenolate
stability such as electronic effect.

The results presented here indicate that diphenyl diselenide and some of its analogs
were good substrates for mammalian TrxR, which indicate that theirs in vitro and in vivo
antioxidant properties could also be associated with their interaction with the
thioredoxin-thioredoxin reductase system. These results expand those of Holmgren and
collaborators and demonstrated that simple diselenides could also be substrates for TrxR.
One aspect that deserves further investigation is whether the thiol oxidase, thiol
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peroxidase and the capacity to be reduced by TrxR could be used to predict the potential
toxicity and/or pharmacology of these molecules. In fact, considering the thiol oxidase
activity of diselenides and, from a linear point of view, one should expect a higher
toxicity for diphenyl diselenide than their analogs. However, among the diselenides
tested in the present study, diphenyl diselenide had a good thiol peroxidase-like activity
and a moderate capacity to be reduced by TrxR.

4. Experimental
4.1. Materials and Enzyme

All chemicals were of analytical grade and were obtained from either Sigma Aldrich
or Fluka. TrxR from rat liver was purified essentially as described by Hill et al. [31].

4.2. Thioredoxin Reductase Assay

TrxR activity was determined according to Zhao and Holmgren [10]. Activity was
performed in a buffer containing 50 mM Tris-HCI, 1 mM EDTA, pH 7.5, 100 uL of
TrxR (10 pg protein/mL of reaction medium) and 100 uM of NADPH. The volume of
enzyme was chosen based on previous experiments (data not shown), in which trials
were conducted with concentrations of 2.5, 5.0, 7.5, 10, 12.5, 15.0 and 20 pg of the
partially purified protein/mL of reaction medium and we have observed a linear reaction
from 5.0 to 12.5 pg/mL when diphenyl diselenide and 4,4°-bischlorodiphenyl diselenide
were used as substrate (data not shown). Enzyme reaction was started with the addition
of different amount of organoselenium compounds.

4.3. Determination of GPx like Activity

Catalytic GPx model reaction (H,O, + 2PhSH—2 H,0 + PhSSPh) [32] was initiated
by the addition of H,O, (10.4 mM) to a solution of PhSH (5 mM) in presence of
diselenide compounds (I-VI1), separately, and was monitored by UV spectroscopy at
305 nm (3 min), at least more than three times under the same conditions.

4.4. Thiol Oxidase Activity

Thiol oxidase activity was determined according to the Ellman method [33].
Diselenide compounds (100 uM) were dissolved in DMSO and they were incubated (37
°C) separately in a medium reaction containing 50 mM Tris/HCI buffer (pH 7.4) and the
sulphydryl compound dithiothreitol (DTT, 0.5 mM) in a final volume of 1,800 pL. An
aliquot (100 pL) from each sample was removed at different times during the reaction (0,
30, 60 and 120 mins) and mixed in a system containing 25 uL of 5,5’ dithiobis -2-
nitrobenzoic acid (DTNB) 10 mM and 100 mM Tris/HCI buffer (pH 7.4) in a final
volume of 1800 pL. Samples were read at 412 nm. DTT was used as the standard.
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4.5. Statistical Analysis

Statistical analysis were performed using one-way (thiol oxidation), two-way (thiol
peroxidase activity) and three-way (TrxR determinations) ANOVA. Univariate analysis
followed by Duncan’s multiple range test were performed where appropriate. Correlation
between thiol oxidase activity, thiol peroxidase-like activity and effectiveness of
diphenyl diselenides and ebselen to be substrate for TrxR were analyzed using Spearman
rank test. Correlation R values were calculated using the maximal percentage of thiol
oxidation in relation to time zero of sampling (i.e., %-SH oxidation of Table 1) for thiol
oxidase activity. For TrxR, we have used the activity obtained with 20 uM of diphenyl
diselenides in 10 min of reaction. For ebselen, we have used 15 puM because at 20 uM
there was a marked inhibition of TrxR. For GPx, we have used the activity obtained with
200 uM of diphenyl diselenides. For ebselen we have used the activity obtained with 50
MM, because it was not possible to determine the activity in the presence of 100 uM of
ebselen.

5. Conclusions

Thus, the therapeutic potential or toxicity of diselenides may depend on a delicate
balance among these three activities (substrate for TrxR; GPx like activity and thiol
oxidase activity). However, we must emphasize that some of the pharmacological
properties found for these compounds are not only based on their antioxidant
characteristics, but also in the interesting ability of these molecules to modulate some
pathways and neurotransmitter systems. For instance, 4,4’-bismethoxyldiphenyl
diselenide has very interesting antinociceptive [34] and neuroprotective actions [35] that
are more related to its ability to modulate receptors than for being an antioxidant. In
short, we have demonstrated here for the first time that diphenyl diselenide and its
analogs can be substrate for mammalian TrxR, which can explain, at least in part, their in
vivo antioxidant properties. Furthermore, we also demonstrated for the first time that it is
possible to dissociate the two pathways for peroxides degradation (i.e., either via
substrate for TrxR or via the mimic of the endogenous antioxidant enzyme, GPx) for
structurally related diaryl diselenides.
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Abstract

Thioredoxin reductase (TrxR) isoforms play important roles in cell physiology,
protecting cells against oxidative processes. In addition to its endogenous
substrates (Trx isoforms), hepatic TrxR can reduce organic selenium
compounds such as ebselen and diphenyl diselenide to their selenol
intermediates, which can be involved in their hepatoprotective properties. Taking
this into account, the aim of the present study was to evaluate the hypothesis
that ebselen, diphenyl diselenide and its analogs (4,4’-bistrifluoromethyldiphenyl
diselenide, 4,4’-bismethoxydiphenyl diselenide, 4.4’-biscarboxydiphenyl
diselenide, 4,4’-bischlorodiphenyl diselenide, 2,4,6,2’,4’,6’-hexamethyldiphenyl
diselenide) could be substrates of rat brain TrxR. In the presence of partially
purified rat brain TrxR, diphenyl diselenide, bismethoxydiphenyl diselenide and
bischlorodiphenyl diselenide (at 10, 15 and 20 uM) stimulated NADPH oxidation,
indicating that they are substrates of brain TrxR. In contrast, ebselen and
bistrifluoromethyldiphenyl diselenide, that have been previously demonstrated to
be substrate of hepatic TrxR, were not reduced by rat brain TrxR. The results
presented here suggest that diphenyl diselenide can exert neuroprotective
effects by mimicking glutathione peroxidase activity and also via its reduction by
TrxR. However, ebselen was not reduced by brain TrxR, indicating that the
neuroprotective properties of this compound is possibly mediate by its

glutathione peroxidase- like activity.

Keywords: Thioredoxin reductase (TrxR); selenium compounds; Ebselen;

Diphenyl diselenide
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l.Introduction

Oxidation is a fundamental part of life and aerobic metabolism. However,
excessive free radicals production, as well as low antioxidant defenses can be
harmful to living cell. In effect, reactive oxygen and nitrogen species can oxidize
macromolecules (protein, DNA, lipids and carbohydrates), which can lead to cell
dysfunction. Therefore, oxidative stress can be involved in the development of
chronic degenerative diseases, including neurological diseases [4, 10, 12, 15,
24]. Of particular pharmacological significance, experimental studies have
indicated that antioxidants may reduce oxidative damage associated with
different pathological conditions [2, 3, 7, 20].

Selenium (Se) is an integral component of about 25 selenoproteins,
including critical antioxidant seleno-enzymes; namely, the isoforms of
glutathione peroxidase (GPx) and thioredoxin reductase (TrxR) [1, 13, 19, 21,
23]. Selenium is normally found as a selenocysteine residue and its selenol
group is a softer and stronger nucleophile than its sulfur (cysteine) analog.
Consequently, the selenol group is expected to attack toxic electrophile species
more efficiently than thiol analogs [8, 9, 19]. Maintenance of full GPx and TrxR
activity by adequate dietary selenium supply has been proposed to be useful for
the prevention of several cardiovascular and neurological disorders [23].

Of particular therapeutic significance, organoselenium compounds can
mimicry endogenous antioxidant enzymes, such as GPx or can be metabolized
by TrxR to form selenol intermediates [6, 16, 25, 26] that can imitate the function
of the antioxidant selenoenzymes [14, 18, 19]. For instance, ebselen and
diphenyl diselenide have antioxidant, anti-inflammatory and neuroprotective
properties [16-20, 22] that can be mediated, at least in part, by their in vivo
metabolism to selenol intermediates [18, 19].

Recently we have demonstrated that diphenyl diselenide and some
analogs are substrates of rat liver mammalian TrxR [6], which is in accordance
with previous studies from the laboratory of Holmgren [25, 26], which has
demonstrated that ebselen and its diselenide were good substrates of E. coli,
human placenta and calf thymus TrxR. Of potential pharmacological
significance, the reduction of these substrates by mammalian TrxR isoforms can
generate selenol intermediates that could imitate the role of some antioxidant

selenoenzymes, such as GPx and TrxR [6]. In effect, Holmgren and
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collaborators have indicated that the TrxR-like (i.e., the ability of TrxR to form the
selenol intermediate of ebselen) is more important than the glutathione
peroxidase-like activity of ebselen [25, 26]. In analogy, the beneficial effects of
diphenyl diselenide and its analogs can also be mediated via their reduction
catalyzed by the liver TrxR [6]. However, to the best of our knowledge, the
potential reduction of diphenyl diselenide and ebselen by cerebral TrxR enzymes
has not been previously investigated. In effect, the reduction of ebselen (or its
diselenide) and of diphenyl diselenide by brain TrxR can be an important
molecular mechanism involved in their neuroprotective properties. We therefore
aimed to evaluate the hypothesis that diphenyl diselenide and its analogs (4,4’-
bistrifluoromethyl-diphenyl diselenide, 4,4’-bismethoxy-diphenyl diselenide, 4.4’-
biscarboxy-diphenyl diselenide, 4,4’-bischloro-diphenyl diselenide, 2,4,6,2',4’,6’-
hexamethyl-diphenyl diselenide) (Figure 1) could be substrates for rat brain
TrxR. Furthermore, we have done a comparative study with ebselen, a prototype
organoselenium compound that has been used in clinical trials with borderline
success [5,18,19, 22].

2. Materials and Methods

2.1. Material and Enzyme
All Chemicals were of analytical grade and were obtained from Sigma
Aldrich, Merk or Fluka. TrxR from rat brain was purified essentially as
described by Hill et al., 1997 [11].

2.2. Thioredoxin reductase assay

TrxR activity was determined according Zhao and Holmgren, 2002 [25].
Activity was performed in a buffer containing 50 mM Tris-HCI, 1mM EDTA, pH
7.5, 100 pL of TrxR (8-10 pg protein/mL) and 100 uM of NADPH. The quantity of
enzyme was chosen based on previous experiments, in which trials were
conducted with concentrations of 2.5, 5.0, 7.5, 10, 12.5, 15.0 and 20 ug of the
partially purified protein/mL of reaction medium and we have observed a linear

reaction from 5.0 to 12.5 ug/ml when diphenyl diselenide and 4,4’-bischloro-
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diphenyl diselenide were used as substrate (data not shown). Enzyme reaction
was started with the addition of organoselenium compounds. Since ebselen and
bistrifluoromethyl diselenide did not stimulate NADPH oxidation in the presence
of brain TrxR, we also tested concentrations of 2.5, 5, 7.5, 30 and 50 pM (data

not shown).

2.4. Statistical analysis

Statistical analysis were performed using three-way (type of compound) x
(concentration) x time ANOVA. Univariate analyses followed by Duncan’s

multiple range test were performed where appropriate.

3. Results

In the presence of partially purified brain mammalian Trx Reductase
(TrxR), diphenyl diselenide, bismethoxydiphenyl diselenide and
bischlorodiphenyl diselenide (at 10, 15 and 20 uM) stimulated NADPH oxidation,
indicating that they are substrates of brain rat TrxR (Figure 2A, 2C and 2E).
However, ebselen and bistrifluoromethyl diselenide did not stimulate NADPH
oxidation in the presence of partially purified rat brain TrxR. Consequently,
ebselen and bistrifluoromethyl diselenide are not substrate of cerebral TrxR

obtained from rats (Figure 2B and 2G).

4. Discussion

Here we have investigated the ability of diphenyl diselenide and its
analogs (4,4’-bistrifluoromethyl-diphenyl diselenide, 4,4’-bismethoxy-diphenyl
diselenide, 4.4’ -biscarboxy-diphenyl diselenide, 4.4’ -bischloro-diphenyl
diselenide, 2,4,6,2’,4’,6’-hexamethyl-diphenyl diselenide) and ebselen to serve
as substrate of rat cerebral and hepatic TrxR enzymes. Of note, in our recent
study [6], we observed that diphenyl diselenide, 4,4’-bistrifluoromethyl-diphenyl
diselenide,  4,4’-bismethoxy-diphenyl  diselenide, 4,4’-bischloro-diphenyl
diselenide and ebselen were substrate of hepatic TrxR; in contrast, here we

have observed that ebselen and bistrifluoromethyl-diphenyl diselenide were not
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reduced by cerebral TrxR. The differential expression of TrxR isoforms and the
existence of alternative splice variants of TrxR in different mammalian tissues or
cells [1] could explain, at least in part, why ebselen and bistrifluoromethyl-
diphenyl diselenide were not substrate of rat brain TrxR.

In accordance with our previous results [6], here we have confirmed that
ebselen is substrate of rat hepatic TrxR and stimulated NADPH oxidation (Table
1). Furthermore, as previously observed [6], diphenyl diselenide was six times
more active than ebselen as a substrate of hepatic TrxR (Table 1).The results
presented here suggest that diphenyl diselenide could exhibit neuroprotective
properties by mimicking the activity of glutathione peroxidase and also via its
reduction catalyzed by rat brain TrxR enzymes (Scheme 1A). However, ebselen
was not a good substrate of rat brain TrxR, indicating that its neuroprotective
properties can be associated predominantly with its thiol peroxidase-like activity
(Scheme 1C). In contrast, the hepatoprotective effect of both compounds can
occur via the two pathways (Scheme 1B and 2B). However, the extent of
operation of GPx-like or the TrxR-like (i.e., the NADPH reduction of ebselen or
diphenyl diselenide catalyzed by TrxR) pathway in vivo is unknown.
Consequently, a better understanding of the antioxidant properties and,
consequently, the potential pharmacological and therapeutic use of these agents
could be greatly improved with the determination of the extent that each pathway

works in different tissues.
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Legends of Figures and Schemes

Figure 1: Structures of diselenide compounds and ebselen.

Figure 2 Reduction of diphenyl diselenide compounds and ebselen | (A), 1l ( B),
i (), v (D), v (), VI (F), VIl (G) by cerebral mammalian Thioredoxin
Reductase (TrxR). Enzyme was mixed with a medium containing 50 mM Tris-
HCI, 1 mM EDTA, pH 7,5 and then the reaction was started by adding NADPH
(final concentration 100 puM). 0 (o), 10(0), 15(A), 20(V) uM of diselenide
compounds or ebselen. Statistical analyses were performed by three-way
ANOVA (seven compounds x four concentrations x 12 time points). Data
analysis yielded a significant type of compound X concentration x time
interaction F(180, 1680) = 11.7; p <0.000001, which indicates that the
consumption of NADPH was dependent on the concentration, on the type of

compound and on the sampling time.

Scheme 1: Mechanisms for neuroprotective (A,C) and hepatoprotective (B,D)
effects of diphenyl diselenide (PhSeSePh) and Ebselen (Ebse). Two pathways
are indicated: 1) indicates the TrxR catalyzed formation of selenophenol (the
selenol intermediate of diphenyl diselenide; PhSeH; A,B) and the selenol of
ebselen ;Ebse-SeH; D) and 2) indicates the thiol-peroxidase-like pathway, where
endogenous reduced thiols can directly reduce diphenyl diselenide and ebselen

to their respective selenol intermediates (A-D).
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Table 1 — Comparative Reduction of Diphenyl Diselenide and Ebselen by
Hepatic and Cerebral TrxR.

AAbs 340nm (NADPH oxidation/min) x Control Diphenyl Ebselen
10° Diselenide

LIVER 1.00 £0.57 86.00 +4.91 14.31+ 0.70
BRAIN 1.05+0.14 11.60=+ 0.80 0.60 +0.05

Data are expressed as mean+SEM for 3 independent experiments. Two-way ANOVA
(2 (tissues: liver or brain) x 3 (compounds: control, diselenide or ebselen) yielded a
significant main effect of tissues (F(1,12)= 307.4; p<0.001), main effect of compounds
(F(2,12)=323.6; p<0.001), and a significant interaction tissues x compounds (F(2,12)=
188.5 ; p<0.001).
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5. DISCUSSAO

O ebselen, um composto organico de selénio, foi utilizado ha mais de 10
anos em ensaios clinicos para o tratamento de condi¢cdes neuropatologicas
associadas com o estresse oxidativo (Yamagush et al.,1998; Saito et al.,1998;
Ogawa et al.,, 1999). Nesta época, 0 conceito de que o ebselen poderia ser
usado para o tratamento de doencas humanas associadas ao estresse oxidativo
estava ligado essencialmente a sua atividade mimética a GPx. Mais
recentemente, Zhao & Holmgren (2002) demonstraram que o ebselen também
interage como substrato para a enzima TrxR, podendo ser reduzido pelos
elétrons provenientes do NADPH, formando um intermediéario selenol/selenolato
que pode eficientemente decompor peréxido de hidrogénio. Essa pesquisa
também considera que a decomposi¢cao de peroxidos pelo ebselen, via TrxR,
pode ser mais eficiente do que pela atividade mimética a GPx.

Considerando o0 exposto acima, alguns diaril disselenetos como o
disseleneto de difenila tém demonstrado possuir atividade antioxidante similar a
do ebselen. Consequentemente, a eventual participacdo do disseleneto de
difenila e seus analogos (disseleneto de bistrifluormetildifenila, disseleneto de
bismetoxidifenila, disseleneto de biscarboxidifenila, disseleneto de
bisclorodifenila e disseleneto de hexametildifenila) como substratos para TrxR
de figado e cérebro de mamiferos poderia explicar as suas propriedades
antioxidantes e farmacologicas.

No artigo 1 do presente estudo, observou-se que a capacidade tipo tiol
oxidase (capacidade de oxidar tidis na auséncia de peroxido), atividade
mimética a glutationa peroxidase (oxidacao de tidis determinada na presenca de
peroxido) e a capacidade do disseleneto de difenila e analogos de serem
reduzidos pela enzima TrxR hepética variou muito em fungdo da substituicdo na
porcdo aromatica. Disseleneto de difenila, disseleneto de bistrifluormetildifenila
e disseleneto de bisclorodifenila exibiram todas estas atividades. Em contraste,
o disseleneto de bismetoxidifenila tem uma alta atividade como substrato para
TrxR hepética, ao passo que ndo tem atividade mimética a GPx. No caso do
disseleneto de bistrifluormetildifenila, por outro lado, tem-se que salientar que

este composto exibiu uma fraca atividade como substrato para TrxR hepatica
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(Figura 2B, artigo 1) e ndo demonstrou afinidade para servir como substrato
para a TrxR cerebral (Figura 2B, manuscrito 1), enquanto que apresenta uma
alta atividade tiol-peroxidase. O disseleneto de biscarboxidifenila e disseleneto
de hexametildifenila n&o apresentaram qualquer uma destas trés
atividades em niveis apreciaveis.

Embora a atividade tiol oxidase de alguns disselenetos possa indicar
uma potencial propriedade pro-oxidante, uma vez que demonstra a oxidacao de
grupamentos tidlicos e, conseqientemente, poderia dar alguma indicagcéao sobre
a toxicidade destes compostos (Nogueira et al., 2004), a sua intera¢cdo com tidis
é fundamental para a formacdo do selenol/selenolato e consequente
degradacdo de perdxidos.Como observado no artigo 1, os disselenetos que
foram bons substratos para a TrxR apresentaram atividade tiol oxidase, com
excecdo do disseleneto de bismetoxidifenila. Esse efeito é demonstrado por
uma correlagdo positiva entre a atividade tiol oxidase e a capacidade desses
compostos de serem reduzidos pela TrxR (Figura 6A, artigo 1). Além disso, a
analise estatistica também mostrou uma tendéncia para uma correlacao entre
tiol oxidase e a atividade mimética a glutationa peroxidase (Figura 6B, artigo
1). No entanto, ndo ha correlagao significativa entre a atividade tiol peroxidase e
a capacidade dos disselenetos em serem reduzidos pela TrxR (Figura 6C,
artigo 1), indicando que, para alguns compostos, a habilidade em servir como
substrato para TrxR independe da atividade do tipo tiol peroxidase. Logo, estas
duas vias para degradacao de peréxido sdo autbnomas.

Os efeitos do disseleneto de biscarboxildifenila e bismetoxidifenila em
evitar a oxidacdo do DTT (Tabela 1, artigol) ndo sao facilmente explicaveis.
Um fator que poderia contribuir para um possivel “efeito protetor” desses
compostos na oxidacdo de tidis € a presenca de um grupo relativamente
volumoso com oxigénio em ambos os grupamentos R. Assim, a presenca de
oxigénio nesses grupamentos e o impedimento estérico poderiam dificultar a
interac&o desses dois compostos com o DTT.

Em recente estudo, Kade et al. (2008) observou que uma molécula
organica volumosa diminuiria a atividade mimética a GPx e conseqlientemente
a atividade antioxidante de disselenetos analogos do colesterol. No presente
estudo, as substituicdes na fragcdo organica no disseleneto de difenila eram

relativamente menores, quando comparados ao colesterol, mesmo assim, 0s
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dados demonstraram uma marcada reducdo das atividades tiol oxidase, tiol
peroxidase e sua capacidade de agir como substratos para TrxR, mantendo o
disseleneto de difenila como o composto mais eficiente nestas trés habilidades.
Isso pode ser observado, por exemplo, para os disselenetos substituidos, como
biscarboxidifenila e hexametildifenila, que ndo atuaram como miméticos da GPx
Oou como substratos para TrxR.

Além disso, observamos também que a capacidade mimética da GPx dos
disselenetos pode ser alterada devido a efeitos eletrénicos. Quando
observamos grupamentos doadores de elétrons (no caso hexametildifenila e
bismetoxidifenila) percebe-se que estes causaram uma perda completa da
atividade tiol peroxidase. Por outro lado, a introdugcdo de grupamentos
receptores de elétrons (cloro ou trifluormetil) em geral, foi associado com a
manutecdo da atividade mimética a GPx do disseleneto de difenila.

Contudo, o efeito eletrénico ndo é um fator critico para determinar a
capacidade dos disselenetos em serem reduzidos pela TrxR, uma vez que a
introducdo de um grupamento doador de elétrons pode ser associada a uma
alta (bismetoxidifenila) ou a uma baixa (hexametildifenila) habilidade em servir
como substrato para a TrxR. Conseglentemente, podemos supor que a
capacidade dos disselenetos de serem substratos para TrxR pode ser
relacionado ao efeito estérico, que poderia ser mais importante do que interferir
com a estabilidade selenol/ selenolato, como o efeito eletronico.

Como observamos no artigo 1, alguns dos diaril disselenetos como
disseleneto de difenila, disseleneto de bistrifluormetildifenila, disseleneto de
bismetoxidifenila, disseleneto de bisclorodifenila e o Ebselen demonstraram
servir como substratos para TrxR hepética, no entanto, no manuscrito 1,
ebselen e disseleneto de bistrifluormetildifenila ndo demonstraram afinidade
para atuar como substrato para a TrxR cerebral. As diferencas na expresséo e
nas fungcdes da TrxR em diferentes tecidos ou células de mamiferos poderiam
explicar o fato de o ebselen e o disseleneto de bistrifluormetildifenila n&o
atuarem como substrato para TrxR de cérebro de mamiferos.

Segundo Rackham et al. (2010), a TrxR citosélica (TrxR1l) e a
mitocondrial (TrxR2) tém afinidades diferentes para substratos como dissulfetos
e inibidores metalicos. Arner, (2009) cita que as TrxRs sdo expressas a partir de
trés genes distintos em humanos (nomeados TXNRD1, TXNRD2 e TXNRD3),
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assim, cada uma pode reduzir diferentes tipos de substratos em diferentes
compartimentos celulares. Seus intrigantes padroes de expressdo envolvem
mecanismos complexos de transcricdo, resultando em diversos “splicings”
alternativos, ocorrendo codificagdo de uma série de variantes de proteinas que
possam ter funcdes especificas para células e tecidos restritos. Além dessas
diferencas evidentes e marcantes na expressdao de TrxR1l e TrxR2 em
diferentes tecidos, parece 6bvio que também existam diferencas mais sutis na
regulacdo e expressao dessas duas isoenzimas e suas muitas variantes de
splice alternativo (Arnér, 2009).

A tabela 1 do manuscrito 2, mostrou que quando analisamos no mesmo
dia, com os mesmos reagentes, os compostos disseleneto de difenila e ebselen
na concentracao de 15uM, o ebselen demonstrou uma habilidade seis vezes
menor para ser substrato para TrxR hepética quando comparado ao disseleneto
de difenila e falhou ao atuar como substrato para a TrxR cerebral. Esses
resultados sugerem que o disseleneto de difenila apresenta propriedades
neuroprotetoras, tanto por atuar como mimético da GPx quanto por agir como
substrato para a TrxR (Esquema 1A, manuscritol). No entanto, o ebselen néo
demonstrou ser um bom substrato para a TrxR cerebral, logo suas propriedades
neuroprotetoras podem ser devidas a sua atividade mimética a GPx (Esquema
1C, manuscritol). Em contraste, ambos 0s compostos possuem atividade
hepatoprotetora por fazerem uso dessas duas vias, ou seja, além da atividade
tiol peroxidase, tanto o disseleneto de difenila quanto o ebselen atuam como
substrato para a enzima TrxR (Esquema 1B e 1D, manuscrito 1).

Dessa maneira, 0s resultados aqui apresentados indicam que o
disseleneto de difenila e alguns de seus analogos agiram como substratos para
TrxR de cérebro e figado de rato. Logo, suas propriedades antioxidantes podem
estar, também, associadas a sua interacdo com o sistema tiorredoxina redutase.
Contudo, mais estudos s&o necessarios para concluir o potencial farmacolégico

e terapéutico destes agentes.
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6. CONCLUSAO

que:

De acordo com os resultados presentes nesta tese podemos concluir

A propriedade antioxidante do ebselen e de alguns diaril disselenetos
(disseleneto de difenila, disseleneto de bisclorodifenila, disseleneto de
bistrifluormetildifenila) deve-se, em parte, por sua atividade mimética a

glutationa peroxidase.

A capacidade de mimetizar a glutationa peroxidase pode ser alterada
devido a efeitos eletrénicos.

A atividade antioxidante do ebselen, disseleneto de difenila e alguns
analogos (bistrifluormetildifenila, bistriclorometildifenila e
bismetoxidifenila) pode ser também atribuida a capacidade destes

compostos em atuarem como substratos para a TrxR.

H& uma correlacdo positiva entre a atividade tiol oxidase e a habilidade
em servir como substrato para TrxR hepética, uma vez que a interagdo

com grupamentos tidlicos auxilia na formacéo de selenol/selenolato.

Ndo ha correlacdo entre a atividade do tipo tiol peroxidase dos
compostos de selénio e a sua habilidade em sofrer reducédo na presenca
da TrxR, indicando, consequentemente, uma dissociacdo entre as duas
vias aqui estudas para degradacdo de perdxido (via substrato para TrxR
hepatica ou mimético da GPX).

Substancias que sao substratos para TrxR hepatica como o ebselen e o

bistrifluormetildifenila, n&o necessariamente s&o substratos para a TrxR

cerebral.
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7. PERSPECTIVAS

Tendo em vista os resultados obtidos neste trabalho, as perspectivas

para trabalhos posteriores séo:

Verificar a capacidade do Ebselen, disseleneto de difenila e
analogos (disseleneto de bistrifluormetildifenila, disseleneto de
bismetoxidifenila, disseleneto de biscarboxidifenila, disseleneto de
bisclorodifenila e disseleneto de hexametildifenila) em servir como

substrato para TrxR de outros tecidos de mamiferos.

Realizar estudos in vivo visando elucidar os efeitos toxicos dos
analogos do disseleneto de difenila (disseleneto de
bistrifluormetildifenila, disseleneto de bismetoxidifenila, disseleneto
de biscarboxidifenila, disseleneto de bisclorodifenila e disseleneto

de hexametildifenila);

Realizar estudos in vivo com o objetivo de verificar o potencial
neuro e hepatoprotetor dos analogos do disseleneto de difenila
(disseleneto de bistrifluormetildifenila, disseleneto de
bismetoxidifenila, disseleneto de biscarboxidifenila, disseleneto de
bisclorodifenila e disseleneto de hexametildifenila) em diferentes

modelos experimentais;

Realizar estudos in vivo com objetivo de verificar a capacidade dos
analogos do disseleneto de difenila (disseleneto de
bistrifluormetildifenila, disseleneto de bismetoxidifenila, disseleneto
de biscarboxidifenila, disseleneto de bisclorodifenila e disseleneto

de hexametildifenila) como quelantes de metais.
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