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Nos dltimos anos, tém sido identificadas inumeras propriedades farmacoldgicas do
composto de selénio disseleneto de difenila [(PhSe),]. Assim, a pesquisa dos efeitos
toxicos deste composto torna-se importante para a seguranga na aplicacdo
farmacoldgica. Sabe-se que os bebés, em particular, apresentam muitas mudangas
fisiologicas e bioquimicas relacionadas ao desenvolvimento, que aumentam a
suscetibilidade aos efeitos toxicos de drogas. Desta forma, no artigo 1 investigou-se o
aparecimento de convulsdes induzida pelo (PhSe),, quando administrado pela via oral
(p.0), nas doses de 5 a 500 mg/kg em ratos bebés (12-14 dias de vida) bem como os
possiveis mecanismos glutamatérgicos (Artigo 2) e GABAérgicos (Artigo 3)
envolvidos em tal processo. Vdrios estudos, utilizando diferentes modelos
experimentais demonstraram as mais diferentes propriedades farmacoldgicas e
toxicodindmicas do (PhSe), no entanto, pouco se conhece sobre a toxicodindmica deste
composto. Por isso, o objetivo do artigo 4 foi determinar e quantificar os niveis
plasméticos de (PhSe), em ratos e camundongos adultos apés a administracdo p.o. de
(PhSe); na dose de 500 mg/kg; bem como verificar o envolvimento de diferentes vias
de administragdo, veiculos e espécie animal nos niveis plasméticos do composto € no
aparecimento de convulsdes induzidas pelo mesmo. No artigo 5, determinou-se e
quantificou-se os niveis de (PhSe), no plasma, figado e cérebro de ratos bebés e
correlacionou-se estes niveis a laténcia para o aparecimento de convulsdes. Devido a
necessidade de obter mais informag¢des sobre o composto, que viessem a complementar
os dados obtidos, realizou-se modelos cinéticos in vitro. O manuscrito 1 investigou
parametros relacionados a estabilidade, solubilidade, absor¢cdo e ligacdo as proteinas
plasmaticas do (PhSe), in vitro. No manuscrito 2 realizou-se um estudo in vitro para
identificar as vias metabdlicas responsaveis pela biotransformacdo do (PhSe), no
organismo. Os resultados do artigo 1 demonstraram que a administracdo de (PhSe),



causou toxicidade em ratos bebés, evidenciada pelo aparecimento de convulsdes. Estas
sdo dependentes da dose utilizada e estdo, pelo menos em parte, relacionadas ao
estresse oxidativo. Dentre os mecanismos neuroquimicos envolvidos no efeito
convulsivante do (PhSe), estdo a interacdo com o sistema glutamatérgico, por
estimular os receptores glutamatérgicos ionotrépicos do tipo NMDA e por inibir a
captagdo de glutamato (Artigo 2); e com o sistema GABAérgico, por antagonizar os
receptores GABAé&gicos do tipo GABA,, estimulando a enzima GABA transaminase e
estimulando a captagdo de GABA (Artigo 3). O artigo 4 demonstrou que concentracao
maxima de (PhSe), no plasma de ratos e camundongos adultos ocorreu 30 minutos apés
a administracdo pela via oral do composto e permaneceu detectavel até 8 horas apds
sua administracdo. O uso de diferentes vias de administracdo (intraperitonial (i.p); p.o;
subcutinea (s.c)) e veiculo (6leo de canola ou dimetil sulféxido (DMSQO)) em ratos e
camundongos indicou que o aparecimento de convulsdes e os niveis plasmaticos de
(PhSe), sdo dependentes da via de administrag¢ao (i.p > p.o > s.c), do veiculo (DMSO >
6leo de canola) e da espécie animal (camundongo > rato). No artigo 5 observou-se
ainda que os ratos bebés convulsionaram mesmo apresentando niveis plasmaéticos
menores de composto que os adultos, o que nos leva a crer que estes sao mais sensiveis
aos feitos toxicos do (PhSe),. Os niveis de (PhSe), no figado e no cérebro de ratos
bebés no momento do episédio convulsivo apresentaram uma correlacdo negativa com
a laténcia para o primeiro episédio convulsivo. O manuscrito 1 revelou que o (PhSe),
apresenta estabilidade quimica e bioldgica. No entanto, o composto apresenta uma
baixa solubilidade em dgua, um alto coeficiente de particao octanol-dgua e uma extensa
ligacdo as proteinas plasmaticas. O manuscrito 2 indicou que o (PhSe), ndo ¢
biotransformado por reacdes de fase I catalizadas pelo citocromo P450. O composto
reage quimicamente com a glutationa reduzida (GSH) e a N-acetilciateina (NAC),
formando adutos ou ainda reage com grupos SH de proteinas. A presenca de GSH ou
NAC no meio de incuba¢do diminuiu a ligacdo do (PhSe), as proteinas. Por fim, foi
observado que o (PhSe), reduziu a atividade das enzimas do citocromo P450. Em
conjunto, os resultados desta tese demonstraram que a intensidade dos efeitos toxicos
causados pelo (PhSe), estao diretamente relacionados a sua toxicocinética.

Palavras-chave: Disseleneto de difenila, selénio, convulsdo, ratos bebé, neuroquimica,
toxicocinética, metabolismo.
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In recent years have been identifical numerous pharmacological properties of a selenium
compound, diphenyl diselenide [(PhSe),]. Consequently, it is important the investigation of
its toxic effect for a safe application in pharmacological studies. It is known that babies, in
particular, have many physiological and biochemical changes related to development,
which increase the susceptibility to toxic effects of drugs. Thus, the article 1 investigated
the appearance of seizure episodes induced by (PhSe), when administered orally at doses
of 5 to 500 mg/kg in rat pups (pos natal day 12-14) and the possible glutamatergic (article
2) and GABAergic (article 3) mechanisms involved in this process. Some studies using
different experimental models have demonstrated the most different pharmacological and
toxicodynamics properties of (PhSe),. However, little is known about the toxicokinetic
disposition of this compound. Therefore, the aim of article 4 was to determine and
quantify the plasma levels of (PhSe), in adult mice and rats after oral (p.o.) administration
of 500 mg/kg (PhSe),; to verify the involvement of different routes of administration,
vehicle and animal species in plasma levels of (PhSe), and in the onset of the first seizure
episode induced by it. In article 5, it was determined and quantified the levels of (PhSe),
in plasma, liver and brain of rat pups and these levels were correlated to the latency for the
onset of the first seizure episode. To obtain more information about the compound, which
were to supplement the data obtained, we carried out in vitro kinetic models. The
manuscript 1 investigated the drug-like properties of (PhSe), in regards to stability,
solubility, absorption and plasma protein binding (PPB) in vitro. In manuscript 2, it was
conducted an in vitro study in order to identify possible metabolic pathways responsible
for the biotransformation of (PhSe), in the body. Results of article 1 showed that
administration of (PhSe), caused toxicity in rat pups, evidenced by the appearance of
seizures. These were dose dependent and were, at least in part, related to oxidative stress.
Among the mechanisms involved in the convulsive effect of (PhSe), were the interaction
with: glutamatergic system by stimulating the inotropic glutamatergic receptors NMDA
and by inhibiting the uptake of glutamate (Article 2); GABAergic system by antagonize
the GABA, receptor, stimulating GABA transaminase enzyme and increasing GABA



uptake (Article 3). The article 4 revealed that the maximum concentration of (PhSe), in
the plasma of adult rats and mice occurred 30 minutes after p.o administration of the
compound and remained detectable up to 8 hours after administration. The use of different
routes of administration (intraperitoneal (i.p.), p.o., subcutaneous (s.c.)) or vehicle (canola
oil or dimethyl sulfoxide (DMSO)) in rats and mice indicated that the onset of the first
seizure episode and plasma levels are dependent on the route of administration (i.p. > p.o.
> s.c.), vehicle (DMSO > canola oil) and animal species (mouse > rat). In article S, it was
observed that rat pups showed seizures even presenting lower plasma values of (PhSe), as
compared to adults. This result demonstrated that rat pups are more sensitive to the toxic
effects of (PhSe), than adult rats. Levels of (PhSe), in the liver and brain of rat pups
showed a negative correlation with the latency to the first seizure episode. The manuscript
1 showed that (PhSe), has chemical and biological stability. However, the compound has a
low solubility in water, a high partition coefficient octanol-water and an extensive plasma
protein binding. Manuscript 2 indicated that (PhSe), is not biotranformed by Phase I
reactions, catalyzed by cytochrome P450. It reacted chemically with reduced glutathione
(GSH) and N-acetylcysteine (NAC) to form adducts or reacts with protein SH groups. The
presence of GSH or NAC in the incubation medium decreased the binding of (PhSe),
protein. Finally, it was observed that (PhSe), reduced the activity of cytochrome P450.
Together, the data presented showed that the intensity of toxic effects caused by (PhSe),
are directly related to its toxicokinetic.

Key words: Diphenyl diselenide, selenium, seizures, rat pups, neurochemistry,
toxicokinetic, metabolism.
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APRESENTACAO

Os resultados que fazem parte desta tese estdo apresentados sob a forma de artigos,
os quais se encontram no item ARTIGOS CIENTIFICOS E MANUSCRITOS. As
secoes Materiais e Métodos, Resultados, Discussdo dos Resultados e Referéncias
Bibliogréficas, encontram-se nos proprios artigos centificos € manuscritos e representam
na integra o presente estudo.

Os itens DISCUSSAO E CONCLUSC)ES, encontrados no final desta tese,
apresentam interpretacoes e comentdrios gerais sobre todos os artigos cientificos e
manuscritos contidos neste trabalho.

As REFERENCIAS BIBLIOGRAFICAS referem-se somente as citacdes que
aparecem nos itens INTRODUCAO, REVISAO BIBLIOGRAFICA ¢ DISCUSSAO

desta tese.



1. INTRODUCAO

A epilepsia € uma desordem neuroldgica caracterizada pelo aparecimento
recorrente e imprevisivel de convulsdes espontaneas. Embora a epilepsia possa manifestar-
se por vdrias vias diferentes, cada tipo de epilepsia tem em comum a importante
caracteristica de aumentar a excitabilidade neuronal, a qual se manifesta através da geracao
de convulsdes (Mcnamara, 1999). Os episodios convulsivos afetam cerca de 1 - 2% da
populacdo mundial e podem ocorrer em todas as idades, sendo mais comuns em criangas
que em adultos. As convulsdes pedidtricas sdo tnicas em relagdo a varios aspectos quando
comparadas com a convulsdo em adultos (Cowan, 2002). A incidéncia de convulsdes é
muito alta no primeiro ano de vida, diminuindo na infancia e adolescéncia (Grunewald,
2002).

O comportamento convulsivo refere-se a uma breve alteragdao causada pela ativagao
desordenada, sincronica e ritmica de grupos de neurdnios cerebrais. Um desequilibrio
ocasionado por um aumento da transmissao excitatéria glutamatérgica e/ou diminuicdo da
resposta inibitéria GABAérgica sdo importantes mecanismos envolvidos com a génese da
convulsdo (Ribeiro et al., 2005).

O aminodcido glutamato é o mais abundante neurotransmissor excitatorio no
sistema nervoso central (SNC), estando envolvido na epileptogénese, na iniciacdo, na
difusdo de convulsdes e no dano neuronal relacionado a convulsdo. Os efeitos do
glutamato s@o mediados pelos receptores ionotrépicos e metabotrépicos (Chapman, 2000)
e a ativagdo de receptores de aminodcidos excitatorios pode ser um fator desencadeante a
formacao de espécies reativas de oxigénio (EROs) (Engelborghs et al., 2000).

O 4cido y-aminobutirico (GABA) é o mais importante neurotransmissor inibitorio,
sendo o receptor GABA, 0 mais extensamente envolvido na epilepsia (Gale, 1992). A
diminuicdo na neurotransmissdo GABAérgica no SNC contribui para a
hiperexcitabilidade, que € responsével pelo estatus epilético (Olsen et al., 1999).

Um significante nimero de estudos sugere que as EROs estdo associadas com os
episddios convulsivos (Erakovic, 2001; Liang et al., 2000). O estresse oxidativo ocorre em
conseqii€éncia a episédios convulsivos prolongados, sugerindo que isso possa desempenhar
um papel importante no dano cerebral induzido pela convulsao (Kaneko et al., 2002). O

cérebro € o alvo preferencial do processo peroxidativo, pois contém uma alta concentracao



de 4cidos graxos poliinsaturados, sendo que os lipidios de membrana, além das proteinas
celulares, DNA e RNA sdo alvos suscetiveis ao dano oxidativo (Halliwell and Gutteridge,
1989; Liang et al., 2000).

O selénio é um elemento traco essencial para o crescimento e desenvolvimento do
organismo. Dentre os compostos de selénio que possuem agdo farmacoldgica estd o
disseleneto de difenila (PhSe), (Nogueira et al., 2004; Rosa et al., 2007). O (PhSe), é um
composto organocalcogénio que possui atividade anti-ilcera (Savegnago et al., 2006),
antioxidante (Rossato et al., 2002; Meotti et al., 2004), neuroprotetora (Ghisleni et al.,
2003), hepatoprotetora (Borges et al., 2005), anti-inflamatéria e antinociceptiva
(Savegnago et al., 2007a,b) e anti-hiperglicémica (Barbosa et al., 2000).

Por outro lado, o (PhSe); causa efeitos téxicos quando administrado em altas doses
(Nogueira et al., 2003a). O cérebro € um dos 6rgaos alvo deste composto, pois, devido a
sua lipofilicidade, tem a capacidade de ultrapassar a barreira cérebro-sangue afetando um
grande ndmero de processos neuronais (Jacques-Silva., 2001; Maciel et al., 2003). Estudos
prévios demonstraram que a exposicao ao (PhSe), causa modificagdes na funcionalidade
do sistema glutamatérgico in vivo e in vitro (Nogueira et al., 2001), alteracdes enzimaticas
como na &-aminolevulinato desidratase (3-ALA-D) (Meotti et al., 2003) e na Na*, K*-
ATPase (Borges et al., 2005), também pode ocasionar convulsdes (Nogueira et al., 2003a).

A toxicidade induzida pelo (PhSe), depende da via de administracdo
(intraperitoneal, intracerebroventricular, subcutinea ou oral) e da espécie considerada
(ratos ou camundongos) (Nogueira et al., 2003a). O (PhSe), ndo provoca efeitos
neurotoxicos quando administrado pela via subcutanea e intracerebroventricular (Maciel et
al., 2003; Jacques-Silva et al., 2001). Porém, quando administrado pela via intraperitoneal,
este composto causa convulsdo em camundongos, mas ndo em ratos adultos, demonstrando
ser mais neurotéxico em camundongos que em ratos (Nogueira et al., 2003a). Segundo
Caldwell (1982) e Blake et al. (2005), a diferenca de toxicidade entre espécies ou entre
idades pode ser relacionada a diferencas no metabolismo e disposi¢do de um composto.

A absor¢do de compostos organicos no organismo (naturais ou xenobidticos) é
seguida pelas reagdes de biotransformacdo, as quais podem levar a uma inativacio
(detoxificacdo), ativagcdo (bioativagdo) ou pode levar a formac¢do de compostos mais
téxicos (biotoxificacdo). A biotransformacdo de drogas ocorre em duas fases. Durante a
primeira fase (Fase I) os xenobidticos sdo funcionalizados por oxidacdo, hidrélise ou

reducdo. Na segunda parte (Fase II), os metabdlitos primdrios passam por reagdes de



conjugacdo com agentes enddgenos, formando assim metabolitos secunddrios,
posteriormente excretados na bile e urina (Levsen et al., 2005; Nassar et al., 2009).

Muitos estudos demonstram que as diversas formas de selénio, inorganicas ou
selenoaminodacidos, utilizadas nutricionalmente, assumem um intermediario comum
(selenito), que € utilizado para a sintese de selenoproteinas e o excedente € transformado
no figado em selenoacicar A e B (1B-metilseleno-N-acetil-D-galactosamina), para ser
excretado na urina (Kobayashi et al., 2002; Suzuki et al., 2005a, Suzuki et al., 2005b,
Suzuki et al., 2006). Estudos com o composto organico de selénio Ebselen, mostram que
ele € reduzido por tidis a 2-selenilbenzenanilida (Ziegler et al., 1992) ou reage com grupos
de ti6is enddgenos de proteinas para formar selenosulfetos em proteinas (Dimmeler et al.,
1991). Apds a transformacgdo a 2-selenilbenzenanilida, o ebselen sofre glucuronidagdo ou
metilacdo, formando metabdlitos mais polares, para serem excretados pela urina (Muller et
al., 1988). Porém, ndo existem estudos demonstrando a biotransformac¢ao do (PhSe),.

Considerando que o (PhSe); apresenta intimeras propriedades farmacoldgicas que o
tornam potencial candidato a farmaco, os objetivos deste estudo foram investigar a
neurotoxicidade aguda induzida por (PhSe), em ratos bebés, avaliando o aparecimento de
convulsdes e os possiveis mecanismos de acdo envolvidos na atividade convulsiva
induzida pelo (PhSe),; estudar a toxicocinética do (PhSe), e correlacionéd-los aos efeitos

causados causados pelo composto nos modelos experimentais estudados.



2. REVISAO BIBLIOGRAFICA

CAPITULO 1

2.1 Epilepsia e Convulsao

A epilepsia é uma das muitas desordens cerebrais, que afeta cerca de 50 milhdes de
pessoas no mundo todo (Scheuer and Pedley, 1990). Referem-se a um grupo diverso de
transtornos neurolégicos cronicos, etioldégica e clinicamente marcados por crises
convulsivas recorrentes, as quais resultam da atividade neuronal excessiva, anormal e
hipersincronica (Treiman, 1995; Engelborghs, 2000).

As convulsdes se caracterizam por descargas anormais em um grupo de neurdnios
cerebrais, levando a uma alteracdo da atividade cerebral caracterizadas por manifestagoes
motoras, sensitivas, sensoriais, psiquicas ou neurodegenerativas. Fundamentalmente se
dividem em dois grandes grupos: parciais e generalizadas (Commission, 1981; Loscher,
1997; Holmes, 2005).

As crises parciais sdo descargas elétricas anormais, provenientes de um foco
epileptogénico, limitadas a uma regido mais ou menos circunscrita do cortex cerebral,
podendo ser: parciais simples: ndo provocam alteracdo da consciéncia e manifestam-se
como eventos visuais, motores, autondmicos ou sensoriais € podem se confundir com
outros fendmenos transitorios; parciais complexas: caracterizam-se por uma mudanga de
consciéncia, definida como incapacidade de responder normalmente a estimulos externos,
podendo ocorrer em graus varidveis e associar-se a diversos eventos, como quedas
abruptas € movimentos inconscientes e involuntarios (automatismos) (Commission, 1989;
Loscher, 1997).

Nas crises generalizadas, as descargas neuronais sdo bilaterais e envolvem
simultaneamente amplas dreas de ambos os hemisférios cerebrais. A consciéncia é quase
sempre comprometida, e as manifestacdes motoras afetam os dois lados do corpo. As
crises podem ser convulsivas (com fendmenos motores) ou ndao. No primeiro caso, sao
classificadas como: tdnicas, quando o corpo fica rigido; clonicas, quando hd contragdes

ritmadas seguidas de relaxamento em rapida sucessdo; tdnico-clonicas, se os dois sintomas



estiverem presentes e mioclonicas, caso haja contracdes nao ritmadas e erraticas de apenas
um ou alguns grupos de miusculos definidos. Caso ndo haja fendmenos motores, como 0s
anteriormente descritos, as crises sdo denominadas atonicas (perda do tonus muscular, sem
rigidez do corpo) ou de auséncia (perda do contato com o meio) (Commission, 1989;
Loscher, 1997).

A epilepsia € uma desordem de causa idiopatica. Entre as possiveis causas da
epilepsia estdo lesdes cerebrais decorrentes de traumatismos na cabega, tumores, distirbios
cerebrais degenerativos, infeccdes (meningite, por exemplo), abuso de bebidas alcodlicas
ou de drogas e complicacdes durante o parto, porém, a maior parte dos casos ndo tem uma
origem clara, ou seja, ndo s@o determinados por uma lesdo, mas sim por fatores genéticos

(Loscher, 1997; Holmes, 2005). Na auséncia de um fator etioldgico especifico, na maioria

dos casos a terapia se faz necessdria para controlar os sintomas.

2.1.1 Convulsdes e o Cérebro em Desenvolvimento

As crises epilépticas sdo freqiientemente observadas na clinica de neurologia
infantil. Em torno de 4% de todas as criangas poderdo apresentar um episdédio nos
primeiros 15 anos de vida, e 90% dos epilépticos t€m a primeira crise antes dos 20 anos de
idade, o que sinaliza o inicio precoce da maioria das epilepsias (Fernandes and Dander,
1998).

Lenox (1981) observou que 30% de todas as formas de epilepsia iniciam no
primeiro ano de vida, e outros 30,5% no segundo, terceiro e quarto ano. Entre os recém
nascidos, a maior freqiiéncia se verifica entre os nascidos a termo, ja que a maturagiao do
SNC € importante para o desenvolvimento de crises, tornando as manifestacoes
neurolégicas mais importantes deste periodo (Rotta, 1991). Além disso, durante o
nascimento, os bebés podem sofrer insultos como trauma, hipdéxia-isquemia, infecg¢oes
perinatais, hemorragias intracranial, distirbios metabdlicos e febre, o que pode resultar em
convulsido (Holmes, 2005).

O tipo de crise epiléptica apresentado pela crianca depende do estado de
desenvolvimento e organizacdo funcional do SNC. Assim, os tipos de epilepsia podem ser
altamente varidveis, desde simples crises de auséncia até convulsdes tOnico-clonicas e
crises parciais complexas. Mudltiplos tipos de crises, evolu¢gdo de um tipo a outro e

remissao espontanea das crises sdo caracteristicas marcantes das epilepsias em criangas



(Cowan, 2002). Cavazzuti (1984) registrou predominio de formas parciais na faixa de 5 a
14 anos (66%), enquanto Dosse & Sitepu (1993) encontraram predominio de crises
generalizadas na faixa de 0 a 9 anos (62,6%).

Pacientes com epilepsia apresentam um grande risco de desenvolverem alteracdes
cognitivas e anormalidades comportamentais. Existem muitas evidéncias que demonstram
que as convulsdes podem causar danos cerebrais que podem ser responsdveis por um
declinio cognitivo (Elger et al., 2004). Este fato motiva muitos estudos experimentais
utilizando modelos animais, os quais demonstram que o cérebro imaturo € mais vulneravel
ao desenvolvimento de convulsdes quando comparado ao cérebro adulto.

Em termos de maturacdo cerebral, tem-se que ratos de 8 a 14 dias de idade
correspondem a criancas recém nascidas, enquanto ratos recém nascidos correspondem a
fetos humanos com 6 meses de gestacdo (Morgane et al., 2002). A sinaptogé€nese no
cérebro do rato ocorre principalmente entre o 7° e 21° dia de vida pds-natal, podendo
diferir de regido a regido. O aumento nos contatos sindpticos e a diferenciagdo destas
conexoes representam o comego do desenvolvimento quimico e funcional do SNC (Figura
1). Desse modo, o cérebro € sensivel a alteragdes no seu desenvolvimento, provocadas por
fatores externos durante os periodos de rdpido crescimento cerebral, apds o nascimento

(Rocinholi et al., 1997; Rice, 1999).
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Figura 1 — Curva de Velocidade, comparando os indices relativos, duragdo e tempo do processo
desenvolvimental especifico em cérebro de ratos e humanos. As curvas de rdpido crescimento cerebral
(indices de mudanca no peso cerebral) sdo sobrepostas em relagdo aos eventos desenvolvimentais no cérebro.
Note que a génese precoce de astroglia e células piramidais em humanos, resultando na aquisicdo de
aproximadamente 27% do peso cerebral adulto no tempo do nascimento, comparado a aproximadamente
12% do peso cerebral adulto visto em ratos ao nascimento. A curva de rdpido crescimento cerebral em ratos é
alterada para a direita, comparado aos humanos.

Fonte: Adaptado de Morgane et al., 2002.

Por fim, sabe-se que neur6nios imaturos tendem a gerar periddicas descargas e
essas facilitam a geracdo de oscilagdes patoldgicas, além disto, o sistema GABAérgico
exerce uma a¢ao paradoxalmente excitatéria em grande parte das estruturas cerebrais neste
periodo (Khazipov et al., 2004). Este fato seria um agravante no desenvolvimento de
convulsdes neste periodo, uma vez que vdrios trabalhos sugerem que os principais
mecanismos envolvidos na génese da convulsdo estdo relacionados a um desequilibrio
ocasionado por um aumento da transmissao excitatéria glutamatérgica e/ou diminui¢ao da

resposta inibitéria GABAérgica (Ribeiro et al., 2005).



2.2 Os Sistemas Glutamatérgico e GABAérgico

Representando os principais neurotransmissores inibitérios e excitatorios,
respectivamente, o dcido y-aminobutirico (GABA) e o glutamato ocupam um papel central
em processos neuropatolégicos, tais como epilepsia, déficits de funcdo cognitiva e doengas
neurodegenerativas (Meldrum, 1995; Ribeiro et al., 2005). Particularmente, um
desequilibrio em qualquer um dos sistemas de neurotransmissao excitatoria ou inibitéria no
SNC pode estar implicado no desenvolvimento de processos convulsivos (Meldrum, 1995).
Além disso, a intensificacdo do desequilibrio neuronal que conduz aos episddios
convulsivos, assim como o seu abrandamento, pode ocorrer a partir da interacdo de
mecanismos inibitérios GABAérgicos e excitatérios glutamatérgicos (Meldrum, 1995;

Ribeiro et al., 2005).

2.2.1 O Sistema Glutamatérgico

O glutamato € o aminodcido encontrado em maior concentra¢do no SNC e medeia a
maior parte da transmissdo sindptica excitatéria no cérebro. E um mediador chave de uma
variedade de processos fisiolégicos, tais como comunicagdo intracelular, crescimento e
diferenciagdo, aprendizado e memoria (Ozawa et al., 1998) bem como na formagdo de
redes neurais durante o desenvolvimento (Izquierdo, 2006), desempenhando um papel
importante na realizacdo de conexdes sindpticas normais no cérebro. Conseqiientemente,
um desequilibrio na via glutamatérgica é um fator importante na gé€nese de muitas
desordens neuroldgicas.

Evidéncias tém demonstrado que um aumento na neurotransmissao glutamatérgica
estd envolvido nos mecanismos excitotoxicos das convulsdes, além da neurodegeneracio
(Raol et al., 2001). Efetivamente, as principais vias excitatérias do SNC utilizam o
glutamato como neurotransmissor (Meldrum et al., 1999). Sua sintese ocorre nos terminais
pré-sinapticos, predominantemente a partir da glutamina, a qual € sintetizada nas células
gliais e transportada para os terminais nervosos, onde entdo € convertida em glutamato
devido a acdo da enzima glutaminase. Entretanto, ele ainda pode provir do a-cetoglutarato,
nas reagdes de transaminacdo e na aminacdo redutora pela glutamato desidrogenase

(Kvamme, 1998).



Além disso, quando liberado na fenda sindptica, as respostas fisiologicas ao
glutamato ocorrem via ativacdo de receptores ionotropicos € metabotropicos
farmacologicamente e funcionalmente distintos, localizados nas membranas pré e pds-
sindpticas, bem como na membrana das células gliais (Meldrum et al., 1999).

Como mediador de sinapses excitatorias, o glutamato tem um papel importante em
funcdes essenciais do SNC; entretanto, uma ativacao excessiva do sistema glutamatérgico
pode provocar dano ou até mesmo morte neuronal (Meldrum, 2002). Esta morte neuronal
provocada pela estimulacdo excessiva dos receptores glutamatérgicos, devido a uma
administracao de altas doses de glutamato, ou de agonistas de receptores glutamatérgicos
foi inicialmente descrita pelo termo “excitotoxicidade”. Apds a descoberta de que
antagonistas glutamatérgicos podem ter efeitos benéficos em modelos de desordens
neuroldgicas, tais como isquemia cerebral e epilepsia, o conceito de excitotoxicidade foi
modificado. Isto €, passou-se a admitir que o glutamato endégeno possa também ser um
mediador de neurotoxicidade, quando se acumula no espaco extracelular (Obrenovitch et
al., 2000).

Apesar do grande interesse em torno deste tema, os mecanismos intracelulares
responsaveis pela excitotoxicidade ainda ndo foram completamente elucidados. Entretanto,
o aumento de Ca®* intracelular, seguido da ativacdo de receptores ionotrépicos de
glutamato, inchago osmético celular, producdo de radicais livres e peroxidagao lipidica nas
membranas celulares, além do aumento na expressao de proteinas apoptdticas, demonstram
ter um papel importante ( Porcitncula et al., 2001; Rossato et al., 2002; Centurido et al.,

2005).

2.2.1.1 Os Receptores de Glutamato

Os receptores glutamatérgicos podem ser classificados, de acordo com estudos

farmacoldogicos e moleculares, em dois grandes grupos: receptores ionotropicos e

metabotropicos (Figura 2) (Ozawa et al.,1998).
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Figura 2. Receptores glutamatérgicos. Os receptores glutamatérgicos ionotrépicos (iGluRs) contém um canal
ionico  cdtion-especifico e sdo subdivididos em trés subtipos: a-amino-3-hidroxi-5-metil-4-
isoxazolepropionato (AMPA), cainato e N-metil-D-aspartato (NMDA). Os receptores glutamatérgicos
metabotrépicos (mGluRs) sdo acoplados ao sistema de transdugdo de sinal via adenilato ciclase ou
fosfolipase C (PLC) e estdo subdivididos em 8 subtipos (mGIuR1-8).

Fonte: Adaptado de Zigmond, Fundamental Neuroscience, Academic Press, 2003.

Os receptores ionotrépicos sdo canais iOnicos que permeiam cétions através da
membrana neuronal. Portanto, sua ativagdo provoca a despolarizagdo da membrana
sindptica e desencadeia uma resposta excitatoria. Estes receptores sdo subdivididos em N-
metil-D-aspartato  (NMDA), a-amino-3-hidroxi-5-metil-4-isoxazol-7 &cido propidnico
(AMPA) e cainato (KA), com base na sua sensibilidade a agonistas especificos (Cotmann
et al., 1995).

Os receptores AMPA medeiam a neurotransmissdo excitatdria rapida e sdo canais
com grande permeabilidade a cdtions monovalentes (Na* e K') e com baixa
permeabilidade ao Ca** (Dichter & Wilcox, 1997). Estes receptores possuem, a0 menos,
trés sitios para ligantes: o sitio de unido de glutamato (ou AMPA), um sitio de unido que
modula a desensibilizacdo do receptor e outro que bloqueia o influxo de fons e que esta
localizado no interior do canal (Ozawa et al.,1998).

Os receptores de KA diferem dos receptores AMPA por serem, além de permeaveis
a fons Na* e K*, relativamente permedveis a fons Ca** (Ozawa et al., 1998). Esses

receptores sdo encontrados em poucas dreas cerebrais ao contrario dos receptores AMPA,
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que apresentam ampla distribuicdo no SNC. Além disso, a administracao intracerebral ou
parenteral de KA em ratos possui efeito convulsivo, e resulta num modelo de dano cerebral
que se assemelha ao de pacientes com epilepsia lobo-temporal (Kleinrok et al., 1995).

Por sua vez, os receptores NMDA medeiam a transmissdo sindptica excitatdria
lenta, s@o canais com grande permeabilidade ao Ca®* e baixa permeabilidade ao Na* e K*
(Figura 3) (Lipton and Rosemberg, 1994; Ozawa et al., 1998). O complexo do receptor
NMDA apresenta diversos sitios para ligantes que regulam a abertura do canal idnico: um
sitio para glutamato (ou NMDA), um para o coagonista endégeno glicina, um sitio no
interior do canal para a unido de bloqueadores (MK-801 e PCP (fenciclidina), e sitios
modulatérios tais como: um sitio para o Zn** (antagonista ndo competitivo do receptor),
outro para poliaminas, um sensivel a modulacdo redox (modulado tanto por agentes
oxidantes quanto por agentes redutores) e um sitio sensivel a H" (Gozlan and Bem-Ari,

1995; Martin et al., 1995; Ozawa et al., 1998)

Sitio red Sitios de ligagdo de agonistas GLU, NMDA e
0 1600 de antagonistas APY, CPP.

Sitio de glicosilagio
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Figura 3. Representacdo esquemadtica do receptor NMDA.

Fonte: Zigmond et al. (2003).
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Além disso, o canal do receptor NMDA € bloqueado por Mg2+ de uma maneira
dependente de voltagem, ou seja, nos neurdnios em potencial de repouso, a ativacdo do
receptor s6 ocorre se a membrana neuronal for despolarizada, o que permite a saida de
Mg** do interior do canal. O bloqueio dependente de voltagem do canal NMDA por Mg**
pode ser visto como um mecanismo protetor intrinseco contra a entrada excessiva de Ca®*
na célula e a conseqiiente toxicidade neuronal (Edmonds et al., 1995).

A ativacado do receptor NMDA estd envolvida no processo de plasticidade neuronal,
entretanto, sua estimulagdo excessiva acarreta aumento do Ca** intracelular com
conseqiiente toxicidade celular (Mody and Macdonald, 1995). Existem evidéncias de que
a excitotoxicidade esteja envolvida na morte neuronal observada em algumas doencas
neurodegenerativas, tais como Alzheimer, sindrome de Huntington, esclerose lateral
amiotréfica, neurodegeneracdo associada a infec¢des por HIV; bem como em patologias
agudas, como o dano neuronal isquémico e hipoglicémico (Meldrum, 1991, 1995; Price,
1999).

Diferentemente dos receptores ionotropicos, os receptores glutamatérgicos
metabotropicos estdo associados a sistemas de segundos mensageiros intracelulares. Estes
receptores sdo acoplados a proteinas G (proteinas ligantes de nucleotideos da guanina), as
quais modulam a atividade de efetores intracelulares, tais como a adenilato ciclase e a
fosfolipase C (Cotmann et al., 1995).

Os receptores glutamatérgicos metabotropicos, assim como o ionotrépico NMDA,
estdo envolvidos no processo de inducdo da plasticidade neuronal. Localizados nos
terminais pré e pds-sindpticos e nas células gliais, estes receptores também possuem papel
importante na inducao de convulsdes e morte neuronal (Nicoletti et al., 1996).

Particularmente, a ativacdo de receptores de glutamato metabotrépicos

présindpticos pode promover efeitos excitatérios ou inibitérios (Ozawa et al., 1998).
2.2.1.2 A Captagao de Glutamato
A captacdo de glutamato € o principal mecanismo responsdvel pela manuten¢do dos
niveis extracelulares de glutamato abaixo dos niveis toxicos, sendo realizados por

transportadores de glutamato presentes na membrana plasmética de neuronios e células

gliais, principalmente em astrécitos (Danbolt, 2001).
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Esta captacdo do glutamato envolve dois sistemas de transporte: um carreador com
alta afinidade e dependente de Na®, localizado nas membranas pré-sindpticas e gliais, e
outro com baixa afinidade e independente de Na*, localizado nas membranas das vesiculas
sindpticas. Devido a a¢do coordenada destes transportadores o glutamato é armazenado nas
vesiculas, diminuindo sua concentra¢do na fenda sindptica (Robinson and Dowd, 1997).

Claramente, a captacdao de moléculas de glutamato apresenta uma fungao vital na
manutencdo dos niveis de glutamato, a fim de evitar excessiva ativacdo dos receptores
glutamatérgicos e conseqiiente excitotoxicidade. Resultados indicaram que alteracdes nos
transportadores de glutamato podem desencadear um importante papel no processo
epileptogénico (Meldrum et al., 1999). Além disso, a captacdo de glutamato tem vital
importancia de prover glutamato para sintese de GABA, glutationa, para a liberagdao de
energia desempenha papel importante como acoplador da atividade neuronal com o

metabolismo da glicose em astrécitos (Danbolt, 2001).

2.2.2. O Sistema GABAérgico

O 4cido y-amino-butirico (GABA), principal neurotransmissor inibitério do SNC de
adultos, € sintetizado em 20 a 30 % dos neurdnios, pelos chamados neurdnios
GABAérgicos e € indispensdvel para o controle de fungdes do SNC como a atividade
locomotora, o aprendizado e o ritmo circadiano (Chaudhry et al., 1998; Varju et al., 2001).
No SNC de vertebrados 0 GABA € o principal neurotransmissor inibitério. Esté localizado
em interneurdnios de axodnios curtos que fazem sinapse com o corpo celular e axodnios
proximais, € mantém o tonus inibitério que contrabalanga a excitacdo neuronal. Quando
este balango € perturbado, pode ocorrer a convulsao (Treiman, 2001). O GABA ¢é formado
dentro dos terminais dos axdonios GABAérgicos por meio da transaminacdo do a-
cetoglutarato a dcido glutamico (Treiman, 2001), que € descarboxilado a GABA pelas duas
isoformas da dcido glutamico descarboxilase GADgs € GADg;. Ambas as isoformas estao
presentes em “pools” de GAD soldvel e associadas a membrana (Gadea and Colone,
2001). A distribuicdo preferencial da GADgs em terminais nervosos € sua associacdo com
vesiculas sindpticas sugere que possa estar envolvida na sintese de GABA vesicular que
medeia a comunicagao sindptica rapida (Gadea and Colone et al., 2001).

Antes da liberacdo na fenda sindptica, o0 GABA ¢ transferido para vesiculas

sindpticas por acdo de proteinas integrais de membrana, denominadas transportadores
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vesiculares de GABA (VGAT), as quais sdo cruciais para a funcdo GABAérgica e cuja
atividade depende do pH e de gradientes elétricos (Devaud, 2001).

A liberacdo pré-sindptica de GABA pode ser vesicular, cdlcio dependente e
estimulada por altas concentragdes de potdssio e ndo vesicular, cdlcio independente e
secundéria a despolarizagdo da membrana celular e influxo de sédio. A liberacdo ndo
vesicular de GABA depende do transporte reverso de GABA (Treiman, 2001). Depois do
GABA ser liberado dos terminais dos axonios e de agir sobre os receptores ionotrépicos e
metabotropico, esta acdo € terminada pela sua rdpida recaptagdo via transportadores
Na®/CI" dependentes, ligados a membranas pré e pds- sindpticas de neurdnios e também
em células gliais. O GABA ¢ entdo catabolizado pela GABA transaminase (GABA-T) a
semialdeido succinico, que € convertido a dcido succinico pela semialdeido dcido succinico
desidrogenase, entrando, entdo, no ciclo de Krebs (Treiman, 2001). O aumento da
atividade da enzima GABA-T no cérebro, diminui as concentracdes de GABA e pode levar
a convulsdes, coma e Obito. A inibicdo desta enzima aumenta consideravelmente as

concentracdes de GABA (Devaud, 2001).

2.2.2.1 Os Receptores de GABA

Os receptores GABAA s@o ionotrépicos, constituindo-se de um complexo de
estrutura hetero-oligdmera, cujas subunidades formam um canal de cloreto, o qual, ao
aumentar o influxo, hiperpolariza o neur6nio. Estes receptores medeiam a resposta
inibitéria rapida em cérebro de mamiferos (Korpi et al., 2002). A inibi¢do € um processo
fundamental na atividade cerebral, e, portanto, a maior parte das células neuronais
expressam estes receptores nas suas membranas celulares (Korpi et al., 2002). Os
receptores GABA, apresentam sitios de ligacdo para GABA, benzodiazepinicos,
barbitiricos, neuroesterdides, picrotoxina e etanol (Figura 4). Foram isoladas vdrias
subunidades do complexo GABA4 (al-6, B1-4, y1-4, 6, m, &, segundo Bormann, 2000.

Os subtipos de receptores GABA, sdo formados por diferentes combinagdes de
subunidades, sendo que hd uma variacdo na sua expressdo e suas propriedades
farmacoldgicas em diferentes células e regides do cérebro (Korpi et al., 2002). Sperk et al.
(1997) sugerindo que a distribuicdo das subunidades de receptores GABA, difere entre
células e mesmo entre regides do mesmo neur6nio. Mudancas na expressdo das

subunidades ocorrem em resposta a tratamento com drogas, como, por exemplo, o etanol,
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barbitdricos, neuroesterdides e benzodiazepinicos. Portanto, a densidade relativa de
subtipos de receptores e sua eficicia funcional no cérebro adaptam-se a um ambiente
interno alterado (Korpi et al., 2002).

Um segundo tipo de receptores ionotropicos foi descrito em retina de vertebrados.
Compostos de sub-unidades p, estes receptores de GABA, insensiveis a bicuculina e
baclofen, sdo frequentemente denominados de receptores GABAc (Bormann, 2000;
Alakuijala et al., 2005).

Ja os receptores GABAp ligados a proteinas G, hiperpolarizam o neurdnio
aumentando a condutincia do potdssio e diminuindo o influxo de calcio, tendo efeito
inibitorio lento. Estdo presentes em terminais de axonios excitatdrios € inibitorios e sdo
ativados por baclofen e resistentes a drogas que modulam os receptores GABA s (Marshal

et al., 1999).

GABA
.
Benzodiazepine

Barbiturate

GABA-gated CI™ channel
(GABA, receptor)

Figura 4 — Representacdo esquematica do receptor GABAérgico ionotrépico GABA, .

Fonte: http://img.medscape.com/pi/emed/ckb/neurology/1134815.png

2.2.2.2 A Captacao de GABA

Além da biossintese, liberacdo e interacdo com seu receptor, a inativacdo de

neurotransmissores € condi¢do para garantir adequadas fungdes cerebrais. Na finalizacao
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da atividade GABAérgica sdo responsaveis transportadores de alta afinidade, localizados
no terminal pré-sindptico de interneurdnios, em processos gliais adjacentes (Cherubini and
Conti, 2001; Gadea and Lopez-Colome, 2001) e, possivelmente, também em membranas
celulares pds-sindpticas (Frahm and Draguhn, 2001).

Enquanto na neurotransmissio glutamatérgica, os transportadores astrocitdrios sao
0s mais proeminentes, na neurotransmissao GABAérgica a captacdo em terminais nervosos
pré-sinapticos prevalece sobre a captacdo pelos astrécitos (Schousboe, 2003), o que da
suporte a no¢ao de que a neurotransmissao GABA¢érgica estd preferencialmente baseada na
reciclagem de GABA (Schousboe et al., 2004). Isto ndo implica o fato de que o transporte
glial ndo tenha importancia funcional. Pelo contrério, inibidores do transporte astroglial de
GABA sdo capazes de aumentar a disponibilidade de GABA no “pool” dos
neurotransmissores (Schousboe, 2003), sugerindo que a captacdo glial de GABA constitui
importante fator regulador da disponibilidade de GABA na sinapse (Schousboe et al.,
2004).

Levando em consideragao que o tdonus GABAérgico diminuido relativamente ao da
neurotransmissao excitatdria, pode resultar em atividade convulsivante (Meldrum, 2002),
uma série de drogas anticonvulsivantes, atuando na neurotransmissao GABAé&gica, foram
desenvolvidas (Loscher, 1998). Enquanto o GABA captado pelos neurdnios GABAérgicos
pode ser reutilizado como neurotransmissor, o captado em células gliais circunvizinhas é
consumido no metabolismo via GABA transaminase e ciclo do &cido tricarboxilico
(Schousboe et al., 2003). Partindo deste principio e baseados no fato de que existe uma
correlacdo estabelecida entre atividade anticonvulsivante de inibidores de transporte
astroglial de GABA, enquanto que esta correlacdo parece ndo existir para a inibi¢ao
neuronal de captacio de GABA (White et al., 2002), o desenvolvimento de drogas
antiepilépticas, cuja a acdo € baseada na inibi¢do seletiva do transporte astrocitario, é de

grande importancia farmacoldgica.

2.3 Excitotoxicidade, Formacao de Espécies Reativas e Convulsoes

Apesar da transmissdo GABAérgica e glutamatérgica serem fundamentais para os
processos fisioldgicos, sabe-se que um desequilibrio nos neurotransmissores inibitério e
excitatorio, pode favorecer uma ativacao supra-fisioldgica dos receptores glutamatérgicos

causando morte neuronal e um aumento na producao de espécies reativas. Esse processo é
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chamado de excitotoxicidade (Patel, 2004). O termo excitotoxicidade foi inicialmente
usado para descrever um aumento na ativacdo de receptores glutamatérgicos via
administracao de altas doses de glutamato exdgeno. Apds a descoberta de que antagonistas
glutamatérgicos poderiam proteger contra a perda neuronal induzida por diversos insultos
neuroldgicos, passou-se a admitir que o glutamato endégeno pudesse ser mediador de
processos excitotoxicos quando em altas concentracdes na fenda sindptica (Obrenovitch,
1999; Obrenovitch et al, 2000).

A neurotoxicidade induzida pelo glutamato pode ter como causa: i) uma reducao na
transmissdo GABAérgica; i1) um aumento na concentracdo de glutamato no meio
extracelular (aumento na liberacdo ou reducdo da captacdo); iii) uma hipersensibilidade
dos receptores ao glutamato devido a uma perda na seletividade idnica, um aumento na
densidade ou anormalidades na modulagdo; e/ou iv) uma deficiéncia no metabolismo
energético e nas defesas antioxidantes (Halliwell and Gutteridge, 1989; Galé, 1992;
Cotman et al., 1995; Chapman, 2000).

Uma estimulagdo excessiva de receptores glutamatérgicos, induz a perda do
equilibrio do Ca”* intracelular. O aumento da concentracdo de Ca®* intracelular provoca
um aumento na producio de EROs, disfun¢do mitocondrial, e conseqiiente diminui¢do na
producdo de energia (Chapman, 2000). Nesse contexto, a excitotoxicidade também tem
sido relacionada a um aumento na produgao de espécies reativas (Patel, 2004).

Estudos mostram que a toxicidade induzida por disseleneto de difenila (PhSe), esté
associada a producdo de EROs e a inibicdo de vdrias enzimas importantes para o
metabolismo energético, como a Na’, K- ATPase (Borges et al., 2005). A deplec¢io
energética aumenta a liberagdo de glutamato nao s6 por mecanismos dependentes de célcio
(por despolarizacio da membrana), mas também pela inibicdo e/ou reversao de
mecanismos de recaptacdo deste aminodcido excitatério na pré-sinapse e nas células gliais,
levando a um aumento de glutamato na fenda sindptica (Madl and Burgesser, 1993) e, a
ativacdo secunddria dos receptores glutamatérgicos subtipo NMDA e AMPA/cainato
(Zeevalk et al., 1998).

O GABA também pode ter um papel crucial na despolarizacdo neuronal e na
formacdo de EROs. O bloqueio do receptor GABA4 resulta em uma reducao do influxo de
ions CI e facilita a despolarizagdo da membrana e, assim, o influxo de Ca’* através de
canais associados ao receptor NMDA (Sankar et al., 1997). A despolarizacdo da membrana
pés-sindptica leva 2 saida do fon Mg”*, que bloqueia o canal do receptor NMDA de

. . . 2 .
maneira dependente de voltagem, e permite a entrada de fons Na™ e Ca”™ para o meio
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intracelular (McDonald & Schoepp, 1993). O dano excitotéxico primdrio € desencadeado
pela entrada de Na* através de receptores ionotrépicos do subtipo AMPA/cainato (Chan et
al, 1979). O aumento de Ca2+, via ativagdo de receptores do subtipo NMDA, leva a
ativacdo de enzimas dependentes deste ion, e que estdo envolvidas na produgdo de radicais
livres como fosfolipase C (Umemura et al., 1992) e 6xido nitrico sintetase, que produz
oxido nitrico (NOe) (Snyder and Bredt, 1992). O NOe pode interagir com radicais
superdxido (O2e) e formar peroxinitrito (ONOO-). Este radical pode difundir-se para o
meio intra, ou extracelular e entdo promover a oxidacdo de lipidios, proteinas e DNA
(Almeida et al., 1998), que estdo associados ao aparecimento de convulsdes e morte
celular.

Estudos relacionam o envolvimento do estresse oxidativo ao processo convulsivo.
Recentes trabalhos demonstraram um aumento em diversos marcadores de formagao de
espécies reativas, como substincias reativas ao dcido tiobarbitdrico (TBARS) (Patsoukis et
al., 2004) e proteina carbonila (Oliveira et al 2004), assim como uma reduc@o na atividade
da enzima Na*, K*-ATPase (Oliveira et al., 2004) em modelos de convulsdo induzidas por
pentilenotetrazol (PTZ), o que sugere que a geracdo de espécies reativas de oxigénio e
nitrogénio estariam relacionadas com os efeitos convulsivantes e neurotéxicos do PTZ
(Bashkatova et al., 2003). Do mesmo modo, o tratamento com antioxidantes foi capaz de
atenuar as convulsdes induzidas por PTZ e/ou o dano induzido pelas espécies reativas

(Bashkatova et al., 2003).

2.3.1 Espécies Reativas e Estresse Oxidativo

Do ponto de vista quimico, um radical livre (RL) é definido como qualquer dtomo,
grupo de dtomos ou moléculas capazes de existir sob a forma independente e que contém
um ou mais elétrons desemparelhados (Halliwell and Gutteridge, 2007). Portanto, os
radicais livres podem ser formados pela adicio ou pela perda de um elétron de uma
substancia ndo-radical. Entretanto, existem compostos igualmente reativos quanto aos
radicais livres que ndo possuem elétron ndo-pareado na tultima camada e, portanto ndo
podem ser classificados como radicais livres (Droge, 2002). Essas substincias sdo
classificadas de maneira mais ampla como espécies reativas de oxigénio (EROs) ou

espécies reativas de nitrogé€nio.
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As (EROs) sdo capazes de gerar estresse oxidativo em conseqiiéncia de suas
propriedades oxidantes e reagdo com os constituintes celulares (Timbrell, 2000). Estas sdo
geradas por uma variedade de processos, podendo atacar uma diversidade de biomoléculas
alvo, tais como, DNA, lipideos e proteinas.

As membranas bioldgicas apresentam uma estrutura geral comum. Estas sdo
constituidas de uma bicamada lipidica as quais estdo associadas a proteinas. As proteinas
presentes na membrana celular sdo responsaveis pelo transporte de moléculas especificas
através da bicamada lipidica. Além disso, essas proteinas podem agir como catalisadoras
de reagdes associadas as membranas, como a sintese de ATP (Alberts et al., 1994).

As membranas bioldgicas sdo constituidas principalmente por fosfolipideos, os
quais possuem uma cabeca polar e duas caudas hidrofébicas. Geralmente, as caudas
hidrofébicas sdo compostas por acidos graxos, que podem diferir no comprimento e na
configuracdo em que se apresentam, podendo uma das caudas apresentar uma ou mais
ligacOes duplas (insaturagdes) (Alberts et al., 1994; Halliwell and Gutteridge, 2007).
Quando os RL reagem com esses acidos graxos insaturados modificam os lipideos e a
membrana perde suas caracteristicas arquitetonicas, tornando-se menos firme e menos
flexivel, criando-se verdadeiras fendas iOnicas que alteram sua semipermeabilidade, o que
favorece a entrada e saida indiscriminada de metabdlitos e detritos da célula, provocando
sua ruptura e lise com necrose (Timbrell, 2000).

As principais EROs vinculadas ao estresse oxidativo sdo: o radical anion
superdxido (O7’), radical hidroxil (OH), peréxido de hidrogénio (H,0O,), 6xido nitrico
(NO) e peroxinitrito (ONOQO). Estes por sua vez sdo neutralizados por um elaborado
sistema de defesa antioxidante. Neste contexto o estado de estresse oxidativo pode resultar
tanto de um aumento na produc¢do de EROs quanto da redugdo da capacidade antioxidante
celular total (Dawson and Dawson, 1996).

Estudos bioquimicos sugerem que reacdes de oxidacdo podem ser importantes em
patologias cerebrais, e estdo associadas com um desequilibrio da regulacdo redox no SNC

(Halliwell and Gutteridge, 2007).

2.3.2 Espécies Reativas e Sistema Nervoso Central

Todos os tecidos dos organismos aerébicos podem sofrer dano oxidativo, porém o

tecido nervoso € o mais suscetivel em comparacdo aos demais tecidos. Uma das razdes é
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seu alto consumo de Oy, ja que € responsdvel por aproximadamente 20% do consumo basal
de O, corporal (Halliwell and Gutteridge, 2007). Assim, o alto consumo de O, pode
resultar em um aumento da formag¢do de O,. Além disso, outros fatores também
contribuem para tornar o cérebro vulneravel as reacdes de oxidacdo. Dentre eles estdo a
baixa quantidade de defesas antioxidantes; as altas concentracoes de lipidios
poliinsaturados, que servem como substrato para peroxidagao lipidica e a presenga do ferro
encontra-se presente em altas concentragdes em algumas regides cerebrais, favorecendo a
lipoperoxidagio e a autooxidagio de neurotransmissores devido ao OH' formado na reagdo

de Fenton (Sousa et al., 2003; Wajner et al., 2004).

2.3.3 Sistema de Defesas Antioxidantes Contra as Espécies Reativas de Oxigénio e

Nitrogénio

Os seres vivos dispdem de mecanismos protetores para evitar o acumulo de
espécies ativas de oxigénio que incluem mecanismos enzimdticos € nao enzimaticos
(Figura 5). As principais enzimas antioxidantes sdo a superdxido dismutase, a catalase e a
glutationa peroxidase. Essas enzimas evitam o acimulo de O, e de H,O,, e a conseqiiente
producdo de *OH, contra o qual ndo existe nenhum sistema enziméatico de defesa. Existem
substancias que neutralizam acdo do *OH, levando a formacdo de produtos menos toxicos.
As substancias que neutralizam os radicais livres na fase de iniciagdo ou de propagacdo da
lipoperoxidagdo, levando a formacdo de produtos menos téxicos, sdo os denominados
scavengers, enquanto aquelas que atuam absorvendo a energia de excitacdo dos RLs,
neutralizando-os, sdo chamadas de quenchers. As defesas ndo-enzimadticas incluem os
antioxidantes lipofilicos (tocoferdis, carotendides e bioflavondides) e hidrofilicos

(glutationa e ascorbato) ( Halliwell and Gutteridge, 2007).
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Figura 5: Representacdo esquematica dos mecanismos de defesa antioxidante enzimaticos e ndo enzimaticos.

Fonte: www.biozentrum.uni-frankfurt.de/Pharmakologie/index.html.

2.4 Selénio

O selénio (Se) foi descoberto em 1817, pelo quimico sueco J. J. Berzelius. O Se é
um elemento do grupo 16 da tabela periddica, podendo apresentar-se sob quatro estados de
oxidacgdo: selenato (Se+6), selenito (Se+4), selénio elementar (SeO) e seleneto (Se'z).

O Se compartilha propriedades quimicas e fisicas com o enxofre (S). Esta
similaridade permite que o Se substitua o S, promovendo interacdes Se-S nos sistemas
bioldgicos. Por outro lado, as diferencas nas propriedades fisico-quimicas entre Se e S
constituem a base de seus papéis bioldgicos especificos (Stadtman, 1980).

Os selendis (R-SeH) s@o as formas correspondentes aos tidis (R-SH), onde ocorre a

substitui¢do do dtomo de S pelo dtomo de Se (Klayman and Giinther,1973).
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2.4.1 Atividade Bioldgica

O Se é um elemento traco, cuja essencialidade nutricional foi demonstrada em 1957
por Schwartz and Foltz (1957). O Se apresenta um grande nimero de fungdes bioldgicas,
sendo a mais importante como um antioxidante. J4 é conhecido que o Se estd presente
como residuo de selenocisteina no sitio ativo das enzimas glutationa peroxidase (Wingler
and Brigelius-Flohé, 1999), tioredoxina redutase (Holmgren, 1985), 5’-deiodinase (Behné
and Kyriakopoulos, 1990) e selenoproteina P (Ursini et al., 1990). A atividade redox do Se
tem fundamental importancia para o sitio catalitico dessas enzimas (Wingler and Brigelius-
Flohé, 1999). Além disso, vérios relatos demonstraram que compostos de Se mimetizam a
atividade da enzima glutationa peroxidase.

Nos tltimos anos, tem sido descrito que baixos niveis de Se podem levar a pré-
disposi¢do para o desenvolvimento de algumas doengas, tais como cancer, esclerose,
doenca cardiovascular, cirrose e diabetes (Navarro-Alarcén and Loépez-Martinez, 2000).
Neste contexto, a suplementagdo de dietas com Se, tanto para animais quanto para
humanos, tem sido aceita pela comunidade cientifica. A Junta de Alimentacdo e Nutri¢ao
da Academia de Ciéncias dos Estados Unidos propde uma ingestao didria de 50-200 pg de

Se, a qual € considerada segura para individuos adultos (Food and Nutrition Board, 1989).

2.4.2 Toxicologia

O homem ¢ sucetivel a intoxicagcdo por selénio, principalmente devido ao seu
amplo uso na industria (Wilber, 1980), particularmente na sintese de compostos, uma vez
que este elemento constitui um importante intermedidrio em sintese organica (Comasseto
et al., 1997).

Quando a ingestdo didria do selénio excede a capacidade corporal de eliminagdo,
algum tipo de intoxica¢do pode ocorrer € os sintomas cronicos mais comuns sao: severa
irritacdo das vias respiratdrias, gosto tipicamente metdlico na boca, edema pulmonar e
caracteristico odor gérlico (Bedwall et al., 1993; Diaz et al., 1997).

Os mecanismos envolvidos na toxicidade do selénio ainda nio estdo bem definidos.
Painter (1941) propds que a toxicidade do selenito era devido a sua interagdo com tidis.

Yan and Spalallhoz (1991) evidenciaram danos oxidativos como a provédvel causa da
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toxicidade do selénio, enquanto Schwarz (1961) demonstrou que o excesso de Se causaria

inativagdo de enzimas sulfidrilicas.

2.5 Disseleneto de Difenila

A partir da década de 30, os organocalcogénios tém sido alvos de interesse para os
quimicos organicos em virtude da descoberta de suas aplicagdes sintéticas (Comasseto,
1983), suas propriedades bioldgicas e aplicagdes farmacoldgicas (Parnham & Graf, 1991;
Kanda et al., 1999; Nogueira et al., 2004).

O disseleneto de difenila [(PhSe), — Figura 6] ¢ um composto organico que contém
Se, portanto um organocalcogénio, largamente utilizado como intermedidrio em reagdes de

sintese organica (Paulmier, 1986; Braga et al., 1996).

Se

\

Se

Figura 6. Estrutura quimica do disseleneto de difenila

2.5.1 Propriedades Farmacologicas

Nosso grupo de pesquisa tem demonstrado que o (PhSe), possui inimeras
propriedades farmacoldgicas, tais como antioxidante (Rossato et al., 2002; Meotti et al.,
2004), anti-ulcera (Savegnago et al., 2006), neuroprotetor (Ghisleni et al., 2003),
hepatoprotetor (Borges et al., 2005), anti-inflamatdrio e antinociceptivo (Savegnago et al.,
2007), do tipo antidepressiva (Savegnago et al., 2008), do tipo ansiolitica (Ghisleni et al.,
2008), anti-hiperglicémico (Barbosa et al., 2006) e pode apresentar atividade complexante

em animais expostos ao cddmio (Santos et al., 2005). Além disso, o (PhSe), apresenta
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efeitos antioxidantes em diversos modelos de toxicidade induzida por estresse oxidativo

(Meotti et al. 2004; Santos et al., 2004, 2005; Luchese et al., 2007, Prigol et al., 2009).

2.5.2 Toxicologia

O (PhSe), também possui efeitos téxicos in vitro e in vivo. O (PhSe), pode causar
efeitos nocivos para proteinas ou enzimas de véarios tecidos de mamiferos, tais como a
enzima &-aminolevulinato desidratase (3-ALA-D) (Barbosa et al., 1998; Farina et al., 2003;
Nogueira et al., 2003b), Na*, K*-ATPase (Borges et al., 2005), e lactato desidrogenase
(Kade et al., 2009). Além disso, pode causar toxicidade renal (Meotti et al, 2003) para
roedores adultos.

A exposi¢ao prolongada a doses altas do (PhSe), é causa de neurotoxicidade em
roedores (Nogueira et al., 2003a). Estudos em camundongos demonstraram que, devido a
sua lipofilicidade, o (PhSe), atravessa facilmente a barreira cérebro-sangue apds
tratamento agudo ou prolongado, aumentando os niveis de selénio no cérebro dos animais
(Jacques Silva et al., 2001; Maciel et al., 2003). Portanto, esses trabalhos dao suporte para
a hipdtese que o cérebro € um alvo potencial para as a¢des farmacoldgicas e também
téxicas do composto organico (PhSe)s.

Estudos prévios demonstraram que a exposi¢do ao (PhSe), modula a funcionalidade
do sistema glutamatérgico in vivo e in vitro (Nogueira et al., 2001), e também causa
modificagdes no sistema neural que podem ocasionar convulsdes (Nogueira et al., 2001,
2003). A modulagdo de grupos tidlicos de transportadores e receptores de glutamato no
tecido cerebral pode representar a causa da toxicidade provocada por organocalcogénios

em ratos (Nogueira et al., 2001; 2004).
2.5.3. Disseleneto de Difenila e Convulsao

Foi demonstrado que o (PhSe), pode induzir convulsdes e que estas dependem da
via de administracdo (intraperitoneal, i.c.v ou subcutanea) e da espécie considerada (ratos

ou camundongos). O (PhSe), ndo causa convulsdes e nem morte em camundongos quando

administrado pela via subcutdnea e intracerebroventricular, porém, quando administrado
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pela via intraperitoneal, este composto causa convulsdo em camundongos, mas, ndo em
ratos adultos, demonstrando ser mais neurotéxico nessa espécie (Nogueira et al., 2003a).

Mudangas na estrutura dos disselenetos, como a introducdo de grupos funcionais
(doadores ou retiradores de elétrons) reduzem ou abolem o aparecimento de episddios
convulsivos. Além disso, disselenetos dialquilicos sdo mais t6xicos em comparagcdo a
disselenetos diarilicos, em ratos e camundongos, causando episddios convulsivos em
camundongos, sendo que a laténcia para o aparecimento de episddios convulsivos aumenta
com o aumento no nimero de carbonos da cadeia ligados ao disseleneto (Nogueira et al.,
2003a).

Demonstrou-se também que moduladores alostéricos GABAérgicos (diazepam,
fenobarbital e muscimol) e antagonistas muscarinicos competitivos sao habeis em abolir ou
reduzir as convulsdes induzidas pelo (PhSe),, sugerindo que ocorra a modulacdo de mais
de um sistema de neurotransmissdo nas convulsdes induzidas por este composto (Nogueira

et al., 2003a).
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CAPITULO 11

2.6 Absorcao, Distribuicao, Biotransformacao e Excrecao de Drogas

Os conhecimentos da disposicdo cinética e da biotransformacdo das drogas no
organismo sdo de grande importancia no processo de desenvolvimento e estudo de suas
propriedades farmacoldgicas e toxicologicas (Martin-Liménz et al., 2008).

Um farmaco precisa estar presente em concentracdoes adequadas nos seus locais de
acdo para produzir seus efeitos caracteristicos. Embora seja obviamente uma fun¢do da
quantidade da droga administrada, as concentra¢des atingidas também dependem da
absorc¢do, distribuicdo, ligacdo as proteinas plasméticas ou localizacao nos tecidos, da sua
biotransformacao e da sua excrecdo (Figuras 7 e 8) (Goodman and Gilman, 2007).

A absorcao representa a taxa na qual uma droga deixa seu local de administragcao e
0 grau em que isto ocorre. A absorcdo de uma droga depende de um grande nimero de
fatores, os dois mais importantes que se pode ressaltar sdo as propriedades fisico-quimicas
da droga (solubilidade, lipofilicidade, grau de ioniza¢do) e as vias de administracdo, cada
um destes fatores, separadamente ou em conjunto, podem ter efeitos acentuados na eficicia
clinica e na toxicidade de uma droga (Avdeef, 2001). A absor¢ao pelo trato gastrointestinal
€ regulada pelo estado fisico da droga e a drea de superficie de absorcdo. O farmaco é
melhor absorvido na forma ndo ionizada e mais lipofilica, sofrendo metabolismo de
primeira passagem. Em contrapartida, a cavidade intraperitoneal oferece uma grande
superficie de absorcdo a partir da qual os fairmacos entram rapidamente na circulagdo, mas
em especial através da veia porta, assim € possivel a ocorréncia de perdas na primeira
passagem pelo figado. J4 a velocidade de absor¢do apds a injecdo subcutidnea de uma droga
¢, com freqiiéncia, suficientemente constante e lenta para proporcionar a manuten¢do do
efeito (Mannhold, 2005; Bergstrom, 2005).

Ap6s o farmaco ser absorvido, ele chega a circulagdo sistémica, o que é chamado
de biodisponibilidade sist€émica. Na circulagdo, ele atinge uma concentracdo plasmética

maxima obtida apds administragdo extra vascular (Cmax). A importancia do Cmax esta
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relacionada a eficdcia e 2 seguranca. E representado, geralmente, pelas unidades mcg/mL,
ng/mL ou pg/mL e € diretamente proporcional a fracdo absorvida do farmaco (Consiglieri
and Storpirtis, 2000).

Em relacdo a velocidade de absor¢do, tem-se o Tmax, que corresponde ao tempo
em que a concentracdo plasmadtica do farmaco atinge a concentragdo maxima apds a
administracdo. A absor¢cdo do farmaco continua apds se atingir o Tmax, mas em uma
velocidade menor. A unidade empregada € tempo (horas ou minutos) (Consiglieri and
Storpirtis, 2000).

Uma vez que as moléculas alcangcam a circulacdo sanguinea sistémica elas sdo
transportadas para todos os compartimentos do organismo. Os padrdes de distribui¢do das
drogas refletem alguns fatores fisioldgicos e suas propriedades fisico-quimicas (van de
Waterbeemd, 2005). A fase inicial de distribui¢do reflete o débito cardiaco e o fluxo
sanguineo, onde o coragao, figado, rim, cérebro e outros 6rgaos bem perfundidos recebem
grande parte da droga nos primeiros minutos apds a sua absor¢do, e a oferta aos musculos,
a maioria das visceras, a pele e a gordura € mais lenta. A segunda fase da distribuicao é
limitada pelo fluxo sanguineo ( Lin et al., 2003; Roberts, 2003). Os fatores que determinam
a taxa de difusdo das drogas nos tecidos superpdem-se aos padrdes de distribui¢io do fluxo
sanguineo. A difusdo para o compartimento intersticial é rdpida por causa da natureza
permedvel das membranas do endotélio capilar (exceto no cérebro) (Roberts, 2003; van de
Waterbeemd, 2005). A distribui¢ao pode ser limitada pela ligacdo da droga as proteinas do
plasma em especial a albumina (Kratochwil et al., 2004).

Muitas drogas ligam-se a proteinas do plasma, essa ligacdo costuma ser reversivel.
A fracdo da quantidade do farmaco no plasma que estd ligado € determinada pela
concentracdo da droga, afinidade das drogas com as proteinas e pela concentragao protéica
(nimero de locais de ligacdo) (Huang and Zhang, 2004). A ligacio de uma droga as
proteinas plasmdticas limita a sua concentragdo nos tecidos e seu local de agdo, visto que
apenas o farmaco livre estd em equilibrio estdvel com as membranas. A ligagdo com as
proteinas plasmadticas ndo € seletiva, muitas drogas com caracteristicas fisico-quimicas
semelhantes podem competir entre si € com substincias enddgenas por esses locais de
ligacdo (Kratochwil et al., 2004; Huang Y and Zhang, 2004).

As drogas fortemente ligadas a proteinas possuem volume de distribui¢do pequeno,
pois permanecem principalmente no plasma. As drogas hidrossoliveis permanecem
principalmente no plasma e no liquido intersticial enquanto as drogas lipossoliveis chegam

a todos os compartimentos, podem acumular-se nos tecidos adiposos (Mannhold, 2005).
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(geralmente atravessam barreiras hematoencefdlica e placentdria), apresentando assim um
alto volume de distribuicdo (Pardridge, 2005). A droga que se acumula em determinado
tecido pode atuar como reservatério que prolonga sua acao nesse mesmo tecido ou em um

local distante atingido pela circulagdo (Mannhold, 2005).

Tecidos: gordura ,| 05505, efc.
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Figura 7: Absorcdo, distribui¢do, ligagao ou localizag¢@o nos tecidos, biotransformagdo e excre¢do de drogas.

Fonte:http://www.portalesmedicos.com/images/publicaciones/1107_farmacocinetica/farmacocinetica_17.jpg

As caracteristicas lipofilicas das drogas que atravessam membranas bioldgicas e
depois tém acesso a seu local de agdo prejudicam sua eliminacdo pelo organismo
(Mannhold, 2005). Por isso a biotransformacdo de drogas e outros agentes xenobidticos em
metabolitos mais hidréfilos € essencial para o término de sua atividade bioldgica e para a
eliminacdo destes compostos do organismo (Goodman and Gilman, 2007). Em geral as
reacOes de biotransformagdo geram metabdlitos inativos mais polarizados que sdo
prontamente excretados do organismo. Contudo, em alguns casos sdo produzidos
metabodlitos com atividade bioldgica potente ou propriedades tdxicas (Robert, 2003;
Alavijeh and Palmer, 2004; Nassar et al., 2009).

As reacdes de biotransformacao de um farmaco sao classificadas como reagdes de
funcionalizacdo da fase I e reacdes biossintéticas da fase II. As reagdes da fase I

introduzem ou expdem um grupo funcional no composto original. Em geral a conversao
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metabolica das drogas tem natureza enzimética, € 0s sistemas enzimaticos participantes da
biotransformacdo dos farmacos localizam-se principalmente no figado. A familia de
enzimas do citocromo P450 é o principal catalisador das reacdes de biotransformacdo de
farmacos (Alavijah and Palmer, 2004; Nassar et al., 2009).

As reagdes de conjugacdo da fase II determinam a formacdo de uma ligacdo
covalente entre um grupo funcional no composto original e o dcido glicurdnico, o sulfato, a
glutationa, aminodcidos ou o acetato. Esses conjugados altamente polares costumam ser

inativados e sdo excretados com rapidez na urina e nas fezes (Nassar et al., 2009).
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Figura 8: Representacdo da curva dose-resposta: Pardmetro utilizado na farmacocinética e farmacodinamica
para correlacionar a concentrag@o plasmadtica das drogas aos seus efeitos clinicos.
Fonte:http://www.saludmentalinfantojuvenil.com/smij/psiquiatria/psicofarmacologia/generalidadesfarmacol

ogia.html

2.6.1 Absorc¢ao, Distribuicao, Metabolismo e Excrecao de Drogas em Bebés

Mudangas profundas no desenvolvimento e maturacdo de Orgdos e sistemas em
neonatos, potencializam os riscos ou submetem os mesmos a diferentes riscos quando
comparados aos adultos em relagdo a exposicdo a agentes farmacé€uticos. As doses
utilizadas em adultos, mesmo quando ajustadas as diferencas de peso corporal, podem
levar a drasticas consequéncias em pacientes neonatos (Alcorn and McNamara., 2003).

As diferencas entre criancas e adultos podem ser agrupadas em duas diferentes
categorias: fatores farmacocinéticos: os que influenciam a chegada da droga ao tecido alvo

a partir da administracdo externa, e os fatores farmacodinamicos: aqueles que influenciam
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a resposta no tecido alvo a partir da dose que chega neste tecido (Choonara and Conroy,
2002).

As diferencas de absorcao relacionadas a idade se devem a uma série de fatores
anatomicos e fisiolégicos que influenciam a taxa e a quantidade de absorcdo
gastrointestinal. Dentre estes fatores podemos citar a redu¢do no tempo de esvaziamento
gdstrico, no transito intestinal, na superficie de absor¢do do intestino delgado e ainda a
redugc@o no metabolismo de primeira passagem. Além disso a fung¢do pancredtica e biliar
estd muito pouco desenvolvida (Besunder et al., 1988; Alcorn and McNamara., 2003).

A composicdo corporal afeta diretamente o volume de distribuicdo das drogas.
Neste sentido, os bebés apresentam um maior volume corporal de d4gua no organismo, em
contrapartida apresentam uma menor quantidade de proteinas plasmaéticas e lipidios
corporais quando comparados a adultos. Em geral, bebés e criangcas apresentam uma
grande fracdo das drogas livre na circulagdo, devido a menor quantidade de proteinas
plasmdticas, o que aumenta a distribuicdo nos tecidos (Choonara and Conroy., 2002;
Alcorn and McNamara., 2003).

O metabolismo de drogas também sofre profunda transformacdo no periodo de
desenvolvimento. O sistema citocromo P450, principal catalizador das reacdes de
biotransformacdo de fase I, sofre um significante impacto na eficicia terapé€utica e na
suceptibilidade t6xica em bebés e criancas. Diferencas interindividuais, polimorfimo
genético, e potencial de indugdo/inibicdo, associados a maturacdo do sistema enzimatico
P450, causam alteracdes farmacocinéticas no periodo de desenvolvimento (Alcorn and
McNamara., 2003).

As reacoes de conjugagdo ou de fase II, as quais contribuem para a eliminagdo de
uma variedade de compostos enddgenos e exdgenos também sofrem alteragdes durante o
periodo de desenvolvimento. Em geral ocorrem mudangas na expressdao de diversas
enzimas responsdveis pelas reacoes metabolicas de fase II ou ainda na concentracdo dos
substratos responsdveis pela conjugacdo. Estas mudancas podem resultar em uma
significante redu¢do na habilidade dos bebés em eliminar compostos endégenos ou
exdgenos, podendo levar a um aumento na toxicidade (McCarver and Hine., 2002).

Os mecanismos de eliminacdo renal das drogas também sdo diferentes em bebés.
Em geral, a eliminacdo das drogas em recém nascidos é menor se comparado com adultos
e criancas mais velhas, isso € atribuido a imaturidade anatdmica e funcional do rim, que
apresenta uma reduzida filtracdo glomerular (Anker et al., 1996; Alcorn and McNamara.,

2003).
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Além disso, a barreira hemato-encefdlica, que exerce um controle sobre a entrada
de drogas no cérebro ndo estd completamente desenvolvida no sistema nervoso central de

recém nascidos (Mares et al., 2000).

2.7 Absorc¢ao, Distribuiciao, Biotransformacao e Excre¢ao do Selénio

Virios estudos tém demonstrado a biotransformacdo do selénio oriundo de
compostos inorganicos de selénio e selenoaminodcidos provindos de alimentos em um
intermedidrio comum, o seleneto, para a sintese de selenoproteinas para utilizagdo e
posterior excrecdo na urina na forma de seleno-acgucar (Schomburg et al., 2004; Park et al.,
2004; Suzuki et al., 2005a,b).

Os compostos de selénio parecem ser rapidamente absorvidos no duodeno, seguido
pelo jejuno e ileo. Apds absorvidas, as formas inorginicas de selénio sdo diretamente
reduzidas para assumir um intermedidrio, o seleneto (Park et al., 2004). A administrag¢ao de
selénio inorganico na forma de selenito é reduzido a seleneto nos eritrécitos pela
abundante quantidade de glutationa e este € transportado no plasma ligado a albumina
(Shiobara et al., 1998). Por outro lado, as formas orgéanicas de selénio na forma de
aminodcidos sao transformadas em seleneto por diversas rotas: a selenocisteina é
tranformada em seleneto por reacdes com a [-lyase, enquanto selenometionina passa
primeiro por reagdes de trans-selenacdo (Spallholz et al., 2004).

O intermedidrio seleneto € transportado para vérios Orgdos, principalmente ao
figado para utiliza¢do na biosintese de selenoproteinas via selenofosfato e selenocisteina.

Por fim, o seleneto é excretado em maior parte na urina na forma de 1 B-
metilseleno-N-acetil-D-galactosamina, também chamado de selenoagtcar. O seleno-acgtcar
¢ formado a partir da transferéncia de uma forma ativada do selénio (glutationa conjugada
ao seleneto) a uma forma ativa de acucar, para produzir o GSH conjugado ao selenoagicar
(seleno-agucar A), este € metilado para poduzir um seleno-actcar urindrio (seleno-agucar
B). Entretanto, nos casos de doses excessivas de selénio, o seleneto é excretado na forma
de dimetilselendnio e trimetilselenonio (Figura 9) (Suzuki and Itoh, 1997; Kobayashi et

al., 2002; Suzuki et al., 2005a, 2006).
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Figura 9: Esquema metabdlico proposto para os compostos de selénio metilselenocisteina (MeSeCys), dcido
metil seleninico (MSAIV), e selenito. Abreviacdes: dimetilseleneto (DMSe), metilselenol (MMSe), 4cido
metilseleninico (MSAIV), metilselenocisteina (MeSeCys), selenocisteina (SeCys), selenometionina (SeMet)

e trimetilselenonio (TMSe). Fonte: Suzuki et al., 2008.

Estudos demonstram ainda que as reservas de agicar que se conjugam ao selenito
para formar o selenosugar sdo mais abundantes em ratos adultos do que em ratos jovens e
que a fonte de acucar é de origem enddgena e que aumenta com a idade (Suzuki and Itoh,
1997; Suzuki et al., 2005b). Com isso o TMSe é muito mais aumentado na urina de ratos
jovens apds uma ingestao excessiva de Se, sendo sempre um metabdlito menor em ratos

adultos (Suzuki et al., 2005b).
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2.7.1 Absorcao, Distribuic¢do, Biotransformacio e Excrecdo do Ebselen

O ebselen € um composto organico heterociclico de selénio que apresenta
propriedades farmacolégicas conhecidas como mimético da enzima glutationa peroxidase
in vitro e atividade antiinflamatéria in vivo (Schewe, 1995). Por ser uma droga utilizada na
clinica médica, a farmacocinética do ebselen ji foi amplamente estudada e serve de
parametro para o estudo da farmacocinética ou toxicocinética de outros compostos de
selénio, como é o caso do (PhSe),.

O ebselen apresenta uma répida e extensa ligacdo a albumina, e esta representa seu
mecanismo fisiolégico de transporte na circulacdo sanguinea. Wagner et al (1994), em um
estudo utilizando camundongos, demonstrou que mais de 90% do [14C] ebselen,
administrado pela via intravenosa, apresenta-se ligado a albumina 30 minutos apds a
administracdo. A ligacdo do ebselen a albumina ocorre principalmente de forma covalente,
e se deve a rapida reacdo do ebselen com o grupo sulfidrila da cisteina 34, o Unico grupo
tiol reativo da albumina (Wagner et al., 1994).

Varios estudos in vitro e in vivo demonstraram que o ebselen é metabolizado no
figado. E caracteristica em todos os metabélitos detectados a abertura do anel
isoselenoazol, devido a uma clivagem da ligagdao Se-N (Kamigata et al., 1986; Fisher and
Dereu., 1987). No figado o ebselen € reduzido por tidis a 2-selenilbenzenoanilida (Ziegler
et al., 1992) ou reage com grupos de tidis enddgenos de proteinas para formar
selenosulfetos em proteinas (Dimmeler et al., 1991). Apds a transformagdo a 2-
selenilbenzenoanilida, o ebselen sofre glucuronidagdo ou metilagdo, formando metabdlitos
mais polares, para serem excretados pela urina (Muller et al., 1988). Trabalhos
demonstram que o ebselen pode causar inativacdo no citocromo P450 in vitro,
provavelmente por interagir com o residuo de cisteina presente no sitio ativo da enzima
(Vendel et al., 1986; Kuhn-Velten and Sies., 1988).

A distribuicdo do ebselen no organismo estd relacionada com a presenca de
grupamentos tidlicos. Segundo Wagner et al., (1994) e Ullrich et al (1996), o ebselen
encontra-se em equilibrio dindmico com todos os grupos tidis acessiveis, portanto, apesar
da maioria do composto estar ligada covalentemente a albumina, a entrada do mesmo nas
células ocorre rapidamente, devido a trocas com outras proteinas-alvo nos tecidos (Ullrich

et al. 1996) (Figura 10).
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Figura 10: Esquema demostrando o equilibrio da ligagdo do ebselen entre as proteinas plasmadticas e as
proteinas alvo nas células.

Fonte: Ullrich et al., 1996.

2.7.2 Absorcao, Distribuicao e Excrec¢do do Disseleneto de Difenila

Pouco se conhece sobre a absor¢do, distribuicdo e excrecdo do (PhSe), até o
momento. Sabe-se que o (PhSe), pode causar efeitos farmacoldgicos e toxicoldgicos e que
estes podem variar de acordo com a dose, espécie animal, via de administracdo ou modelo
experimental utilizado (Brito et al., 2006; Ghisleni et al., 2008; Ineu et al., 2008; Nogueira
et al., 2002; Nogueira et al., 2003a; Savegnago et al., 2008). O que se tem em comum é
que estudos farmacoldgicos usando curvas de dose-resposta demonstraram que o efeito
maximo do composto em modelos de dor, inflamacao, nocicep¢cdo e memoria ocorrem 30
minutos apds sua administracdo pela via oral (Rosa et al., 2003; Savegnago et al. 2007a,b),
sugerindo que haja uma répida absor¢cdo do composto.

Em relacdo a distribuicdo do (PhSe),, Maciel et al. (2003) demonstraram que o
tratamento agudo e cronico com (PhSe), aumentou significantemente as concentragdes de
selénio no figado, no rim e no cérebro de camundongos. Sendo que a deposi¢do foi
dependente da dose; e maior no figado, seguida pelo rim e cérebro. No entanto, nada se

sabe em relacdo ao metabolismo do composto. Nogueira et al. (2004) sugeriram que o
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(PhSe); € biotransformado a selenol, e que esta poderia ser a forma ativa, mas nio ha dados
experimentais concretos demonstrando isto.

Em relacdo a excre¢do, Adams Jr et al (1989) em estudo usando (PhSe), marcado
com 14C, demonstraram que o conteido de selénio do (PhSe), parece ser totalmente
eliminado em camundongos até 120 horas apds a administracdo intraperitoneal do
composto. Kostyniak (1984) demonstrou dados semelhantes para outro composto organico
de selénio, o bis, beta-(n,n-dimorpholino) etilseleneto. O (PhSe), é excretado na urina,
aparentemente em uma forma que ndo possui relacdo a forma quimica administrada. Cerca
de um terco do selénio biotransformado contém o grupamento orgénico '*C, que pode ser
resultado de glicuronido-conjugados do selénio, contendo andlogos de fenol e catecol; a
outra via pode resultar em metabolitos contendo selénio porém nao identificados (Adams

Jretal., 1989).
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3. OBJETIVOS

Considerando que o (PhSe), apresenta inimeras propriedades farmacolégicas, que
o tornam potencial candidato a farmaco, o estudo da toxicologia do composto torna-se
importante. Desta forma, os objetivos deste estudo foram delineados em duas linhas gerais

de investigagdo:

(I) Estudo da neurotoxicidade aguda induzida por (PhSe), em ratos bebés, avaliando o
aparecimento de convulsdes induzidas pelo (PhSe),, o envolvimento do estresse oxidativo

e dos sistemas glutamatérgico e GABAérgico no efeito convulsivante do composto;

(IT) Determinagdo e quantificacdo dos niveis plasmaticos de (PhSe), em ratos e
camundongos, verificando o envolvimento de diferentes vias de administracdo, veiculos e
espécie animal nos niveis plasmdticos do composto € no aparecimento de convulsdes
induzidas pelo mesmo; determinacdo e quantificacdo dos niveis de (PhSe), no plasma,
figado e cérebro de ratos bebés e correlacdo destes niveis a laténcia para o aparecimento
de convulsdes; investigacdo as propriedades cinéticas do (PhSe), in vitro, tais como:
estabilidade, solubilidade, absor¢do, distribuicdo, ligacdo as proteinas plasmdticas e

biotransformacao;
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4. ARTIGOS CIENTIFICOS E MANUSCRITOS

Os resultados que fazem parte desta tese estdo apresentados sob a forma de artigos
cientificos € manuscritos, os quais encontram-se assim organizados. Os itens Materiais e
Métodos, Resultados, Discussdo dos Resultados e Referéncias Bibliogréficas encontram-se
nos préprios artigos € manuscritos. Os artigos estdo dispostos da mesma forma que foram
publicados nas revistas cientificas (artigos 1, 2, 3, 4 e 5). Os manuscritos 1 e 2 estdao

dispostos da mesma forma que serdo submetidos para avaliagao.

37



4.1 Envolvimeto do estresse oxidativo nas convulsoes induzidas por disseleneto

de difenila em ratos bebés

4.1.1 Artigo 1

INVOLVEMENT OF OXIDATIVE STRESS IN SEIZURES INDUCED BY
DIPHENYL DISELENIDE IN RAT PUPS
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In the present study the potential neurotoxicity of diphenyl diselenide, as measured by the
manifestation of seizures in rat pups (postnatal days, PND, 12-14) was evaluated. The results
suggest that the latency for the appearance of tonic—clonic seizures, characterized by rearing
and falling of rat pups body, was dependent of the dose tested. Diphenyl diselenide at high
doses induced seizure episodes inrat pups. The highest dose of diphenyl diselenide (500 mg/
kg) increased the levels of lipid peroxidation and catalase activity as well as decreased &-
ALA-D (-aminolevulinate dehydratase) and Na*, K" ATPase activity in the brain of rat pups.
Our results indicate the possible involvement of free radical oxygen injury in diphenyl
diselenide-induced seizures. The data obtained with the dose of 150 mg/kg in the brain of
rats that exhibited seizures are: an increase in lipid peroxidation levels; the lack of effect on
catalase activity; an inhibition of 6-ALA-D activity, supporting that the enzyme activity is
more sensitive than other parameters analyzed as an indicator of oxidative stress. The
lowest dose of diphenyl diselenide emphasizes the relationship between the appearance of
seizures and the latency for the onset of the first episode. Taken together, this paper could
add to our understanding of diphenyl diselenide neurctoxic effect demonstrated by the
appearance of seizures which are, at least in part, related to the oxidative stress.

© 2007 Elsevier B.V. All rights reserved.

1. Introduction

developmental period can cause brain damage and lead to
serious consequences later in life (Meldrum, 2002).

Epilepsy is a major health problem, affecting 0.5-1.0% of the
world’s population (Hauser et al, 1996). This condition is
characterized by prolonged or repetitive epileptic discharges,
resulting clinically in persistent alterations of the normal
brain function and cognitive state (Treiman, 1995). While
seizures can occur at any age, they are far more common in
children than adults, seizure incidence is highest in the first
year of life, and decreases with age throughout childhood and
adolescence (Cowan, 2002). Prolonged seizures in the early

* Corresponding author. Fax: +55 55 3220 8978.
E-mail address: gzeni@quimica.ufsm.br (G. Zeni).

There are points of evidences suggesting that oxidative stress
is important in brain tissue damage following seizure induction
(Kaneko et al,, 2002) and the activation of excitatory amino acid
receptor can also trigger the formation of reactive oxygen
species (ROS) (Said et al., 2000). The brain is a preferential target
for the peroxidative process because it has a high content of
polyunsaturated fatty acids (Halliwell and Gutteridge, 1984).
Many cerebral enzymes which contain sulfhydryl groups, such
as f-aminolevulinate dehydratase (5-ALA-D) and Na*, K" ATPase,

0006-8993/% - see front matter ® 2007 Elsevier B.V. All rights reserved.

doi:10.1016/j.brainres.2007.01.126

39



BRAIN RESEARCH 1147 (2007) 226-2132 227

are sensitive to oxidizing agents (Borges et al, 2005) and to
situations associated with oxidative stress (Demasi et al., 1996).
To circumnvent the oxidative stress organisms have systems that
prevent hazardous effects of free radicals such as superoxide
dismutase (SOD) and catalase (CAT). Accordingly, differences
have been reported in free radical scavenging enzyme levels
during the convulsive process (Freitas et al., 2004).

Diphenyl diselenide iz an organoselenium compound,
highly lipophilic, with many pharmacological properties
such as antiulcer (Savegnago et al., 2006) anti-inflammatory
and anti-nociceptive (Savegnago et al, 2007), neuroprotector
(Ghisleni et al., 2003), anti-hyperglycemic (Barbosa et al., 2006)
and antioxidant (Meotti et al., 2003). On the other hand,
studies performed by our group demonstrated that prolonged
exposure to high doses of diphenyl diselenide increased three
times the total selenium content in the brain. There is also
evidence that diphenyl diselenide crosses the blood barrier
and brain selenium levels increase in mice after acute and
chronic exposure to diphenyl diselenide (Maciel et al., 2003).

It is important to mention that this compound when
administrated by i.p. route induced seizure and death in mice,
but did not display any overt sign of neurotoxicity in adult rats
(Mogueira et al, 2003), probably because species differences in
toxicity are often related to differences in the liver metabolism
and disposition of a compound (Caldwell, 1982). In addition, a
direct injection of diphenyl diselenide, at high doses (1000 pmel),
into the brain of rodents did not cause any overt sign of
neurctoxidty (Nogueira et al., 2003) indicating that this com-
pound must be first metabolized to cause seizures in mice, and
that the site for entry into the body of a toxic compound is
important in determining the final toxic effect (Timbrell, 2000).
Reinforcing this idea are the data on oral administration of
diphenyl diselenide which demonstrated that this organosele-
nium compound, at high doses (312 mgkg), did not induce
toxicological effects in rats and mice (Savegnago et al., 2007).
Therefore, these results have supported the hypothesis that the
brain is a potential target for the toxicity of diphenyl diselenide
and posdbly for its pharmacological and therapeutic actions.

Based on the considerations above, the aims of the present
study were: (a) to investigate the acute toxicity induced by
diphenyl diselenide in rat pups using oral route of administra-
tion with the purpose of offering safety in the possible
therapeutic use of this compound; (b) to evaluate the appearance
of seizure behavior in rat pups since diphenyl diselenide does
not induce this neurotoxic effect in adult rats, this is an
important topic from an academic point of view; and (d) to
examine if oxidative stress, investigated by measuring Lipid
peroxidation, antioxidant enzymes and enzymes sensitive to
oxidative conditions, is involved in seizures induced by diphenyl
diselenide in rat pups.

2, Results
2.; Diphenyl diselenide-induced seizures

The convulsion behavior was classified as generalized sei-
zures (tonic—clonic) or stage 5 seizures. As shown in Table 1
diphenyl diselenide at 500 mg/kg induced seizures in 100% of
rat pups, showing the latency for the first episode of 19 min.

Diphenyl diselenide at 50 and 150 mgkg induced seizure
episodes in 30% and 66% of rat pups, respectively. Therefore,
the appearance of seizures and the latency for the first episode
were dependent on the dose used. At the lowest dose (5 mg/kg),
diphenyl diselenide did not cause seizures in rat pups.

21.1. Lipid peroxidation
One-way ANOVA of TBARS demonstrated that diphenyl
diselenide at 500 mg/kg increased lipid peroxidation in brain
of pups. TBARS levels were also increased in rat pups which
had seizure episodes induced by 150 mg/kg diphenyl dis-
elenide. Diphenyl diselenide did not alter lipid peroxidation at
all other doses tested (Fig. 1).

In the liver of rat pups, TBARS levels were not changed by
diphenyl diselenide (data not shown).

21.2. Antioxidant defenses
One-way ANOVA of CAT activity revealed that diphenyl
diselenide at 50 mg/kg inhibited enzyme activity in the brain
of pups which had seizure episodes. The highest dose of
diphenyl diselenide stimulated catalase activity in the brain of
pups. CAT activity was not altered in all other groups (Fig 2).
There was no change of catalase activity in the liver of rat
pups (data not shown). SOD activity and ascorbic acid levels
were also unaltered by diphenyl diselenide in liver and brain
of rat pups (data not shown).

21.3. 5-ALA-D activity

6-ALA-D activity was significantly inhibited in the brain of
pups which had seizure episodes independent of the dose of
diphenyl diselenide administered. The enzyme activity was
not altered in the brain of rat pups which did not have seizures
(Fig. 3a).

In the liver, diphenyl diselenide at the highest dose
inhibited $-ALA-D activity. Hepatic 5-ALA-D activity was
inhibited in rat pups which received diphenyl diselenide at
150 mg/kg and did not have seizures. All other groups had the
enzyme activity unaltered (Fig. 3b).

Table 1 - Diphenyl diselenide-induced seizures in rat
pups

Groups (PhSe), Appearance of Latency®
(mg'kg) seizures ® (min)
Control o8 ns

E wa ns

50 6/20™ 44.97 068"
150 1218 33.81+950%F
500 9/9= 19.09+230%

“ns"—Animals which did not present seizure. Data are reported as
mean +SEM. "*Denoted p <0.05 as compared to the control group (i
method and Fischer's Exact Probability Test). "Denoted p<0.05 as
compared to the control group (one-way ANOVA/Duncan).
*Denoted p<0.05 as compared to the other groups (one-way
ANOVA/Duncan).

* Numberof animals which presented seizures/Number of animals
PeT gTOUp.

B Time to the appearance for the first seizure episode.
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Fig. 1 - Effect of diphenyl diselenide on TBARS levels in brain
of rat pups. Data are reported as mean+ SEM of six to fourteen
animals per group and expressed as nmol MDA
(malondialdehyde)/mg ptn. “Denoted p<0.05 as compared to
the control group (one-way ANOVA/Duncan). Abbreviations:
C—control; diphenyl diselenide at the dose of: 5—5 mg/kg;
50—50 mg/kg; 150—150 mg/kg; 500—500 mg/kg.

2.14. Na*, K" ATPase activity

One-way ANOVA of Na', K" ATPase activity revealed that
diphenyl diselenide at 500 mg'kg significantly inhibited the
enzyme activity in the brain of pups. Na®, K" ATPase activity
was also significantly reduced in rat pups which received
diphenyl diselenide (50 mg'kg) and had seizure episodes (Fig. 4).

3. Discussion

In the present study we have demonstrated that diphenyl
diselenide administered at high doses induced seizure epi-
sodes in rat pups. The latency for the appearance of tonic—
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Fig. 2 - Effect of diphenyl diselenide on catalase activity in
the brain of rat pups. Data are reported as means+ SEM of six
to fourteen animals per group and express U/mg ptn.
‘Denoted p<0.05 as compared to the control group (one-way
ANOVA/Duncan). Abbreviations: C—control; diphenyl
diselenide at the dose of: 5—5 mg/kg; 50—50 mg/kg;
150—150 mg/kg; 500—500 mg/kg.

a Elc 15 s0 [ 150 EEEE so00
200

< 160}

o [

2 120 .

E _

2 T

D oo ?f

5

£

£ o4ol /
0.00 i

control saiFure no saizurs

b mmc s so [ 1s0 B so0

e

7

nmal PBG /mg ptn / h
2

5r /
o 2
control seizure no seizure

Fig. 3 — Effect of diphenyl diselenide on §-ALA-D activity in
brain (a) and liver (b) of rat pups. Data are reported as

mean +SEM of six to fourteen animals per group and
expressed as nmol of porphobilinogen/mg protein/h.
‘Denoted p<0.05 as compared to the control group (one-way
ANOVA/Duncan). "Denoted p <0.05 as compared to the

150 mg/kg (with seizure) group (one-way ANOVA/Duncan).
Abbreviations: C—control; diphenyl diselenide at the dose of:
5—5 mg/kg; S0—50 mg/kg; 150—150 mg/kg; S00—500 mg/kg.

clonic seizures characterized by rearing and falling of rat pup
body was dependent on the dose tested. This work is the first
evidence indicating that diphenyl diselenide is capable of
inducing seizures in pups when administered by oral route. It
is important to point out that diphenyl diselenide did not
display any overt sign of neurotoxicity when administered by
ip, s.c, oral andi.c.v. routesin adult rats (Nogueira et al, 2003;
Savegnago et al., 2007). In addition, the doses of diphenyl
diselenide which induced seizures in rat pups are about 10
times higher than the doses that have pharmacological
properties (Meotti et al., 2003; Ghisleni et al., 2003; Nogueira
et al, 2003; Savegnago et al,, 2007).

Several authors have reported that the oxidative stress has
been associated with seizure-induced neuronal death (Walz et
al, 2000). In accordance, all pups treated with the highest dose
of diphenyl diselenide (500 mg'kg) had seizures and the
parameters evaluated in the brain of pups support the
involvernent of oxidative stress in this neurotoxic effect.
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Fig. 4 - Effect of dipheny] diselenide on Na*, K" ATPase
activity in brain of rat pups. Data are reported as mean+SEM
of six to fourteen animals per group and express nmol Pi/mg
ptn/min. *Denoted p<0.05 as compared to the control group
(one-way ANOVA/Duncan). "Denoted p<0.05 as compared to
the 150 mg/kg (with seizure) group. Abbreviations:
C—control; diphenyl diselenide at the dose of: 5—5 mg/kg;
50—50 mg/kg; 150—150 mg/kg; 500—500 mg/kg.

Consistent with this hypothesis are the observations that
diphenyl diselenide: (1) increased lipid peroxidation, a marker
of oxidative stress; (2) increased catalase activity, confirming
the defensive role of catalase and indicating a cellular
response to increased reactive oxygen species; (3) reduced
the activity of & ALA-D and Na', K" ATPase, sulfhydryl
containing enzymes, which are sensitive to oxidizing agents
(Meott et al., 2003; Nogueira et al,, 2004; Borges et al., 2005).
The inhibition of sulfhydryl enzymes could also be attributed
to the ability of organcselenium in oxidizing SH groups
(Spallholz et al, 2001). Moreover, compounds that oxidize -
SH groups have long been known as potent §-ALA-D inhibitors
(Pappas et al., 1995). SOD activity and ascorbic acid levels were
not altered by diphenyl diselenide, suggesting that these
markers of oxidative stress are not related to neurotoxc
effects induced by diphenyl dizelenide. Regarding the data
obtained in the liver, only 6-ALA-D activity was altered by the
highest dose of diphenyl diselenide. In fact, diphenyl dis-
elenide inhibited hepatic 6-ALA-D activity, which is consistent
with the site of xenobiotic metabolism. The fact that none of
the other parameters evaluated were changed in the liver
reinforces 6-ALA-D as an enzyme very sensitive to diphenyl
diselenide.

The results obtained in brain with the two medium doses
(50 and 150 mg/kg) also emphasize the relationship between
the appearance of seizures and the latency for the onset of the
first convulsive episode. Regarding the parameters evaluated,
different effects occurred between rat pups exhibiting seizures
and those notseizing and these effects were dependent of the
dose of diphenyl diselenide. In fact, there is a significant
difference between rat pups with and without seizures after
150 mg'kg of diphenyl diselenide in TBARS levels, 6-ALA-D
and Na', K' activity. Conversely, there is no difference
between rat pups with and without seizures after 50 mg/kg
of diphenyl diselenide in the same parameters evaluated.
These results allow us to suggest that oxidative stress, in the

brain, is related to the dose of diphenyl diselenide adminis-
tered to rat pups and at least in part to the seizure episode.

Taking these data together the oxidative stress in brain
seems to be directly related to the dose of diphenyl diselenide
administered. In addition, the inhibition of catalase activity on
rat pups after 50 mg/kg diphenyl diselenide suggests that the
time to onset for the first seizure episode (about 45 min)
allowed that catalase act against reactive oxygen species,
demenstrated by the lack of alteration in lipid peroxidation.
Similar to the data obtained with the highest dose of diphenyl
diselenide, SOD activity and ascorbic acid levels were not
altered by the medium doses.

Another finding of this study is that diphenyl dizelenide, at
doses which induced seizures in rat pups, inhibited brain &-
ALA-D activity. The significant difference between rat pups
withand without seizures in 5-ALA-D activity after the dose of
150 mg/kg, but the lack of significance after 50 mg'kg, could
reflect that 6-ALA-activity is only, in part, related to the seizure
episode induced by diphenyl diselenide. The fact that the dose
of diphenyl diselenide is an important factor to 5-ALA-
inhibition is another interpretation that emerges from this
comparison. Accordingly, a number of evidence suggest the
direct involvement of &-ALA, the substrate of 6-ALA-D, in
neurological manifestations such as seizures (Kappas et al,
1995). Important, ALA accumulation has been reported in
tissues of animals and patients which &-ALA-D activity is
inhibited (Juknat et al, 1995). ALA can undergo autooxidation
generating reactive oxygen species and the ALA enoyl radical
(Bechara et al, 1993). These reactive species increased lipid
peroxidation (Emanuelli et al., 2003), induced oxidative
damage and increased activity of antioxidant enzymes
(Demasi et al, 1996). Therefore, the inhibition of G-ALA-D
activity is probably a consequence of oxidative stress induced
by selzure episodes.

Na', K" ATPase activity in rats presenting seizures revealed
distinct effects dependent on the dose of diphenyl diselenide
administered and the time to onset for the first seizure
episode. The lowest (50 mg/kg) and the highest (500 mg/kg)
doses decreased the ATPase activity, but at 150 mg/kg enzyme
activity was not altered. These results are very hard to explain
but tentatively could be related to the latency for the onset for
the first seizure episode (~45 and 30 min) for 50 and 150 mg/
kg, respectively. Since Ma', K" ATPase is sensitive to oxidizing
agents (Borges et al., 2005), the enzyme inhibition after the
highest dose could be explained by the very high dose of
diphenyl dizelenide administered.

Ceoncerning hepatic tissue, some controversial results
which are dependent on the dose studied were found.
Oxidative parameters were unaltered by 50 mg/kg of diphenyl
diselenide independent of seizing or not. Conversely, 5-ALA-D
was inhibited in rat pups after 150 mg/kg diphenyl diselenide,
which did not induce seizing. $-ALA-D inhibition could be
explained by the fact that these animals were sacrificed after
60 min of diphenyl diselenide administration, allowing that
the organoselenium compound remained in the liver and by
oxidizing sulfhydryl groups inhibited enzyme activity.

In conclusion, this paper could add to our understanding of
diphenyl diselenide neurotoxic effect demonstrated by the
appearance of seizures which are, at least in part, related to
the oxidative stress. Our data provide interesting indications,
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since diphenyl diselenide has pharmacological properties,
mainly when administered by oral route, and can be a useful
compound for therapeutic use in a near future.

4. Experimental procedure
4.1.  Chemicals

G-Aminolevulinic acd (6-ALA), p-dimethylaminobenzalde-
hyde, epinephrine, ATP and ouabain were purchased from
Sigma (St. Louis, MO, USA).

Diphenyl diselenide was prepared in our laboratory accord-
ing to literature methods Paulmier (1986). Analysis of the 'H
NMR and “C NMR spectro showed that (PhSe), obtained
presented analytical and spectroscopic data in full agreement
with its assigned structure. The chemical purity of compound
(99.9%) was determined by GG/HPLC. This drug was dissclved
in canola oil, which was obtained from a standard commercial
supplier. All other chemicals were of analytical grade and
obtained from standard commercial suppliers.

4.2, Animals

Young Wistar rats (postatal days, PND, 12-14) of both sexes
were obtained from alocal breeding colony. Postmatal days 12-
14 was chosen based on Mikuleck et al. (2004). The animals
were kept in separate animal rooms, on a 12-h light/12-h dark
cycle, in an air-conditioned room (22+2 °C). Commercial diet
(GUABI, RS, Brazil) and tap water were supplied ad libitum. The
dams were allowed to deliver and wean their pups until
postnatal days (PND) 12-14. The animals were used according
to the puidelines of the Committee on Care and Use of
Experimental Animal Resources, Federal University of Santa
Maria, Brazil

4.3. In vivo experiments

4.31. Diphenyl diselenide-induced seizures

Experimenters were blind to the drug given to rat pups.
Diphenyl diselenide was administered per oral route (po.,
10 ml/kg) and the animals were immediately observed. Rats
were divided into groups as follows: Group 1—control (canola
oil, p.o), Group 2—(PhSe}), (5 mgkg, p.o.), Group 3—(PhSe);
(50 mg/kg, p.o.), Group 4—({PhSe); (150 mg/kg, p.o.) and Group
5—(PhSe); (500 mg'kg p.o).

Appearance of seizures was quantified as previously
described by Racine (1972) and Sperk et al. (1985) as follows:
Stage 0: no changes; Stage 0.5: wet dog shakes; Stage 1: mouth
and facial movements; Stage 2: head nodding; Stage 3:
forelimb clonus; Stage 4: rearing, Stage 5: rearing and falling.
The animals were observed for 1 h in Plexiglas chambers for
the appearance of tonic—clonic seizures lasting more than 5 s.
The latency for the onset of the first tonic-clonic seizure
episode was also recorded.

Subsequently to the seizure episode, rat pups were
decapitated. Animals which did not display seizures were
considered protected and sacrificed 1 h after the compound
administration. The liver and whole brain of all animals were
removed and used for ex vivo assays.

4.4, Ex vivo experiments

The samples of liver and whole brain were homogenized in
50 mM Tris-HC), pH 7.5 (1/10, w/v) or (V/S, w/v), respectively,
and centrifuged at 2400xg for 15 min.

441 Lipid peroxidation

The reaction product was determined using an aliquot
(200 ml) of homogenized tissue, 500 pl thicbarbituric acid
(0.8%), 200 pl SDS (sodium dodecil sulfate, 81%) and 500 ul
acetic acid and 500 ml TBA (thiobarbituric acid 0.8%), the
mixture was incubated at 95 °C for 2 h. TBARS (thiobarbituric
acid reactive species) were determined as described by
Ohkawsa et al. (1979).

44.2. Ascorbic acid determination

Ascorbic acid determination was performed as described by
Jacques-Silva et al. (2001). Proteins were precipitated in 10
volumes of a cold 4% trichloroacetic acid sclution. An aliquot
of the sample at a final volume of 1 ml of the sclution was
incubated for 3 h at 38 °C then 1 ml H,50, 65% (v/v) was added
to the medium. The reaction product was determined using a
color reagent containing 4.5 mg/ml dinitrophenyl hydrazine
and CuS0, (0.075 mg/ml) at 520 nm. The content of ascorbic
acid is related to tissue amount (ymol ascorbic acid/g wet
Hssue).

44.3.  s-Aminolevulinic dehydratase (&ALA-D) activity
G-ALA-D activity was assayed according to the method
described by Sassa (1982) by measuring the rate of product
porphobilinogen (PBG) formation except that 45 mM sodium
phosphate buffer and 2.2 mM & ALA were used. An aliquot of
200 ml of the homogenized tissue was incubated for 1 h at
37 °C (liver) and for 3 h at 37 °C (brain). Enzymatic reaction was
initiated by adding the substrate (5-ALA) to a final concentra-
tion of 22 mM in a medium containing 45 mM phosphate
buffer, pH 6.8. The incubation was stopped by adding
trichlomacetic acid solution (10% TCA) with 10 mM HgCl,.
The reaction product was determined using modified Erlich’s
reagent at 555 nm. The reaction was linear in relation to
protein and time of incubation.

444 Superoxide dismutase (SOD) activity

Superoxide dismutase (SOD) activity was assayed spectro-
photometrically as described by Misra and Fridovich (1972).
This method is based on the capacity of S0D to inhibit
autooxidation of epinephrine to adrenochrome. Enzymatic
reaction was initiated by adding an aliquot (20-60 ml) of the
homogenized tissue and the substrate (epinephrine) to a
concentration of 60 mM in a medium containing 50 mM
glycine buffer, pH 10.3. The color reaction was measured at
480 nm. One unit of enzyme was defined as the amount of
enzyme required to inhibit the rate of epinephrine autooxida-
tion by 50% at 26 °C.

445 Catalase activity

Catalase activity was assayed spectrophotometrically by the
method of Aebi (1984), which involves monitoring the
disappearance of H;0; in the homogenate presence at
240nm. Enzymatic reaction was initiated by adding an aliquot
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of 20 ml of the homogenized tissue and the substrate (H;0;) to
a concentration of 0.3 mM in a medium containing 50 mM
phosphate buffer, pH 7.0. The enzymatic activity was
expressed in units (1 Udecomposes 1 pmol of H,Q, per minute
at pH 7 at 25 °C).

4.46. Na', K" ATPase activity

The homogenate was centrifuged at 4000xg at 4 °C for 10 min
and supematant was used for assay of protein Na*, K" ATPase.
The reaction mixture for Na®, K" ATPase activity assay
contained 3 mM MgCl, 125 mM NaCl, 20 mM KCl and 50 mM
Tris—HCl, pH 7 4,1in a final volume of 500 pl. The reaction was
initiated by the addition of ATP to a final concentration of
3.0 mM. Control samples were carried out under the same
conditions with the addition of 0.1 mM ouabain. The samples
were incubated for 30 min at 37 °C, the incubation was stopped
by adding trichloroacetic acid solution (10% TCA) with 10 mM
HpCl,. Na", K" ATPase activity was calculated by the difference
between the two assays. Released inorganic phosphate (P
wasg measured by the method of Fiske and Subbarow (1925).

4.47. Protein quantification
Protein concentration was measured by the method of
Bradford (1976), using bovine serum albumin as the standard.

4.5.  Statistical analysis

Data are expressed as means+SEM. Statistical analysis was
performed using a one-way analysis of varance (ANOVA),
followed by the Duncan's multiple range test when appro-
priate. Values of p<0.05 were considered statistically signifi-
cant. Seizure incidence was analyzed statistically by the #*
method and Fisher’s Exact Test.
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4.2 Convulsoes induzidas pelo disseleneto de difenila em ratos bebés: Possivel

interacio com o sistema glutamatérgico

4.2.1 Artigo 2

DIPHENYL DISELENIDE-INDUCED SEIZURES IN RAT PUPS: POSSIBLE
INTERACTION WITH GLUTAMATERGIC SYSTEM
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Abstract The aims of the present study were to investi-
gate the possible involvement of glutamatergic system in
seizures induced by diphenyl diselenide in rat pups (post-
natal day. 12-14) and to evaluate the role of oxidative stress
in seizures induced by diphenyl diselenide/glutamate.
Glutamate (4 g/kg of body weight) administered in asso-
ciation with diphenyl diselenide (500 mg/kg of body
weight) increased the latency for the appearance of the first
seizure episode, reduced lipid peroxidation levels and
catalase, Na* K"*-ATPase and 5-ALA-D activities. At the
lowest dose (5 mg/kg of body weight), diphenyl diselenide
reduced the appearance of seizure episodes induced by
glutamate but did not alter the latency for the onset of the
first episode. Glutamate uptake was inhibited in glutamate,
diphenyl diselenide (the highest dose) and in the association
of diphenyl diselenide (both doses) and glutamate groups.
Pre-treatment with a N-methyl-D-aspartate (NMDA)
receptor antagonist, MK-801 (55,10R-5-methyl-10,11-
dihydro-5H-dibenzo[a.d]cyclohepten-5,10-imine maleate),
significantly prolonged the latency for the onset for the first
convulsive episode. A non-NMDA receptor antagonist,
DNQX (6.7-dinitroguinoxaline-2,3-dione), did not protect
seizures induced by diphenyl diselenide. The results of the
present study demonstrated that: (a) when diphenyl disele-
nide and glutamate were administered concomitantly in
pups, glutamate was the main responsible for the neurotoxic
effects; (b) oxidative stress was not involved in glutamate-
induced seizures: (c) NMDA glutamatergic receptors, were
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at least in part, involved in diphenyl diselenide- induced
seizures; and (d) diphenyl diselenide, at the lowest dose,
protected seizures induced by glutamate.

Keywords
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Diphenyl diselenide - Selenium - Glutamate -
Brain - Oxidative stress

Introduction

During the last decades, the interest in organoselenium
biochemistry has been intensified, mainly due to the fact
that a variety of these compounds possess pharmacological
properties. In this context, diphenyl diselenide is an orga-
noselenium compound, highly lipophilic, with many
pharmacological properties such as antiulcer [1] anti-
inflammatory and anti-nociceptive [2], neuroprotector [3],
hepatoprotector [4], anti-hyperglycemic [5], and antioxi-
dant [6]. Beside to its pharmacological properties, diphenyl
diselenide intraperitoneal
administration of high doses of this organoselenium com-
pound caused seizure and death in mice but did not induce
any overt sign of neurotoxicity in rats. These ambiguous
data are probably explained by the fact that differences in
toxicity among species and age are often related to dif-
ferences in the liver metabolism and disposition of a
compound [7. 8]. Accordingly, diphenyl diselenide injected
directly into the brain of rodents did not cause any overt
sign of neurotoxicity [9] indicating that this compound
must be first metabolized, and, subseqguently, crosses the
blood-brain barrier to cause seizures [10]. Recently, we
have reported that diphenyl diselenide, administrated by
oral route, induced seizure and death in rat pups and
reduced the activity of §-ALA-D and Na* K*-ATPase [11],

sulfhydryl containing enzymes, which are sensitive to

has toxic effects. In fact,

47



Neurochem Res (2008) 33:9960-1004

997

oxidizing agents. These results reiforce the idea that
neurotoxicity induced by diphenyl diselenide in adult rats
differs from that of reported in pups.

Glutamate is the main excitatory neurotransmitter in the
mammalian central nervous system (CNS), involved in
essential brain functions, such as neural development,
leamning and memory [12]. Altered excitatory amino acid
neurotransmission, mediated primarily by glutamate, is a
major cause of the imbalance of excitation and inibition
that contributes to hiperexcitability in the immature brain
[13]. Glutamate exerts its toxicological effects by acting on
both metabotrophic and ionotrophic receptors. Ionotrophic
clutamate receptors have been categorized as N-methyl-
D-aspartate (NMDA) and non-NMDA receptor subtypes.
Studies indicate that alterations in glutamate transporters
can lead to epileptic phenotypes and that impairment in
glutamate uptake may play an important role in epilepto-
genesis [14, 15]. Glutamate does not cross the blood-brain
barrier in adult rats but induces seizures in rat pups when
given systemically [16].

It is well recognized that the imature brain differs from
mature brain in the basic mechanisms of epileptogenesis.
The imature brain is more prone to seizures than the adult
brain due to an imbalance between the development of
excitation and inhibition [17]. The activation of excitatory
amino acid receptors can also trigger the formation of
reactive oxygen species (ROS). Previous studies suggest
that oxidative stress is important in brain tissue damage
following seizure induction [18]. Seizures can induce
neurological damage in the imature brain and lead to
serious consequences later in life [19, 20].

In the previous study we have demonstrated that
diphenyl diselenide induced seizure episodes in rat pups,
depending on the dose of diphenyl diselenide administered
[11]. Based on the considerations above, the specific aims
of the present study were to investigate: (a) the possible
involvement of glutamatergic system in seizures induced
by diphenyl diselenide; and (b) the role of oxidative stress
in seizures induced by diphenyl diselenide/glutamate.

Materials and methods
Chemicals

Monosodium  glutamate, MK-801 (55.10R-(+)-5-methyl-
10.11-dihydro-5H-dibenzo[a.d]eyclohepten-5. 10-imine
maleate), DNQX (6.7-dinitroguinoxaline-2.3-dione), d-
ALA (d-aminolevulinic acid), p-dimethylaminobenzalde-
hyde, epinephrine, ATP (adenosine triphosphate) and
ouabain were purchased from Sigma (St Louis, MO,
USA). All other chemicals were of analytical grade and
obtained from standard commercial suppliers.

Monosodium glutamate and MK 801 were dissolved in
0.9% physiological saline. DNQX was dissolved in a
minimum amount of DMSO (dimetilsulfoxide) and adjus-
ted to the appropriate volume with 0.9% physiological
saline.

Diphenyl diselenide was prepared in our laboratory
according to the literature method [21]. Analysis of the
"H NMR and "“C NMR spectro showed that diphenyl
diselenide obtained presented analytical and spectroscopic
data in full agreement with its assigned structure. The
chemical purity of compound (99.9%) was determined by
GC/HPLC. This drug was dissolved in canola oil.

Animals

Young Wistar rats (postnatal day 12-14) of both sexes
were obtained from a local breeding colony. PND (post-
natal day) 12-14 was chosen based on Mikulecka et al.
22]. The animals were kept in separate animal rooms, on a
12h light/dark cycle, in an air conditioned room
(22 £ 2°C). Commercial diet (GUABL RS, Brazil) and tap
water were supplied ad libitum. The dams were allowed to
deliver and wean their pups until PND 12-14. The animals
were used according to the guidelines of the Committee on
Care and Use of Experimental Animal Resources, the
Federal University of Santa Maria, Brazil.

In vivo experiments
Effect of glutamate on diphenyl diselenide-induced seizures

Diphenyl diselenide was administered by oral route (p.o.,
10 mlVkg of body weight). The doses of diphenyl disele-
nide used in this study (5 mg/kg, a subeffective dose and
500 mg/kg, a dose which induces seizures in 100% of rat
pups) were based on Prigol et al. [11]. To address the role
played by glutamatergic system in seizures induced by
diphenyl diselenide distinet groups of animals were treated
with diphenyl diselenide and glutamate. Glutamate (4 g/kg)
was administered by intraperitonial route (i.p.. 10 mlkg of
body weight) based on Mares et al. [16], with intent to
investigate if seizures induced by diphenyl diselenide are
potentiated by glutamate.

Experimenters were blind to the drugs given to rat pups.
Diphenyl diselenide and glutamate were concomitantly
administered (groups 5 and 6). Rats were divided into groups
as follows: Group 1—control (canola oil, p.o.) + (saline i.p).
Group 2- Diphenyl diselenide (5 mg/kg, p.o.) + (saline i.p),
Group 3- Diphenyl diselenide (500 mg/kg. p.o.) + (saline
i.p), Group 4- Glutamate (4 g/kg, i.p) + (canola oil p.o),
Group 5- Diphenyl diselenide (5 mg/kg, p.o.) + Glutamate

@ Springer
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4 g'kg, ip), Group 6- Diphenyl diselenide (500 mg/kg,
p.0.) + Glutamate (4 g/kg. i.p).

The appearance of seizures was gquantified as previously
described by Racine [23] and Sperk et al. [24] as follows:
Stage (: no changes: Stage 0.5: wet dog shakes; Stage 1:
mouth and facial movements; Stage 2: head nodding; Stage
3: forelimb clonus: Stage 4: rearing: Stage 5: rearing and
falling. The animals were observed for 1 h in Plexiglas
chambers for the appearance or not of seizures lasting more
than 5 s. The latency for the onset of the first seizure epi-
sode was also recorded. Animals belonging to all groups,
which presented seizures, were classified at the stage 5 of
the Racine scale and presented tonic-clonic seizures [11].

Subsequently to the seizure episode, rat pups were anes-
thetized and decapitated. Animals which did not display
seizures were considered protected and sacrificed 1 h after
the administration of compounds. The liver and whole brain
of all animals were removed and used for ex vivo assays.

Involvement of NMDA receptor on diphenyl diselenide-
induced seizures

To evaluate the role played by NMDA receptor on seizures
induced by diphenyl diselenide distinct groups of animals
were treated with distinet classes of drugs. For this pur-
pose, rat pups were pretreated with MK801, a NMDA
receptor antagonist (0.5 mg/kg, ip.. 10 mlkg of body
weight), or DNQX, a non-NMDA receptor antagonist
(10 mg/kg of body weight, i.p., 10 ml/kg). Thirty minutes
after MK 801 administration, or 20 min after DNQX,
diphenyl diselenide (500 mg/kg of body weight, p.o.) or
canola oil was injected.

The appearance of seizures was guantified as described
on 2.3.1 Sect. Subsequently to the seizure episode, rat pups
were anesthetized and decapitated. Animals which did not
display seizures were considered protected and sacrificed
1 h after drug administration.

Ex vivo experiments

The samples of liver and whole brain were homogenized in
50 mM Tris—HCI, pH 7.5 (1/10, w/v) or (1/5, wiv),
respectively, and centrifuged at 2.400g for 15 min. The
supernatants (S1) were separated and used for biochemical
assays.

Lipid peroxidation

The reaction product was determined using an aliquot
(200 pl) of the S1, 500 pl thiobarbituric acid (0.8%),

@ Springer

200 ul SDS (sodium dodecil sulfate, 8.1%), and 500 pl
acetic acid and 500 pl TBA (0.8% thiobarbituric acid), the
mixture was incubated at 95°C for 2 h. TBARS (thiobar-
bituric acid reactive species) were determined as described
by Ohkawa et al. [25].

Ascorbic acid determination

Ascorbic acid determination was performed as described
by Jacques-Silva et al. [26]. Proteins were precipitated in
10 Vol. of a cold 4% trichloroacetic acid solution. An
aliguot of the sample at a final volume of 1 ml of the
solution was incubated for 3 h at 38°C then 1 ml H,S0,
65% (v/v) was added to the medium. The reaction product
was determined using a color reagent containing 4.5 mg/ml
dinitrophenyl hydrazine and CuSO4 (0.075 mg/ml) at
520 nm. The content of ascorbic acid is related to tissue
amount (pmol ascorbic acid/g wet tissue).

Superoxide dismutase (SOD) activity

Superoxide dismutase activity was assayed spectrophoto-
metrically as described by Misra and Fridovich [27]. This
method is based on the capacity of SOD to inhibit auto-
oxidation of epinephrine to adrenochrome. Enzymatic
reaction was initiated by adding an aliquot (20-60 pl) of the
S1 and the substrate (epinephrine) to a concentration of
60 mM in a medium containing 50 mM glycine buffer, pH
10.3. The color reaction was measured at 480 nm. One unit
of enzyme was defined as the amount of enzyme required to
inhibit the rate of epinephrine autooxidation by 50% at 26°C.

Catalase activity

Catalase activity was assayed spectrophotometrically by the
method of Aebi [28], which involves monitoring the disap-
pearance of H:O; in the S1 presence at 240 nm. Enzymatic
reaction was initiated by adding an aliguot of 20 plof the S1
and the substrate (H203) to a concentration of 0.3 mM in a
medium containing 50 mM phosphate buffer, pH 7.0. The
enzymatic activity was expressed in Units (1 U decomposes

1 pmole of H,O, per min at pH 7 at 25°C).

d-Aminolevulinate dehyvdratase (6-ALA-D) activity

d-Aminolevulinate dehydratase activity was assayed
according to the method described by Sassa [29] by
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measuring the rate of product porphobilinogen (PBG)
formation except that 45 mM sodium phosphate buffer and
2.2 mM 4-ALA were used. An aliguot of 200 pl of the S1
was incubated for 1 h (liver) and for 3 h (brain) at 37°C.
Enzymatic reaction was initiated by adding the substrate
(6-ALA) to a final concentration of 2.2 mM in a medium
containing 45 mM phosphate buffer, pH 6.8. The incuba-
tion was stopped by adding 250 pl trichloroacetic acid
solution (10% TCA) with 10 mM HgCl. The reaction
product was determined using modified Erlich’s reagent at
555 nm. The reaction was linear in relation to protein and
time of incubation.

Na*, K*-ATPase activity

The homogenate was centrifuged at 4.000g at 4°C for
10 min and the S1 was used for assay of protein Na,
K*"-ATPase. The reaction mixture for Na*, K™-ATPase
activity assay contained 3 mM MgCl, 125 mM NaCl,
20 mM KCI, and 50 mM Trs-HCL pH 7.4, in a final
volume of 500 pl. The reaction was initiated by addition
of ATP to a final concentration of 3.0 mM. Control
samples were carried out under the same conditions with
the addition of 0.1 mM ouabain. The samples were
incubated for 30 min at 37°C, the incubation was stopped
by adding 250 pl trichloroacetic acid solution (10%
TCA) with 10 mM HgCl.. Na*, K*™-ATPase activity was
calculated by the difference between the two assays.
Released inorganic phosphate (Pi) was measured by the
method of Fiske and Subbarow [30].

Preparation of synaptosomes

The rat whole brain was used to prepare synaptosomes on a
discontinuous Percoll gradient according to Dunkley et al.
[31]. In group 5. only animals which had seizure episodes
were used for [PH] glutamate uptake and release.

P H]Glutamate release by synaptosomes. Determination
of [*H]glutamate release was accomplished according to the
method described by Migues et al. [32]. The synaptosomal
preparation was loaded with 0.25 pCi ['H) glutamate
(Amersham, specific activity 53 mCi/mmol, final concen-
tration 5 uM) by pre-incubation in Tris—HCI buffered salt
solution (composition in mM: Tris—HCI 27, NaCl 133, KCl1
2.4, MgS04 1.2, KH2PO, 1.2, Glucose 12, CaCl; 1.0y pH 7.4
(adjusted with HCL), for 15 min at 37°C. Aliquots of labeled
synaptosomes (1.4 mg protein) were centrifuged at 16,000g
for 1 min. Supernatants were discarded, and the pellets were
washed four times in Tris—HCI buffer by centrifugation at
16,000g for 1 min (at 4°C). To assess the basal release of
[PHlglutamate, the final pellet was resuspended in Tris—HC1

buffer and incubated for 60 s at 37°C. Incubation was ter-
minated by immediate centrifugation (16,000g, 1 min, 4°C).
Radioactivity present in supematants and pellet was sepa-
rately determined in a scintillation counter. The released
[3H]glularnalt: was calculated as a percentage of the total
amount of radivactivity present in the synaptosomes at the
start of the incubation period. K*-stimulated [*H]glutamate
release was assessed as described for basal release, except
for the fact that the incubation medium contained 40 mM
KClI to induce synaptosomal depolarization.

FPH]Glutamate uptake by synaptosomes. The synapto-
somal preparation was washed twice by suspending in
3 Vol. of 0.3 M sucrose, in 15 mM Tris-acetate buffer (pH
7.4) and centrifuging at 35,000g for 15 min. The final
pellet was suspended in 0.3 M sucrose, 15 mM Tris-acetate
buffer (pH 7.4). and incubated in Tris—HCI buffer (com-
position in mM: Tris=HCI 27, NaCl 133, KCl 2.4, MgS0,
1.2, KH,PO, 1.2, Glucose 12, CaCl; 1.0) pH 7.4 (adjusted
with HCI), in the presence of [3H]glulamale (final con-
centration 100 nM) for 1 min at 37°C. The reaction was
stopped by centrifugation (16,000g, 1 min, 4°C), and the
pellets were washed three times in Tris—HCl buffer by
centrifugation at 16,000g for 1 min (at 4°C). Radioactivity
present in pellet was measured in a scintillation counter.
Specific [3H]glulamale uptake was calculated as the dif-
ference between the uptake obtained in the incubation
medium described above, and the uptake obtained with a
similar incubation medium in which NaCl was replaced by
choline chloride.

Protein quantification

Protein concentration was measured by the method of
Bradford [33]. using bovine serum albumin as the standard.

Statistical analysis

Data are expressed as mean £ SD. Statistical analysis
was performed using a one-way analysis of varance
(ANOVA), followed by the Duncan’s multiple range test
when appropriate. Values of p < 0.05 were considered
statistically significant. Seizure incidence was statistically
analyzed by the y* method and Fisher’s exact test.

Resulis

Effect of glutamate on diphenyl diselenide-induced
seizures

As shown in Table 1, the administraton of diphenyl
diselenide at the highest dose together with glutamate
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Table 1 Influence of treatment with diphenyl diselenide and gluta-
mate in rat pups

Groups Appearance Latenc _'.-'b

of seizures® (min)
Control W8 ns
(PhSe), 5 0/8 ns
(PhSe); 500 B/E** 18.73 £ 2.79+%
Glutamate 4 BIE** 3636 £ 12.64%
(PhSe)2 5 + Glutamate 4 1041 6+ 36.86 + 14.00%
(PhSe), 500 + Glutamate 4 fgF* 3364 4+ BE(*

* Number of animals which presented seizures/N of animals per
group

® Time (min) to the appearance for the first seizure episode. “ns”
animals which did not present seizure (in 60 minutes of observation).
(PhSe); (mghkg); Glutamate (g/kg). Data are reported as mean £+ S5.D
¥ p <2005 as compared to the control group (onc-way ANOVAS
Duncan)

* p <005 as compared to the other groups (one-way ANOVA/
Duncan)

#* p <005 as compared to the control group (3° method and
Fischer’s exact probability test)

= p < 0.05 as compared to the other groups [;{1 method and Fischer’s
exact probability test)

induced seizures in 100% of rat pups. Glutamate admin-
istered concomitantly with diphenyl diselenide increased
the latency for the appearance of the first seizure episode,
when compared to the diphenyl diselenide group.

At the lowest dose, diphenyl diselenide reduced (about
37%) the appearance of seizure episodes induced by glu-
tamate but did not alter the latency for the onset of the first
episode (Table 1).

Table 2 Influence of pretreatment with MK 801 and DNQX in
(PhSe), induced seizures in rat pups

Groups Appearance Latency h

of Seizures * {(min)
Control 07 ns
(PhSe), 500 TH** 2206 + 2.1*
ME 801 0.5 + (PhSe); 500 1V 10** 31 + 7.58+"
DNQX 10 + (PhSe), 500 B 23.03 + 225+

* Number of animals which presented seizures/N of animals per
group

™ Time (min) to the appearance for the first seizure episode. “ns”
animals which did not present seizure (in 60 minutes of observation).
(PhSe),, MK 801 and DNQX (mgkg). Data are reported as
mean £ 5.D

¥ p <005 as compared to the control group (onc-way ANOVAS
Duncan)

#p <005 as compared to the other groups (onc-way ANOVAS
Duncan)

¥ p <005 as compared to the control group (;(: method and
Fischer’s exact probability test)

@ Springer

Involvement of NMDA receptor on diphenyl diselenide-
induced seizures

MEK-801 significantly prolonged the latency for the onset of
the first convulsive episode but did not reduce the number
of animals convulsing (Table 2).

Pretreatment with DNQX neither prolonged the latency
for the onset of the first convulsive episode nor reduced the
nurmber of animals convulsing (Table 2).

MEK-801 or DNQX. given alone, did not cause any
alteration in animal behavior (data not shown).

Lipid peroxidation

Diphenyl diselenide (5 mg/Kg) and glutamate administered
alone or in association did not alter lipid peroxidation
levels in brain of rat pups (Fig. 1). Glutamate reduced an
increase in lipid peroxidation levels induced by 500 mg/kg
diphenyl diselenide (Fig. 1).

In the liver of rat pups, one-way ANOVA of TBARS
levels revealed that diphenyl diselenide (5 and 500 mg/kg)
and the association of them with glutamate did not alter
lipid peroxidation levels (data not shown).

Antioxidant defenses

One-way ANOVA of catalase activity revealed that glu-
tamate bloked the stimulation of enzyme activity induced
by 500 mg/kg dipheny! diselenide in brain of rat pups. The
enzyme activity was not altered in the brain of pups that
received all other treatments (Fig. 2).
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Fig. 1 Effect of diphenyl diselenide and glutamate on TBARS levels
in brain of mat pups. Data are reported as mean = SD of six to ten
animals per group and expressed as nmol MDA (malondialdehyde)/
mg protein. (*) denoted p < 0,05 as compared to the control group,
(#) denoted p < 0,05 as compared to the Glutamate 4+ 500mg/kg
diphenyl diselenide group (one-way ANOVA/Duncan). Abbrevia-
tions: C confrol, 5 diphenyl diselenide (5 mg/kg), 4 glutamate (4 gf
kg), 4 4+ 5 glutamate (4 gkg) plus diphenyl diselenide (5 mgkg),
500 diphenyl diselenide (500 mg/kg), 4 + 500 glutamate (4 g/kg)
plus diphenyl diselenide (300 mgkg)
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Fig. 2 Effect of diphenyl disclenide and glutamate on catalase
activity in brain of rat pups. Data are reported as mean £ SD of six to
ten animals per group and express U/mg protein. (%) denoted p < 0.05
as compared to the control group, (#) denoted p < 0005 as compared
to the Glutamate + diphenyl disclerade 500 mg/kg group (one-way
ANOVA/Duncan). Abbreviations: C control, 5 diphenyl diselenide
(5 mg/kg), 4 glotamate (4 g/kg), 4 + 5 glitamate (4 g/kg) plus
diphenyl diselenide (5 mg/kg), 500 diphenyl diselenide (300 mg/kg),
4 4+ 500 glutamate (4 gfkg) plus diphenyl disclenide (500 mgkg)

In the liver, there was no change in catalase activity
independent of the treatment evaluated (data not shown).

One-way ANOVA of SOD activity demonstrated that
diphenyl diselenide and glutamate did not alter the enzyme
activity in liver and brain of rat pups. Ascorbic acid data
showed that diphenyl diselenide and glutamate did not alter
this parameter in liver and brain of rat pups (data not
shown).

3-ALA-D activity

Diphenyl diselenide (500 mg/kg) or glutamate inhibited
d-ALA-D activity in brain of pups (Table 3). The associ-
ation of diphenyl diselenide and glutamate avoided the
inhibitory effect induced by these compounds alone on
d-ALA-D activity. Cerebral 6-ALA-D activity was inhib-
ited in rat pups which received concomitantly diphenyl
diselenide (5 mg/Kg) and glutamate and did not present
seizure episodes (Table 3).

In the liver of rat pups, glutamate ameliorated d-ALA-D
activity inhibition induced by 500 mg/kg diphenyl disele-
nide (Table 3).

Na*,K*-ATPase activity

Glutamate ameliorated Na*,K"-ATPase activity inhibited
by 500 mg/kg diphenyl diselenide in brain of pups (Fig. 3).
Diphenyl diselenide (5 mg/kg). glutamate and the associ-
ation of these compounds did not alter Na*,K*-ATPase
activity in brain of rat pups (Fig. 3).

Table 3 Effect of diphenyl diselenide and glutamate on d-ALA-D
activity in the brain and liver of rat pups

Groups d-ALA-D activity

(nmol PBG/mg/protein'h)

Brain Liver
Control 123 £ 0.14 13.27 + 1.07
(PhSc): 5 ns 1.15 £ Q.13 12.74 £ 1.75
(PhSc), 500 s 0.82 + 0.10* 4.50 + 1.65%
Glutamate 4 s 077 £ 0.10* 14.19 + 2.07
(PhSe), 5 4+ Glutamate 4 ns 0.87 + 0.07* 14.22 + (.86
(PhSe); 5 4+ Glutamate 4 s 1.05 £ Q.19 13.06 + 1.76
(PhSe), 500 4+ Glutamate 4 s 100 £+ 0.19 8.90 £+ 1.90*

u,

5”7 animals which presented seizures

“ns”  amimals which did not present seizures (in 60 min of
observation)

Diphenyl diselenide (PhSe), . dose (mg/Kg), Glutamate, dose (g/kg)
#¥p <005 as compared to the control group (one-way ANOVAS
Duncan)

Evaluation of synaptosomal [H]glutamate uptake and
release

The [*H]glutamate uptake by synaptosomes was signifi-
cantly reduced in rats treated with diphenyl diselenide,
glutamate and with the association of these compounds
(Fig. 4).

The basal and K*-stimulated [*H]glutamate release by
synaptosomes were similar in the control and all other
groups tested (data not shown).
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Fig. 3 Effect of diphenyl disclenide and glutamate on Na™ K™
ATPase activity in brain of rat pups. Data are reported as mean £ SD
of six © ten animals per group and express nmolPimg protein/min.
(*) denoted p < 005 as compared o the control group, (#) denoted
p < 0.05 as compared to the Glutamate 4 ghkg + diphenyl diselenide
500 mg/kg group, (+) denoted p < (.05 as compared to the Glutamate
4 g/kg + diphenyl diselenide 5 mghkg group which no seizuring
(one-way ANOVA/Duncan). Abbreviations: C control, 5 diphenyl
diselenide (5 mg/kg), 4 glutamate (4 g/kg), 4 + 5 glutamate (4 g/
kg) + diphenyl diselenide (5 mg/kg), 500 diphenyl diselenide
(500 mg/kg), 4 + 500 Glutamate (4 g/kg) plus diphenyl diselenide
(500 mg/kg)
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Fig. 4 Effect of diphenyl diselenide and glutamate on I'H Jelutam te
uptake from rat brain synaptosomes. Data are reported as mean £ SD
of three animals per group and glutamate uptake is expressed as pmol
of glutamate uwptake/mg protein/min. (%) denoted p < 005 as
compared to the control group (one-way ANOVA/Duncan). Abbre-
viations: C control, 5 diphenyl diselenide (5 mg/kg), 4 glutamate
4 glkg), 4 + 5 glutamate (4 g/kg) plus diphenyl diselenide (5 mg/
kgh, 500 diphenyl disclenide (500 mg'kg), 4 + 500 glutamate (4 gf
kg) plus diphenyl disclenide (500 mgikg)

Discussion

In the present study, we investigated the possible
involvement of the glutamatergic system in seizures
induced by diphenyl diselenide. Our results demonstrated
that the diphenyl diselenide (500 mgkg) + glutamate
association increased the latency for diphenyl diselenide-
induced seizures. In fact, there was an increase in the
latency for the first seizure episode from 18.73 min
(diphenyl diselenide group) to 33.64 min (diphenyl
diselenide + glutamate group), suggesting that diphenyl
diselenide could be more slowly metabolized in the liver in
view of the high dose of glutamate administered concom-
itantly with this organoselenium compound. In agreement,
previous results from our research group clearly indicate
that seizures induced by diphenyl diselenide are dependent
of the hepatic metabolism [9]. However, if we consider the
similarity between the latency for the first seizure episode
found for the diphenyl diselenide (500 mg/kg) + gluta-
mate group (~33 min) and the glutamate group
(~ 36 min) the idea that glutamate is the major responsible
for seizures induced by concomitant administration of
these compounds, is reinforced. Taken together these data
lead us to exclude the hypothesis that seizures induced by
diphenyl diselenide could be potentiated by glutamate.
Recently, our research group has reported that oxidative
stress is, at least in part, involved in seizures-induced by
diphenyl diselenide [11]. Therefore, in this study we
explored the possible role of oxidative stress in seizures

@ Springer

induced by glutamate/diphenyl diselenide. The levels of
lipid peroxidation and the activity of catalase and Na*, K'-
ATPase, altered by the highest dose of diphenyl diselenide
in brain of animals,
administered with glutamate and diphenyl diselenide.
Consequently, we assume that the effects observed on the
brain are most likely caused by glutamate than by diphenyl
diselenide, when these compounds were administered in
association. A plausible explanation for this fact is that,
possibly, low levels of diphenyl diselenide metabolites

were found unaltered in those

reached brain. This hypothesis is supported by the evidence
that dipheny! diselenide injected directly into the brain of
rodents did not cause any overt sign of neurotoxicity [9]
indicating that this compound must be first metabolized.
Therefore, the results obtained with diphenyl diselenide in
brain parameters reinforce a relationship between the dose
of compound administered and the levels of diphenyl
diselenide which reached brain.

It is important to point out that d-ALA-D activity was
found inhibited in the brain of rat pups which received
glutamate concomitantly with diphenyl diselenide. If the
assumption that glutamate delays diphenyl diselenide
metabolism is comect, 4-ALA-D inhibidon could be
explained by the high sensitivity of this enzyme to the
prooxidative damage induced by low levels of diphenyl
diselenide.

In order to provide evidence for glutamatergic system
involvement in seizures, we attempted to determine whe-
ther or not diphenyl diselenide and glutamate were capable
of inhibiting glutamate uptake by synaptosomes. Uptake is
one of the mechanisms by which glutamate is removed
from the synaptic cleft, and its inhibition contributes for an
increase in extracellular glutamate concentrations, which
ultimately leads to over stimulation of the glutamatergic
system [12, 34]. In the present study, the inhibition of
glutamate uptake was observed in glutamate, diphenyl
diselenide (highest dose) and the association of diphenyl
diselenide (both doses) and glutamate groups, i.e.. in all
animals which had seizure episodes. Therefore, glutamate
uptake seems to be related, at least in part, to the mecha-
nisms by which these compounds induced seizures.

Taken the data above reported together, it is hard
complex to explain the interaction of diphenyl diselenide
(at the highest dose) and the glutamatergic system in an
integrative way. Although all groups had some convulsant
effect, the glutamate administraion or association of
diphenyl diselenide and glutamate caused similar effect on
the latency for the onset to the first seizure episode, but the
latencies were different from that of obtained after
administraion with diphenyl diselenide. While TBARS
levels and catalase activity were increased only in the
dipheny! diselenide group, cerebral 5-ALA-D activity was
inhibited by glutamate and diphenyl diselenide groups and
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these effects disappeared when both compounds were
administered together. When the parameter analyzed was
the activity of hepatic §-ALA-D or cerebral Na"K'-
ATPase glutamate group presented no effect, but the effect
on the diphenyl diselenide group was attenuated by con-
comitant administration of glutamate and diphenyl
diselenide. The inhibition in glutamate uptake was clearly
demonstrated in all animals which presented seizure epi-
sodes independent of the group analyzed.

Based on the idea that the high dose of glutamate used to
induce seizures could be delaying diphenyl diselenide
metabolism and consequently hiding the possible effect of
diphenyl diselenide on the glutamatergic system, we per-
formed experiments using NMDA and non-NMDA
receptor antagonists. Glutamate exerts its toxicological
effects by acting, at least in part, in ionotropic glutamate
receptors [35]. In this study, pretreatment with MK-801, a
NMDA receptor antagonist, increased the onset for the first
seizure episode (22-31 min), suggesting that NMDA
receptors play a role in diphenyl diselenide induced sei-
zures. Conversely, pretreatment with DNQX, a non-
NMDA receptor antagonist, did not alter the onset for the
first seizure episode, excluding the involvement of non-
NMDA receptors in this event.

In sharp contrast to our expectation the lowest dose of
diphenyl diselenide protected against seizures induced by
glutamate. In fact, diphenyl diselenide reduced about 37%
the appearance of seizure episodes induced by glutamate.
Although we did not focus on mechanisms by which
diphenyl diselenide was capable of protecting seizures
induced by glutamate, our results are in accordance with
previous data reported by us [2] and others [36]. In fact,
diphenyl diselenide produced pharmacological effect in
several models of pain through mechanisms that involve an
interaction with redox modulatory sites of glutamate
receptors [2]. Accordingly, Herin et al. [36] have reported
that ebselen, an organoselenium compound, may be neu-
roprotective in part due to its actions as a modulator of the
NMDA receptor redox modulatory site. It is important to
highlight that the doses in which diphenyl diselenide has
pharmacological properties [2, 3, 6, 37] are about ten times
lower than those that cause seizures.

In ex vivo experiments, the effects found with diphenyl
diselenide (5 mg/kg) and glutamate association were
analogous to those obtained for the glutamate group, i.e.
no change in lipid peroxidation, catalase, SOD, &-ALA-D
and Na*, K" ATPase activities, and ascorbic acid levels.
These results clearly point out that oxidative stress was not
related to seizures induced by glutamate.

Another point that must be discussed here is that in
general groups which had seizure episodes, excepting
diphenyl diselenide (500 mg/kg) and glutamate group,
showed glutamate uptake and brain J-ALA-D activity

inhibited. Supporting these data ALA has been reported
as an inhibitor of glutamate uptake and a stimulator of
the release of this excitatory neurotransmitter from rat
synaptosomes [38, 39]. Emanuelli et al. [40, 41] have
demonstrated that ionotropic glutamatergic antagonists, at
doses which had no effect per se, antagonized ALA-
induced seizures, supporting the involvement of the
glutamatergic system.

Collectively, the results of the present study demon-
strated that: (a) when diphenyl diselenide and glutamate are
administered concomitantly in pups, glutamate is the main
responsible for the neurotoxic effects: (b) oxidative stress
was not involved in  glutamate-induced seizures: (c)
NMDA glutamatergic receptors, are at least in part,
involved in diphenyl diselenide- induced seizures: and (d)
diphenyl diselenide, at the lowest dose, protected seizures
induced by glutamate.
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Diphenyl diselenide-induced seizures in rat
pups: possible interaction with GABAergic
system

Marina Prigol, Ethel A. Wilhelm, Cristina W. Nogueira, Gilson Zeni

Departamento de Quimica, Centro de Ciéncias Naturais e Exatas, Universidade Federal de Santa Maria, Brazil

Objectives: The involvement of the GABAergic system in seizures induced by diphenyl diselenide (PhSe),
in rat pups was investigated.

Methods: To this end, the effect of aminooxyacetic acid hemihydrochloride (AOAA, 20 mg/kg; by
intraperitoneal route, i.p.), a GABA-T inhibitor; DL-2,4-diamino-n-butyric acid hydrochloride (DABA, 16 mg/
kg; i.p.), an inhibitor of GABA uptake; and y-aminobutyric acid (GABA, 10 and 40 mg/kg; i.p.), diazepam
(3 mg/kg; i.p.) and phenobarbital (40 mg/kg; i.p.), GABAergic agonists as well as picrotoxin (1 mg/kg; i.p.),
a GABA, receptor antagonist on (PhSe), (50 and 500 mg/kg, by oral route, p.o.)-induced seizures, were
studied.

Results: The ["H]GABA uptake levels by cortical and hippocampal slices in rat pups exposed to (PhSe),
were also carried out. Pre-treatment with GABA (40 mg/kg), diazepam, phenobarbital, AOAA and DABA
abolished the appearance of seizures induced by 50 mg/kg (PhSe). in rat pups. Picrotoxin increased the
percentage of convulsing rat pups from 42 to 100% and reduced significantly the onset for the first
convulsive episode induced by (PhSe), at the dose of 50 mg/kg. Diazepam and phenobarbital prolonged
significantly the latency for the onset of the first convulsive episode caused by 500 mg/kg (PhSe)s in rat
pups. [PHIGABA uptake levels were stimulated in cerebral cortical and hippocampal slices of convulsing
rat pups administered with both doses of (PhSe)..

Discussion: Our findings demonstrated that seizures induced by (PhSe). are mediated, at least in part, by
an interaction with GABAergic system.

Keywords: Diphenyl diselenide, GABA, Pups, Seizures, Selenium

Introduction Evidence suggests that oxidative stress, due to an

Epilepsy is a collection of diverse disorders that
together affect approximately 1-2% of the world
population.' Although epilepsy can manifest itself in
a number of different ways, each type shares the
common feature of increased neuronal excitability,
culminating in seizures.” The immature brain is more
prone to seizures than the adult brain due to an
imbalance between the development of excitation and
inhibition.? Studies suggest that seizure-induced
effects in the immature brain compared with the
adult brain are different and that the deleterious
effects of seizures may not solely be a consequence of
neuronal damage and loss per se, but could be due to
the fact that seizures interfere with the highly
regulated developmental processes in the immature
brain.*?
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increase in reactive oxygen species (ROS) production,
is an important factor involved in seizure induced
neuronal damage® The involvement of ROS in
seizures is supported by the fact that overactivation
of excitatory amino-acid receptors can trigger the ROS
formation, resulting in excitotoxic process and neuro-
nal damage” In this view, recent reports have
indicated that diphenyl diselenide (PhSe),, an organo-
selenium compound with several pharmacological
proprieties, such as anti-inflammatory,® anti-nocicep-
tive,” and antidepressant-like," induced seizure and
death in rat pups, increased oxidative stress and
reduced the activity of sulfhydryl containing enzymes,
ALA-D and Nat KT-ATPase.!' Moreover, the
involvement of N-methyl-p-aspartic acid (NMDA)
glutamatergic receptor and glutamate uptake in
(PhSe)>-induced seizures has been reported.'?

An increase in glutamatergic transmission and a
decrease in GABAergic inhibitory responses seem Lo
be important mechanisms in the genesis of convulsions
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which induces neurological damage in the immature
brain and lead to serious consequences later in life.'*'
In this context, y-aminobutyric acid (GABA) is one of
the most important inhibitory neurotransmitters in the
central nervous system. GABA biosynthesis occurs in
GABAergic neurons through glutamate decarboxylase
(GAD) enzyme, and it is transported to vesicles and
plasma membrane. Degradation of GABA takes place
via GABA-transaminase (GABA-T), which are not
only characteristics of GABAergic neurons.'> Upon
release into the synaptic cleft, GABA binds to post-
synaptic GABA, receptors and elicits a neuroinhibi-
tory response by activating Cl channels. This
ionophore complex is widely implicated in epi-
lepsy.!®!” There are various modulators of the
GABA, receptor-Cl channel complex, including
barbiturates and benzodiazepines. These drugs are
standard antiepileptic by stimulating their respective
receptors in the ionophore complex to increase
chloride flux and enhance GABAergic functions.'’

Based on the considerations above and knowing
that changes in GABAergic neurotransmission occur
due to different mechanisms, the aim of the present
study was to investigate the role of GABAergic
system in (PhSe)r-induced seizures. The [PTHJGABA
uptake levels by cortical and hippocampal slices in rat
pups exposed to (PhSe), was also carried out.

Material and Methods
Chemicals

GABA, phenobarbital, diazepam. aminooxyacetic
acid hemihydrochloride (AOAA), DL-2 4-diamino-
n-butyric acid hydrochloride (DABA), and picro-
toxin were purchased from Sigma (St Louis, MO,
USA). 4-amino-n{2.3-3]butyric acid (‘HJGABA)
(specific activity: 20 Ci/mmol) were purchased from
Amersham International (Berkingshamshire, UK).
All other chemicals were of analytical grade and
obtained from standard commercial suppliers.

Phenobarbital and diazepam were dissolved in a
minimum amount of | N NaOH and polyethylene
glycol, respectively. These solutions were adjusted to
the appropriate volumes with 0.9% physiological
saline. Picrotoxin, GABA, AOAA and DABA were
dissolved in 0.9% physiological saline.

(PhSe), was prepared in our laboratory according
to the literature method.'® Analysis of the '"H NMR
and “C NMR spectra showed that (PhSe), obtained
presented analytical and spectroscopic data in full
agreement with its assigned structure. The chemical
purity of compound (99.9%) was determined by GC/
HPLC. This compound was dissolved in canola oil.

Animals

Wistar rats (postnatal day, PND, 12-14), weighing 24—
30 g, of both sexes, were obtained from a local
breeding colony. PND 12-14 was chosen based on
Mikulecka ef al. (2004). The animals were kept in a
separate animal room, on a 12 hour light/dark cycle,
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in an air conditioned room (2242°C). Commercial
diet (Guabi, Santa Maria, RS, Brazil) and tap water
were supplied ad libitum. The dams were allowed to
deliver and wean their pups until PND 12-14. The
animals were used according to the guidelines of the
Committee on Care and Use of Experimental Animal
Resources, Federal University of Santa Maria, Brazil.

Drug treatments

(PhSe)> was administered by oral route (p.o., 10 ml/
kg body weight). The doses of (PhSe), used in this
study (50 and 100 mg/kg, a dose which induces
seizures in 30 and 100% of rat pups, respectively)
were based on Prigol er al.."!

To study the involvement of the GABAergic
system in seizures induced by (PhSe),, AOAA, an
inhibitor of GABA-T, DABA, an inhibitor of GABA
uptake, and GABA. diazepam and phenobarbital,
GABAergic agomnists, as well as picrotoxin, an
antagonist of GABA, receptor, were used. The drug
dosages by intraperitoneal route (i.p., 10 ml/kg body
weight) and pre-treatment times before the injection
of (PhSe); were: 10 or 40 mg/kg GABA (20 minutes),
40 mg/kg phenobarbital (30 minutes), 3 mg/kg dia-
zepam (30 minutes), | mg/kg picrotoxin (15 min-
utes), 20 mg/kg AOAA (20 minutes) and 16 mg/kg
DABA (30 minutes). The pre-treatment, times and
doses of the drugs were established from preliminary
studies in our laboratory.

Assessment of seizure activity

Appearance of seizures was quantified as previously
described by Racine (197’2)"J and Sperk et al..*" The
animals were observed for | hour in Plexiglas
chambers for the appearance of tonicclonic seizures
lasting more than 5 seconds. The latency for the
onset of the first tonic—clonic seizure episode was
recorded. The convulsion behavior induced by
(PhSe), was classified as generalized seizures (tonic—
clonic). Subsequently to the seizure episode, rat pups
were decapitated. Animals which did not display
seizures were considered protected and euthanized
1 hour after the compound administration.

[PH]GABA uptake by cerebral cortex and
hippocampus slices

To prove the involvement of the GABAergic system
in seizures induced by (PhSe),, [HJGABA uptake
was carried out in slices of hippocampus and cortex
from rat pups.

The adequate ['HJGABA concentration and incu-
bation time for uptake assays, slices of hippocampus
and parietal cortex were accomplished according to
the method described by Schweigerta et al.”' The
animals were divided into four groups: C, control;
500, (PhSe), 500 mg/kg; 50 s, (PhSe), 50 mg/kg, rats
which presented seizure episode; 50 ns, (PhSe),
50 mg/kg, rats which did not present seizure episode.

After the observation of the appearance of tonic—
clonic seizures, the brains of rat pups were immedi-
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Table 1 Influence of pre-treatment with diazepam and phenobarbital in (PhSe)s-induced seizures in rat pups

Groups Appearance of seizures* Latency' (minute)
Control 0/11 ns

(PhSe), 50 5/12° 49.00+7.14"
(PhSe), 500 7/7* 22.08+2.75"#
(PhSe) 50+ diazepam 3 0/11# ns

(PhSe), 500+ diazepam 3 6107 46.83+7.88"
(PhSe), 50+ phenobarbital 40 0/11% ns

(PhSe)» 500+ phencbarbital 40 8/10° 43.25+8.01"

Note: *No. of animals which presented seizures/no. of animals per group.
"Time (minute) to the appearance for the first seizure episode. ns: animals which did not present seizure (in 60 minutes of observation).
(PhSe).: diazepam and phenobarbital (mg/kg). Data are reported as mean +SD.

P < 0.05 as compared to the control group.

‘_P < 0.05 as compared to the (PhSe), 50 group (x° method and Fischer's exact probability test).
‘P < 0.05 as compared to the control group (one-way ANOVA/Duncan).
#P < 0.05 as compared to the other groups (one-way ANOVA/Duncan).

ately removed and submerged in Hank’s balanced
salt solution (HBSS), pH 7.2. Parietal cerebral
cortices were dissected and coronal slices (0.4 mm)
were obtained from the parietal area using a
Mcllwain tissue chopper. Slices were transferred to
multiwell dishes and washed with 1.0 ml HBSS. The
same procedure was undertaken for the hippocampal
[3H]GABA uptake assay, The uptake assay was
assessed by adding 50 pM [PH]JGABA in 300 pl
HBSS at 37°C. Incubation was stopped after
15 minutes by three icecold washes with 1 ml
HBSS immediately followed by addition of 0.5 N
NaOH, which was kept overnight. Aliquots of lysate
were taken for determination of intracellular content
of PH]GABA trough scintillation counting. Sodium
independent uptake was determined using choline
instead of sodium chloride, being subtracted from the
total uptake to obtain the sodium-dependent uptake.
The experiments were carried out in duplicate.

Protein quantification

Protein concentration was measured by the method
of Bradford™, using bovine serum albumin as the
standard.

Statistical analysis

Data are expressed as mean +SD. Statistical analysis
was performed using one-way analysis of variance
(ANOVA), followed by Duncan’s multiple range test
when appropriate. Values of P<0.05 were considered

statistically significant. The seizure incidence was
analysed statistically by the »* method and Fisher’s
exact test.

Results

As shown in Table 1, pre-treatment with diazepam
and phenobarbital completely avoided the appear-
ance of seizures induced by (PhSe), (50 mg/kg).
Diazepam and phenobarbital prolonged significantly
the latency for the onset of the first convulsive
episode induced by (PhSe), (500 mg/kg) in approxi-
mately 24 and 21 minutes, respectively (Table 1).

Effects of GABA on diphenyl diselenide-induced
seizures

Pre-treatment with GABA (10 mg/kg) did not
increase significantly the onset of the first seizure
episode and did not reduce the number of convulsing
animals at both doses of (PhSe), (Table 2).

Pre-treatment with GABA (40 mg/kg) completely
protected animals against seizures induced by (PhSe)-
(50 mg/kg) (Table 2). GABA did not protect animals
against seizures, but it significantly prolonged the
latency for the onset of the first convulsive episode
(about 14 minutes) induced by (PhSe), (500 mg/kg)
(Table 2).

Effects of picrotoxin on (PhSe),-induced seizures
Picrotoxin (1 mg/kg), at a sub-effective dose, did not
cause enhance of the exploratory behaviour of

Table 2 Influence of pre-treatment with GABA in (PhSe), induced seizures in rat pups

Groups Appearance of seizures* Latency' (minute)
Control 0/ ns

(PhSe), 50 5/12% 49.00+7.14"
(PhSe), 500 B6/6° 18.20+ 1,64
(PhSe): 50+ GABA 10 48 56+3.00°
(PhSe), 500+ GABA 10 /6" 24.25+3.87"
(PhSe), 50+ GABA 40 o/11* 57.00+ 0.00"
(PhSe)s 500+ GABA 40 6/6° 32.00+ 3.08"*

Note: *No. of animals which presented seizures/no. of animals per group.
"Time (minute) to the appearance for the first seizure episode. ns: animals which did not present seizure (in 60 minutes of observation).

(PhSe), and GABA (mg/kg). Data are reported as mean +SD.

P < 0.05 as compared to the control group (3° method and Fischer's exact probability test).

P < 0.05 as compared to the (PhSe), 50 group (x° method and Fischer's exact probability test).
‘P < 0.05 as compared to the control group (one-way ANOVA/Duncan).

#P < 0.05 as compared to the (PhSe), 500 (one-way ANOVA/Duncan).
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animals. Prior administration of picrotoxin increased
the percentage of convulsing rat pups from 42 to
100% and reduced significantly the onset for the first
convulsive episode (about 20 minutes) induced by
(PhSe), (50 mg/kg) (Table 3).

Pre-treatment with picrotoxin reduced the latency
for the first seizure episode induced by (PhSe),
(500 mg/kg) (about 7 minutes) (Table 3).

Effects of DABA and AOAA on (PhSe),-induced
seizures

Pre-treatment with AOAA (20 mg/kg) and DABA
(16 mg/kg) completely protected animals against
seizures induced by (PhSe),; (50 mg/kg) (Table 4).
AOAA and DABA did not protect seizures
induced by (PhSe), 500 mg/kg, but the onset for the
first seizure episode induced by (PhSe)> (500 mg/kg)
was significantly delayed by AOAA and DABA,
about 9 and 10 minutes, respectively (Table 4).

[PH]GABA uptake

PHJGABA uptake was significantly increased in
cerebral cortex and hippocampus slices of seizing
rats treated with both doses of (PhSe),. Rat pups
administered with 50 mg/kg (PhSe)>, which did not
display seizure episode, showed ["H]GABA uptake in
cerebral and hippocampus slices similar to the control

group (Fig. 1).

Discussion
The roles of GABA, a major inhibitory neurotrans-
mitter, and its receptor GABA, in epilepsy, have
been widely reported.® In this study, we have
evidence that the GABAergic system is, at least in
part, involved in seizures induced by (PhSe) in rat
pups, since agonists of GABA, receptor and
inhibitors of GABA transaminase and GABA uptake
completely protected animals against seizure episodes
or prolonged the latency for the onset of the first
convulsive episode induced by (PhSe),. The current
study demonstrated, for the first time, that (PhSe);
stimulated PHJGABA uptake in cortex and hippo-
campal slices from seizing rat pups.

The toxicological and pharmacological effects of
(PhSe)> depend on many factors that include

chemical form, specie and age of animal, route, and
regime of administration.'* Clarifying this point, it
was earlier demonstrated that (PhSe)> administered
to mice increased the latency for seizures and
prevented death induced by 4-aminopyridine. In the
reported study, adult mice received (PhSe), at doses
lower than 50 mg/kg through the subcutaneous
route.” The results reported by Brito and collabora-
tors® clearly differ from those demonstrated here;
however, these discrepancies can be related to
differences in the experimental protocol, such as the
animal species, the route of administration, age of the
animals, and dose employed. In the present study, rat
pups showed seizures after oral administration of
both doses of (PhSe), (50 and 500 mg/kg). It was
previously demonstrated that (PhSe), administered
by the oral route produced seizure and death in rat
pups.”‘m

The current study demonstrated that pre-treatment
with diazepam and phenobarbital abolished convul-
sion induced by (PhSe); at the dose of 50 mg/kg and
increased the latency for the first seizure episode
caused by the highest dose of (PhSe), in rat pups. The
principal therapeutic mechanisms of diazepam and
phenobarbital are thought to stimulate their respec-
tive receptors in the ionophore complex, increasing
the chloride flux through chloride channels at
GABA , receptor sites, enhancing GABAergic func-
tions.”® Central GABA s receptor synaptic function
has been associated with epilepsy and stimulation of
GABA , receptors by GABA has been shown to
overcome seizures.”’ Regarding seizures induced by
(PhSe),, GABAergic modulators, diazepam, and
phenobarbital have been reported to prevent seizures
in adult mice.® Since (PhSe), oxidizes sulfhydryl
groups from proteins and of low-molecular weight
thiol containing molecules such as glutathione, "%
this compound could potentially oxidize the GABA 5
receptor redox site, diminishing GABAA receptor
activity. In accordance, Brito ef al.* demonstrated
that (PhSe); increased pentylenetetrazol-induced che-
mical seizure and mortality in mice, suggesting that
depletion of reduced thiols by (PhSe), is one

Table 3 Influence of pre-treatment with picrotoxin in (PhSe),; induced seizures in rat pups

Groups Appearance of seizures* Latency’ (minute)
Control 011 ns

(PhSe), 50 51124 49.00+7.14%"
(PhSe), 500 6/6 21.20+2.48"
Picrotoxin 1 011 ns

(PhSe)z 50+ picrotoxin 1 B/a 26.75+6.06°%
(PhSe), 500 + picrotoxin 1 6/6° 14.00+2.60°7

Note: *MNo. of animals which presented seizures/no. of animals per group.
Time (minute) to the appearance for the first seizure episode. ns: animals which did not present seizure (in 60 minutes of observation).

(PhSe). and picrotoxin (mg/kg). Data are reported as mean +SD.

‘P< 005 as compared to the control, (PhSe)> 500 and picrotoxin 1 groups (f method and Fischer's exact probability test).
P < (.05 as compared to the control group (one-way ANOVA/Duncan).

P < 0.05 as compared to the other groups (one-way ANOVA/Duncan).

#P < 0.05 as compared to the (PhSe). 50 group (one-way ANOVA/Duncan).

@p < 0.05 as compared to the (PhSe)z 500 group (one-way ANOVA/Duncan).
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Figure 1 Etfectot diphenyl diselenide on [*H]GABA uptake by cerebral cortex (A) and hippocampus slices (B). Data are reported
as mean+SD of three animals per group. [PHIGABA uptake is expressed as pmol of GABA uptake/mg protein/min.
*P < 0.05 as compared to the control group (one-way ANOVA/Duncan). C: control; 500: (PhSe), (500 mg/kg); 50 s: (PhSe),
(50 mg/kg) rat pups which presented seizure episodes; 50 ns: (PhSe): (50 mg/kg) rat pups which did not present seizure

mechanism by which this compound induced neuro-
toxicity.

Another evidence for the GABAergic system
action in seizures induced by (PhSe), was found with
the experiments in which rat pups were pre-treated
with GABA. The highest dose of GABA (40 mg/kg)
completely protected animals against seizures
induced by 50 mg/kg (PhSe),. In seizing animals
treated with (PhSe), at the dose of 500 mg/kg, pre-
treatment with GABA (40 mg/kg) reduced the
latency for the first convulsive episode. One explana-
tion for the lack of GABA protection against the
appearance of seizures caused by (PhSe), would be a
high dose of (PhSe), administered in rat pups. At the
lowest dose used, GABA (10 mg/kg) did not protect
animals against seizures induced by (PhSe); at both
doses used. The plausible explanation for this fact is
that GABA is distributed in every region of the brain
and enzymatic degradation for GABA-T is possible,
producing glutamate, reducing its quantity in synap-
tic cleft and the new synthesis of GABA., which
occurs by GAD only in GABAergic neurons.

Picrotoxin, a potent GABA, receptor antago-
nist,’! increased the neurotoxic effect induced by
(PhSe)-. In fact, picrotoxin significantly shortened the
onset for the first seizure episode caused by (PhSe)- at
both doses. This fact reinforces the idea that GABA

receptor modulation is involved in seizures induced
by (PhSe),. In addition, picrotoxin acts by blocking
the chloride channels linked to GABA, receptors.
Taken together the data on GABA and picrotoxin,
we suggest that seizures induced by (PhSe), entails, at
least in part, a direct effect on chloride channels
linked to GABA 4 receptors.

Although GABA, receptors stimulation is an
important mechanism involved in seizures, it is well
known that other mechanisms can increase GABA
levels in synaptic cleft, increasing the GABAergic
inhibitory transmission. In this context, AOAA is a
potent inhibitor of GABA-T, an enzyme which
metabolizes GABA, thereby leading to an increase
in brain GABA levels. In the present study, pre-
treatment with AOAA protected rat pups against
seizures induced by 50 mg/kg (PhSe), and increased
significantly the latency for the first seizure episode
caused by the highest dose of (PhSe),. The increase in
GABA levels, as a result of the activity of AOAA,
may be the responsible for the AOAA protective
effect against (PhSe)->-induced seizures.

Similarly, rat pups pre-treated with DABA did not
show seizure episodes when exposed to 50 mg/kg
(PhSe), and the latency for the first seizure episode
was increased significantly when pups were exposed
to the highest dose of (PhSe),. DABA is a potent and

Table 4 Influence of pre-treatment with DABA and AOAA in (PhSe). induced seizures in rat pups

Groups Appearance of seizures* Latency' (minute)
Control o1 ns

(PhSe)s 50 512} 49.00+7.14"
(PhSe), 500 6/6° 18.20+1.647#
(PhSe), 50+A0AA 20 0/11* ns

(PhSe)z 500+ AOAA 20 77t 27.764+6.37"
(PhSe), 50+DABA 16 0/11* ns

(PhSe), 500+ DABA 16 77t 28.3345.77"

Note: *No. of animals which presented seizures/no. of animals per group.

Time (minute) to the appearance for the first seizure episode. ns: animals which did not present seizure (in 60 minutes of observation).
(PhSe)o, AOAA and DABA (mg/kg). Data are reported as mean+SD.

‘P < 005 as compared to the control group (x2 method and Fischer's exact probability test).

*P < 0.05 as compared to the control, (PhSe)s 50 (x° method and Fischer's exact probability test).

‘P < 0.05 as compared to the control group (one-way ANOVA/Duncan).

#P < 0.05 as compared to the other groups (one-way ANOVA/Duncan).
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selective inhibitor of GABA uptake which results in
the accumulation of GABA in the brain. The
termination of GABAergic synaptic transmission
depends on rapid GABA re-uptake activity of specific
transporters located on the membrane of pre-synaptic
and glial cells, especially the predominant neuronal
transporter subtype I (GATI) which is the predomi-
nant neuronal transporter.’? Higher GAT1 function
would decrease the concentration of GABA in
synaptic clefts.*® Therefore, DABA effect may be
due to an increase in the levels of free GABA
available at the post-synaptic receptor sites.

Some studies demonstrated that cortex and hippo-
campus contain a high number of GABAergic
neurons or projection neurons, areas that normally
serve a gating function, restricting the propagation of
epileptic activity.>* 3 In addition, GATI is continu-
ally expressed in the rat hippocampus and cortex.””
To further support the involvement of GABA system
in seizures induced by (PhSe),, we determined
whether (PhSe), alters [3H]GABA uptake by cortical
and hippocampal slices. The increase in [HJGABA
uptake levels was demonstrated in all seizing animals
exposed to (PhSe), independent of the dose tested.
The effect on PHJGABA uptake levels in hippocam-
pal and cerebral cortex slices could be associated with
the convulsing action of (PhSe),, since the stimula-
tion of GABA uptake could decrease extracellular
GABA levels, leading to observed enhancement in
the sensibility of rat pups to seizure episodes. This
finding helps to explain the protective effect of
DABA against seizures induced by (PhSe),.
Therefore, GABA uptake seems to be related to the
one of the mechanisms by which (PhSe), induced
seizure in rat pups.

We reported that pre-treatment with MK-801
increased the onset for the first seizure episode
induced by (PhSe). 500 mg/kg, suggesting that
glutamatergic NMDA receptor play a role in
(PhSe), induced seizures; also the inhibition in
[Hlglutamate uptake, with increasing glutamate
in synaptic cleft, was demonstrated as a mechanism
which contributes to hyperexcitability and seizures in
rat pups.'2 In this research, we demonstrated that
GABA , receptor agonists as well as GABA transa-
minase and GABA uptake inhibitors completely
protected animals against seizures induced by
(PhSe)s, suggesting that GABA 5 receptors, GABA-
T and neuronal transporter play a role in (PhSe),-
induced seizures. In addition, (PhSe), stimulated
PH]GABA uptake in cortex and hippocampal slices
from seizing rat pups, with decreasing GABA level in
the synaptic cleft. In this respect, Gale’” demon-
strated that the direct or indirect interference with
GABA-mediated neurotransmission results in con-
vulsive seizure activity in humans and animals. These
results together demonstrated that seizure induced by
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(PhSe), is caused by its interaction with GABA and
glutamate systems, and consequent imbalance
between the excitatory and inhibitory neurotransmis-
sion.

In conclusion, the results of the present study show
that seizures induced by (PhSe); are mediated, at least
in parl, by interaction with the GABAergic system
demonstrated by the following results: modulation of
GABA , receptors; GABA-T and neuronal GABA
transporter, and stimulation of [PHJGABA uptake in
cortex and hippocampal slices from seizing ral pups.
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4.4 Efeito convulsivante do disseleneto de difenila em ratos e camundongos e

sua relacao com os niveis plasmaticos

4.4.1 Artigo 4

CONVULSANT EFFECT OF DIPHENYL DISELENIDE IN RATS AND MICE

AND ITS RELATIONSHIP TO PLASMA LEVELS
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Diphenyl diselenide [{PhSe);], an organoselenium compound, presents pharmacological and toxicologi-
cal properties in rodents. The aim of this study was to carry out the determination and quantification of
(PhSe); in plasma after oral administration (p.o.) of this compound {500 mg/kg), dissolved in canola oil,
in rats and mice. The second objective was to verify the involvement of different routes of administra-
tion ((p.o.), intraperitoneal (i.p.) and subcutaneous (s.c.)) and vehicle solutions (canola oil and dimethyl
sulfoxide (DMS0O)) in the appearance of seizure episodes and in the plasmatic levels of (PhSe); in rats
and mice. Analysis of (PhSe): in blood samples was performed by gas chromatography/flame ionized
detector system (GC/FID). Rat and mouse peak plasma (PhSe); levels were 13.13 and 10.11 pg/ml { Crax ).
respectively, and occurred at 0.5 h Ty, ) post-dosing. The use of different administration routes (p.o.,

Keywords:

Diphenyl diselenide
Administration route
Vehicle solution

Selenium i.p. and s.c.) and vehicle solutions {canola oil or DMS0) in rats and mice indicated that the appearance
Toxicity of seizures and (PhSe); plasmatic levels are dependent of administration routes (i.p.> p.o.> s.c.), vehicle
Plasma solutions {DMSO0 > canola oil) and animal species (mice > rat).

© 2009 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Selenium is an essential trace element nutritionally important
to mammals, with physiological roles as a structural component
of several antioxidant enzymes involved in the peroxide decom-
position (Rayman, 2000; Ursini and Bindoli, 1987). Recent studies
about selenium species distribution and metabolic transforma-
tion in biological tissues have been reported. These studies show
the biological transformation of Se from inorganic Se compounds
and selenoamino acids in foods, into excreted selenocompounds
via key metabolic intermediates (Schomburg et al., 2004; Suzuki,
2005). The biotransformation involves diffusion of Se compounds
into the intestine (Mc Connell and Cho, 1965), transport to organs
and utilization to biosynthesize selenoproteins via selenophos-
phate and selenocysteine, and transformation into selenosugars to
be excreted into the breath and urine (Kobayashiet al., 2002; Suzuki
et al., 2005).

A number of novel pharmaceutical agents derived from sele-
nium or designed to influence specific aspects of selenium
metabolism are under development (Mugesh et al.,, 2001; Nogueira
et al, 2004; Rosa et al, 2007). In spite of extensive literature
describing pharmacological properties of organoselenium com-
pounds, little is known about their mode of action (Machado et

#* Corresponding author. Tel.: +55 55 3220 8140; fax: +55 55 3220 8978.
E-mail address: gzeni@quimica.ufsm.br (G. Zeni).

0378-4274(% - see front matter & 2009 Elsevier [reland Ltd. All rights reserved.
doi:10.1016().toxlet.2009.04.026

al., 2006; Prigol et al., 2008a; Rocha et al., 2005; Rosa et al., 2003).
Organoselenium compounds are products with a double face due
to their contrasting behaviour, which depends on the dose used
(Nogueira et al., 2004). Recently the biological activities of diphenyl
diselenide (PhSe)z have been reported and this compound has
emerged as a candidate for therapeutic purposes. On one hand,
(PhSe)z has been proven effective against neurotoxicity (Ghisleine
etal.,2003), hyperglycemia (Barbosa et al., 2006), lipid peroxidation
(Meotti et al., 2004; Luchese et al., 2007), inflammation (Savegnago
et al., 2007a), nociception (Savegnago et al., 2007b), anxiety-like
(Savegnago et al.,, 2007c) and depressant-like (Ghisleni et al., 2008;
Savegnago et al., 2008) models using rats and mice. On the other
hand, (PhSe); has been reported to cause neurotoxicity in rodents
(Nogueira et al., 2003a; Prigol et al., 2007, 2008b) and inhibition of
sulfhydryl enzymes (Barbosa et al., 1998; Maciel et al., 2000; Meotti
et al., 2003; Borges et al., 2005; Nogueira et al., 2003b; Prigol et al,,
2007). In addition, a different toxicity across species induced by
(PhSe)z has been documented, since the chemical failed to produce
any adverse effects in rats, despite a much higher dose. In con-
trast, a similar dose of the compound induces seizures and death in
mice (Nogueira et al., 2003a). The reasons for differential toxicity
between mice and rats are presently unknown. Although Maciel et
al. (2003) have reported that acute treatment with (PhSe); caused
a significant increase in Se concentration in liver, kidney and brain,
information related to the analysis of (PhSe); in biological matri-
ces are limited. Therefore, the literature dealing with detection and
quantification of (PhSe); concentration in plasma of rats and mice

65



6 M. Frigol et al./ Toxicology Letters 189 (2000) 35-29

is scarce.

The aim of this study was to carry out the determination and
quantification of (PhSe); after oral administration of this com-
pound, dissolved in canola oil, in plasma of rats and mice. Since
seizures induced by (PhSe); are dependent of species and route of
administration (Nogueira et al., 20032a) the second objective of this
study was to verify the involvement of different routes of admin-
istration (oral (p.o.), intraperitoneal (i.p.) and subcutaneous (s.c.))
and vehicle solutions (canola oil and dimethy] sulfoxide (DMSO))
in the plasmatic levels of (PhSe); and in the appearance of seizure
episodes in rats and mice.

2. Materials and methods
2.1 Chemicals

(PhSe)z was prepared in our laboratory according to the literature method
(Paulmier, 1986), Analysis of the 'H NMR and '*C NMR spectra showed that (PhSe)z
obtained presented analytical and spectroscopic data in full agreement with its
assigned structure, The chemical purity of compound (99 9%) was determined by
GC/HPLC and was stable under storage conditions at reom temperature, humidity
and light,

2.2, Amimals

Male adult Wistar rats (200-250g) and male adult Swiss mice (25-30g)
obtained from a local breeding colomywere used, The animalswere keptin a separate
animal room, on a 12 h light/ 12 dark cycle, in an air conditioned room (22 £ 2=(),
Commercial diet (GUABL, RS, Brazil) and tap water were supplied ad !ibitunm, The
animals were used according to the guidelines of the Committes on Care and Use of
Experimental Animal Resources, Federal University of Santa Maria, Brazil,

2.3, Freparation of (PhiSe; solution

The solution was weekly prepared and the compound was dissolved in canola oil
or DMSO. The concentration of { PhSe); was analyzed prior to use. The solutions wers
stored at 2-8=C and allowed to warm up to room temperature before use, The adult
rats and mice were given a single p.o., i.p. or s.c. dosage of 500 mg/kg (PhSe);. The
dosage of (PhSe); used in this study is far above the therapeutic range (Savegnago
et al,, 2007a, 2008), because (PhSe); causes neurotaxicity only at very high doses,
Therefore, the choice of the (PhSe): dosage was based on previous studies dealing
withdose-response forappearance of seizuresepisodes (Mogueiraet al,, 2003; Prigol
et al, 2007),

(PhSe)z solutions were administered to animals in the morning between
8:00a.m. and 9:30a.m, at a dosing volume of 10 ml'kg. The feed was available ad
libitun and animals were not fasted prior to dosing.

24, Experimental design

241, Determination and guantification of (PhSe )z in plasmaof rats and mice

(PhSe )z dissolved in canola oil was administered to animals once a day peroral
route by gavage. Four animals per group (for each time-point) were anesthetized and
blood samples (1 ml) were collected from each animal by heart puncture, in heparin
tubes, at @ (for blank blood sample), 0.25,0.5, 1, 2, 4, 8, 12 and 24 h after the gavage
doze,

Blood samples were centrifuged at 3000 rpm for 5 min, The plasma was sepa-
rated and stored chilled until assay.

242, Involvement of administration route and vehicle solution in the appearance
of selzure eplsodes and In plasma concentration of (Ph%e); inrats and mice

The end point seizure was chosen to correlate the involvernent ofdifferent routes
ofadministration and vehicle solutions with plasmatic levels of {PhSe); in mice and
rats, To this end, (PhSe); at the dose of 500mg/ kg dissalved in canola oil or DMSO
was administered by i.p,, s.c. or po, route in mice and rats,

Appearance of seizures was quantified as previously described by Prigol et al,
(2007}, In short, animals were observed for 1 hin Plexiglas chambers for the appear-
ance of tonic-clonic seizures lasting more than 55, The latency for the onset of the
first tonic-clonic seizures episode was also recorded. Animals which did not display
seizures (1 h) were considered protected.

Three animals per group were anesthetized and blood samples were collected
fromeach animal subsequently tothe seizure e pisodes, Blood samples were obtained
as above described in Section 2.4.1.

2.5 Determination and quantification of (PhSe)s in plasma samples
Determination of {PhSe)z concentrations in plasma were made in all samples,

collected at the time of euthanasia, The plasma (200 1) was mixed to ethyl acetate
inthe ratioof 1:1 {v/v) to each tube, The extraction was performed by vortex-mixing

Table 1
Plasmatic parameters after oral administration { PhSejz dissolved incanclacil inrats
and mice,

Rats Mice
Crnax (pg'ml) 1313 £ 1.29 1011 £ 1.26
T (0] 05+ 0,00 05 +0,00

Data are reported as means =5.E.D; n=4,

the tubes for 3mir After, the samples were centrifuged at 3000rpm for 5min,
the supernatants were separated and filtrated through a membrane (0.45 pum pore
size) Millipore®, The filtrated was transferred to a clean test tube and 1 jul aliquot
was injected into chiromatographic system for analysis, Qualitative and quantitative
analysis of (PhSe)z in plasma samples were conducted by gas chromatography (CG
2010 Shimadzu® ) associated to flame ionized detector system (FID) and using a 5%
diphenyl{95% dimethyl column, 30 m =« 0,25 mm x 0.25 um, from Restek® . The limit
of detection (LODY for (PhSe); was 0.5 pg/ml, and the limit of quantification {LOQ)
was 1 pg'ml. The standard curve for (PhSe); was linear (R;=0.99887 ) over the con-
centration range 1- 100 pg/'ml, The intra- and interday coefficients of variation for
drug was < 10%, Assay recovery for drug ranged between 90% and 110% of the target
atall the concentrations tested with a coefficient of variation <10% to analysis,

The plasma concentration (), the maximum plasma concentration {Cmax) and
the time to reach Cma: (Tmax ) Were directly obtained from plasma data,

2.6 Statistical comparisons

Analysis of variance was performed using ane-way (ANOVA) (latency to seizure
and plasma (PhSel; levels), followed by the Duncan’s multiple range, Data are
expressed as means £ 5. EM. Values of p<0.05 were considered statistically signifi-
cant,

3. Results

As shown in Table 1, the rat and mouse peak plasma (PhSe); lev-
els were 13.13 and 10.11 pg/ml (Cmax ), respectively and occurred at
0.5h (Trmax ) post-dosing 500 mgf kg (PhSe); p.o., dissolved in canola
oil. Plasma levels of (PhSe); for mice and rats decreased 1 h after
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Fig. 1. Plasma concentration-time profile of (PhSe)z (pg/ml) in ratsiaj and mice (b)
after oral administration of (PhSe)z at the dose of 500 mg/lkg (a)
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Table 2
Effect of different routes of administration, vehicle solutions and animal species on seizures induced by (PhSe); and its plasma concentration (C).
Administration route Vehicle solution Species

Mice Rats

C(pg/ml) Latency to seizures (min} C(pg/ml) Latency to seizures {min)
ip. DMS0D 85+15*% 55+07 225+01% 18.5+07"
ip. Canola oil 27+16 2721417 170107 ns
p.o. DMSD 161+ 1198 12+20 50+13% ns
p.0. Canola oil 177 £05 1.07 +0.4 ns
5.C DMS0 <03 <0.5 ns
SiC Canola oil <0.5 <0.5 ns

Data are reported as means + 5.E.D; n=3. Values of p< 0.05 were considered statistically significant. “ns™ animals which did not present seizure (1 h of observation .
# p=0.05 as compared to (PhSe); dissolved in canola oil, administered by i.p. route in mice (plasma concentration).
& p<0.05 as compared to (PhSe); dissolved in canola oil, administered by p.o. route in mice (plasma concentration).
% p<0.05 as compared to (PhSe); dissolved in canola oil, administered by i.p. route in rats {plasma concentration).
# p=0.05 as compared to (PhSe): dissolved in canola oil, administered by p.o. route in rats (plasma concentration ).

" p=<0.05 as compared to all groups (latency to seizures).

dosing, although they remained at detectable levels for up to 8h
after dosing (Fig. 1a and b).

The concentration-time profiles of (PhSe); (p.o., dissolved in
canola oil) in plasma did not notably differ among two species
(Table 1). All animals that receiving (PhSe)2 by oral route exhib-
ited a concentration-time profile characterized by an early peak
concentration followed by a continuous decay in plasma concen-
tration.

As shown in Table 2, different routes of administration, vehicle
solutions and animal species produced different (PhSe), plasma
concentrations. The appearance of seizures and the latency for the
onset of seizure episodes were also dependent of routes of admin-
istration, vehicle solutions and animal species.

(PhSe); administered by s.c. route did not induce seizures in rats
and mice independent of vehicle solutions (canola oil or DMSO) or
species (rats or mice). (Ph5e)z was not detected in plasma of rats
and mice 1 h after s.c. administration (Table 2).

When administered by p.o. route, (PhSe); did not cause seizures
in rats, independent of vehicle solutions (canola oil or DMS0O). In
mice, (PhSe); dissolved in DMSO induced seizures, while (PhSe);
solution made up in canola oil did not cause seizures. Rats and mice
that received (PhSe); p.o. in DMSO solution presented (PhSe)z plas-
matic levels higher than those which received this compound in
canola oil solution (Table 2).

Intraperitoneal administration of (PhSe); dissolved in DMSO
solution caused seizures in rats, when administered in canola oil
solution (PhSe)z did not induce seizures episodes. (PhSe)z admin-
istered by i.p. route induced seizures in mice independent of vehicle
solutions (canola oil or DMS0). Rats and mice that received (PhSe )z
i.p. in DMSO solution presented (PhSe); plasmatic levels higher
than those which received this compound in canola oil solution
(Table 2).

4. Discussion

The purpose of the current study was to determine and quan-
tify (PhSe); levels in plasma after p.o. administration of this
compound, in canola oil, in rats and mice. The results indi-
cated that the Cpax for (PhSe)z in plasma of rats and mice
occurs at 0.5h (30 min) after compound administration. The ani-
mals exhibited a concentration-time profile characterized by an
early peak concentration followed by a continuous decay in
plasma concentration, which remained at detectable levels for
up to 8h after dosing. The use of different administration routes
(p.0., i.p. and s.c.) and vehicle solutions {canola oil or DMSO)
in rats and mice indicated that the appearance of seizures and
(PhSe); plasmatic levels are dependent of administration routes

(i.p.> p.0.>s.c.), vehicle solutions (DMS0> canola oil) and animal
species (mice > rat).

In the present study, it was demonstrated that (PhSe)
when administered by oral route in mice and rats exhibited
a concentration-time profile characterized by an early peak
concentration (30 min). The Cmax could be responsible by the phar-
macological or toxicological effects as well as the short time-effect
exhibited by (PhSe); in different experimental models. In this
way, Savegnago et al. (2007a,b,c) using a time-response curve
demonstrated that the maximal pharmacological effect of (PhSe);
was at 30min of pre-administration in models of inflamma-
tion, antinociception and depression-like. In accordance, systemic
administration of (PhSe)z, 30 min before training in an object
recognition task induces a facilitation of formation of long-term
object recognition memory in mice (Rosa et al, 2003). Thus,
the results reported here show that the Cpax, that is associ-
ated to the maximal compound effect, can act as a parameter
that correlates to compound efficacy in animal models (Stein,
1996).

Additionally, (PhSe); plasma levels administered at the dose of
500 mg/kg were detectable for up to 8 after dosing. Among the fac-
tors that influence the plasma levels are the route of administration
(Lipinski et al., 2008) and the chemical characteristics of the com-
pound (Parker, 1996). The fact that (PhSe)z is a highly lipophilic
compound could be related to the short concentration—-time found
in this study. It is well reported that lipophilic compounds present
a lower bioavailability, probably due to limitations on dissolution
in the gastrointestinal fluids and on absorption, that is a saturated
capacity of incorporation into bile micelles (micelles are formed
during lipolysis, and facilitate absorption of lipophilic compounds)
seen at high doses (Parker, 1998).

The p.o. route of the administration dominates contemporary
drug therapy and will most likely continue to do so as it is con-
sidered to be safe, efficient and easily accessible with minimal
discomfort to the patient compared to other routes of adminis-
tration (Lennernds, 2007). The current study demonstrates that
(PhSe); administered by oral route, dissolved in canola oil, produces
a Cmax of 13.13 and 10.11 pug/ml for rats and mice, respectively. Also,
the compound administration did not cause seizures in animals
until a period of 24 h after compound administration. Comparison
of mice with rats provide consistent evidence that the plasmatic
levels of (PhSe); are similar when this compound was administered
by p.o. route.

Inthe second set of experiments the present study demonstrates
that different routes of administration, vehicle solutions and ani-
mal species produced different (PhSe); plasma concentrations. The
appearance of seizures and the latency for the onset of seizure
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episodes were also dependent of routes of administration, vehicle
solutions and animal species.

In mice, the administration of (PhSe); dissolved in canola oil
by i.p. route caused seizure episodes, conversely when adminis-
tered by p.o. or s.c. route (PhSe)z did not cause seizure episodes.
The data are consistent with previous studies showing that the
administration of (PhSe); dissolved in canola oil by p.o. or s.c. route
is more safe when compared to the i.p. route in mice (Nogueira
et al., 2003a; Savegnago et al.,, 2007b). Accordingly, LDsp values
were 62.4 and >312 mg/kg for mice that received (PhSe)z by i.p. and
by p.o./s.c. routes, respectively (Nogueira et al., 2003a; Savegnago
et al., 2007b). These data are supported by the Lipinski's study
which demonstrates that different administration routes produce
distinctive pharmacokinetic profiles with important experimental
implications (Lipinski et al., 2008).

(PhSe)z has been investigated in different experimental proto-
cols in mice and rats (Nogueira et al., 2002, 2003; Ghisleni et al.,
2008; Ineu et al., 2008; Savegnago et al., 2008). These enveloped
wide range of dosing regimens, routes of administration (including
i.p., s.c. and p.o.) and different vehicle solutions (canola oil, DMSO,
Tween 80 and ethanol) (Brito et al., 2006; Ghisleni et al., 2008; Ineu
etal., 2008; Nogueira et al,, 2002; Nogueira et al,, 2003a; Savegnago
et al., 2008). In this way, studies using (PhSe); in a similar dose, but
prepared in different vehicle solutions, exhibited different results
(Nogueira et al., 2003a; Ghisleni et al., 2008). The present study
shows an important difference in the occurrence of seizures and
in the plasmatic levels of (PhSe)z when different vehicle solutions
(DMSO or canola oil) were used.

(PhSe); plasmatic levels were higher in mice treated with
(PhSe)z by i.p. or p.o. route, dissolved in DMSO than those that
received this compound dissolved in canola oil. The latency for
the onset to the seizure episodes in mice was dependent of vehi-
cle solution and administration route. In fact, (PhSe J; administered
by p.o. route induced seizures only when the solution was made
up in DMSO. Moreover, i.p. administration of (PhSe); dissolved in
DMSO reduced the latency for the onset of seizures in mice when
compared to (Ph5e]); dissolved in canola oil.

Experiments using rats demonstrated that only (PhSe)z dis-
solved in DMSO, administered by ip. route, induced seizure
episodes. This study is the first evidence indicating that (PhSe});
causes seizures in adult rats. It is important to point out that in
previous studies (PhSe)z did not display any overt sign of neuro-
toxicity when administered by i.p., s.c., p.o. and i.c.v. routes in adult
rats (Nogueira et al., 2003a; Savegnago et al., 2007b). These results
could be attributed to a faster rate of absorption proportioned by the
vehicle solution, since DMSO is rapidly and extensively distributed
through tissues (Kaye et al., 1983) that is responsible to the larger
magnitude of toxic effect. In fact, Jacob et al. (1971) demonstrated
that DMSO has higher ability to pass through membranes and it can
carry other drugs with it across membranes. Therefore, the varia-
tion in the occurrence of seizure episodes could be attributed to
the use of different vehicle solutions that can be responsible to the
distinctive rate of absorption and metabolism of the compound in
the liver.

Moreover, mice are more likely to seizures episode than rats
independent of the administration routes or the vehicle solu-
tions. The fate of this highly hydrophobic compound in rodents
is unknown but probably (PhSe); can be either hydroxylated by
liver cytochrome P450 enzymes or its selenide atoms can be
oxidized by monooxygenases (Nogueira et al., 2004). If these trans-
formations are faster in mice than in rats, the excretion and
clearance of (PhSe); might be higher in mice than in rats. This
perhaps could at least, in part, explain the differences in toxicity.
However, further detailed studies that prove the existence of an
active metabolite of (PhSe)z will be necessary to clarify this mat-
ter.

In conclusion, the results provide consistent evidence that
plasma levels of (PhSe); dissolved in canola oil and administrated
by p.o. route are similar in rats and mice. Cmayx for (PhSe); occurred
at 0.5h (30 min) after compound administration in rats and mice.
The use of different administration routes {p.o., i.p. and s.c.) and
vehicle solutions {canola oil or DMS0) in rats and mice indicated
that the appearance of seizures and (PhSe); plasmatic levels are
dependent of administration routes (i.p.> p.o.>s.c.), vehicle solu-
tions (DMSO > canola oil) and animal species (mice > rat).
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4.5 Acao convulsivante do disseleneto de difenila em ratos bebés: Dosagem e

correlacio com os niveis do composto no plasma, figado e cérebro
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CONVULSANT ACTION OF DIPHENYL DISELENIDE IN RAT PUPS:
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Abstract Diphenyl diselenide [(PhSe),|. an organosele-
nium compound, presents toxicological effects in rat pups,
manifested by the appearance of seizure episodes. The aim
of this study was to carry out the determination and quanti-
fication of (PhSe), in plasma, liver and brain of rat pups
after oral administration (p.o) of this compound (500 mg/
kg). The second objective of this study was to correlate the
latency to the appearance for the first seizure episode with
(PhSe), plasma, liver and brain levels. Analysis of (PhSe),
in plasma, liver and brain samples was performed by gas
chromatography/flame ionized detector system (GC/FID).
The average levels of (PhSe), in plasma, liver and brain
of rat pups were 3.67, 5.07 and 1.15 pg/ml, respectively,
at 20.58 min post dosing, the latency media for the first
seizure episode. (PhSe), levels in plasma did not correlate
with the latency for the first seizure episode induced by this
compound. A significant negative correlation between the
latency for the first seizure episode and the levels of
(PhSe), liver and brain of rat pups was found. It demon-
strates that rat pups which had highest levels of (PhSe), in
liver and brain showed the shortest latency for the first
seizure episode.
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Introduction

Diphenyl diselenide (PhSe), is a highly lipophylic com-
pound and therefore exhibits a concentration—time profile
characterized by an early peak concentration and rapid dis-
tribution from blood to the central nervous system, where it
exerts its pharmacological and toxicological effects (Maciel
etal. 2000; Prigol et al. 2009a). (PhSe), has been proven
effective against neurotoxicity (Ghisleine etal. 2003),
hyperglycemia (Barbosa etal. 2006), lipid peroxidation
(Meotti etal. 2004; Luchese etal. 2007: Prigol etal.
2009b), inflammation (Savegnago et al. 2007a), nocicep-
tion (Savegnago etal. 2007b), anxiety (Savegnago et al.
2007¢) and induces a facilitation of formation of long-term
object recognition memory (Rosa et al. 2003) and antide-
pressant-like properties (Ghisleni et al. 2008; Savegnago
et al. 2008) in models using rats and mice.

On the other hand, (PhSe), has been reported to cause
seizure episodes in rat pups with an increase in oxidative
stress and inhibition of sulfhydryl enzymes (Prigol et al.
2007, 2008). Additionally, (PhSe), induces over stimula-
tion in the glutamate system, by acting on N-methyl-D-
aspartate (NMDA) receptors, inhibits [*H]glutamate uptake
(Nogueira et al. 2003; Prigol et al. 2008) and reduces the
GABAergic transmission by stimulating ['HJGABA uptake
in cortex and hippocampal slices from seizing rat pups with
decrease in GABA in synaptic cleft systems (Prigol et al.
2009c).

Developmental neuropharmacology has to take into
account not only changes in pharmacodynamics but also
in pharmacokinetics. Absorption, distribution as well as
metabolism and elimination may change during ontogeny
(Morselli 1983). Penetration of drugs into the brain is of
extraordinary importance. The blood-brain barrier which
controls the entry of drugs into the brain is far from being
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perfect in the immature central nervous system and it devel-
ops during postnatal life in experimental animals (Mares
et al. 2000) as well as in man (Saunders 1986). Some con-
vulsant drugs which do not cross the mature blood—brain
barrier might exhibit an action after systemic administra-
tion in immature animals (Mares et al. 2000).

In view of the fact that seizures induced by (PhSe), are
dependent on animal age (Prigol et al. 2007), the aim of this
study was to carry out the determination and quantification
of (PhSe), in plasma, liver and brain of rat pups after oral
administration of this compound. The second objective of
this study was to correlate the time to the appearance for the
first seizure episode with the levels of (PhSe), in plasma,
liver and brain.

Materials and methods
Chemicals

(PhSe), was prepared in our laboratory according to the lit-
erature method (Paulmier 1986). Analysis of the 'H NMR
and °C NMR spectra showed that the (PhSe), obtained
presented analytical and spectroscopic data in full agree-
ment with its assigned structure. The chemical purity of
compound (99.9%) was determined by GC/HPLC, and it
was stable under storage conditions at room temperature,
humidity and light for months.

Animals

Pup Wistar rats postnatal day (PND) 1214 of both sexes
were obtained from a local breeding colony. PND 12-14
was chosen based on Mikulecki et al. (2004). The animals
were kept in a separate animal room, on a 12 h light/12 dark
cycle, in an air-conditioned room (22 + 2°C). Commercial
diet (GUABI, RS, Brazil) and tap water were supplied
ad libitum. The dams were allowed to deliver and wean
their pups until PND 12—-14. Commercial diet (GUABI, RS,
Brazil) and tap water were supplied ad libitum. The animals
were used according to the guidelines of the Committee on
Care and Use of Experimental Animal Resources, Federal
University of Santa Maria, Brazil.

Preparation of (PhSe), solution

The solution was weekly prepared, and the compound was
dissolved in canola oil. The concentration of (PhSe), was
analyzed prior to use. The solutions were stored at 2-8°C
and allowed to warm up to room temperature before use.
The rat pups were given a single oral administration (p.o)
dosage of 500 mg/kg (PhSe),. The dose of (PhSe); used in
this study was based on previous reported study dealing

@ Springer

with dose—response for the appearance of seizures episode
(Prigol et al. 2007). (PhSe), solutions were administered to
animals in the morning between 8:00 a.m. and 9:30 a.m. at
a dosing volume of 10 ml/kg.

Experimental design

The endpoint seizure was chosen to correlate the involve-
ment of (PhSe), levels in plasma, liver and brain with sei-
zure episodes in rat pups. To this end, (PhSe), at the dose of
500 mg/kg dissolved in canola oil was administered by p.o
route to rat pups.

The appearance of seizures was quantified as previously
described by Prigol et al. (2007). In short, animals were
observed for 1 h in Plexiglas chambers for the appearance
of tonic-clonic seizures lasting more than 5 s. The latency
for the onset of the first tonic-clonic seizures episode was
also recorded. Animals which did not display seizures (1 h)
were considered protected.

Twelve animals per group were anesthetized, and blood
samples (1 ml) were collected from each animal, by heart
puncture, subsequent to the seizure episodes. Blood sam-
ples were centrifuged at 3,000 rpm for 5 min. The plasma
was separated and stored chilled until assay.

The liver and whole brain of animals were also removed
and stored chilled until assay.

Determination and quantification of (PhSe), in plasma,
liver and brain samples

Determinations of (PhSe), concentrations in plasma, liver
and brain were made in all samples, collected at the time of
cuthanasia. The plasma (200 pl), liver (200 mg) or brain
(200 mg) was homogenized with ethyl acetate in the ratio
of 1:1 (v/v or w/v) to each tube. The extraction was per-
formed by vortex-mixing the tubes for 3 min. After, the
samples were centrifuged at 3,000 rpm for 5 min. The
supernatants were separated and filtered through a mem-
brane (0.45 um pore size) Millipore®. The filtrate was
transferred to a clean test tube, and a 1 pl aliquot was
injected into chromatographic system for analysis. Qualita-
tive and quantitative analysis of (PhSe), in plasma samples
were conducted by gas chromatography (CG 2010 Shima-
dzu®) with a flame ionized detector system (FID), accord-
ing to the methodology described by Prigol et al. (2009a).

The (PhSe), concentration in plasma, liver and brain
were directly obtained from chromatographic data.

Statistical comparisons
Analysis of variance was performed using one-way

ANOVA; latency to seizure and the levels of (PhSe), in
plasma, liver and brain, followed by the Duncan’s multiple
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Table 1 The average latency to the appearance of seizure episode and
plasma, liver and brain average distribution of (PhSe), administered by
oral route (dissolved in canola oil) in rat pups

Latency® Concentration of (PhSe)?
Plasma Liver Brain
Ratpups 2058 £105 3.67+1.06 507090 1.15=+0.07

Data are reported as means = SEM: n=12
* Time (min) to the appearance for the first seizure episode

® Concentration (ug/ml) of (PhSe), in different tissues

range. Data are expressed as means + SEM. Values of
P < 0.05 were considered statistically significant. Pearson’s
correlation coefficient was used for the estimation of corre-
lation between parameters analyzed.

Results

(PhSe),-induced seizures in rat pups and its plasma,
liver and brain levels

(PhSe), induced seizures in 100% of rat pups (As shown
in). As showed in Table I, the average latency for the first
seizure episode is 20.58 min. The average levels of (PhSe),
in plasma, liver and brain of rat pups were 3.67, 5.07 and
1.15 pg/ml, respectively.

Correlation analysis of the latency for the first seizure
episode with (PhSe), levels

Correlation analysis (Pearson’s correlation analysis)
revealed that the latency for the first seizure episode
induced by (PhSe), did not correlate with plasma levels of
(PhSe), (r=—0.418; P <0.303; Fig. 1). Conversely, Pear-
son’s correlation analysis revealed a significant negative
correlation between the latency for the first seizure episode
induced by (PhSe), with the levels of compound in liver
(r=—0.8828, P <0.0001; Fig. 2) and brain (r=—0.782;
P < 0.005; Fig. 3) of rat pups.

Discussion

The purpose of the current study was to determine and to
quantify (PhSe), levels in plasma, liver and brain of rat
pups and to correlate these results with the latency to the
appearance for the first seizure episode induced by (PhSe),.
The results indicated that the average latency for the first
seizure episode was 20.58 min and the average concentra-
tion of (PhSe); in plasma of rat pups was 3.67 pg/ml.
(PhSe), levels in liver and brain of rat pups were 5.07 and
1.15 pg/ml, respectively, at the time of 20.58 min. Rat pups
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Fig. 1 Correlation between (PhSe), plasma concentration (pug/ml) and
seizure time (min) in rat pups. Data are individual values forn =12 in
each group
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Fig. 2 Correlation between (PhSe), liver concentration (ug/ml) and
seizure time (min) in rat pups. Data are individual values forn =12 in
each group
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Fig. 3 Correlation between (PhSe), brain concentration (pg/ml) and
seizure time (min) in rat pups. Data are individual values forn =12 in
each group

exhibited a significative negative correlation between the
latency for the first seizure episode and the levels of
(PhSe), in liver and brain.
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The (PhSe), plasma concentration could be responsible
for toxicological effects exhibited by (PhSe), in this experi-
mental model. In this way, our research group, using a
curve of plasma concentration—time, demonstrated that the
maximal concentration of (PhSe), 500 mg/kg administrated
by oral route in adult rats was 13.13 pg/ml at 30 min after
compound administration (Prigol etal. 2009a). The high
drug concentration in plasma, demonstrated in our previous
study, can be explained by the lipophilic character of
(PhSe)s. In the present investigation, we have found that the
(PhSe), plasma concentration in the pups is about 4.3-fold
lower compared to that seen in adult rats (Prigol et al.
2009a). The low concentration found in plasma of pups
most likely is due to the fact that rats pup, as young chil-
dren, have higher water body content compared to adults
(Friis-Hansen 1983).

Different to what is observed here, (PhSe), administra-
tion did not cause seizures in adult rats until a period of
24 h after compound administration by p.o route, although
the plasma concentration is 4.3 times higher than the
(PhSe), concentration detected in rat pups. These data sup-
ported the hypothesis that rat pups are more sensitive to the
toxic effect produced by (PhSe), when compared to adult
rats (Prigol etal. 2009a). In fact, several physiological
changes with potential impact on drug pharmacokinetics
have been observed in children depending on their age
(Friis-Hansen 1983). Infants have proportions of body
water and adipose tissue different from those in adults, with
subsequent effects on the relative distribution volume of
lipophilic compounds (Kearns et al. 2003). Albumin and
al-acid glycoprotein are subject to developmental changes
in children. In general, drug binding is decreased in chil-
dren, especially in the newborn, because of quantitative and
qualitative changes in albumin (Kearns and Reed 1989).
This fact helps to explain the lack of correlation of the
latency for the first seizure episode induced by (PhSe), with
plasma levels of (PhSe),. since upon entry into blood circu-
lation, most drugs bind to plasma proteins. It is generally
accepted that only the free drug molecules can arrive at the
site of action that may be enzymes or receptors.

Additionally. there was a significant negative correlation
between the latency for the seizure episode and the levels of
(PhSe), in liver of rat pups. Animals that had the highest
levels of compound in the liver showed the shortest latency
for the first seizure episode. (PhSe), is a highly lipophilic
compound, thus it is likely that its metabolism and elimina-
tion depends on biotransformation in the liver. The assump-
tion that the entire convulsant effects of (PhSe), are due to
the parent compound is supported by previous published
data. Nogueira etal. (2003) demonstrated that (PhSe),
when administrated by i.p. route induced seizure and death
in mice, conversely, a direct injection of (PhSe),, at high
concentration (1,000 pmol), into the brain of rodents did
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not cause any overt sign of neurotoxicity, indicating that
this compound must be first metabolized to cause seizures.
Hepatic biotransformation of drugs is a multifactorial inte-
gration of enzymatic actions that alter the initial compound
often by adding or exposing a functional group to enable
subsequent conjugation and elimination. The appearance
and functionality of key enzyme groups, such as cyto-
chrome P450 oxidases, hydrolases, glucuronosyltransferases,
sulfotransferases, N-acetyltransferases and glutathione
transferases are influenced by gestational age, birth, postna-
tal age (Blake et al. 2005). We suppose that these develop-
mental differences produce a decrease in drug clearance and
an increase in toxicological effect of (PhSe);, manifested
here by seizure episodes in rat pups.

Another finding of this study was the presence of
(PhSe), in the brain of rat pups. Based on the amount
of (PhSe), detected in the brain, we can affirm that ~22%
of the compound present in plasma reached to the brain and
it possibly caused seizure episodes. Accordingly, Sallam
etal. (2008) demonstrated that roscovitine, a lipophilic
compound analogue of purine, was more toxic and highly
distributed over the blood—brain barrier in the 14 days old
rat pups and the brain exposure was 30% of that found in
plasma, a higher percentage when compared to that of
found in the brain of adult rats exposed to the drug. In this
view, our previous study reported that adult rats which
received (PhSe), 500 mg/kg by oral route presented higher
plasma concentration when compared to rat pups, but they
did not presented seizure episodes. One possibility to
explain this difference is that smaller amount of (PhSe),
crosses the blood—brain barrier and arrives in the brain of
adult rats. These hypotheses are supported by Butt et al.
(1990) who have shown that blood—brain barrier of the rat
fully matures 3—4 weeks postnatal, and that differences
observed in brain exposure could be explained by an age-
dependent variation in the maturity and function of blood—
brain barrier. Moreover, endothelial cells constituting the
blood—brain barrier have the character of a lipid membrane,
as a result of which lipid soluble non-ionized compounds
penetrate easily in the brain (Eyal et al. 2009).

In addition, we revealed a relationship between the
latency to the onset of seizure episodes and the levels of
(PhSe), in brain of rat pups. In fact, a significant negative
correlation between these variables was found. These data
may explain, at least in part, the neurotoxic effects reported
in rat pups treated with (PhSe),, since the animals that have
the highest amount of compound in the brain showed the
shortest latency for the first seizure episode. In this view, a
study performed by us demonstrated that the appearance of
seizures and the latency for the first seizure episode induced
by (PhSe); in rat pups is dependent on the dose adminis-
tered (50, 150 or 500 mg/kg; Prigol et al. 2007), indicating
that the intensity of the neurotoxic effects is dependent on
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the quantity of (PhSe), in the brain. Maciel et al. (2003)
have reported that acute treatment with (PhSe), causes a
significant increase in selenium concentration in brain,
supporting the hypothesis that the brain is a potential
target for the toxicity of highly lipophilic organoselenium
compounds.

In brain of rat pups, we previously demonstrated that
(PhSe), promotes various events that can lead to seizure
episodes, among them are the increase in lipid peroxida-
tion, a reduction in d-ALA-D and Na+, K+ ATPase activi-
ties (Prigol 2007) and the
glutamatergic (Prigol et al. 2008) and GABAergic systems
(Prigol etal. 2009c). The inhibition in [3H]g1utamate
uptake and the increase in glutamate in synaptic cleft are
mechanisms which contribute to hyperexcitability in rat
pups treated with (PhSe), (Prigol et al. 2008). (PhSe), stim-
ulates ["H]GABA uptake in cortex and hippocampal slices
from rat pups, which decreases GABA levels in synaptic
cleft. This imbalance between the excitatory and inhibitory
neurotransmission is critical to trigger seizure episodes.

In conclusion, our results demonstrated that the (PhSe),
levels in liver and brain of rat pups showed as significant
negative correlation with the latency for the first seizure
episode, demonstrating that rat pups which had highest lev-
els of (PhSe), in liver and brain showed the shortest latency
for the first seizure episode. Differing, the latency for the
first seizure episode induced by (PhSe), did not correlate
with compound plasma levels.
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Abstract

In order to increase the success rate in clinical studies, lead compounds in drug discovery
research, should not only be potent and selective but also must pocess acceptable
pharmacokinetic properties such as absorption and distribution, and a suitable stability. In
this study, we carried exploration of drug-like properties of diphenyl diselenide (PhSe),, a
selenoorganic compound, with interesting pharmacological properties. Experimental
protocols were established for chemical stability in isotonic phosphate buffer (PBS) pH 7.4
and in simulated gastric and intestinal fluid), biological stability (human serum albumin
(HAS) and plasma), solubility in PBS pH 7.4, distribution coefficient (Log D) in
octanol/PBS and determination of free (PhSe), concentrations in human serum albumin
(HAS) and plasma by using liquid chromatography (LC) with UV detection and tandem
mass spectrometry (MS). (PhSe), was found to be chemically stable and it was not
susceptible to degradation in plasma. The aqueous solubility was 0.98 + 0.072 uM and the
distribution coefficient (Log D) in octanol/PBS system was found to be 3.14. The
percentage unbound fractions of (PhSe), obtained by equilibrium dialysis from HAS and
plasma solution incubated with 100 uM of the drug were: 0.69 + 0.12% and 0.44 £+ 0.09 %,
respectively. The findings of our study indicated that (PhSe), presents a good chemical and
biological stability. Though, the compound showed low aqueous solubility, high Log D
value and high binding to plasmatic protein. These data permit the knowledge of the
pharmacokinetic properties of (PhSe), and help to understand its pharmacological and

toxicological effects.

Keywords: diphenyl diselenide, selenium, protein binding, stability, solubility.
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1. Introduction

Of the many novel compounds, that a drug discovery find that bind to the
therapeutic target, only a small fraction has sufficient ADME properties to become a drug
product. If the properties are weak, the candidate will have a high risk of failure or be less
desirable as a drug product. Thus these studies must be performed in an early stage of
discovery so the findings can be incorporated in the development of the product and
alterations can be performed in a molecule before it reaches clinical assays (Wang and
Urban, 2004). In recent years, many in vitro approaches have been developed for
evaluation of such properties to speed up the discovery process, reduce failure rate at the
final stage, minimize time and cost, and also to avoid complexities associated with animal
experiments. These approaches not only show good correlation with in vivo findings but
also have accelerated the drug-discovery process to a great extent (Kerns, 2000; Di and
Kerns 2003; Kaplitaand Liu 2005).

Oral delivery is the most convenient and desirable route of drug administration,
which demonstrates for absorption-related studies along with distribution, metabolism, and
excretion that are common for all types of formulation irrespective of the route of
administration. Stability and dissolution of the drug compound in the gastro-intestinal
(GIT) fluid; permeation through gastro-intestinal barrier; binding to plasma proteins;
distribution throughout the body are some of the crucial parameters to be evaluated for an
oral drug, and an active compound should have all these properties to an optimum level to
become a successful drug (Di and Kerns, 2003; Mondal et al., 2009).

Diphenyl diselenide (PhSe), is a highly lipophylic compound that, exhibits a
concentration-time profile characterized by an early peak concentration, rapid distribution

from blood to the central nervous system, where it exerts its pharmacological and
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toxicological effects (Maciel et al., 2000; Prigol et al., 2009a, 2010). (PhSe), has been
proven effective against neurotoxicity (Ghisleine et al., 2003), hyperglycemia (Barbosa et
al., 2006), lipid peroxidation (Meotti et al., 2004; Luchese et al., 2007; Prigol et al.,
2009b), inflammation (Savegnago et al., 2007a), nociception (Savegnago et al., 2007b),
anxiety-like (Savegnago et al., 2007c) and depressant-like (Ghisleine et al., 2008) models
using rats and mice. On the other hand, (PhSe), when administered at a high dose, has
been reported to cause seizure episodes in rats and mice (Prigol et al., 2009a).

The present study investigated the drug-like properties of (PhSe), in regards to
stability, solubility, absorption, distribution and plasma protein binding (PPB), considering
that the study of these stages is crucial to understand the pharmacological or toxicological

effect of the compound.

2. Materials and Methods
2.1 Chemicals and reagents

Solvents, for liquid chromatography (LC), and human serum albumin (HAS) were
purchased from Sigma (Sigma Aldrich SA). (PhSe), was synthesized according to
Paulmier (1986). Analysis of the '"H NMR and '’C NMR spectra showed that (PhSe),
obtained presented analytical and spectroscopic data in full agreement with its assigned
structure. The chemical purity of compound (99.9%) was determined by liquid
chromatography-tandem mass spectrometry (LC-MS). All other chemicals and standard
drugs were purchased from Merk. Human plasma was prepared from healthy male

volunteers and was kept at 20 °C until use.

2.2 Chromatographic analyses
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Aliquots of samples were analyzed using LC techniques in two different systems.
One LC system unit consists of a pump controller and a UV detector. The LC unit consists
of a pump controller Merk Hitachi L7110 and a UV detector (Merk Hitachi L7410).
(PhSe), was quantified at 243 nm using a 12.5cm RP-8 Merck (Licrocart) column (5 um).
The mobile phase was prepared with water: methanol (30:70) both containing 0.1% formic
acid, using a flow rate of 1 ml/min and the sample injection volume was 20 ul. Validation
of chromatographic method was based on specificity, repeatibility (%RSD for RT and area
< 2% with 10 injections of same sample), and linearity using nine calibration standards.
The standard curve for (PhSe), was linear (R= 0.9908) over the concentration 0.5-1000
uM.

Other LC system (Alliance, Waters 2695 Separation Module) with a photodiode
array detector (DAD, Waters 2996) set at 243 nm was used in tandem with a mass
spectrometer (Micromass Quattro Micro API). Samples were analyzed using a 150 x 2.1
mm i.d., Sum Atlantis dC18 column (Waters, Milford, USA) and a pre-column with the
same stationary phase was also used all at 35°C. The analytes were eluted using a gradient
mixture of two solvents referred as A (water + 1% formic) and B (methanol+1% formic).
A linear gradient was used from 30% to 70% solution B in 30 minutes and the flow rate
was 0.2 ml/min. The injection volume was 1 pL. A divert valve was used to discard the
eluate from the first 30 second of analysis. The total run time was 30 minutes and the
retention time for (PhSe), was found to be 23.8 minutes.

Mass Spectrometry. The mass spectrometer was operated using an electrospray
ionization source in the negative ion mode (ESI') and a triple quadrupole as analiser.
Acquisition and data processing were performed using the MassLynx software, from
Waters. Analysis were carried out using full scan from and product-ion scan (MS/MS) was

performed to detect fragment ions using collision energy. For the monitorization of (PhSe),
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SIR mode (single ion recording) was performed at m/z 189, according to data obtained
from mass spectra obtained in SCAN mode. Source temperature was 120°C and
desolvation temperature was 350°C. Cone gas flow and desolvation gas flow were 50 and
750 L/Hr respectively. The capillary voltage was set at 2.5kV and cone voltage 50V.
2.3 Solubility

A 5ul of a 50 mM stock solution of (PhSe), in dimethyl sulfoxide (DMSO) was
diluted to 1000 pl with phosphate buffer (PBS) pH 7.4 and incubated at 25 C for 2 hours
with constant shaking. The undissolved compound was centrifuged to 3,000x g for 10
minutes. To 50 pl of the supernatant, 50ul of methanol was added and mixed thoroughly.
The concentration of (PhSe), in the sample was determined by LC-UV using the
calibration curve obtained in the linearity study ( range 0.5-1000uM) of the compound

prepared in a solution 1:1 (v/v) of PBS and methanol.

2.4 Distribution coefficient (Log D) in octanol/PBS pH 7.4

Octanol and PBS pH 7.4 with ratio 1:1 (v/v) were taken in a flask and shaken
mechanically for 2 hours to pre-saturate PBS with octanol and octanol with PBS. These
pre-saturated solvents were used for the present study (Hitzel et al., 2000). A 5ul of 50
mM(PhSe), in 1000 pl octanol was allowed to undergo partitioning with 1000 ul PBS.
After phase mixing by vigorous shaking for 2 hours, phase separation was done by
centrifugation at 3,000 x g for 10 minutes followed by 1 hour standing without disturbance.
The PBS layer was taken out. The concentration of (PhSe), in octanol and PBS phases was
determined by LC-UV using the calibration curve obtained in the linearity study ( range

0.5-1000uM).
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Log D (the logarithm of concentration ratio of compound in organic and aqueous
phase) was calculated according to Dellis et al (2007). Log D should be within average

Log D + 0.3 log units.

2.5 Chemical stability

Chemical stability was carried out according to Mondal et al (2009). Due to
solubility characteristics of (PhSe), the chemical stability was carried out using a medium
with 50:50 of methanol: PBS pH 7.4. A 5 ul of 50 mM (PhSe), solution in DMSO was
diluted in the medium above mentioned and was kept at 25°C for 24 hours. Stability was
determined based on comparison of the chromatographic peak area of the compound after
analysis at 0 hour (freshly prepared and injected) and after 24 hours.

Similar studies were carried out at 37°C replacing PBS with simulated gastric fluid
(SGF) and simulated intestinal fluid (SIF) which was prepared following United States
Pharmacopoeia without enzyme content. Stability was checked for up to 2 hours for SGF

and 4 hours for SIF.

2.6 Biological stability

In a test tube, pooled human plasma (700 pl + 300 ul PBS pH 7.4) or HSA (40
2/1in1000 pl PBS pH 7.4) were mixed with 5 pl of 20 mM (PhSe), dissolved in DMSO.
The test tube, with a final concentration of 100 uM (PhSe),, was incubated at 37 °C and at
predetermined time points O (freshly prepared and injected) and 1 hour, a 100 ul aliquot
was removed, mixed with 200 pl of methanol and centrifuged at 3,000 x g for 10 minutes.
The supernatant was removed and analyzed by LC-UV. The concentration of (PhSe), was

determined using the calibration curve obtained in the linearity study ( range 0.5-1000uM).
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LC-MS analyses were performed to check the possible degradation of (PhSe), by plasmatic

enzymes.

2.7 Determination of free (PhSe), concentrations in HAS and plasma

Determination of free (PhSe), concentrations in HAS and plasma study was carried
out according to Herforth et al. (2002), by using two chamber equilibrium dialysis cells,
each with a capacity of 1.0 ml. The two chambers in each cell are separated by a
membrane with a molecular weight cut-off of 12000 Da. Prior to use, the membrane was
boiled in distilled water for 2 hours to remove preservatives. Then, it was kept in isotonic
phosphate buffer (PBS, pH 7.4). A aliquot of 5 ul of 20 mM (PhSe), in DMSO was added
to human plasma or HAS solutions. Drug-protein solutions were added to one side
chamber (donor) of the dialysis cell (1ml) and the other side (receiver) was filled with 1 ml
of PBS. Dialysis was carried out for 8 hours at 37 °C in a water bath with rotation at 15
rpm. After 8 hours, 100 pl aliquot of PBS solution (receiver dialysis cell) was removed and
analyzed by LC-UV. It represents the fraction of unbound drug. The remain bound fraction
was obtained by the difference between the initial concentration (100 pM) and unbound

fraction of (PhSe),.

3. Results

Solubility of (PhSe), was 0.98 + 0.072uM in PBS pH 7.4 (Table 1). It showed Log
D value of 3.14+ 0.09 log units in the octanol /PBS system (Table 1).

It was observed that (PhSe), was stable (>88%) in PBS pH 7.4, SGF, and SIF.
Stability was 88.5 = 5.5 % in PBS pH 7.4; 90.33 + 3.93% in SGF and 96.22 + 3.30 % in

SIF, at the tested conditions (Table 2).
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The amount of (PhSe), obtained from extracted HAS and serum solution incubated
with 100 uM of the drug were : 76 £ 9.71uM at initial time (0 hours) and 65 + 10,6uM at 1
hour after incubation with HAS; 64 + 7.6 uM at initial (0 hour) time and 56.5 £ 9.2 uM at
1 hour after incubation with plasma (Table 3). The presence of other possible compounds
derived from the molecule of (PhSe), was analyzed by LC-MS. Fig. 1 shows the mass
chromatograms of the HAS and plasma following different incubation times at 37 °C. Only
(PhSe), was detected, with a retention time of 23.9min. Mass spectra and retention time of
the peak detected are the same of standard solution of (PhSe), (Fig. 2), confirming the
identification of the compound.

Percentage unbound fraction of (PhSe), obtained by equilibrium dialysis from HAS
and plasma solution incubated with 100 uM of the drug were: 0.69 + 0.12% and 0.44 +
0.09 %, respectively. The remain bound fraction in HAS and plasma, obtained by the
difference between the initial concentration (100 uM) and unbound fraction of (PhSe),

were: 99.31 £ 0.17 and 99.56 £ 0.09, respectively (Table 4).

4. Discussion

The purposes of the current study were to establish in vitro drug-like properties of
(PhSe), such as: (1) solubility in PBS pH7.4, (2) distribution coefficient(Log D) in
octanol/PBS pH 7.4; (3) chemical stability (in PBS pH7.4, simulated gastric and intestinal
fluid), (4) biological stability in HSA and plasma and (5) determination of free drug
concentrations in HAS and plasma.

Determination of compound solubility in PBS pH 7.4 or water has become an
essential early measurement in the drug discovery research. Poor aqueous solubility can
cause problems in many different in vitro testing techniques, resulting in unreliable results

and reproducibility problems. Even larger problems may arise when insoluble precipitates
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cause false positives in bioassays, potentially wasting time and significant cost (Yan and
Caldwell, 2004). The standard way to determine the solubility of a compound is to use the
shake-flask solubility method (Chait, 2003). The solubility of (PhSe), was found to be
0.98uM in PBS, pH 7.4. This result indicates that the compound is poorly soluble and may
create solubility-related problems when formulated as oral dosage form. Accordingly, our
previous study demonstrated that (PhSe), administered at a high dose (500 mg/kg) by oral
route, dissolved in canola oil, produced a lower C max (13.13 and 10.11pg/ml for rats and
mice, respectively).These two data together suggest that only a small amount of the
compound can be dissolved in gastrointestinal fluid in order to be absorbed into the
bloodstream.

Log D value of (PhSe), was determined to be 3.14 in Octanol/PBS. Log D
(Octanol/PBS) determines lipophilicity of the compounds and thus determines the
ability/inability of the drug to cross the gastrointestinal barrier (Di and Kerns, 2003). High
Log D (>3) leads to low solubility, erratic/poor absorption, high plasma binding, whereas
very low Log D (<0) indicates low permeability and high renal clearance. Compounds with
moderate Log D (0-3) have good balance between solubility and permeability and are
optimal for oral absorption and cell membrane permeation in cell-based assays (Di and
Kerns, 2003; Hitzel et al., 2000; Dellis et al., 2007). (PhSe), (Log D = 3.14) presents a
high Log D value and, therefore, bears low solubility as observed here. On the other hand,
the high Log D of (PhSe) in octanol/PBS is indicative of its ability to cross membranes as
well as blood-brain barrier. This result helps to explain the early peak concentration of the
compound in the plasma (30 minutes) (Prigol et al., 2009) as well as the speed at which the
compound reaches the brain and causes seizures in animal models (Prigol et al., 2009,

2010).
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Drug chemical stability in the stomach and intestine is critical for promoting drug
absorption in the GI tract (Wasan et al., 2009). Stability study in PBS pH 7.4, and SIF
revealed that (PhSe), is stable at both conditions indicating its acceptability for intended
absorption from the high surface area of the intestine.

Drug stability in plasma is a concern in both drug discovery and development areas
(Chow et al., 1997; Pop et al., 1999; Shipkova et al., 2000). Except for “pro-drugs”, drug
candidates undergoing rapid degradation in plasma generally have undesirable
pharmacokinetic parameters and pose analytical challenges. For drug development
candidates, plasma instability will cause some problems in the validation of the
bioanalytical assays, for the unstable pharmaceutical components or their metabolites
present in plasma samples (Kerbusch et al., 1998). For these reasons, plasma stability data
can be useful in drug discovery programs to avoid the selection of unstable drug
candidates. In the he chromatograms obtained in the analysis of (PhSe), in HAS and
plasma following different incubation times using the mass spectrometry as detector a peak
with a with a retention time of 23.9 min was detected and no other compounds, possible
metabolites of (PhSe), obtained after degradation were detected. This result provides
evidence that (PhSe), has biological stability, and it is not susceptible to degradation in
plasma.

Determination of free drug concentration is another important parameter that needs
to be evaluated in the pharmacokinetic studies, as unbound drug plasma concentration
decides the pharmacological effects of a compound in regards to tissue distribution, cell
entry, receptor interaction and availability for elimination (Yan and Caldwell, 2004;
Banker et al, 2003). Previous reports suggest that dialysis for 6 to 8 hours is optimum to
reach equilibrium (Banker et al., 2003) and hence 8-hour dialysis was performed in these

studies. Since albumin is the most abundant plasma protein and it is well known to bind
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and carry out a large number of amphiphilic molecules in plasma, we have performed
binding assays using HAS and human plasma proteins. The unbound fraction of (PhSe), in
HAS and plasma were 0.69 % and 0.44%, respectively, while 99.31% (PhSe), was bound
to BSA and 99.56% inhuman plasma proteins. These data provide three main evidences:
(1) (PhSe), unbound fraction in HAS and plasma is much lower, (2) the compound has a
large plasma protein binding and (3) most of the compound is bound to albumin.

Plasma protein binding is typically a reversible interaction; however, irreversible or
covalent binding can occasionally occur (Nassar et al., 2009). To analyze the interaction
between (PhSe), and proteins, (PhSe), was incubated with HSA and plasma. The mixture
was extracted with methanol. The extraction with methanol is able to denature proteins and
break weak bonds, but is not capable of breaking covalent bonds. It was observed that
when incubated with HSA and plasma, already at baseline, an average value of 77% and
65% of the compound, respectively, appears free of proteins after extraction. These results
indicate that most of the compound is covalently bound to proteins and thus remains in the
precipitate. (PhSe), interacts with sulthydryl groups to proteins oxidizing them to
disulfides (Nogueira et al., 2004), a hypothesis is that it reacts with the sulthydryl group of
cysteine 34, the only reactivethiol group in serum albumin (Cotgreave et al., 1992; Wagner
et al., 2004) to form a selenosulfide. Accordingly to a metabolic study with another
selenoorganic compound, ebselen, more than 90% of intravenously administered ebselen in
mouse plasma is bound by selenium-sulfur bounds to reactive thiols in serum albumin. The
compound 1is transferred from the BSA complex to membrane-associated proteins after
reductive cleavage of the Se-S bound effected by endogenous protein thiols or externally
added reductants such as, GSH (Wagner et al., 2004).

The findings of the present study indicate that (PhSe), presents good chemical and

biological stability. However, compound showed low aqueous solubility, high Log D
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values and high binding to plasmatic protein. These data are very important since: (a)
permit the knowledge of the pharmacokinetic properties of (PhSe),, (b) explain the low
bioavailability of the compound, which was demonstrated in previous studies and (c)
suggest future changes in the chemical structure of (PhSe), for an improvement in its

pharmacokinetic properties.
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Tables

Table 1: Solubility and distribution coefficient (Log D) in octanol/PBS pH 7.4 of (PhSe),,
Solubility (uM)* Log D Octanol/PBS (log Unit)"

0.98 £0.072 3.13£0.091

“*Results are average of two experiments + SD.
®Individual distribution coefficient (Log D) values were within # 0.3 log unit of average Log D (PhSe),

Table 2: Chemical Stability of (PhSe), in PBS pH 7.4, simulated gastric fluid and
simulated intestinal fluid

Medium (PhSe),chemical stability(% )"
PBS pH 7.4 88.11+£5.5

Simulated Gastric Fluid 90.33 +£3.93

Simulated Intestinal Fluid 96.22 +3.30

Results are average of three experiments + SD.
*Chemical Stability was reported as percentage of compound that remains after incubation time
predetermined for each medium.

Table 3: Amount of (PhSe), obtained from extrated HAS and plasma solution incubated
with 100 uM of the drug.

Concentration (uM)

Medium 0 hour® 1 hour
HSA 76 +£9.71 65 +10.6
Plasma 64+7.6 56.5+12.2

Results are average of two or three experiments + SD.
*Time point O hour denotes to freshly prepared and injected solution
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Table 4: Percentage unbound fraction of (PhSe), obtained by equilibrium dialysis from
HAS and plasma solution incubated with 100 uM of the drug.

Unbound fraction (%)™" Remain bound fraction (%)™
HSA 0.69 £0.12 99.31 £0.17
Plasma 0.44 £ 0.09 99.56 +0.09

Results are average of two or three experiments + SD.

*Unbound fraction and remain bound fraction were reported as percentage of compound that remains after
incubation time predetermined for each medium.

°Unbound fraction were obtained by equilibrium dialysis after 8 hours of incubation.

‘Remain bound fraction was obtained by the difference between the initial concentration (100 uM) and
unbound fraction of (PhSe),
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Figure 1: Chromatogram of LC-MS analysis of (a) HAS sample (0 and 1 hour) and (b)

plasma sample (0 and 1 hour).
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Figure 2
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Figure 2: MS ion spectra obtained of (PhSe), (m/z 189) eluted at 23.9 min. The ion
structure is presented.
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Abstract

In spite of extensive literature describing pharmacological and toxicological properties of
diphenyl diselenide (PhSe),, little is known about its metabolism. The present study
investigated, for the first time, (PhSe), metabolic pathways in vitro: (1) 100 uM (PhSe),
was incubated with different liver fractions (Total Homogenate, S9, Soluble and
Microsomal Faction). Samples were qualitatively analyzed using liquid chromatography-
tandem mass spectrometry (LC-MS/MS). Reduced glutathione (GSH)-selenol adduct was
detected in four different liver fractions, with a ion scan spectrum of m/z 462; (2)
Microsomal fraction was incubated with 100 uM (PhSe),, supernatant and precipitate were
quantitatively analyzed using liquid chromatography (LC) and inductively coupled plasma
(ICP) respectively.45 uM (PhSe), appears in supernatant at baseline and 18 uM after 1
hour of incubation, while 57 ppb of selenium remaining in the precipitate after 1 hour of
incubation. The addition of GSH maintains constant (PhSe), levels in supernatant and
significantly reduces the amount of selenium in the precipitateafter 1 hour of incubation. In
microsomal incubation of (PhSe), with N-acetylcysteine (NAC), a NAC-selenol adduct
was detected by LC-MS with a ion scan spectrum of m/z 318. NAC significantly reduces
the amount of selenium in the precipitate. The inhibition of microsomal P450 activity by
carbon monoxide did not alter the amount of (PhSe); in supernatant and selenium levels in
precipitate. These data indicate that (PhSe), is not metabolized by phase I reactions and it
reacts chemically with GSH and NAC forming adducts, these decreases covalent binding
of the compound with proteins; (3) Potential of (PhSe); to inhibit the cytochrome P450
enzymes was assessed (PhSe), already at 1 uM reduced microsomal activity. The
calculated ICsq value for microsomal activity inhibition by (PhSe), was 78 uM.

Keywords: diphenyl diselenide, metabolism, rat liver microsome, selenium.
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1 Introduction

In last years, a large number of novel pharmaceutical agents derived from selenium
are under research (Mugesh et al., 2001; Nogueira et al., 2004; Rosa et al., 2007). Among
them are the organoselenium compounds, with emphasis to diphenyl diselenide (PhSe),,
widely studied in several animal models (Nogueira et al., 2004; Rosa et al., 2007;
Savegnago et al., 2007; Ghisleni et al., 2008; Prigol et al., 2009a).

(PhSe), is a highly lipophylic compound that possesses double face due to its
contrasting behaviour, which depends on the dose used (Nogueira et al., 2004). (PhSe), has
antioxidant activity, confirmed in several in vitro and in vivo models (Meotti et al., 2004;
Luchese et al., 2007; Prigol et al., 2009a), and thus has a protective effect against hepatic
(Borges et al., 2005), and gastric (Savegnago et al., 2005) injuries, in addition to its
neuroprotective (Ghisleine et al., 2003), anti-inflammatory (Savegnago et al., 2007) and
antidepressant-like (Ghisleni et al., 2008) activities.

On the other hand, (PhSe), has been reported to cause neurotoxicity in rodents
(Nogueira et al., 2003a; Prigol et al., 2007, 2008) and inhibition of sulthydryl enzymes
(Barbosa et al., 1998; Borges et al., 2005; Nogueira et al., 2003b; Prigol et al., 2007). In
addition, a different toxicity across species induced by (PhSe), has been documented, since
the chemical failed to produce any adverse effects in rats, despite a much higher dose. In
contrast, a similar dose of the compound induces seizures and death in mice (Nogueira et
al., 2003a). The reasons for differential toxicity between mice and rats are presently
unknown.

A recent pharmacokinetic study of (PhSe), in rats and mice indicated that the
maximum concentration for (PhSe), in plasma of rats and mice occurs at 30 min after oral
administration of compound dissolved in canola oil. Animals exhibited a concentration—

time profile characterized by an early peak concentration followed by a continuous decay
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in plasma concentration, which remained at detectable levels for up to 8 h after dosing.
Furthermore, the same study demonstrated that the use of different administration routes
(p.o., i.p. and s.c.) and vehicle solutions (canola oil or DMSO) in rats and mice indicates
that the appearance of seizures and (PhSe), plasmatic levels are dependent of
administration routes (i.p. >p.0.>s.c.), vehicle solutions (DMSO> canola oil) and animal
species (mice > rat) (Prigol et al., 2009b). Similar study done in rat pups showed that
plasma concentration of (PhSe); in the rat pups is about 4.3-fold lower compared to that of
seen in adult rats. However (PhSe), has shown evidence of toxicity in rat pups, even
though in lower concentrations in plasma, demonstrating that rat pups is more sensible to
toxic effect produced by (PhSe), when compared to adult rats (Prigol et al., 2010).

In spite of extensive literature reporting pharmacological properties of (PhSe),,
little is known about its metabolism. The aim of our study was to identify possible
metabolic pathways of (PhSe), by (1) incubation of the compound with different liver
fractions (Total Homogenate, S9, Soluble and Microsomal Faction). Based on these
results, the next objective were (2) to carry out (PhSe), incubations with microsomal
fraction in different conditions and (3) assessed the potential of (PhSe), to inhibit the

cytochrome P450 enzymes.

2. Materials and Methods
2.1 Chemicals and reagents

Solvents for high performance liquid chromatography (LC) and liquid
chromatography-tandem mass spectrometry (LC-MS), nicotinamide adenine dinucleotide
phosphate (NADP), glucose-6-phosphate, glucose-6-phosphate dehydrogenase, reduced
glutathione (GSH) and N-acetylcysteine (NAC) were purchased from Sigma (St. Louis,

MO, USA). (PhSe), was synthesized according to Paulmier (1986). Analysis of the 'H
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NMR and “C NMR spectra showed that (PhSe), obtained presented analytical and
spectroscopic data in full agreement with its assigned structure. The chemical purity of
compound (99.9%) was determined by liquid chromatography-tandem mass spectrometry

(LC-MS). All other chemicals and standard drugs were purchased from Merk.

2.2 Liver Fractions preparation

Ethical authorization was obtained from Committee on Care and Use of
Experimental Animal Resources, Federal University of Santa Maria, Brazil for use of
animals for the present study.

The liver fractions were prepared accordingly to Constantino et al. (1999), with
same modifications. Rats were euthanized and liver was rapidly removed, immersed in ice-
cold phosphate buffer (PBS) pH 7.4, minced and washed with the same solution. The
mince was homogenized with Teflon/glass homogenizer, immersed in ice, using 3 ml of
washing solution per g of liver.

Total Homogenate: The homogenate was centrifuged at 1,000 x g for 10 minutes at
4 °C. The pellet was discarded and supernatant was used as liver total homogenate. This
preparation was divided in two parts. One was characterized and stored at -80C to use in
incubation studies. The other was used to prepare other liver fractions.

S9 fraction: Liver homogenate was centrifuged at 9,000 x g for 10 minutes at 4 °C.
The pellet was discarded and supernatant was used as S9 fraction. This preparation was
divided in two parts. One was characterized and stored at -80C to use in incubation studies.
The other was used to prepare other liver fractions.

Microsomal and soluble fractions: S9 fraction was centrifuged at 100,000 x g for 1

hour at 4 °C. The supernatant was used as soluble fraction and stored at -80C. The pellet
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was suspended in PBS (same to initial volume) and was used as microsomal fraction and
stored at -80C.

Protein concentration was determined by the method of Lowry (Lowry et al., 1951)
using bovine serum albumin as a standard.
2.3 In vitro assays
2.3.1 (PhSe), incubations with different liver fractions

Incubations were performed at 37°C in PBS pH 7.4 using total volume of 1 ml with
0.5 mg protein/ml of the liver fraction under study, 6.25 mmol/ml glucose-6-phosphate,
1.25 mmol/ml NADP, S5mmol/ml MgCl, and 2.5 U/ml of glucose-6-phosphate
dehydrogenase. Reactions are started by the addition 20 ul of (PhSe), dissolved in
methanol. Final substrate concentration was 100 uM. Aliquots (100 ul) were withdrawn at
timed intervals (0 and 1 hour), and quenched by the sequencial addition of 400 ul
methanol. After centrifugation to 3,000x g for 10 minutes, the supernatant was analyzed by

LC-MS to verify the formation of possible metabolites and characterize them.

2.3.2 (PhSe), incubations with microsomal fraction

Incubations were performed at 37°C in PBS pH 7.4 using total volume of 1 ml with
0.5 mg protein/ml of microsomal fraction, 6.25 mmol/ml glucose-6-phosphate, 1.25
mmol/ml NADP, Smmol/ml MgCl, and 2.5 U/ml of glucose-6-phosphate dehydrogenase.
Reactions are started by the addition 20 pl of (PhSe), dissolved in methanol. Final
substrate concentration was 100 uM. Aliquots (100 ul) were withdrawn at timed intervals
(0 and 1 hour), and quenched by the sequential addition of 400 ul methanol. After
centrifugation to 3,000x g for 10 minutes, the supernatant was analyzed by LC-UV to
assess the concentration of the (PhSe), and LC-MS to verify the formation of possible

metabolites and characterize them. The protein precipitate was analyzed by inductively
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coupled plasma (ICP) to verify Se concentration, it is an indicative of (PhSe), covalent
binding in microsomal proteins.

Experiments using GSH or NAC were conducted to verify the formation of
adducts, since GSH and NAC are nucleophilic agents that react with electrophilic
compounds. GSH or NAC both at ImM were added to the incubation medium.

Experiment using carbon monoxide was conducted in order to cause inhibition of
enzyme activity of the P450 complex, which is oxygen-dependent. Carbon monoxide as

bubbled into the microsomal solution for 5 min prior to the addition of the substrate.

2.3.3 Assessment of (PhSe), potential to inhibit the Cytochrome P450 enzymes.

(PhSe), potential to inhibit the cytochrome P450 enzymes was assessed through the
initial rate of formation of N, ethilbenzamide, a metabolite of N, N diethilbenzamide,
formed from a reaction with cytochrome P450.

Incubations were performed at 37°C in PBS pH 7.4 using total volume of 1 ml with
0.5 mg microsomal fraction, 6.25 mmol/ml glucose-6-phosphate, 1.25 mmol/ml NADP,
Smmol/ml MgCl, and 2.5 U/ml of glucose-6-phosphate dehydrogenase. Reactions are
started by the addition 20 ul of (PhSe), dissolved in methanol, at concentrations ranging
from 1 to 1000 uM. The incubation mixture was pre incubated for 10 minutes prior to the
initiation of metabolic reaction with N, N diethilbenzamide (final concentration of 100
uM). Aliquots (100 pl) were withdrawn at timed intervals (0, 10 and 20 minutes), and
quenched by the sequential addition of 400 ul methanol. After centrifugation to 3,000x g
for 10 minutes, the supernatant was analyzed by LC to assess the concentration of N,

ethilbenzamide.
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Potential of (PhSe), to inhibit cytochrome P450 was assessed by calculating the
initial rate of formation of the substrate N, ethilbenzamide in the first 20 minutes of

incubation of the N, N diethilbenzamide in the presence and absence of (PhSe),.

2.4 Analysis Methods
2.4.1 Chromatographic analyses

Aliquots of samples were analyzed using LC techniques in two different systems, to
assess the concentration of the samples. One LC system unit consists of a pump controller
and a UV detector. The LC unit consists of a pump controller Merk Hitachi L7110 and a
UV detector (Merk Hitachi L7410). (PhSe), was quantified at 243 nm using a 12.5cm RP-8
Merck (Licrocart) column (5 um). The mobile phase was prepared with water: methanol
(30:70) both containing 0.1% formic acid, using a flow rate of 1 ml/min and the sample
injection volume was 20 pl. Validation of chromatographic method was based on
specificity, repeatibility (%RSD for RT and area < 2% with 10 injections of same sample),
and linearity using nine calibration standards. The standard curve for (PhSe), was linear
(R=0.9908) over the concentration 0.5-1000 puM.

Other LC system (Alliance, Waters 2695 Separation Module) with a photodiode
array detector (DAD, Waters 2996) set at 243 nm was used in tandem with a mass
spectrometer (Micromass Quattro Micro API). Samples were analyzed using a 150 x 2.1
mm i.d., Sum Atlantis dC18 column (Waters, Milford, USA) and a pre-column with the
same stationary phase was also used all at 35°C. The analytes were eluted using a gradient
mixture of two solvents referred as A (water + 1% formic) and B (methanol+1% formic).
A linear gradient was used from 30% to 70% solution B in 30 minutes and the flow rate
was 0.2ml/min. The injection volume was 1 plL. A divert valve was used to discard the

eluate from the first 30 second of analysis. The total run time was 30 minutes.
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Mass Spectrometry. The mass spectrometer was operated using an electrospray
ionization source in the negative ion mode (ESI) and a triple quadrupole as analiser.
Acquisition and data processing were performed using the MassLynx software, from
Waters. Analysis were carried out using full scan from and product-ion scan (MS/MS) was
performed to detect fragment ions using collision energy. For the monitorization of (PhSe),
and GSH-selenol and NAC-selenol adducts, SIR mode (single ion recording) was
performed at m/z 189, m/z 462 and m/z 318, respectively, according to data obtained from
mass spectra obtained in SCAN mode. Source temperature was 120°C and desolvation
temperature was 350°C. Cone gas flow and desolvation gas flow were 50 and 750 L/Hr
respectively. The capillary voltage was set at 2.5kV and cone voltage 50V.

2.4.2 Inductively coupled plasma (ICP) analyses

A microsomal precipitate was treated at 60 °C for 1 hour with concentrated nitric
acid (100 ul) and H,O, (10 ul). Samples were diluted to 5 ml with water and analyzed in
ICP. Selenium was determined with ICP (Shimadzu Corp).

Selenium concentration in microsomal precipitate is expressed as ppb (parts per

billion) in the sample.

2.5 Statistical analysis

The results are presented as means + S.D. Statistical analyses were performed using
a one-way analysis of variance (ANOVA), followed by the Duncan’s range test when
appropriate. The ICsy (inhibitory concentration) was calculated by using the two data
points traversing the 50% inhibition lines in terms of the activity. The p values less than

0.05 were considered as indicative of significance.

3 Results
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3.1 (PhSe), incubations with different liver fractions

(PhSe), was incubated with four different liver fractions: Total homogenate, S9,
soluble and microsomal fraction. The presence of other possible metabolites derived from
the molecule of (PhSe), was analyzed by LC-MS. Fig. 1, 2 and 3 show the mass
chromatograms of total homogenate, S9, soluble and microsomal fraction following
different incubation times (0 and 1 hour) at 37 °C. (PhSe), was found, with a retention time
of 23.9 min and ion scan m/z 189, the same of standard solution of (PhSe), (Fig. 4). GSH-
selenol adduct was detected in four different liver fractions, already at baseline, with a
retention time of 7 minutes (Fig. 1-3) and ion scan spectrum of m/z 462. Collision-induced
dissociation of GSH-selenol adduct gave rise to a major fragment ion m/z 304 with resulted
from selenol loss (Fig. 5).

3.2 (PhSe), incubations with microsomal fraction

In microsomal incubation with (PhSe), the amount of compound which remains
free in the supernatant was analyzed by LC (Table 1) and the amount of compound that
remains bound to protein in the precipitate was measured in the form of selenium by ICP
(Table 2).

It was observed that when microsomal fraction was incubated with 100 uM
(PhSe),, already at baseline, an amount of 45 uM (PhSe), appears in the supernatant,
regardless of the different conditions tested. After 1 hour, only 18 uM (PhSe), appears in
the supernatant (Table 1). The quantity of 57 ppb of selenium remained in the precipitate
after 1 hour of incubation (Table 2).

The addition of GSH in incubation medium maintained constant the levels of
(PhSe); in the supernatant, even after 1 hour of incubation of 46 uM (PhSe), (Table 1).
The addition of GSH significantly reduced the amount of selenium in the precipitate (35

ppb) after 1 hour, when compared to all other groups (Table 2).
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In microsomal incubation of (PhSe), with NAC, a NAC-selenol adduct was
detected, already at baseline, with a retention time of 13 minutes (Fig. 6) and ion scan m/z
318. Collision-induced dissociation of NAC-selenol adduct gave rise to two major
fragment ions m/z 189 and 157 with resulted from selenol-thiol and selenol loss (Fig. 7).
The amount (PhSe), in supernatant after 1 hour of incubation (26 uM) is significantly less
than the amount at O hour. The addition of NAC significantly reduced the amount of
selenium in the precipitate (39 ppb), when compared to (PhSe), group (Table 2).

The inhibition of microsomal P450 activity by preincubating the microsomal
fraction with carbon monoxide did not alter the amount of (PhSe), that appears in
supernatant (52 uM at 0 hour and 20 uM at 1 hour) when compared to (PhSe), group.
Levels of selenium in the precipitate after 1 hour of incubation were 46 ppb. These values
are significantly similar when compared to the values of microsomal fraction incubated in
the presence of oxygen.

3.3 Potential of (PhSe), to inhibit cytochrome P450 enzymes

The microsomal activity of cytochrome P450 enzymes responsible by formation of
N, ethilbenzamide, a metabolite of N, N diethilbenzamide, was significantly reduced by
(PhSe), already at the lowest concentration tested (1 uM). The calculated ICsy value for

microsomal activity inhibition by (PhSe), was 78 uM (Table 3).

4 Discussion

(PhSe), is a highly lipophilic compound, thus it is likely that its metabolism and
elimination depends on metabolism in the liver. The aim of this study was to characterize
the metabolism of the compound in rat liver in vitro. Metabolism occurs through reactions
representing two distinct phases. Phase I reactions are most commonly described as

“functionalization” reactions and include oxidations, reductions and hydrolyses, these
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introduce a new polar functional group and are majority catalyzed by cytochrome P450
enzymes. Phase II reactions are most commonly describes as conjugation reactions, and
include glucuronidation, sulfonation, acetylation, methylation and GSH conjugation. These
cause a drastic increase in the polarity, and thus excretion of a drug (Nassar et al., 2009). In
this way, we carried out metabolic study of (PhSe), using four different liver homogenate
fractions: total homogenate, S9, soluble and microsomal fraction. The results of four
different fractions analyzed by LC-MS demonstrated the same profile described by
appearance of initial compound (PhSe), and a selenol-GSH adduct, characterized by LC-
MS-MS.

There are many evidences that toxicology of (PhSe), involves the oxidation of SH
groups from proteins and of low-molecular weight thiol containing molecules such as GSH
(Barbosa, 1998; Bruning et al., 2009). In this way, many works of our research group
suggested the formation of the complex selenol-SR as product of oxidation of thiol groups
(Nogueira 2004; Bruning et al., 2009), but it was never structurally characterized. This
study showed, for the first time, the existence and characterization of adduct selenol-GSH.

An important observation of this study is that when (PhSe), was incubated with
different liver fractions, already at initial time occurred the formation of selenol-GSH
adduct. These data indicates that (PhSe), does not react enzymatically with GSH, but
chemically, forming adducts. We propose that GSH, an endogenous nucleophile, reacts
with (PhSe); via a thiol nucleophilic attack in the selenium atom of (PhSe),, capturing the
chemically reactive intermediate selenol, this electrophilic species is then free to covalently
bind to proteins; thus preventing it from reacting with thiols of endogenous proteins.

To prove the formation of adducts between selenol and SH groups, we carried out
microsomal incubations using NAC, an exogenous thiol compound. Already at initial time

occurs the formation of selenol-NAC adduct, proving that complex formation occurred by
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a chemical mechanism of nucleophilic attack in the selenium atom of (PhSe),. This study
showed, for the first time, the existence and characterization of complex selenol-NAC.

Based on data from this study, we propose that the formation of adduct with GSH
could be the first step in metabolism of the compound, involving the formation of
mercapturic acid derivatives which are except in the urine. Mercapturic acids (MAs) are
excretion products formed during the metabolism of electrophilic chemicals. MAs are
formed from GSH S-conjugate via the MA pathway. When GSH S-conjugates metabolize
to the corresponding MAs, y-glutamyl and glycinyl residues are removed from de GSH S-
conjugate by y-glutamyl-transpeptidase and dipeptidases, with subsequent acetylation to
MAs (N-acetyl-L-cysteine S-conjugates) by cysteine S-conjugate N-acetyltransferase (De
Rooij et al., 1998). Future studies, using in vivo experimental models, will be needed to
identify whether the liver selenol-GSH adducts identified by us in this work are excreted in
urine as the corresponding MAs.

Many xenobiotics are converted to highly reactive intermediates in living systems
where they subsequently interact with cell constituents. This has been widely implicated as
a critical event in target organ toxicity induced by therapeutic and environmental chemicals
(Hinson et al., 1994). The mechanism by which chemicals cause toxicity is for the most
part unknown, but protein covalent binding by xenobiotic metabolites has long been
associated with target organ toxicity (Cohen et al., 1997).

To analyze the interaction between (PhSe), and microsomal fraction, microsomal
fraction was incubated with 100 uM (PhSe),. It was observed that already at baseline, an
amount of 45 uM (PhSe), appeared in the supernatant, after 1 hour only 18 uM (PhSe),
was found in the supernatant, as well 57 ppb of selenium remaining in the precipitate after
1 hour of incubation. These results indicate that most of the compound, upon contact with

liver microsomal fraction, rapidly bound to proteins and that the amount of compound that
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bound to proteins increased with the increase of time. We believe that (PhSe), reacted with
essential thiol groups of proteins via a thiol nucleophilic attack in the selenium atom of
(PhSe),, capturing the chemically reactive intermediate selenol, and oxidizing endogenous
proteins. In this way, several works of our research group demonstrated that (PhSe), causes
reduction on the activity of §-ALA-D and Na*, K* ATPase, sulfhydryl containing enzymes,
and relate, at least in part, this event to the toxicological effect of the compound (Nogueira
et al., 2004, Borges et al., 2005; Prigol et al., 2007, 2008). Besides, studies with ebselen, an
organoselenium compound, demonstrated that intracellular effect of covalent binding of
the compound to essential thiol groups in protein causes inhibition in enzymes such as
glutathione S-transfereses (Nikawa et al., 1994), monooxygenases (Ziegler et al., 1992)
and the inhibition of IP3-induced calcium release (Dimmeler et al., 1991).

To understand the role of GSH on (PhSe), metabolism, further experimental
protocols were carried out in the presence of GSH. The addition of GSH did not alter the
initial amount of (PhSe), in supernatant (45uM), however after 1 hour of incubation the
levels of compound remained equal to the initial levels (46%). Furthermore, levels of
selenium in the precipitate after 1 hour of incubation were 35 ppb, much lower than those
observed in the incubation without GSH. These data indicate that GSH acts has a
protective effect in tissues, since it forms an adduct with selenol, consequently preventing
the oxidation of endogenous proteins. In this manner, several researchers have
demonstrated the relationship between (PhSe), administration and GSH levels. Maciel et
al. (2000) have shown that GSH and other thiols (such as DTT) could be oxidized by
(PhSe); and that acute and two week exposure to (PhSe), caused a decrease in the hepatic
and renal content of non-protein-SH in mice. Adams et al. (1989) demonstrated that
administration of (PhSe), in mice decreased hepatic GSH content by 50% after 1 h

exposure.
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The hepatic cytochrome P450 monooxygenase catalyzes the oxidation of a large
number of endogenous compounds and the majority of ingested environmental chemicals,
leading to their elimination and often to their metabolic activation to toxic products. This
enzyme system therefore provides our primary defense against xenobiotics and is a major
determinant in the therapeutic efficacy of pharmacological agents (Raucy and Allen.,
2001). The hepatic cytochrome P450 (CYP) monooxygenase catalyze is strictly on
molecular oxygen and is inhibited by carbon monoxide. To evaluate the importance of
hepatic P450s in (PhSe), biotransformation we have conditionally inhibited microsomal
P450 activity by preincubating the microsomes with carbon monoxide. We observed that
on average 52 uM (PhSe), appeared free after extraction, after 1 hour only 20 uM (PhSe),
was detected free. Levels of selenium in the precipitate after 1 hour of incubation were 46
ppb. These values are significantly similar when compared to the values of microsomes
incubated in the presence of oxygen. These in vitro data together with those shown above
indicate that (PhSe), biotransformation does not depend on the cytochrome P450
monooxygenase enzymes.

Some studies conducted in our research group demonstrated that administration of
the (PhSe); in different experimental models tends to be more toxic for mice than for rats
(Nogueira et al., 2004; Prigol et al., 2009b). Moreover, it was shown that the compound
caused more toxicity for rat pups than for adult rats (Prigol et al., 2007; 2008; 2009b;
2010). There were speculations that these differences were related to a possible
biotransformation of the compound, and a possible metabolite would be responsible for the
toxic effects of the compound in animals. Considering results of present study, we can
infer that (PhSe), causes toxicity by reacting with endogenous thiol groups in protein to
form protein seleno dissulfides. We can also infer that differences in toxicity related to age

or species could be associated to conjugation of the compound with GSH, since the
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formation of this adduct protects against protein oxidation. In this manner, Degan and
Neumann (1978) report that GSH content may be critical in inhibition of the cellular
macromolecule bindings to foreign compounds like aflatoxin B1, elimination of which rely
mainly on GSH-conjugation. Additionally, Prescott (1983) related species differences in
susceptibility to the acetaminophen hepatotoxicity, in his study, mice and hamsters are
more sensitive, while rats are more resistant. Other studies revealed that he hepatic GSH
levels are equal in resistant and susceptible species, while the rate of GSH conjugation to
acetaminophen varies greatly in different animal species (Allamed et al., 1987; Smolarek et
al., 1990).

Oxidative metabolism mediated by the superfamily of hepatic enzymes known as
the cytochrome P450 represents a significant clearance pathway for many drugs prescribed
today, and the inhibition of the metabolism of one drug by another drug taken concurrently
by the patient has now been shown to be a very important cause of adverse drug reactions
(Wienkers and Heath., 2005). At the center of P450 catalysis is the iron protoporphyrin IX
(heme) with a thiolate of conserved cysteine residue as the fifth ligand (Nassar et al.,
2009). Given that, the reactive groups present within enzyme’s active site are nucleophiles,
irreversible inhibition via covalent binding to electrophilic species can occur. Thus, we
investigated whether (PhSe), could cause an inhibitory effect on cytochrome P450s, since
it readily reacts with thiol groups. Findings reported in this study clearly demonstrated that
(PhSe), inhibited P450 mediated metabolism of N, N,dietil benzamide. Our data indicate
that (PhSe), can interfere with the metabolism of other drugs that need to be metabolized
by P450, when administered concomitantly with them. This interaction can reduce the
formation of metabolites of drugs and change their effect.

Partial inactivation of cytochrome P-450 was also observed by organochalcogen

compound ebselen (Kuhn-Velten and Sies., 1989). It appears to be associated with a Se-N
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bond cleavage in the ebselen molecule due to interaction with SH groups of microsomal
proteins in vitro (Kamigata et al., 1986). Ebselen could interact either directly (i.e. by
formation of a Se-S bond) or indirectly (i.e. by formation of a Se-Fe** complex and
consecutive protonation of the S- anion) with the thiolate group in rat liver microsomal
cytochrome P-450 (Kuhn-Velten and Sies., 1989). Furthermore, in vivo, ebselen is
obviously largely bound to plasma proteins and may react with intracellular thiols, notably
GSH, before reaching the cytochrome P-450-containing membranes of the endoplasmic
reticulum in vivo. This may contribute to the low toxicity of this substance (Wendel et al.,
1986).

The main results of our in vitro study indicate that: (1) (PhSe), was not metabolized
by phase I reactions catalyzed by cytochrome P450 enzymes; (2) (PhSe), reacted
chemically with GSH and NAC forming adducts; (3) (PhSe); reacted with SH groups from
proteins, and the presence of GSH and NAC decreased this covalent binding and (4)

(PhSe), reduced microsomal activity of cytochrome P450 enzymes.
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Tables

Table 1: (PhSe), concentration in supernatant after incubation with liver microsomal
fraction. The sample preparation and data processing are described in Section 2.3.2

Incubation Time

0 hour 0.5 hour 1 hour
(PhSe), 100 uM 44.1 £ 8.4 uM 262+ 13.4 uM 18.1 £ 10.07 pM™"
(PhSe), 100 uM + GSH ImM ~ 45.5 £ 0.8 uM 45.1£0.10 pM 46.3 £4.50 uyM
(PhSe); 100 uM + NAC ImM  35.8 +4.1 uM 322+ 1.5uM 26.5 = 0.30 uM™*
(PhSe), 100 uM at CO, 52.0+£10.8 uM 352+124 uM 20.6 £ 6.60 pMa’d

Results are average of three experiments + SD.

(*) Denotes p < 0.05 as compared to the (PhSe), 100 uM + GSH 1mM (1 hour) group.
(*) Denotes p < 0.05 as compared to the (PhSe), 100 uM (0 hour) group.

() Denotes p < 0.05 as compared to the (PhSe), 100 uM + NAC 1mM (0 hour) group.
() Denotes p < 0.05 as compared to the (PhSe), 100 uM + at CO, (0 hour) group.

Table 2: Concentration of selenium in microsomal fraction precipitate.

Incubation Medium Selenium (ppb)®
(PhSe), 100 uM 52.76 £ 10.79*
(PhSe), 100 uM + GSH 1mM 35.50 +0.84°
(PhSe), 100 uM + NAC ImM 39.45 +0.35°
(PhSe); 100 uM at CO, 46.00 £3.9*

Results are average of three experiments + SD.

Selenium concentration in microsomal precipitate is expressed as ppb (parts per billion) in the sample.

(*) Denotes p < 0.05 as compared to the (PhSe), 100 uM + GSH 1mM and (PhSe)2 100 uM + NAC 1mM
groups.

(") Denotes p < 0.05 as compared to other groups.
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Table 3: (PhSe), potential to inhibit cytochrome P450 enzymes, assessment through the
initial rate of formation of N, ethilbenzamide, a metabolite of N, N diethilbenzamide.

(PhSe), (uM) Microsomal Activity (%)
0 100 = 0.00

1 93.0+4.4

10 64.6 % 6.42

100 46.1+1.73

1000 23.1 +8.88

Results are average of three experiments + SD.

* Microsomal activity was reported as percentage of microsomal activity after preincubation with different
(PhSe), concentrations. Potential of (PhSe), to inhibit cytochrome P450 was assessment by calculating the
initial rate of formation of the substrate N, ethilbenzamide in the first 20 minutes of incubation of the N, N
diethilbenzamide in the presence and absence of (PhSe),.

The incubation medium without pre incubation with (PhSe), was considered as 100% microssomal activity.
All results are different all results from each other.
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Figure 1: Chromatogram of LC-MS analysis of Liver Total Homogenate incubated with

(PhSe), 100 uM (a) O hour (b) 1 hour.
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Figure 2: Chromatogram of LC-MS analysis of Liver Soluble Fraction incubated with
(PhSe), 100 uM (a) O hour (b) 1 hour.
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Figure 3
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Figure 3: Chromatogram of LC-MS analysis of Liver Microsomal Fraction incubated
with (PhSe), 100 uM (a) 0 hour (b) 1 hour.
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Figure 4
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Figure 4: MS ion spectra obtained of (PhSe), (m/z 189) eluted at 23.9 min. The ion
product fragment ion and proposed structure are presented.
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Figure 5
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Figure 5: MS ion spectra obtained of GSH-selenol adduct (m/z 462) eluted at 7 min. The
ion structure, product fragment ions and proposed structure are presented.
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Figure 6
(a)
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Figure 6: Chrorriatogram of LC-MS analysis of Liver Microsomal Fraction incubated with

(PhSe); 100 uM + NAC 1mM (a) O hour (b) 1 hour.

130



Figure 7
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Figure 7: MS ion spectra obtained of NAC-selenol adduct (m/z 318) eluted at 13 min. The
ion structure, product fragment ions and proposed structures are presented.
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5. DISCUSSAO

5.1 Convulsoes Induzidas pelo Disseleneto de Difenila e Mecanismos Neuroquimicos

Envolvidos nas Convusoes Induzidas pelo Composto

Muitos estudos tem sido realizados com o objetivo de elucidar as propriedades
farmacoldgicas do (PhSe);. Tem sido documentado que este composto de Se possui
propriedade antioxidante (Rossato et al., 2002; Meotti et al., 2004; Prigol et al., 2009), anti-
ulcera (Savegnago et al., 2006), neuroprotecdo (Ghisleni et al., 2003), hepatoprotecdao
(Borges et al., 2005), anti-inflamatdria e antinociceptiva (Savegnago et al., 2007a,b), do tipo
ansiolitica (Ghisleni et al., 2008) e anti-hiperglicémica (Barbosa et al., 2006). Porém,
destacam-se também vdrios efeitos toxicolégicos do composto, principalmente relacionados
ao SNC (Nogueira et al., 2001, 2002, 2003a). No entanto, os estudos realizados, até o
momento, com o (PhSe), utilizaram somente modelos experimentais com animais adultos.

Nas ultimas décadas tem aumentado o nimero de pesquisas demonstrando que ha
uma grande diferenca na suscetibilidade aos efeitos toxicos de drogas, e que esta estd
relacionada a diferentes estdgios da vida (bebés, criancas, adultos e velhos) (Alcorn and
McNamara., 2003). Os bebés, em particular, apresentam muitas mudangas fisiologicas e
bioquimicas relacionadas ao desenvolvimento, que afetam a disposic@o e conseqiiente efeito
das drogas. Neste contexto, consideramos importante a investigacdo dos efeitos
toxicologicos do (PhSe), em ratos bebés, para melhor entender o comportamento deste
composto na fase do desenvolvimento.

No Artigo 1 demonstrou-se, pela primeira vez, que o (PhSe),, administrado pela via
oral, causa toxicidade em ratos bebé€s, evidenciada pelo aparecimento de convulsoes.
Nogueira et al. (2003a) demonstraram que o (PhSe), causava convulsdes em camundongos
adultos, porém este efeito ndo era observado em ratos adultos. A respeito desta diferenca
entre adultos e bebés, Mares et al. (2004) demonstraram que a penetracdo de drogas no
cérebro é de extraordindria importancia para a obtencdo dos efeitos farmacolégicos ou
toxicologicos. Neste sentido, a barreira hemato-encefélica, que controla a entrada de drogas

no cérebro ndo estd perfeitamente formada no periodo pds natal, tanto de animais
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experimentais quanto no homem (Mares et al., 2000; Morgane et a., 2002). E muitas drogas
com efeito convulsivante, que ndo atravessam a barreira hemato-encefdlica madura, podem
exibir efeitos téxicos apds a administracao sist€mica em ratos bebés (Mares et al., 2004).

Do mesmo modo, verificou-se que as convulsdes causadas pela administracdo do
(PhSe), sdo dependentes da dose, sendo que a dose do composto a qual induz convulsao é
cerca de 10 vezes superior a dose que possui propriedades farmacoldgicas (Nogueira et al.,
2004; Savegnago et al., 2007a,b). Porém, sabe-se que em virtude de nos primeiros anos de
vida o cérebro estar em desenvolvimento, convulsdes nesta faixa etaria podem desencadear
sérios prejuizos neurolégicos que podem se refletir na idade adulta (Vingerhoets, 2006).

As andlises bioquimicas realizadas no cérebro dos animais, apds o episodio
convulsivo, demonstraram um aumento nos niveis de peroxidacao lipidica e um aumento da
atividade da enzima catalase, sugerindo que o estresse oxidativo estd associado as
convulsdes induzidas pelo (PhSe), podendo ocasionar um dano neuronal. Além disso,
observou-se uma significante diferenga nos niveis de TBARS e na atividade da 6-ALA-D e
Na®, K*-ATPase entre os ratos que apresentaram e os que ndo apresentaram convulsio, na
dose de 150 mg/kg, o que sugere que o episédio convulsivo pode estar diretamente
relacionado com o estresse oxidativo e a injuria cerebral no modelo convulsivo induzido por
(PhSe),. Na dose de 50 mg/kg de (PhSe), os niveis de TBARS ndo foram alterados em
ambos os grupos, com ou sem convulsdo, o que sugere que o estresse oxidativo estd em parte
relacionado com a dose do composto administrada. As espécies reativas podem ser nocivas
para as células, devido a oxidacdo de constituintes essenciais como lipideos, proteinas e
DNA, que podem ser medidos por identificacdo de seus produtos formados durante as
reacoes, como o MDA (Reiter, 1995). Tem sido descrito que os radicais livres estdo
envolvidos na génese das convulsdes, um exemplo disso € que a administragdo intracortical
de ferro induz descargas epileptiformes e concomitante aumento de radicais livres no
cérebro e, ambos os fendmenos sdo inibidos por antioxidantes (Jyoti et al., 2009).

Outro resultado importante demonstrado neste trabalho foi a reducao da atividade das
enzimas 8-ALA-D e Na®, K"-ATPase, que sdo enzimas sulfidrilicas e sensiveis a agentes
oxidantes (Nogueira et al., 2003b; Borges et al., 2005). De fato, estudos demonstraram que a
toxicidade dos compostos orginicos de selénio estd diretamente relacionada com sua
capacidade de oxidar grupos SH (Spalholz et al., 2001).

A importancia destes achados estd no fato de que a inibi¢do da 8-ALA-D pode levar

ao acumulo do seu substrato, o -ALA (Emanuelli et al., 2001), o qual pode se auto-oxidar,
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dando origem as espécies reativas de oxigénio. Estas, por sua vez, sdo nocivas aos sistemas
bioldgicos, uma vez que podem oxidar biomoléculas importantes, provocando injiria
tecidual e morte celular (Emanuelli et al. 2003). Existem evidéncias que sugerem o
envolvimento do 3-ALA, substrato da 3-ALA-D, em manifestagdes neurolégicas como as
convulsoes (Kappas et al., 1995; Emanuelli et al., 2003).

Do mesmo modo, tem sido descrito que os radicais livres podem estar relacionados com
a inativacdo da Na'-K'-ATPase (Dawson & Dawson, 1996). Como a Na'-K'-ATPase é
uma proteina integral de membrana, ela € um alvo fécil ao ataque dos radicais livres na
membrana lipidica, principalmente no cérebro, uma estrutura rica em dcidos graxos
poliinsaturados, os quais s@o altamente suscetiveis a lipoperoxidac¢ao (LPO). O prejuizo na
atividade desta enzima ocasiona um aumento da excitabilidade neuronal (Grisar et al.,
1983; Furian et al., 2007). Sabe-se que a Na*-K*-ATPase desempenha papel primordial na
manutencdo do gradiente i0nico, uma vez que sua inibicdo aumenta a excitabilidade
neuronal e facilita o aparecimento da convulsido (Vasilets and Schwarz, 1993; Fighera et
al., 2006; Royes et al., 2007; Furian et al., 2007).

Além desses achados, também se observou que a administracdo oral do (PhSe), em
ratos bebés inibiu a atividade da enzima &-ALA-D hepética. De fato, compostos que sdo
absorvidos pelo trato gastrointestinal sofrem um extenso metabolismo hepético (Timbrell,
2000). Associado a isso estd a capacidade dos compostos de selénio em oxidar grupos SH
(Nogueira et al., 2004), tornando a enzima d-ALA-D hepadtica alvo da a¢do destes compostos
(Barbosa et al., 1998; Farina et al., 2003).

Neste contexto pode-se inferir que o (PhSe), demonstrou efeitos neurotxicos
quando administrado pela via oral em ratos bebés. Esses efeitos foram caracterizados pelo
aparecimento de convulsdes, as quais podem estar, pelo menos em parte, associadas ao
estresse oxidativo.

Estudos tém demonstrado que compostos organocalcogénios, dentre eles o (PhSe),,
atuam sobre o sistema glutamatérgico (Nogueira et al., 2004). O artigo 2, no qual o
objetivo foi investigar a intera¢do entre o sistema glutamatérgico e o aparecimento de
convulsdes induzidas pelo (PhSe) em ratos bebés, demonstrou que a administracio
concomitante de glutamato e (PhSe), aumenta a laténcia para o primeiro episodio
convulsivo induzido pelo (PhSe),. Este resultado sugere que o efeito observado nos
animais seja apenas do glutamato, ja que os dois compostos, como sao administrados em

grande quantidade (glutamato 4g/kg e (PhSe), 500 mg/kg), devem competir pela
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metabolizacdo hepdtica, fazendo com que uma menor dose de (PhSe), chegue ao cérebro.
Alguns dados obtidos neste trabalho sustentam esta hipdtese, tais como: marcadores de
estresse oxidativo, como o TBARS e enzimas antioxidantes, como a catalase, estdo
alterados nos grupos tratados com (PhSe),, enquanto estes mesmos pardmetros estao
inalterados nos animais tratados somente com o glutamato. Estes resultados corroboram
com os apresentados no artigo 1, evideciando que as convulsdes induzidas pelo (PhSe),
em ratos bebés estdo associadas ao estresse oxidativo.

Além disso, demonstrou-se que o (PhSe), modula receptores glutamatérgicos do
tipo NMDA, uma vez que a pré-administragdo de MK-801 aumentou a laténcia para o
primeiro episédio convulsivo induzido por (PhSe),, na dose de 500 mg/kg (Artigo 2) e
aboliu completamente as convulsdes induzidas por (PhSe),, na dose de 50 mg/kg (Anexo
1). Em contrapartida, o (PhSe), ndo causa convulsdes por agir em receptores
glutamatérgicos do tipo AMPA/cainato, uma vez que a pré-administracio de DNQX ndo
alterou a laténcia para o primeiro episddio convulsivo induzido por (PhSe), nas doses de 50
e 500 mg/kg (Artigo 2) e (Anexo 1). Por fim, demonstrou-se que o (PhSe), diminui a
captacdo de glutamato em sinaptossomas de ratos bebés. A captacdo de glutamato é um
dos mecanismos pelo qual o glutamato € removido da fenda sindptica, e esta inibi¢ao
contribui para um aumento nas concentragdoes do glutamato extracelular. Em conjunto, os
resultados do artigo 2 demonstram que o (PhSe), produz convulsdes em ratos bebés
atuando, pelo menos em parte, nos receptores glutamatérgicos ionotrépicos do tipo NMDA
e inibindo a captacdo de glutamato, causando uma superestimulacdo do sistema
glutamatérgico.

Sabe-se que ndo apenas a superestimulacio do sistema glutamatérgico pode causar
convulsdes, mas também a inibi¢ao da resposta GABAérgica € um importante mecanismo
envolvido na génese das convulsdes. Com isso, no artigo 3 verificou-se os efeitos sobre o
sistema GABAérgico do aparecimento de convulsdes induzidas pelo (PhSe), nos ratos
bebés.

Agonistas de receptor GABA, diazepam, fenobarbital e GABA protegeram
completamente das convulsdes induzidas por (PhSe), na dose de 50 mg/kg, e aumentaram
a laténcia para o inicio do primeiro episédio convulsivo induzido por (PhSe), na dose de
500 mg/kg. Além disso, o antagonista de receptor GABA 4, picrotoxina, diminuiu a laténcia
para o primeiro episédio convulsivo induzido por (PhSe), nas doses de 50 e 500 mg/kg.
Estes resultados demonstram o envolvimento do receptor GABA 4, direta ou indiretamente,

nas convulsdes induzidas pelo (PhSe), em ratos bebés..
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Adicionalmente, o pré-tratamento com AOAA, inibidor da GABA transaminase,
enzima que degrada o GABA na fenda sinaptica foi capaz de abolir as convulsdes
induzidas por (PhSe),, na dose de 50 mg/kg, e aumentou a laté€ncia para o inicio do
primeiro episédio convulsivo induzido por (PhSe),, na dose de 500 mg/kg. Estes resultados
demonstram o envolvimento da enzima GABA transaminase, direta ou indiretamente, nas
convulsdes induzidas pelo (PhSe), em ratos bebés.

Por dltimo, o pré-tratamento com DABA, um inibidor da captacio do GABA
protegeu completamente as convulsdes induzidas por (PhSe),, na dose de 50 mg/kg e
aumentou a laténcia para o inicio do primeiro episddio convulsivo induzido por (PhSe),, na
dose de 500 mg/kg. Além de disso, o (PhSe), aumentou a captacdo de GABA em fatias de
cortex e hipocampo dos ratos bebés, que apresentaram convulsdes. Este resultado
demonstra um efeito direto do (PhSe), sobre o sistema GABAérgico. De fato, a diminuicao
na neurotransmissdo GABAérgica no SNC contribui para a hiperexcitabilidade, que ¢é
responsavel pelo estatus epilético (Olsen et al., 1999).

Juntos os artigos 2 e 3 evidenciaram que um aumento na transmissiao excitatéria
glutamatérgica associado a uma diminui¢ao na transmissdo GABA¢érgica inibitéria € um
importante mecanismo envolvido na génese das convulsdes (Mares et al., 2000).

Os artigos 1, 2 e 3 demostraram que o (PhSe); apresenta efeito convulsivante em
ratos bebés e alguns dos mecanismos envolvidos neste efeito foram elucidados e estdao

sumarizados na figura 11.
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Figura 11: Mecanismos de ac¢do do (PhSe), envolvidos no efeito convulsivante do composto. O (PhSe),

provoca convulsdes através: (A) da producdo direta de espécies reativas de oxigénio (EROs); (B) da inibicdo

da resposta GABAérgica e (C) da superesimulag@o da resposta excitatéria glutamatérgica.
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5.2 Estudo da Absorcao, Distribuicao e Biotransformacao do Disseleneto de Difenila

O mais elementar principio que rege a farmacologia é que a intensidade dos efeitos
terapéuticos e toxicos de uma droga e dos seus metabolitos no organismo, e estes efeitos
sao determinados pelas suas caracteristicas farmacocinéticas e farmacodinamicas (Martin-
Liménz et al., 2008)

Em relacdo ao (PhSe),, estudos utilizando diferentes modelos experimentais
demonstraram a existéncia de diferentes propriedades farmacoldgicas e toxicoldgicas
conhecidas até o momento. No entanto, pouco se conhece sobre a cinética e 0 metabolismo
deste composto.

No artigo 4, realizou-se pela primeira vez a determinacdo e a quantificacdo do
(PhSe),; no plasma de ratos e camundongos. Os achados demonstraram que os niveis
maximos do composto no plasma ocorrem 30 minutos apds sua administragao por via oral,
e sdo semelhantes tanto para ratos quanto para camundongos. Estes dados correspondem a
dados prévios de curva de dose-resposta realizados em modelos experimentais usando
ratos e camundongos, na qual o (PhSe), teve atuacio mdaxima como antinociceptivo, tipo-
antidepressivo e antiinflamatério, 30 minutos apds sua administracdo (Savegnago et al.,
2007a,b; 2008).

As concentracdes de (PhSe), encontradas na circulagdo sdao baixas (12 ug/mL), se
relacionadas a dose administrada (500 mg/kg). Uma explicagdo para isso € o alto grau de
lipofilicidade do composto. Sabe-se que a lipossolubilidade é um dos fatores envolvidos na
absor¢do dos medicamentos. A eficdcia das drogas lipofilicas € reduzida devido a sua
pequena solubilidade em dgua o que faz com que a sua absor¢cdo seja menor. A
lipofilicidade explicaria também a rdpida absor¢do e disponibilidade na corrente sanguinea
e a rdpida queda nos niveis do composto, ja que se observou que o (PhSe), apresenta-se
circulante até 8 horas apds sua administragao.

Outros importantes achados deste estudo envolvem mudancas nas vias de
administracdo (oral, intraperitoneal e subcutinea), no solvente utilizado para diluir o
(PhSe), (6leo de canola ou DMSO) e na espécie de animal utilizada (ratos ou

camundongos). Estas variacdes nos permitiram chegar a varias conclusdes, relacionadas
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aos diferentes efeitos farmacoldgicos e toxicoldgicos do composto, nos diferentes modelos
testados.

O efeito téxico do (PhSe),, caracterizado pelo aparecimento de convulsdes,
demonstrou ser dependente: da espécie testada, sendo os camundongos mais sensiveis que
os ratos; da via de administracdo, sendo a via intraperitoneal a menos segura, seguida pela
via oral e pela via subcutanea; e do solvente utilizado, sendo o 6leo mais inerte que o
DMSO. A respeito disso, diferentes estudos utilizando doses de (PhSe), e vias de
administracdo similares, porém utilizando diferentes solventes exibiram diferentes
resultados. O (PhSe), se mostrou téxico quando dissolvido em DMSO, causando convulsdo
em camundongos (Nogueira et al., 2003a), porém apresentou atividade ansiolitica quando
diluido em 6leo de canola (Ghisleni et al., 2008).

Juntos os artigos 1 e 4 destacaram o fato de que as convulsdes induzidas por
(PhSe), sdo dependentes da idade, j4 que o (PhSe), na dose de 500 mg/kg, administrado
pela via oral, dissolvido em 6leo de canola, provoca convulsdo em 100% dos ratos bebés e
ndo causa nenhum sinal de convulsdo em ratos adultos. Sendo assim, no artigo S, buscou-
se determinar e quantificar os niveis do (PhSe), no plasma, figado e cérebro de ratos
bebés, apds o primeiro episoédio convulsivo.

O artigo 5 demonstrou que os niveis plasmaticos de (PhSe), nos ratos bebés apds o
episddio convulsivo era de 3.67 pg/ml, valor 4 vezes menor que o encontrado no artigo 4
para ratos adultos. Mesmo apresentando niveis plasméticos menores de composto, os ratos
bebés apresentaram convulsdo, o que nos leva a entender que os ratos bebés sdo mais
sensiveis aos efeitos toxicos do (PhSe), do que os adultos.

Observou-se ainda uma correlagdo negativa entre os niveis hepaticos do composto e
a laténcia para o primeiro episddio convulsivo. Isto possivelmente estd relacionado com as
caracteristicas quimicas do composto (altamente lipofilico) associado as diferencas
fisiolégicas nos animais (relacionadas a idade). Estas diferencas podem produzir uma
diminui¢do na taxa de eliminacdo do composto, aumentando assim seu efeito tdxico,
manifestado aqui pelas convulsoes.

O estudo revela ainda uma correlagdo negativa entre os niveis cerebrais do (PhSe),
e a laténcia para o primeiro episdédio convulsivo, demonstrando que os animais que
apresentam uma maior quantidade de composto no cérebro, convulsionam antes. Os dados
encontrados no artigo S5 explicam, pelo menos em parte, os efeitos neurotdoxicos
apresentados pelos ratos bebés tratados com (PhSe), (Artigos 1, 2 e 3). E corroboram com

os dados encontrados no artigo 1 que demonstraram que a laténcia para o primeiro
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episddio convulsivo é dependente da dose administrada (50, 150 ou 500 mg/kg). De fato,
quanto maior a dose administrada, maior o potencial do composto em chegar ao cérebro e
causar convulsdo nos animais.

Até o momento (Artigos 4 e 5) conseguiu-se desvendar parte do comportamento
cinético do (PhSe), no modelos in vivo realizados. Contudo, devido a necessidade de obter
mais informagdes sobre o composto, que viessem a complementar os dados obtidos,
realizou-se modelos cinéticos in vitro, nos quais foram investigados parametros
relacionados ao comportamento da droga no organismo (Manuscritos 1 e 2).

Estima-se que grande parte dos compostos sintetizados, mesmo apds passar por
uma modelagem molecular, deixam de se tornar drogas bem sucedidas, principalmente
devido a sua pobre farmacocinética ou toxicidade (Wang e Urban, 2004). Assim, a
avaliacdo inicial das propriedades farmacocinéticas torna-se obrigatéria para aumentar a
taxa de sucesso no estudo de drogas. Nos ultimos anos muitas abordagens in vitro tém sido
desenvolvidas para a avaliacio das propriedades farmacocinéticas de drogas, com o
objetivo de acelerar o processo de descoberta, minimizar tempo e custo, e reduzir a taxa de
insucesso nos testes in vivo em animais (Kerns, 2000; Di e Kerns 2003; Kaplitaand and Liu
2005).

O manuscrito 1 mostrou que o (PhSe), apresenta uma baixa solubilidade em PBS
pH 7.4 (0.98 uM). Os compostos com baixa solubilidade em &dgua apresentam baixa
biodisponibilidade, uma vez que ndo se dissolvem adequadamente no fluido
gastrointestinal, possuindo assim uma baixa taxa de absorcao para a circulagdo sanguinea.
Segundo Gursoy and Beita (2004), a taxa de absorcdo gastrointestinal € controlada pela
dissolu¢c@o do composto no fluido gastrointestinal. Este dado explica os resultados obtidos
nos artigos 4 e 5, nos quais a administra¢ao oral de uma alta dose de (PhSe), (500 mg/kg)
produziu uma baixa Cmax (13.13, 10.11 e 3.67 ug/ml para ratos, camundongos e ratos
bebés, respectivamente). Provavelmente apenas uma pequena quantidade do composto
administrado pela via oral foi absorvida para a circulacdo sanguinea.

Observou-se ainda que o logaritimo do coeficiente de particdo octanol/dgua (o qual
prediz a habilidade do composto em atravessar as membranas) do (PhSe), foi bastante
elevado (3.14). Este valor indica que o composto apresenta uma rapida absor¢do pelo trato
intestinal e explica os resultados obtidos no artigo 4, no qual o composto atinge uma
concentracdo plasmatica maxima 30 minutos apds a administragdo pela via oral em ratos e
camundongos adultos. Este resultado indica ainda que o (PhSe),, devido a sua

lipofilicidade, atravessa a barreira hemato-encefdlica, corroborando com o artigo 5, no
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qual 1.15 pg/ml de (PhSe), € encontrado no cérebro de ratos bebés 20 minutos apds a
administracdo do composto pela via oral. Essa rdpida distribuicdo deve ser responsdvel
pelos efeitos toxicos do composto demonstrados nos artigos 1, 2,3, 4 e S.

O manuscrito 1 evidenciou ainda que o (PhSe), apresenta uma forte ligacdo as
proteinas plasmadticas (1199%), principalmente a albumina. A determinacdo da
percentagem de droga que estd livre ou ligada as proteinas € um pardmetro muito
importante na farmacocinética de uma droga, uma vez que somente a droga livre consegue
passar pelas membranas e exercer seu efeito nos tecidos alvos (Yan and Caldwell, 2004;
Banker et al, 2003). Contudo, nossos dados indicaram que a ligacdao do (PhSe), ocorre
principalmente de forma covalente. Uma hipétese é que o (PhSe), reaja com o grupo
sulfidrila da cisteina 34, o dnico tidl reativo da albunina, formando um selenosulfeto. Os
artigos 1 e 2 ja demonstravam que o (PhSe), interage com grupos sulfidrila das enzimas
como a 8-ALA-D e a Na", K*-ATPase, oxidando-os, o que é responsével pela perda da
funcdo da enzima.

Em relacdo a distribuicdo do (PhSe),, acredita-se que mesmo ligado, ele seja
transferido da albumina para os tecidos através de tidis de proteinas associadas a
membrana ou por tidis endégenos como o GSH, que sejam capazes de clivar a ligagao Se-
S, deixando-o livre. Esta hipétese € baseada no estudo realizado por Wagner et al. (1994)
para o composto organico de selénio ebselen.

Por fim o manuscrito 1 evidenciou que o (PhSe), apresenta estabilidade quimica
frente aos fluidos géstrico e intestinal simulados, bem como apresenta estabilidade quando
em contato com o plasma. Estes dados s@o importantes, uma vez que complementam o0s
resultados obtidos nos artigos 4 e 5, enfatizando que o (PhSe), quando administrado aos
animais nao sofre degradacio estomacal, intestinal ou mesmo pelas enzimas plasmaticas.
Muitas drogas sdo descartadas dos estudos farmacol6gicos por apresentarem degradacao
frente a diferencas de pH ou por enzimas estearases plasmaticas.

Como jéa citado anteriormente, o (PhSe), € um composto altamente lipofilico,
portanto, ele necessita ser biotransformado no organismo em compostos mais polares para
serem posteriormente excretados. No manuscrito 2 realizou-se um estudo in vitro para
identificar as vias metabdlicas responsdveis pela biotransformacao do (PhSe), no
organismo.

O manuscrito 2 revelou que o (PhSe), incubado com diferentes fracdes hepaticas
(homogenato total, S9, fracdo soldvel e microssomas) sofre conjugacdio com o GSH

endégeno gerando um complexo selenol-SG, o qual foi, pela primeira vez, caracterizado
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por espectro de massas. A formac¢do do conjugado ocorre no tempo inicial de incubacao,
indicando que ndo se trata de uma reacdo enzimatica de conjugacdo com o GSH, mas sim
uma reagdo quimica, através da formacgao de aduto.

O GSH, um tiol end6geno, reage com o (PhSe),, via ataque nucleofilico do grupo
tiél no atomo de selénio do (PhSe),, capturando quimicamente o intermedidrio reativo
selenol, e gerando o produto final PhSe-SG. A adicdo de NAC, um tiél exégeno, a0 meio
de incubacgdo, também foi capaz de formar aduto com o (PhSe), o qual foi caracterizado
pelo espectro de massas.

A formacdo de adutos com espécies nucleofilicas como GSH e NAC demonstram
que o (PhSe), apresenta um intermedidario reativo, o selenol, que tem o potencial de formar
ligacdes covalentes com um grande nimero de constituintes celulares tais como proteinas e
enzimas, causando prejuizo as mesmas. A respeito disso o artigo 1 demontrou que a
administragdo oral de (PhSe), em ratos bebés causou inibi¢do nas enzimas sulfidrilicas &-
ALA-D e Na*, K*-~ATPase bem como levou ao aparecimento de convulsdes nos animais.
Adicionalmente, o manuscrito 1 demonstrou uma extensa ligacdo do (PhSe), a albumina
plasmdtica, a qual ocorre provavelmente por ligacdo covalente do composto ao grupo
sulfidrila presente na albumina.

Os artigos 1, 2, 3, 4 e 5 sugerem que o (PhSe), seja metabolizado no figado pelo
complexo de enzimas do sistema P450, uma vez que hd diferencas entre espécies (ratos e
camundongos) e idade (ratos bebés e adultos) no efeito téxico do composto. Além disso,
Nogueira et al. (2003) demonstraram que a administracdo de (PhSe), pela via
intracerebroventricular nao produz convulsdes nos animais.

No manuscrito 2, a incubacio do (PhSe), com a fracdo microsomal (fragio rica em
enzimas do sistema P450) ndo produziu nenhum metabdlito diferente, apenas o conjugado
PhSe-SG. A inibi¢do das enzimas microssomais com a utilizacdo de CO nao alterou a taxa
de aparecimento do conjugado PhSe-SG, confirmando que ele ocorre de forma
independente das enzimas do sistema P450. A partir destes dados sugere-se duas hipéteses:
(1) ndo ocorre a formagdo de metabdlito hepatico; (b) o(s) possivel (is) metabdlito(s) do
(PhSe), poderia(m) estar sendo produzido(s) em quantidade reduzida, estando abaixo do
limite de detec¢do do aparelho.

Em relacdo a excrecdo do (PhSe),, ndo tem-se dados concretos, mas sugere-se que a
formacdo do aduto com a glutationa pode ser o primeiro passo para a excre¢do do
composto, a qual envolve a formagao de derivados do 4cido mercaptirico, forma mais

polar e excretada na urina. Segundo De Rooij et al. (1998) e Scholz et al. (2005), grande
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parte das drogas eletrofilicas sdo excretadas pela urina na forma de produtos do &cido
mercapturico.

O manuscrito 2 mostrou ainda que o (PhSe), é capaz de inibir o metabolismo da
N,N dietilbenzamida, droga que é metabolizada pelo citocromo P450 em N etilbenzamida.
Este resultado indica que o (PhSe), pode interferir no metabolismo de drogas que
necessitam ser metabolizadas pelo citocromo P450, reduzindo a formagdo de metabdlitos e
mudando o efeito das mesmas. Supde-se que o (PhSe), possa interagir com grupamentos
tidlicos do sitio ativo das proteinas microssomais, causando oxidagdo e perda da funcao
dos mesmos. Kuhn-Velten and Sies. (1989) demonstraram que o ebselen, causa inativacao
do citocromo P450 por interagir diretamente com tidis do sitio ativo dos microssomas.

Os artigos 4 ¢ 5 e os manuscritos 1 e 2 demonstraram a absor¢do, distribui¢do e
metabolismo do (PhSe), através de estudos in vitro e in vivo. Algumas destas etapas foram

elucidadas e estdo sumarizadas na figura 12.
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Figura 12: Esquema demonstrando: (A) a absor¢do do (PhSe), pelo trato gastrointestinal (TGI); (B) o
transporte do composto na circulagdo sanguinea através da ligacdo a albumina; (C) a entrada do (PhSe), nas
células e a oxidacdo de proteinas, levando aos efeitos farmacoldgicos e/ou toxicolégicos do composto e (D)
um possivel mecanismo de excrecdo do (PhSe),, na urina, através da formacdo de derivados do &4cido

mercapturico.
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6. CONCLUSOES

De acordo com os resultados obtidos podemos concluir que:

e Artigo 1: A administracdo de (PhSe),, pela via oral, causou neurotoxicidade em ratos
bebés, evidenciada pelo aparecimento de convulsdes. As convulsdes causadas pela
administracdo do (PhSe), foram dependentes da dose. O estresse oxidativo estd

relacionado, pelo menos em parte, com as convulsdes induzidas pelo (PhSe),.

e Artigo 2: Um dos mecanismos de acdo envolvidos no efeito convulsivante do (PhSe),
envolve a interacdo com o sistema glutamatérgico, por estimular os receptores
glutamatérgicos ionotrépicos do tipo NMDA e por inibir a captacdo de glutamato,

causando uma superestimulac@o do sistema glutamatérgico;

e Artigo 3: O (PhSe), interaje com o sistema GABAérgico, antagonizando os receptores
GABAégicos do tipo GABA,, estimulando a enzima GABA transaminase e
estimulando a captacdo de GABA, diminuindo assim a neurotransmissdo inibitdria

GABAérgica;

e Artigo 4: A concentragdo méxima de (PhSe), no plasma de ratos e camundongos
adultos ocorreu 30 minutos apds a administracio do composto, e decaiu
continuamente, permanecendo detectdvel até 8 horas apds sua administracdo. O uso de
diferentes vias de administracdo e veiculos em ratos e camundongos indicou que o
aparecimento das convulsdes e os niveis plasméaticos de (PhSe); sdo dependentes da via
de administragdo (i.p > p.o > s.c), do veiculo (DMSO > ¢6leo de canola) e da espécie

animal (camundongo > rato);

e Artigo 5: Os niveis de (PhSe), no figado e no cérebro de ratos bebés apds o primeiro
episédio convulsivo, apresentam uma correlacio negativa com a laténcia para o
primeiro episédio convulsivo. Este resultado ratifica a estreita relagdo entre as
convulsdes causadas pelo composto e a quantidade dele que € biotransformada e chega
ao cérebro. Os ratos bebé convulsionam, mesmo apresentando menores valores
plasméticos de composto que os adultos, o que nos leva a entender que estes sdo mais

sensiveis aos feitos toxicos do (PhSe),.
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Manuscrito 1: O (PhSe), apresentou estabilidade quimica e biolégica. No entanto, o
composto apresentou uma baixa solubilidade em 4gua, um alto coeficiente de particao
octanol-d4gua e uma extensa ligacdo as proteinas plasméticas. Estes dados sdo muito
importantes uma vez que nos permitem entender a baixa biodisponibilidade do

composto demonstrada em estudos prévios;

Manuscrito 2: O (PhSe); ndo € biotransformado por reacdes de fase I catalizadas pelo
citocromo P450. Ele reage quimicamente com GSH e NAC, formando aductos ou
ainda reage com grupos SH de proteinas. A presenca de GSH ou NAC no meio de
incubagdo diminuiu a ligacdo do (PhSe), as proteinas. O (PhSe), reduziu a atividade

das enzimas do citocromo P450.
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8.0 ANEXO

8.1 Influéncia do pré tratamento com MK 801 e DNQX nas convulsdes induzidas por

glutamato (4 g/kg) e (PhSe); (50 mg/kg).

Os resultados apresentados na tabela abaixo sdo complementares aos resultados
apresentados no artigo 2 e tém como objetivo avaliar o papel desempenhado pelo receptor
glutamatérgico NMDA nas convulsdes induzidas por (PhSe), em ratos bebés. A

metodologia utilizada é a mesma utilizada no artigo 2, pagina 49.

Table 1: Influence of pretreatment with MK 801 and DNQX in glutamate (4 g/kg) and
(PhSe), (50 mg/kg)-induced seizures in rat pups.

Groups Appearance of Seizures” Latencyb (min)
Control 0/8 Ns
Glutamate 4 8/8 33.87+4.64
(PhSe), 50 3/8 45.00 + 14.55
Glutamate 4+ MK 801 0/8%** Ns
Glutamate 4+DNQX 3/8 47.00 + 6.80*
(PhSe), 50 +MK 801 0/8™ Ns
(PhSe), 50 +DNQX 2/8 52.5+3.53

* Number of animals which presented seizures/N of animals per group.

"time (min) to the appearance for the first seizure episode. “ns” animals which did not present seizure (in 60
minutes of observation). (PhSe), MK 801 and DNQX (mg/kg). Glutamate (g/kg). Data are reported as mean
+ S.D.; (**Denoted p < 0.05 as compared to the Glutamate 4 group (X* method and Fischer’s exact
probability test); (™) Denoted p< 0.05 as compared to the (PhSe), 50 + MK 801 group (X? method and
Fischer’s exact probability test); (*) Denoted p < 0.05 as compared to the Glutamate 4 group (one-way

ANOVA/Duncan).
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Observou-se que a pré administracio de MK 801 protegeu completamente das
convulsdes induzidas por glutamato (4 g/kg) e por (PhSe), (50 mg/kg). Enquanto que a pré
administracio de DNQX aumentou a laténcia para o inicio do primeiro episédio
convulsivo induzido por glutamato, porém nao causou alteracdo no laté€ncia para o inicio
do primeiro episédio convulsivo induzido por (PhSe),. Estes resultados corroboram com o0s
apresentados no artigo 2 e reforcam o envolvimento do receptor glutamatérgico do tipo

NMDA nas convulsdes induzidas por (PhSe),.
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