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RESUMO
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Programa de Pds-Graduagéo em Ciéncias Bioldgicas: Bioquimica Toxicologica

Universidade Federal de Santa Maria, RS, Brasil

EFEITOS DO DISSELENETO DE DIFENILA SOBRE O DANO OXIDATIVO
CAUSADO POR PARACETAMOL EM CEREBRO DE CAMUNDONGOS
AUTORA: MICHELE HINERASKY DA SILVA
ORIENTADOR: FELIX ALEXANDRE ANTUNES SOARES
Local e Data da Defesa: Santa Maria, 11 de junho de 2012.

O paracetamol é o analgésico mais usado no mundo, em doses terapéuticas ndo
apresenta nenhuma toxicidade, porém em doses elevadas pode causar dano
hepético pela formacdo do seu metabdlito toxico N-acetil-p-benzoquinoneimina
(NAPQI). O dano cerebral pode ocorrer em decorréncia ao dano no figado, uma
condicdo chamada de encefalopatia hepatica, j& que o figado pode apresentar um
comprometimento das suas fungfes, como transformar aménia em uréia, causando
um acumulo de amdnia no organismo, sendo esta toxica para o cérebro. Além disso,
o NAPQI pode causar estresse oxidativo e disfuncdo mitocondrial no cérebro. O
disseleneto de difenila [(PhSe),] € um composto organico de selénio que apresenta
atividade antioxidante e potencial farmacoldgico. O objetivo desse estudo é verificar
a capacidade do (PhSe), em reverter o dano cerebral e disfuncdo mitocondrial
causada por uma dose toxica de paracetamol. Os camundongos receberam
paracetamol (600 mg/kg) e 1h apds, disseleneto de difenila (15,6 mg/kg). ApGs 4h da
administracdo do paracetamol, coletou-se o soro para as analises bioquimicas de
aspartato aminotransferase (AST) e alanina aminotransferase (ALT) que
confirmaram o dano hepatico. A administracdo de APAP aumentou a peroxidacéo
lipidica, a producdo de espécies reativas de oxigénio e diminuiu a atividade da
enzima Na', K* - ATPase. Da mesma forma, o APAP alterou os parametros de
funcionalidade mitocondrial. O tratamento com (PhSe), reverteu o dano cerebral

induzido por uma dose Unica de APAP.

Palavras-Chave: estresse oxidativo, disfuncdo mitocondrial, dano hepatico,

antioxidante
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EFFECTS OF DIPHENYL DISSELENIDE ON OXIDATIVE DAMAGE INDUCED BY
ACETAMINOPHEN IN MICE BRAIN

AUTHOR: MICHELE HINERASKY DA SILVA
ADVISOR: FELIX ALEXANDRE ANTUNES SOARES

Date and Place of the Defense: Santa Maria, 11" June 2012

Acetaminophen (APAP) is the analgesic most used in world, in therapeutic doses
does not show toxicity, but in elevated doses can cause hepatic damage due the
formation of his metabolic toxic N-acetyl-p-benzoquinonimine (NAPQI). The brain
damage can occurs because hepatic damage a condition called hepatic
encephalopathy, since the liver already show his function altered, like transform
ammonia in urea, causing accumulation of ammonia in the brain, which is toxic for
this organ. Furthermore, the NAPQI can cause oxidative damage and mitochondrial
dysfunction on brain tissue. The diphenyl diselenide [(PhSe),] is an organoselenium
compound that exhibit antioxidant activity and potential pharmacological. The aim of
this study is investigated the ability of (PhSe), in reversing the oxidative brain
damage and mitochondrial dysfunction induced by a toxic dose of APAP. Mice
received a APAP (600mg/kg), followed by a dose of (PhSe), (15,6 mg/kg) 1 hour
latter. Four hours after APAP administration, plasma was withdrawn from the mice
and used for biochemical assays of aspastate aminotransferase (AST) and alanine
aminotransferase (ALT) confirming the hepatic damage. The APAP administration
increase lipid peroxidation, production of reactive oxygen species and decrease in
activity of Na’, K' - ATPase enzyme. Similary, APAP caused alteration on
parameters of mitochondrial function. The treatment with (PhSe), revert the cerebral

damage induced by a single dose of APAP.

Keywords: oxidative damage, mitochondrial dysfunction, hepatic damage,

antioxidant
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APRESENTACAO

No item INTRODUCAO, esta descrita uma sucinta reviséo bibliografica sobre
os temas trabalhados nesta dissertagéo.

O desenvolvimento referente a esta dissertacdo estdo apresentados sob a
forma de um artigo publicado na revista Neurotoxicity Research o qual se encontra
alocado no item ARTIGO CIENTIFICO. As secdes Materiais e Métodos, Resultados,
Discussao dos Resultados, Conclusdo e Referéncias Bibliograficas, encontram-se
no proprio artigo e representam a integra deste estudo.

Os itens CONCLUSAO e PERSPECTIVAS sédo encontrados no final desta
dissertacdo, apresentam interpretacfes e comentarios gerais sobre a investigacao
desenvolvida.

As REFERENCIAS BIBLIOGRAFICAS referem-se somente as citacdes que
aparecem no item INTRODUCAO desta dissertacdo uma vez que o artigo cientifico

contém as suas proprias referéncias.
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1 INTRODUCAO

Paracetamol (N-acetil-p-aminofenol [APAP]) é atualmente o analgésico e
antitérmico mais usado por humanos e animais (Dargan e Jones, 2002), sendo
comercializado em formulacdes de medicamentos sozinho ou em combinacdo com
outras substancias (Sheen, Dillon et al., 2002). Foi sintetizado por Morse em 1878,
porém foi langado no mercado somente em 1950 como substituinte da fenacetina,
um analgésico muito utilizado na época que apresentava nefrotoxicidade como efeito
colateral. O APAP esta classificado como anti-inflamatorio ndo esteroidal (AINE),
apesar de ndo ter atividade anti-inflamatoria e também nao causar efeitos colaterais
gastrointestinais como outros AINES (Bertolini, Ferrari et al., 2006).

O efeito farmacologico do APAP é devido a inibicdo seletiva da enzima
cicloxigenases-2 (COX-2) responsavel pela sintese de prostaglandinas, mediadores
da inflamacdo que causam dor e febre (Hinz, Cheremina et al., 2008). Esse
medicamento ndo apresenta toxicidade quando administrado em doses terapéuticas,
porém uma quantidade diaria acima de 4 gramas deve ser considerado toxico, ja
gue existem relatos de dano hepatico em doses que variam entre 4 a 10 gramas
(Fontana, 2008). O uso aumentado e de facil acesso desse medicamento esta sendo
associado a diversos casos de tentativas de suicidio e de transplantes de figado por
cirrose hepdtica causada por intoxicacdo aguda e crénica com APAP (Larson,
Polson et al., 2005). Dados do Center for Disease Control and Prevention mostraram
que o APAP representou 10% das causas de morte por suicidio entre os anos de
2005 e 2007 nos Estados Unidos, perdendo apenas para os antidepressivos.

Em doses terapéuticas, o APAP é metabolizado pelo figado da seguinte
maneira (Figura 1): em torno de 1 a 4% € excretado inalterado na urina, em torno de
90% sofre reacdes de glicuronizacao e sulfatacdo tornando-o inativo e hidrossoluvel
para ser excretado na urina; de 5 a 15% é metabolizado pelas enzimas do citocromo
P450 (CYP1A2, CYP3A1, CYP2AG6 e principalmente, CYP2E1), as quais oxidam o
APAP produzindo o seu intermediario reativo, o N-acetil-p-benzoquinoneimina
(NAPQI) (Bertolini, Ferrari et al., 2006). O NAPQI conjuga-se com a glutationa (GSH)
hepatica, inativando o intermediario reativo para entdo poder ser excretado também
na urina (Mitchell, Jollow et al., 1973).

Em uma situacédo de overdose de APAP as reagbOes de glicuronizagao e

sulfatacdo tornam-se saturadas, sobrecarregando a metabolizacdo via CYP2E1,
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formando assim uma grande quantidade de NAPQI. Esse excesso de NAPQI
depleta a GSH disponivel no figado, deixando uma parte do metabdlito ativo livre
para ligar-se covalentemente as proteinas citosolicas e mitocondriais levando a
hepatotoxicidade (Cohen, Hoivik et al., 1998). A deplecdo de GSH contribui para o
estresse oxidativo celular (Jaeschke, Knight et al., 2003). Quando o NAPQI liga-se a
alvos celulares criticos, como as proteinas mitocondriais, ocorre disfuncao
mitocondrial e inibicdo da sintese de ATP (Harman, Kyle et al., 1991). Os
hepatocitos sofrem subsequentemente faléncia energética, alteragcdo na homeostase
do célcio, deplecéo de ATP, dano ao DNA e modificacdo de proteinas intracelulares

by

(Andersson, Rundgren et al., 1990). Estes eventos levam a morte celular fazendo
com que esse 0Orgao perca suas funcdes normais, incluindo a detoxificagcdo da
amoénia ao transforma-la em uréia, além de afetar toda capacidade oxidante do

organismo.

Paracetamol
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T 7 )
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Figura 1 — Metabolizacdo do APAP.

Um problema para a area médica consiste no tratamento de intoxicagdes com
APAP, ja que existe somente uma substancia considerada antidoto, a N-acetil-

cisteina (NAC) (Kozer e Koren, 2001). Um agente que apresenta efeitos
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antioxidantes bem documentados frente a uma intoxicagdo por APAP (James,
Mccullough et al., 2003), por funcionar como uma precursora e substituinte de GSH
(Buckpitt, Rollins et al., 1979). Baseado em estudos clinicos, sabe-se que a eficacia
da NAC é relacionada com sua administracdo 0 quanto antes possivel apds a
overdose de APAP (Rumack e Matthew, 1975; Smilkstein, Douglas et al., 1994). O
uso da NAC também ndo mostra-se efetivo em todas as situagfes de overdose por
APAP (Grewal e Racz, 1993), assim, estudos envolvendo novas estratégias de
tratamento e também adjuvantes ao tratamento com NAC apresentam grande
importancia na intoxicagdo por APAP e outros agentes hepatotoxicos.

O figado € o Unico 6rgdo capaz de converter amfnia em uréia atraves de
reacoes do ciclo da ureia. Estando esse o6rgdo com o seu funcionamento
comprometido, devido ao dano causado por uma alta dose de APAP, ocorre o
acumulo de aménia no organismo. A aménia possui a capacidade de atravessar a
barreira hemato-encefélica (BHE) atingindo o cérebro e desenvolvendo uma
condicdo chamada de encefalopatia hepatica (EH) (Diaz-Munoz e Tapia, 1989)
(Felipo e Butterworth, 2002).

A EH é caracterizada como uma sindrome multifatorial em que o sistema
nervoso central fica comprometido devido as consequéncias metabdlicas de uma
doenca no figado (Panatto, Jeremias et al., 2011). Atualmente esta descrito o
envolvimento de alterac6es mitocondriais, estresse oxidativo (Rama Rao, Jayakumar
et al., 2003) (Ritter, Da Cunha et al., 2006) e acumulo de glutamina vinda da aménia
(Takahashi, Koehler et al., 1991; Hawkins, Jessy et al., 1993) no mecanismo da EH.
Além disso, 0 acumulo de amobnia no cérebro podem levar ao inchaco da
mitocondria e inducdo da abetura do porto de transicdo mitocondrial (MPT, do inglés
mitochondrial permeability transition) (Zieminska, Dolinska et al., 2000).

A mitocondria tem um papel fundamental no funcionamento das células
dependentes do metabolismo aerdbio, ja que é a organela responsavel pela
producdo de energia, através da sintese de ATP, pelo metabolismo intermediario e
também por participar na morte celular, por ativar as vias de apoptose apés a
liberacdo do citocromo c. Essa organela € constituida por duas membranas, a
membrana externa e a membrana interna, sendo a primeira menos seletiva que a
outra, e entre ambas € determinado o espago intermembrana. A membrana interna
formada por pregas que se expandem na matriz mitocondrial, denominadas de

cristas mitocondriais. A maquinaria molecular para a producdo energética é
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constituida por enzimas que se encontram na matriz mitocondrial e por proteinas
organizadas na membrana mitocondrial interna ou complexos proteicos que formam
a chamada cadeia transportadora de elétrons.

O estresse oxidativo pode ser definido como um disturbio entre o balanco pro-
oxidante/antioxidante em favor da situacdo pro-oxidante, levando a um dano
oxidativo que compromete a resposta redox celular. Esta situacdo pode ser
resultado de uma diminuicdo dos sistemas antioxidantes ou aumento da producao
de espécies reativas de oxigénio (ERO) e de nitrogénio (ERN) (Halliwell e
Gutteridge, 2007). Os radicais livres sdo moléculas que possuem um elétron
desemparelhado, tornando-se espécies eletrofilicas altamente reativas, que podem
reagir com componentes celulares importantes, como proteinas, DNA e lipideos
(Timbrell, 2000). As ERO e ERN mais relevantes e deletérias originadas nos
sistemas biolégicos incluem: o radical anion superéxido (Oy"), radical hidroxil (OH),
peréxido de hidrogénio (H,O,), 6xido nitrico ((NO) e o peroxinitrito (ONOO)
(Halliwell, 1999). Como mecanismo de protecdo ao estresse oxidativo e aos danos
promovidos por este processo no organismo, as células possuem sistemas de
defesa antioxidantes, tais como as enzimas superoxido dismutase (SOD), glutationa
peroxidase (GSH-Px), glutationa — S - transferase (GST), catalase (CAT). Distlrbios
nestes sistemas de defesa podem levar ao acimulo de ERO/ERN e acelerar o
desenvolvimento de danos nas células.

Os estudos sobre a toxicidade das ERO tém sido acompanhados por
pesquisas sobre o uso de antioxidantes, de moléculas com atividade neutralizante
de espécies reativas e até mesmo de moléculas que estimulem a producdo de
antioxidantes enddgenos. Esses estudos sdo importantes principalmente para o
tratamento de doencas nas quais 0 estresse oxidativo esta envolvido, sendo o
motivo pelo qual tais estudos hoje estdo em evidéncia na comunidade cientifica
(Halliwell, 2001) (Dodd, Dean et al., 2008) (Brambilla, Mancuso et al., 2008).

O tecido cerebral é altamente suscetivel aos efeitos do estresse oxidativo
devido ao seu alto consumo de oxigénio e, ainda, por possuir poucas defesas
antioxidantes, elevadas concentracdes de ferro livre e altas concentracdes de acidos
graxos insaturados, o que propicia a peroxidacao lipidica (Floyd, 1999). Estudo
prévio mostrou que ocorre uma diminuicdo de GSH apos uma overdose de APAP.
Sabe-se que a GSH apresenta um importante papel nas funcdes celulares e assim,

manter sua homeostase é essencial ao organismo. Diminuicdo nos niveis de GSH
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torna o tecido cerebral mais suscetivel a acdo do APAP e, consequentemente, do
seu metabdlito ativo (Bajt, Knight et al., 2004). O APAP possui a capacidade de
permear a BHE (Courad, Besse et al., 2001) e atingir diretamente o cérebro, estudos
demonstraram que a principal isoforma do CYP450 que metaboliza o APAP, o
CYP2E1, também esta presente no cérebro (Hansson, Tindberg et al.,, 1990;
Howard, Miksys et al., 2003), indicando que ocorre a formacdo do NAPQI
diretamente nesse o6rgdo. Assim, acredita-se que o NAPQI esteja depletando
diretamente a GSH cerebral e no caso de uma overdose, 0 metabdlito toxico causa
estresse oxidativo diretamente no cérebro, além dos danos causados pelo acumulo
de amoénia vinda do dano hepético.

O estresse oxidativo pode afetar diversas estruturas e componentes
funcionais da mitocéndria, incluindo o DNA mitocondrial, proteinas e membranas.
Isto pode resultar em peroxidacao lipidica e ligacdes danosas com proteinas, com
mudancas simultineas na taxa de respiracdo, sintese de ATP, fluidez e
permeabilidade da membrana e rompimento na homeostase do Ca®*, tudo isso pode
causar ativacdo da via da apoptose (Acuna, Escames et al., 2002). Essa organela é
alvo de ligagdo covalente entre suas proteinas e o NAPQI (Tirmenstein e Nelson,
1989; Pumford, Hinson et al., 1990; Gupta, Rogers et al., 1997; Pumford, Halmes et
al., 1997), esse fator pode ser um dos principais responsaveis pelas mudancas
estruturais vistas na célula (Placke, Ginsberg et al., 1987) e também pela inibicdo da
respiracdo mitocondrial (Meyers, Beierschmitt et al., 1988) apdés uma overdose de
APAP. Isto levara a disfuncédo mitocondrial que por sua vez desencadeara em mais
estresse oxidativo na mitocondria (Jaeschke, 1990; Tirmenstein e Nelson, 1990).
Esses fatores causardo um aumento na permeabilidade da membrana mitocondrial e
consequentemente ruptura da mesma, caracterizando a abertura do MPT.

O MPT consiste em um canal para anion voltagem dependente na membrana
mitocondrial externa, translocador de nucleotideo de adenina na membrana
mitocondrial interna e ciclofilina D na matriz (Figura 2) (Kim, He et al., 2003). O MPT
estd envolvido na patogénese do dano hepético induzido por APAP (Jaeschke,
Knight et al., 2003). Diferentes agentes e condigcbes podem iniciar a abertura do
MPT, incluindo o Ca®*, fosfato inorganico, pH alcalino e as EROS (Gunter e Pfeiffer,
1990). Acredita-se que o estresse oxidativo causado pelo NAPQI na mitocéndria
seja o responsavel pela inducéo da abertura do MPT (Masubuchi, Suda et al., 2005).

Além disso, o NAPQI tem a capacidade de oxidar o NADPH e os grupamentos tiois
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das proteinas da mitocéndria (Weis, Moore et al., 1990), se os grupamentos tidis das
proteinas sdo oxidados, consequentemente ocorrerd ligagdo cruzada entre essas
proteinas, mudando a conformacédo proteica e desencadeando a abertura do MPT
(Masubuchi, Suda et al., 2005).

oM

Figura 2 — Poro de transicdo mitocondrial. OM (membrana mitocondrial externa); IM (membrana
mitocondrial interna); VDAC (canal para anion voltagem dependente); ANT ( translocador de
nucleotideo de adenina); CypD (ciclofilina D); PBR (receptor benzodiazepinico periférico); HK

(hexoquinase); CK (creatina quinase).

A abertura do MPT compromete a integridade da membrana mitocondrial
interna, 0 que resulta em duas consequéncias principais (Armstrong, 2006).
Primeiro, a membrana mitocondrial interna torna-se permeavel a saida de protons,
dispersando o gradiente dos mesmos e desacoplando a fosforilacdo oxidativa.
Assim, a enzima responsavel pela sintese de ATP, a F;F,-ATPase torna-se
responsavel por hidrolisar ATP, com o objetivo de manter o potencial de membrana
mitocondrial (4¥), e a concentracdo intracelular de ATP diminui. A homeostase
metabdlica fica comprometida devido a ativacdo de fosfolipases, proteases e
nucleases o que induz a morte celular por necrose. E como segunda consequéncia,
a perda de seletividade da membrana mitocondrial interna deixa que a agua passe
livremente por ela, resultando em inchago da matriz mitocondrial e ruptura mecanica
da membrana mitocondrial externa. A ruptura da membrana mitocondrial externa
libera proteinas pré-apoptéticas, como por exemplo o citocromo ¢, uma proteina que
pertence ao espaco intermembranas e quando liberado para o citosol da células
ativa a cascata da apoptose. A relacdo da formacdo MPT também esta bem
estabelecida com a indugdo da morte celular (Armstrong, 2006).
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Esses estudos realizados relacionando a abertura do MPT com a patogénese
de uma overdose por APAP foram realizados em mitocondrias hepaticas. Por ndo
existirem estudos que mostrem como o APAP afeta o tecido cerebral, acredita-se
que o APAP é metabolizado diretamente no cérebro, formando NAPQI e gerando
estresse oxidativo diretamente nesse 6rgdo. Assim, o mecanismo pelo qual ocorra
dano cerebral seja semelhante ao que ocorre no tecido hepético, uma vez que o
cérebro apresenta grande quantidade de mitocondrias e que a disfuncdo
mitocondrial jA esta relacionada com a patogénese de varias doencas cerebrais
(Beal, 1992; Blass, 2001; 2002; Schurr, 2002; Land, Morgan-Hughes et al., 2004,
Beal, 2005; Lin e Beal, 2006).

O Selénio € um calcogénio do grupo 16 da tabela periddica descoberto em
1817, podendo apresentar-se sob quatro estados quimicos de oxidacdo: selenato
(Se*®), selenito (Se™), selénio elementar (Se°) e seleneto (Se?). Compartilha
propriedades quimicas e fisicas com o enxofre. Essa similaridade permite que o
selénio substitua ao enxofre, promovendo interacdes selénio-enxofre nos sistemas
biolégicos (Stadtman, 1980). O selénio é um elemento traco essencial, cuja
essencialidade nutricional foi demonstrada em 1957, em ratos (Schwartz e Foltz,
1957). Atualmente, sabe-se que baixos niveis de selénio podem levar a
predisposicdo para o desenvolvimento de algumas doencas, tais como cancer,
esclerose, doenca cardiovascular, cirrose e diabetes (Navarro-Alarcon e Lopez-
Martinez, 2000). Este calcogénio apresenta um grande numero de funcdes
biologicas, sendo a mais importante a de antioxidante, descoberta através de sua
participacdo no sitio ativo da enzima GSH-Px, em 1973 (Rotruck, Pope et al., 1973).
Sabe-se que as moléculas contendo selénio, como por exemplo o disseleneto de
difenila (PhSe),, podem ser melhores nucledfilos do que os antioxidantes classicos
(Arteel e Sies, 2001).

A partir da década de 30, os organocalcogénios tem sido alvo de interesse
para quimicos organicos em virtude da descoberta de aplicacbes sintéticas
(Comasseto, 1983), sendo importantes intermediarios e reagentes muito utilizados
na sintese organica (Paulmier, 1986) (Braga, et. al., 1996).

O interesse em pesquisas envolvendo compostos organicos de selénio tem-
se intensificado devido as suas diversas propriedades (Nogueira, Zeni et al., 2004),
em particular o (PhSe),, um composto altamente lipofilico e que apresenta diversas

propriedades farmacologicas. Este composto apresenta papel protetor em uma
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variedade de modelos experimentais associados a producdo exacerbada de radicais
livres (Rossato, Ketzer et al., 2002; Ghisleni, Porciuncula et al., 2003; Burger,
Fachinetto et al., 2004; Meotti, Stangherlin et al., 2004; Borges, Rocha et al., 2005).
Em modelo experimental de diabetes, o tratamento com (PhSe), reduziu
significativamente a hiperglicemia e a inducdo de estresse oxidativo em diferentes
tecidos de roedores (Barbosa, Rocha et al., 2006; Barbosa, Rocha et al., 2008).
Adicionalmente, este composto foi capaz atuar beneficamente em modelos
experimentais de inflamag&o e dor (Nogueira, Quinhones et al., 2003; Savegnago,
Trevisan et al., 2006; Savegnago, Pinto et al., 2007; Savegnago, Jesse et al., 2008),
e na inducéo de hepatotoxicidade em roedores (Borges, Borges et al., 2005; Borges,
Brandao et al., 2008; Wilhelm, Jesse et al., 2009). O (PhSe), também demonstrou
proteger as plaquetas humanas contra peroxidacdo lipidica induzida pelo
nitroprussiato de sédio, um doador de 6xido nitrico, e reativou a atividade da GSH-
Px nestas células (Posser, Moretto et al., 2006). Além de apresentar efeito anti-
ulcerogénico (Savegnago, Trevisan et al., 2006; Ineu, Pereira et al.,, 2008) e
neuroprotetor (Ghisleni, Porciuncula et al., 2003). Outra caracteristica importante
desse composto é que ele mostrou-se menos téxico que o ebselen (Meotti,
Stangherlin et al., 2004). Entretanto, ndo existem estudos na literatura mostrando o
potencial protetor do (PhSe), em mitocondrias cerebrais, apenas um estudo
relacionando a toxicidade do (PhSe), em mitocondrias, porém é um trabalho
realizado in vitro e em doses maiores que as usadas nesse estudo (Puntel, Roos et
al., 2010).

Tendo em vista o grande nimero de casos de intoxicacdo por APAP e o fato
de ndo existirem terapias alternativas e efetivas para o uso da NAC, este estudo tem
por objetivo reverter o dano oxidativo cerebral e mitocondrial induzido por um dose

hepatotdxica de paracetamol utilizando o composto de selénio (PhSe)s.
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2 OBJETIVOS

2.1 Objetivo geral
Avaliar a possivel reversdo do estresse oxidativo e do dano mitocondrial
cerebral causado por uma dose toxica de paracetamol em camundongos, através da

utilizacao do disseleneto de difenila.

2.2 Objetivos especificos

e Avaliar o efeito do (PhSe), sobre os marcadores de estresse oxidativo no
tecido cerebral.

e Avaliar o efeito do (PhSe), sobre a atividade de enzimas antioxidantes no
tecido cerebral.

e Avaliar o efeito do (PhSe), sobre a viabilidade celular do tecido cerebral.

e Avaliar os parametros de funcionalidade mitocondrial: potencial de membrana
mitocondrial, inchaco mitocondrial e producdo de espécies reativas de

oxigénio.
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3 DESENVOLVIMENTO

O desenvolvimento que faz parte desta dissertacdo esta apresentado sob a
forma de artigo cientifico. Os itens Materiais e Métodos, Resultados, Discussao dos
Resultados e Referéncias Bibliograficas, encontram-se no proprio artigo. O artigo
encontra-se na formatacdo de publicacdo da revista cientifica Neurotoxicity

Research.
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Abstract Organoselenium compounds exhibit antioxi-
dant activity, as well as a variety of biological activities,
with potential pharmacological and therapeutic applica-
tions. The aim of this study was to investigate the effect of
diphenyl diselenide (PhSe), in reversing oxidative brain
damage and mitochondrial dysfunction caused by admin-
istration of acetaminophen (APAP) in mice. Mice received
a toxic dose of APAP, followed by a dose of (PhSe), 1 h
later. Four hours after the administration of APAP, plasma
was withdrawn from the mice and used for biochemical
assays of aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) as markers of hepatotoxicity.
Brain homogenate was examined to determine oxidative
stress. Isolated brain mitochondria were examined to
quantify mitochondrial transmembrane’s electrical poten-
tial and mitochondrial swelling and to estimate reactive
oxygen species (ROS) production. APAP administration
caused an increase in plasma ALT and AST activities.
APAP administration also caused a significant increase in
the levels of thiobarbituric acid reactive substances

(TBARS) and dichlorofluorescein oxidation in brain
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homogenate. Similarly, mitochondrial swelling and ROS
production increased after APAP administration. APAP
treatment also caused a decrease in Na™ , K™ - ATPase
activity and in mitochondrial membrane potential. These
alterations observed in the brain of APAP-treated mice
were restored by (PhSe),. Glutathione levels were
decreased by APAP, but (PhSe), did not reverse this
change. Treatment with (PhSe), after APAP administration
can reverse the neurotoxicity caused by a single toxic dose
of APAP. The neuroprotective effect of (PhSe), is likely
associated with its antioxidant properties.

Keywords Brain - Oxidative stress - Mitochondrial
dysfunction - Organoselenium compounds -
Acetaminophen - Liver damage

Introduction

Acetaminophen [N-acetyl-p-aminophenol (APAP)] is an
analgesic and antipyretic agent that is widely used in
humans and animals (Dargan and Jones 2002). APAP is
used alone and in combination with other drugs for its
analgesic and antipyretic properties (Sheen et al. 2002). An
overdose of APAP (suicidal or accidental) can cause acute
liver failure.

Under normal conditions, APAP is metabolized into the
reactive intermediate  N-acetyl-p-benzoquinonimine
(NAPQI), which is normally detoxified by glutathione
(GSH). In an APAP overdose, GSH is depleted by the
NAPQI detoxification process, and the excess NAPQI
causes oxidative stress (Cohen et al. 1998; Bessems and
Vermeulen 2001), which leads to a disruption in normal
liver functions, one of which is to detoxify ammonia. The
accumulation of ammonia can be very toxic to the brain,
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leading to the development of a condition called hepatic
encephalopathy (Diaz-Munoz and Tapia 1989). Moreover,
the formation of reactive oxygen species (ROS) from the
liver affects the antioxidant capacity of the whole organ-
ism. These processes are particularly destructive for the
brain, since brain tissue is not highly enriched in antioxi-
dant protective defenses (Floyd 1999).

Brain tissue is highly susceptible to oxidative stress
owing to its high content of unsaturated fatty acids, high
oxygen consumption, and poorly developed oxidative
defense mechanisms (Floyd 1999). A previous study
revealed a significant decrease in cerebral GSH levels after
an APAP overdose in rats. GSH plays an important role in
cellular functions, and the maintenance of GSH homeo-
stasis is essential for the organism. GSH reduction makes
brain tissue more susceptible to the action of APAP and its
toxic metabolites.

Oxidative damage can affect several structural and
functional components of mitochondria, including mito-
chondrial DNA (mtDNA), proteins and membranes. This
can result in progressive lipid peroxidation and crosslink-
ing damage in proteins, with simultaneous changes in the
respiration rate, ATP synthesis, membrane fluidity and
permeability, and Ca®* homeostasis. all of which activate
apoptosis (Acuna et al. 2002). Since Hunter et al. (1976)
first characterized the mitochondrial permeability transition
(MPT), its formation has been implicated as a key mech-
anism underlying cell death (Armstrong 2006). The open-
ing of high-conductance permeability transition (PT) pores
in the mitochondrial inner membrane initiates the MPT.
Many agents and conditions are promoters of MPT,
including Ca®t | inorganic phosphate, an alkaline pH, and
ROS (Gunter and Pfeiffer 1990). MPT leads to mitochon-
drial depolarization, uncoupling of oxidative phosphory-
lation, and large amplitude swelling, which, in turn, can
lead to ATP depletion and cell death (Jaeschke 1990).

In the last decade, the interest in selenium compounds
has intensified, because a variety of these compounds have
pharmacological properties (Nogueira et al. 2004). In par-
ticular, diphenyl diselenide (PhSe),, the simplest of the
diaryl diselenides and a lipophilic organic compound of
selenium, has pharmacological properties,
including antiulcerogenic (Savegnago et al. 2006; Ineu
et al. 2008), anti-inflammatory (Savegnago et al. 2007),
neuroprotective (Ghisleni et al. 2003), and hepatoprotec-
tive (Wilhelm et al. 2009) activities. Moreover, (PhSe), has
antioxidant properties in a variety of in vitro and in vivo
models of oxidative stress (Rossato et al. 2002; Prigol et al.

numerous

2009; Luchese et al. 2009). Of particular therapeutic sig-
nificance, (PhSe), exhibits improved antioxidant effects
and fewer toxic properties in rodents than ebselen (Meotti
et al. 2004), which has been used with borderline efficacy
in clinical trials (Saito et al. 1998). However, to the best of

our knowledge, data demonstrating the potential protective
effect of (PhSe)> on cerebral mitochondria are lacking in
the literature. There is one study (Puntel et al. 2010)
showing the toxicity of (PhSe), on liver mitochondria, but
this study was conducted ex vivo and in doses different
than those that we used in this study.

Therefore, we investigated if (PhSe), could reverse the
oxidative damage and mitochondrial dysfunction in the
brains of mice caused by a neurotoxic dose of APAP.

Materials and Methods
Chemicals

(PhSe), was prepared according to the literature method
according to Paulmier (1986) and was dissolved in canola
oil. Analysis of the |H NMR and 13C NMR spectra showed
that (PhSe), presented analytical and spectroscopic data in
full agreement with its assigned structure. The chemical
purity of (PhSe), (99.9%) was determined by GC/HPLC.

Thiobarbituric acid (TBA), 2'-7'-dichlorofluorescein
(DCF), trichloroacetic acid (TCA) and nucleotides were
purchased from Sigma Chemical Co. (St. Louis, MO). All
other chemicals were of analytical grade and obtained from
standard commercial suppliers.

Animals

Male swiss albino mice were from our breeding colony,
and weighing between 25 and 35 g. The animals were kept
in a separate animal room, on a 12-h light/dark cycle, at a
room temperature of 22 + 2°C and with free access to food
and water. The animals were used according to the
guidelines of the Committee on Care and Use of Experi-
mental Animal Resources of the Federal University of
Santa Maria, Brazil.

Experimental Procedure

The animals were randomly divided into four groups:
(I) control; (II) (PhSe);: (1l1) APAP: and (1V) APAP +
(PhSe),. Mice of groups 11l and 1V were injected intraperi-
toneally (i.p.) with a single dose of APAP (600 mg/kg body
weight dissolved in warm buffered saline, 20 ml/kg (Chan
et al. 2001). One hour later, animals of groups 11 and IV were
injected i.p. with (PhSe)> (15.6 mg/kg, i.p. dissolved in
canola oil, 2.5 ml/kg) (Rosa et al. 2007). Animals of group 1
received only vehicle i.p. (saline and canola oil).

Four hours after administration of APAP or saline, mice
were euthanized and the brain of animals was removed,
dissected. The samples of brain were homogenized in
50 mM Tris-HCI, pH 7.4 (1/10, w/v), centrifuged at

@ Springer
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3.000xg for 10 min to yield the low-speed supernatant
fractions that were used for ditferent biochemical assays in
all trials. Blood was collected in order to perform AST/
ALT analysis.

Mitochondrial Isolation

Brain mitochondria were isolated as previously described
by Bhattacharya et al. (1991), with some modifications.
The brain was rapidly removed and immersed in ice-cold
isolation buffer I (100 mM sucrose, 10 mM EDTA,
100 mM Tris-HCI, 46 mM KC1, at pH 7.4). The tissue was
then homogenized, and the resulting suspension was
centrifuged for 3 min at 2,000xg in a Hitachi CR21E
centrifuge. After centrifugation, the supernatant was
recentrifuged for 10 min at 12,000xg. The pellet was
resuspended in isolation buffer 11 (100 mM sucrose,
10 mM EDTA, 100 mM Tris—=HCI, 46 mM KCl, and 0.5%
bovine serum albumin (BSA) free of fatty acids, at pH 7.4)
and recentrifuged at 12,000 g tor 10 min. The supernatant
was decanted, and the final pellet was gently washed and
resuspended in 125 pl of isolation buffer 111 (270 mM
mannitol, 70 mM sucrose, 0.02 mM EDTA, 20 mM Tris—
HCI, I mM K2HPO4, at pH 74).

ALT and AST Serum Determination

Plasma enzymes aspartate (AST) and alanine aminotrans-
ferases (ALT) activities were used as biochemical markers
for the early acute hepatic damage. Transaminases were
determined by the colorimetric method of Reitman and
Frankel (1957).

Thiobarbituric Acid Reactive Substance (TBARS)
Level Determination

Lipid peroxidation was estimated by measuring TBARS
and expressed in terms of malondialdehyde (MDA) con-
tent, according to the method of Ohkawa et al. (1979). In
this method, MDA, an end product of fatty acid peroxi-
dation, reacts with TBA to form a colored complex. In
Brief, the supernatant fraction of brain was incubated at
100°C for 60 min in acid medium containing 8.1% sodium
dodecyl sulfate, 0.5 ml of acetic acid buffer (500 mM, pH
34) and 0.6% TBA. TBARS levels were measured at
532 nm, and the absorbance was compared with the stan-
dard curve using malondialdehyde.

Oxidized Diclorofluoresceine (DCFH) Levels
Determination in Brain Homogenate

2'-7'-Dichlorofluorescein (DCFH) levels were determined
as an index of the peroxide production by the cellular

‘a Springer

components. This experimental method of analysis is based
on the deacetylation of the probe DCFH-DA, and its sub-
sequent oxidation by reactive species to DCFH, a highly
fluorescent compound (Halliwell and Gutteridge 2007).

The supernatant fractions of brain homogenate were added

to a medium containing Tris-HCI buffer (10 mM: pH 7.4)
and DCFH-DA (1 mM). After DCFH-DA addition, the
medium was incubated in the dark for 1 h until the start of
fluorescence measurement procedure (excitation at 488 nm
and emission at 525 nm, and both slit widths used were at
1.5 nm). DCFH oxidation was determined using a standard
curve of DCF and results were corrected by the protein
content.

Superoxide Dismutase (SOD) Activity

The SOD enzyme activity was determined in brain
according to the method proposed by Misra and Fridovich
(1972). This method is based on the capacity of SOD in
inhibiting autoxidation of adrenaline to adrenochrome. In
Brief, the supernatant fraction (100 pl) was added to a
medium containing sodium bicarbonate—carbonate buffer
(50 mM; pH 10.2) and adrenaline (0.4 mM). The kinetic
analysis of SOD was started after adrenaline addition, and
the color reaction was measured at 480 nm.

Sodium Potassium (Na™ , KT -ATPase) Activity

The cerebral (Na™ , KT -ATPase) activity was determined
according to the method proposed by Musbeck (1997) with
some modifications. In Brief, 20 pl supernatant fraction of
brain homogenate was added to a reaction medium con-
taining NaCl (125 mM), MgCl, (3.0 mM), KCI (20 mM),
and Tris—HCI buffer (50 mM. pH 7.4), with or without
ouabain (5 mM). The method for ATPase activity mea-
surement was based on the determination of the inorganic
phosphate (Pi) released to the reaction medium by the
hydrolysis of the ATP according to the method proposed
by Atkinson et al. (1973). The reaction was initiated with
the addition of the substrate ATP (1.5 mM) to the reaction
medium, and was finished by the addition of the color
reagent (1 ml) containing ammonium molybdate (2%) tri-
ton-100X (5%), and H,SO4 1.8 M (10%) after 15 min of
incubation at 37°C. The formed molybdate-Pi complexes
were measured spectrophotometrically at 405 nm. The
values were calculated in relation to a standard curve
constructed with Pi at known concentration sand also
corrected by the protein content.

Methyl-Tetrazolium (MTT) Reduction Levels

MTT reduction levels were determined as an index of the
dehydrogenase enzymes functions, which are involved in
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the cellular viability (Bernas and Dobrucki 2002). 100 pl
of supernatant fraction of brain homogenate was added to a
medium containing 0.5 mg/ml of MTT and were incubated
in the dark for I h at 37°C. The MTT reduction reaction
was stopped by the addition of 1 ml of dimethylsulfoxide
(DMSO). The formed formazan levels were determined
spectrophotometrically at 570 nm and the results were
corrected by the protein content (Mosmann 1983).

GSH Levels

The level of total GSH was measured by the fluorimetric
method of Hissin and Hilf (1976). This method is based on
the principle that GSH reacts specifically with opthalde-
hyde (OPT) at pH 8 resulting in the formation of a highly
fluorescent product which is activated at 350 nm with an
emission at 420 nm. Results were expressed as nmol of
GSH/mg protein.

Measurements of Mitochondrial Membrane Potential
(AY)

Mitochondrial was estimated by fluorescence changes in
safranine (3 pM) recorded using RF-5301 Shimadzu
spectrofluorometer (Kyoto, Japan) operating at excitation
and emission wavelengths of 495 and 535 nm, respectively
with slit widths of 1.5 nm (Guo et al. 1998), using samples
of 0.5 mg/ml of protein. AY is presented as arbitrary
fluorescence units per second (AFU/s).

Mitochondrial Swelling
Measurement of mitochondrial swelling was performed in

a RF-5301 Shimadzu spectrofluorometer at 600 nm [slit
1.5 nm for excitation and emission (Votyakova and
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Fig. 1 Effects of treatment with APAP and (PhSe), on the ALT
(a) and AST (b) activity in serum of mice. Data are expressed as
means = SEM, (n = 4-5). ALT/ AST activities are expressed as

Reynolds 2005)] using samples of 0.12 mg/ml of protein.
Data for mitochondrial swelling are expressed as arbitrary
absorbance units per second (AAU/s).

Estimation of ROS Production in Mitochondria

The mitochondrial generation of ROS was determined
spectrofluorimetrically, using the membrane permeable
fluorescent dye H2-DCFDA (Garcia-Ruiz et al. 1997)
(1 uM). Fluorescence was determined at 488 nm for
excitation and 525 nm for emission, with slit widths of
3 nm, using buffer 111 as incubation medium.

Protein Determination

The protein content was determined according to Bradford
(1976) using bovine serum albumin (BSA) as standard.

Statistical Analysis

Statistical analysis was performed using GraphPad (version
5.0 for Macintosh OSX, GraphPad Software, San Diego,
CA). Significance was assessed by one-way analysis of
variance (ANOVA), followed by Newman-Keuls's Test
for post-hoc comparison. Values of P < 0.05 were con-
sidered statistically significant.

Results
ALT and AST Activities
Acute exposure to 600 mg/kg of APAP caused a significant

increase (P < 0.05) in ALT and AST activities compared
with the control group (Fig. 1). Treatment with (PhSe),
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U.I/L. * Denotes P < (.05 as compared with the control group.
# Denotes P < 0.05 as compared with the APAP group
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after administration of APAP caused a significant decrease
in ALT (Fig. la) and AST (Fig. Ib) activities compared
with the APAP group.

Cerebral Thiobarbituric Acid Reactive Substance
(TBARS) Levels

APAP administration caused a significant increase in
TBARS compared with the group (Fig. 2;
P < 0.05). Moreover, statistical analysis demonstrated that
the group treated with APAP followed by (PhSe), had a
significant decrease in TBARS levels in brain compared
with the APAP group (Fig. 2; P < 0.05).

control

Diclorofluoresceine (DCFH) Oxidation Levels in Brain
Homogenate

APAP treatment caused a significant increase in DCFH
oxidation in brain homogenates compared with the control
group (Fig. 3: P < 0.05). (PhSe), treatment partially
blunted the increase in DCFH oxidation caused by APAP
exposure, but the oxidation levels were not significantly
different from the APAP or control groups.

Superoxide Dismutase (SOD) Activity

APAP caused a significant increase (P < 0.05) in the SOD
activity compared to the control group. (PhSe), treatment
blunted the stimulation of SOD activity caused by APAP
(Fig. 4, P < 0.05).
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Fig. 2 Effects of treatment with APAP and (PhSe); on TBARS in
brain of mice. Data are expressed as means + SEM, (n = 4-5).
TBARS levels are expressed as nmol of MDA/mg protein. * Denotes
P < 0.05 as compared with the control group. # Denotes P < 0.05 as
compared with the APAP group
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Nat , Kt -ATPase Activity

As shown in Fig. 5, there was a significant reduction
(P < 0.05) in the Na* , K* -ATPase activity in the brain
of APAP-treated animals compared with the control group.
In the group treated with APAP and (PhSe),, the Na™ |
K™ -ATPase activity was higher than those in control and
APAP groups (Fig. 5: P < 0.05).

15

umol DCF/mg Prot

Fig. 3 Effects of treatment with APAP and (PhSe), on reactive
species (ROS) production (DCFH-DA) in brain of mice. Data are
expressed as means = SEM, (n = 4-5). Data of ROS levels are
presented as pmol of DCF/mg protein. * Denotes P < 0.05 as
compared with the control group
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Fig. 4 Effects of treatment with APAP and (PhSe)- on on the activity
of superoxide dismutase (SOD) in brain of mice. Data are expressed
as means + SEM, (n = 4-5). SOD activities are expressed as U.L
SOD/mg protein. * Denotes P < (.05 as compared with the control
group. # Denotes P < 0.05 as compared with the APAP group
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MTT Reduction Levels

The APAP group exhibited a significant decrease in brain
cell viability compared with the control group (Fig. 6:
P < 0.05). (PhSe), treatment blunted this decrease in cell
viability caused by APAP compared with the control
group.

GSH Levels

APAP administration caused a significant reduction in
brain GSH levels compared with the control group, which
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Fig. 5 Effects of treatment with APAP and (PhSe) on the activity of
the Na' , K" - ATPase in brain of mice. Data are expressed as
means = SEM, (n=4-5). Na', K'-ATPase activities are
expressed as nmol Pi/min/mg protein. * Denotes P < 0.05 as
compared with the control group. # Denotes P < (.05 as compared
with the APAP group

150 #

MTT Reduction (% of Control)

Fig. 6 Effects of treatment with APAP and (PhSe), on cell viability
in brain of mice. Data are expressed as means + SEM, (n = 4-5).
MTT reduction are expressed as percentage of control. * Denotes
P < (.05 as compared with the control group. # Denotes P < 0.05 as
compared with the APAP group

was not modified by treatment with (PhSe), (Fig. 7:
P < 0.05).

Mitochondrial Membrane Potential Determination
(AW)

Acute exposure to APAP caused a significant decrease in
mitochondrial membrane potential compared with the
control group, (PhSe), treatment after APAP exposure
returned the mitochondrial membrane potential that of to
control levels (Fig. 8: P < 0.05).
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Fig. 7 Effects of treatment with APAP and (PhSe), on the GSH
levels in brain of mice. Data are expressed as means £+ SEM,
(n = 4-5). GSH level are expressed as nmol GSH/mg protein. *
Denotes P < (.05 as compared with the control group
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Fig. 8 Effects of treatment with APAP and (PhSe); on AW in
isolated mice brain mitochondria. Data are expressed as mean-
s £ SEM, (n = 5). Results are expressed as arbitrary fluorescence
intensity (A.F.L). * Denotes P < 0.05 as compared with the control
group. # Denotes P < (.05 as compared with the APAP group
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Mitochondrial Swelling

Acute exposure to APAP caused a significant increase in
mitochondrial swelling compared with the control group
(Fig. 9: P < 0.05). Moreover, (PhSe); treatment was
effective in reducing the mitochondrial swelling to control
levels (P < 0.05).

Production of ROS in Mitochondria

APAP administration induced a significant increase in
DFCH oxidation compared with the control group. This
effect was significantly reduced by (PhSe), treatment
(Fig. 10; P < 0.05).
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Fig. 9 Effects of treatment with APAP and (PhSe): on mitochondrial
swelling in isolated mice brain mitochondria. Data are expressed as
means = SEM, (n = 5). Results are expressed as percentage of
control.* Denotes P < 0.05 as compared with the control group.
# Denotes P < (.05 as compared with the APAP group
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Fig. 10 Effects of treatment with APAP and (PhSe); on reactive
oxygen species production on isolated mice brain mitochondria. Data
are expressed as means £ SEM, (n = 5). Results are expressed as
percentage of control.* Denotes p < 0.05 as compared with the
control group. # Denotes p < 0.05 as compared with the APAP group
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Discussion

Acute exposure to APAP caused marked neurotoxicity in
mice and this was associated with changes in mitochondrial
functioning and with general oxidative stress. Based on the
present results, we suppose that the primary effect of APAP
was elevated AST and ALT activities, which is in accor-
dance with a previous report by Fakurazi et al. (2008). The
APAP-induced liver damage produces oxidative stress,
which affects oxidative balance in the whole organism,
including brain tissue, making it more susceptible to oxi-
dative damage. Studies show that APAP can cross the
blood—brain barrier (Courad et al. 2001), and we believe
that it can be metabolized directly in brain tissue. This
hypothesis is supported by several studies (Hansson et al.
1990; Howard et al. 2003) that indicate that rats have an
isoform for cytochrome P450 (CYP2EI) responsible for
metabolizing APAP into NAPQIL Thus, we believe that
after an overdose of APAP, it is distributed to the brain and
metabolized directly in the brain, increasing local con-
centrations of NAPQI.

The increase in lipid peroxidation (Fig. 2) in the brains
of the APAP group is in agreement with the findings of
other studies (Nencini et al. 2007). The results presented in
this article are in agreement with the in vitro antioxidant
properties of (PhSe), against lipid peroxidation in brain
tissue (Rossato et al. 2002; Ghisleni et al. 2003). Accord-
ingly, our data demonstrated a significant in vivo effect of
(PhSe), in reversing cerebral oxidative stress and signifi-
cantly decreasing the lipid peroxidation and the oxidation
of DCFH (Fig. 3) caused by APAP administration. The
treatment with (PhSe), 1 h after APAP administration
caused a reduction in free radical levels, but this reduction
did not show a significant difference from the APAP group.

APAP administration caused a significant increase in
SOD activity (Fig. 4). which could indicate an excessive
production of reactive species. This could be the brain’s
attempt to reduce the ROS formed by the excess APAP.
The administration of (PhSe), after APAP reduces SOD
levels to the levels of the control group, likely by
decreasing O2- production. The exact mechanism of
increased SOD activity is unknown, but it may be an
adaptive response to excessive oxidative stress (de Freitas
et al. 2009) caused by APAP. (PhSe), could also have
caused a decrease in SOD indirectly via its reduction of
oxidative stress. In Addition, in view of the fact that the
activity of CAT was unchanged by (PhSe)» treatment (data
not shown), the isolated increase in SOD may reflect fur-
ther enhancement in oxidative stress via increased H,O,
formation.

Membrane lipid peroxidation (Mattson 1998) can alter
neurotransmitter homeostasis, ion channel activities, and
the function of ATPases. Na™ , K™ -ATPase is responsible
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for the active transport of sodium and potassium ions in the
nervous system. which regulates the cellular Na™ and
K" concentrations and their respective gradients across the
plasma membrane (Doucet 1988). Therefore, a reduction in
the activity of this enzyme may affect neural activity. We
tound a decrease in the activity of Na™, K* -ATPase in
the APAP group. In fact, this enzyme consumes the
greatest part (30-60%) of available ATP in the brain
(Bertorello 1995), and the production of ATP in the brain
mitochondria of APAP-treated mice may be committed to
this function. In addition, thiol groups of this enzyme are
highly susceptible to oxidative stress (Yufu et al. 1993),
and APAP causes oxidative stress in the brain (Nencini
et al. 2007), resulting in the loss of Na™, K™ -ATPase
catalytic activity. Other studies have demonstrated that
lipid peroxidation and free radicals can lead to inhibition of
this enzyme activity in rat brain (Viani et al. 1991; Lees
1993). Accordingly, the present data indicate that (PhSe),
prevented lipid peroxidation associated with an increase in
tree radicals, thereby maintaining the structural integrity of
the cell membrane and, as a result, abolishing the inhibition
of Na™ , K* -ATPase caused by APAP.

Excess NAPQI, which cannot be detoxified by conju-
gation, can bind to cellular proteins, impair mitochondrial
respiration (Meyers et al. 1988), open the MTP pore
(Masubuchi et al. 2005), and increase oxidative stress (Bajt
et al. 2004). GSH levels can be monitored as a non-specific
indicator of cellular toxicity, because a decrease in GSH is
indicative of an increased potential for cellular injury. In
this study, we observed that GSH levels decreased in the

Scheme 1 Effects of NAPQI
and (PhSe), in cell and
mitochondria

...:z....
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brain of APAP-treated mice, but treatment with (PhSe), did
not reverse the GSH levels to those of the control group,
possibly because (PhSe), did not prevent NAPQI formation
trom APAP.

APAP caused mitochondrial dysfunction, demonstrated
by a decrease in membrane potential (Fig. 8), an increase
in mitochondrial swelling (Fig. 9), and an increase in ROS
production (Fig. 10). These changes may be due to the
induction of MPT by oxidative stress caused by the toxic
metabolite of APAP (Kim et al. 2003). Mitochondrial
protein binding may be responsible for the inhibition of
mitochondrial respiration after an APAP overdose (Meyers
et al. 1988), which can induce mitochondrial dysfunction
and cause mitochondrial oxidative stress and ATP deple-
tion (Jaeschke 1990; Tirmenstein and Nelson 1990). ATP
depletion may occur in the brain mitochondria of APAP-
treated mice. Further, aggravated by the induction of MPT
in mitochondria, acute liver failure can cause accumulation
of ammonia in the brain as demonstrated in a study of rat
brains, (Panatto et al. 2011) which found a decrease in
complexes | and IV of respiratory chain. We believe that
this effect on the mitochondrial respiratory chain can
aggravate oxidative stress caused by APAP. Moreover,
ammonia can cause a decrease in membrane potential and a
consequent induction of MPT in the brain, as shown in a
study that administered ammonia directly to a culture of
astrocytes (Alvarez et al. 2011) This could explain the
decrease in cell viability in the group treated with APAP,
since previous studies (Kim et al. 2003; Kon et al. 2004;

Masubuchi et al. 2005) showed that mitochondrial

LAl
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dysfunction, MPT formation, decrease in mitochondrial
respiration, and decrease in ATP synthesis cause cellular
apoptosis. There are no studies in the literature showing
how reverses mitochondrial dysfunction, and only one
article (Puntel et al. 2010), until now, discussed (PhSe),
and mitochondria, but its aim was to evaluate toxicity in
mitochondria. We suggest that the mechanism of (PhSe),
reversal of mitochondrial dysfunctions (PhSe) is by its
antioxidant properties. As shown earlier, (PhSe), reverses
lipid peroxidation (Fig.2) and ROS generation (Fig. 3)
and, consequently, oxidative stress. In short, we believe
that (PhSe)» protects the membrane protein of the mito-
chondrial membrane against attack by ROS, and this
reversed every type of mitochondrial dysfunction seen in
the APAP group. Other studies should be undertaken to
further define the mechanism by which (PhSe), reverses
mitochondrial damage.

An earlier study conducted in vivo, which used the same
dose of APAP as our study showed that NAPQI does not
bind to protein in the brain. However, this study was
realized only in the cytosolic fraction and not in mito-
chondria (Bulera et al. 1996) as we studied here. Therefore,
we believe that NAPQI may bind to brain mitochondrial
protein, similar to what occurs in the liver (Bulera et al.
1996), though more studies are needed to identify the exact
mechanism by which APAP causes toxicity in brain
mitochondria.

Scheme 1 shows the mechanism of action of APAP and
(PhSe), in cells. A toxic dose of APAP caused a decrease
in GSH levels by NAPQI and an increase in ROS forma-
tion. In cytoplasm, ROS inhibits Na™, K -ATPase
activity and induces lipid peroxidation, which further
inhibits Nat , K™ -ATPase. In mitochondria, an increase in
02 occurs, which can cross the mitochondrial membrane
through transition pores and inhibit Na* | K* -ATPase. An
increase in H,O» 1s also seen, which can be formed from a
hydroxyl radical via the fenton reaction and a peroxynitrite
radical. These two radicals can cause lipid peroxidation in
the mitochondrial membrane. The mechanism of action of
(PhSe), is to inhibit ROS formation and lipid peroxidation
in both the mitochondria and cytoplasm.

As expected, an intraperitoneal dose of APAP caused
significant hepatotoxicity and oxidative damage in the brain.
Previous studies demonstrated that the oxidative stress
eventually affects mitochondrial function, decreases ATP
production, and alters mitochondrial permeability. Treat-
ment with (PhSe), reversed the oxidative damage and
mitochondrial dysfunction induced by APAP in the brains of
mice. In conclusion, treatment with (PhSe), 1 h after an
overdose of APAP caused areversal of levels of free radicals
and normalized antioxidant and mitochondrial functions in
the brain. Theretfore, (PhSe) is an important agent for future
studies in the treatment of poisoning with APAP.
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4 CONCLUSAO

A administracdo de uma dose toxica de APAP causou hepatotoxicidade, como
relatam outros estudos, desenvolvendo estresse oxidativo e afetando o tecido
cerebral. O aumento da atividade das enzimas ALT e AST confirmou que a dose
usada de APAP causou dano hepatico aos animais. O APAP causou aumento nos
marcadores de dano oxidativo no cérebro, aumento da atividade da enzima SOD e
inibicdo na atividade da enzima Na*-K*-ATPase. O tratamento com (PhSe), foi capaz
de reverter as alteracOes causadas pelo APAP no tecido cerebral. A formacéo do
NAPQI apos a dose de APAP foi vista através da diminuicdo da GSH, o (PhSe), ndo
foi capaz de reverter esse parametro pois esse composto nao interfere na formacéao
do metabdlito do APAP. O APAP causou disfuncdo mitocondrial no cérebro dos
animais, sugerindo que possa ter ocorrido a abertura do MPT e o (PhSe),, devido a
sua atividade antioxidante, foi capaz de reverter esses paramentros. Portanto, o
(PhSe), mostrou-se capaz de reverter o estresse oxidativo e a disfuncdo mitocondrial

no tecido cerebral devido, principalmente, a sua capacidade antioxidante.
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5 PERSPECTIVAS

Tendo em vista os resultados obtidos neste trabalho, as perspectivas para

trabalhos posteriores sao:

Determinar o mecanismo pelo qual o (PhSe), foi capaz de reverter a
disfungdo mitocondrial causada pelo APAP.

e Verificar a ligagdo do NAPQI com proteinas da fracdo mitocondrial no tecido
cerebral.

e Realizar um estudo mostrando a distribuicdo no (PhSe), nas diferentes areas
do cérebro

e Adicionar NAC ao tratamento com o (PhSe), e realizar um estudo
comparativo entre os trabalhos



34

6 REFERENCIAS BIBLIOGRAFICAS

ACUNA, C. D. et al. Melatonin, mitochondrial homeostasis and mitochondrial-related
diseases. Current Topics in Medicinal Chemistry, v. 2, n. 2, p. 133-51, Feb 2002.

ANDERSSON, B. S. et al. N-acetyl-p-benzoquinone imine-induced changes in the
energy metabolism in hepatocytes. Chemico-Biological Interactions, v. 75, n. 2, p.
201-11, 1990.

ARMSTRONG, J. S. Mitochondria: a target for cancer therapy. British Journal of
Pharmacology, v. 147, n. 3, p. 239-48, Feb 2006.

ARTEEL, G. E.; SIES, H. The biochemistry of selenium and the glutathione system.
Environmental Toxicology and Pharmacology, v. 10, n. 4, p. 153-8, Sep 2001.

BAJT, M. L. et al. Acetaminophen-induced oxidant stress and cell injury in cultured
mouse hepatocytes: protection by N-acetyl cysteine. Toxicological Sciences, v. 80,
n. 2, p. 343-9, Aug 2004.

BARBOSA, N. B. et al. Dietary diphenyl diselenide reduces the STZ-induced toxicity.
Food Chemical Toxicology, v. 46, n. 1, p. 186-94, Jan 2008.

Diphenyl diselenide reduces temporarily hyperglycemia: possible
relationship with oxidative stress. Chemico-Biological Interactions, v. 163, n. 3, p.
230-8, Nov 7 2006.

BEAL, M. F. Does impairment of energy metabolism result in excitotoxic neuronal
death in neurodegenerative illnesses? Annals of Neurology, v. 31, n. 2, p. 119-30,
Feb 1992.

. Mitochondria take center stage in aging and neurodegeneration. Annals of
Neurology, v. 58, n. 4, p. 495-505, Oct 2005.

BERTOLINI, A. et al. Paracetamol: new vistas of an old drug. CNS Drug Reviews,
v. 12, n. 3-4, p. 250-75, Fall-Winter 2006.

BLASS, J. P. Brain metabolism and brain disease: is metabolic deficiency the
proximate cause of Alzheimer dementia? Journal of Neuroscience Research, v.
66, n. 5, p. 851-6, Dec 1 2001.

. Glucose/mitochondria in neurological conditions. International Review of
Neurobiology, v. 51, p. 325-76, 2002.



35

BORGES, L. P. et al. Protective effect of diphenyl diselenide on acute liver damage
induced by 2-nitropropane in rats. Toxicology, v. 210, n. 1, p. 1-8, May 15 2005.

. Oral administration of diphenyl diselenide protects against cadmium-induced
liver damage in rats. Chemico-Biological Interactions, v. 171, n. 1, p. 15-25, Jan
10 2008.

BORGES, V. C.; ROCHA, J. B.; NOGUEIRA, C. W. Effect of diphenyl diselenide,
diphenyl ditelluride and ebselen on cerebral Na(+), K(+)-ATPase activity in rats.
Toxicology, v. 215, n. 3, p. 191-7, Nov 15 2005.

BRAGA, A.L.; SILVEIRA, C.C.; ZENI, G.; SEVERO, W.A.; STEFANI, H.A. Synthesis
of selenocetais from enol ethers. Journal of Chemocal Research., pp. 206-207.
1996.

BRAMBILLA, D. et al. The role of antioxidant supplement in immune system,
neoplastic, and neurodegenerative disorders: a point of view for an assessment of
the risk/benefit profile. Nutrition Journal, v. 7, p. 29, 2008.

BUCKPITT, A. R.; ROLLINS, D. E.; MITCHELL, J. R. Varying effects of sulfhydryl
nucleophiles on acetaminophen oxidation and sulfhydryl adduct formation.
Biochemical Pharmacologt, v. 28, n. 19, p. 2941-6, Oct 1 1979.

BURGER, M. et al. Effects of age on reserpine-induced orofacial dyskinesia and
possible protection of diphenyl diselenide. Brain Research Bulletin, v. 64, n. 4, p.
339-45, Dec 15 2004.

COMASSETO, J.V. Vinylic selenides. Journal of Organometallic Chemistry, v.
253, p. 131-181. 1983.

COHEN, S. D.; HOIVIK, D. J.; KHAIRALLAH, E. A. Toxicology of the Liver. Bristol,
PA: Taylor&Francis, 1998.

COURAD, J. P. et al. Acetaminophen distribution in the rat central nervous system.
Life Science, v. 69, n. 12, p. 1455-64, Aug 10 2001.

DARGAN, P.; JONES, A. Paracetamol: balancing risk against benefit. QJM: an
International Journal of Medicine, v. 95, n. 12, p. 831-2, Dec 2002.

DIAZ-MUNOZ, M.; TAPIA, R. Functional changes of brain mitochondria during
experimental hepatic encephalopathy. Biochemical Pharmacology, v. 38, n. 21, p.
3835-41, Nov 1 1989.



36

DODD, S. et al. N-acetylcysteine for antioxidant therapy: pharmacology and clinical
utility. Expert Opinion on Biological Therapy, v. 8, n. 12, p. 1955-62, Dec 2008.

FELIPO, V.; BUTTERWORTH, R. F. Neurobiology of ammonia. Progress in
Neurobiology, v. 67, n. 4, p. 259-79, Jul 2002.

FLOYD, R. A. Antioxidants, oxidative stress, and degenerative neurological
disorders. Proceedings of the Society Experimental Biology and Medicine, v.
222, n. 3, p. 236-45, Dec 1999.

FONTANA, R. J. Acute liver failure including acetaminophen overdose. Medical
Clinics of North America, v. 92, n. 4, p. 761-94, viii, Jul 2008.

GHISLENI, G. et al. Diphenyl diselenide protects rat hippocampal slices submitted to
oxygen-glucose deprivation and diminishes inducible nitric oxide synthase
immunocontent. Brain Research, v. 986, n. 1-2, p. 196-9, Oct 3 2003.

GREWAL, K. K.; RACZ, W. J. Intracellular calcium disruption as a secondary event in
acetaminophen-induced hepatotoxicity. Canadian Journal of Physiology and
Pharmacology, v. 71, n. 1, p. 26-33, Jan 1993.

GUPTA, S. et al. Inhibition of carbamyl phosphate synthetase-l and glutamine
synthetase by hepatotoxic doses of acetaminophen in mice. Toxicology and
Applied Pharmacology, v. 146, n. 2, p. 317-27, Oct 1997.

HALLIWELL, B. Antioxidant defence mechanisms: from the beginning to the end (of
the beginning). Free Radical Research, v. 31, n. 4, p. 261-72, Oct 1999.

. Role of free radicals in the neurodegenerative diseases: therapeutic
implications for antioxidant treatment. Drugs & Aging, v. 18, n. 9, p. 685-716, 2001.

HALLIWELL, B.; GUTTERIDGE, J. M. C. Free radicals in biology and medicine.
4th edn. NewYork: Oxford University Press 2007.

HANSSON, T. et al. Regional distribution of ethanol-inducible cytochrome P450 IIE1
in the rat central nervous system. Neuroscience, v. 34, n. 2, p. 451-63, 1990.

HARMAN, A. W. et al. The Kkiling of cultured hepatocytes by N-acetyl-p-
benzoquinone imine (NAPQI) as a model of the cytotoxicity of acetaminophen.
Biochemical Pharmacology, v. 41, n. 8, p. 1111-7, Apr 15 1991.

HAWKINS, R. A. et al. Effect of reducing brain glutamine synthesis on metabolic
symptoms of hepatic encephalopathy. Journal of Neurochemistry, v. 60, n. 3, p.
1000-6, Mar 1993.



37

HINZ, B.; CHEREMINA, O.; BRUNE, K. Acetaminophen (paracetamol) is a selective
cyclooxygenase-2 inhibitor in man. The FASEB Journal, v. 22, n. 2, p. 383-90, Feb
2008.

HOWARD, L. A. et al. Brain CYP2EL1 is induced by nicotine and ethanol in rat and is
higher in smokers and alcoholics. British Journal of Pharmacology, v. 138, n. 7, p.
1376-86, Apr 2003.

INEU, R. P. et al. Diphenyl diselenide reverses gastric lesions in rats: Involvement of
oxidative stress. Food and Chemical Toxicology, v. 46, n. 9, p. 3023-9, Sep 2008.

JAESCHKE, H. Glutathione disulfide formation and oxidant stress during
acetaminophen-induced hepatotoxicity in mice in vivo: the protective effect of
allopurinol. Journal of Pharmacology and Experimental Therapeutics, v. 255, n.
3, p. 935-41, Dec 1990.

JAESCHKE, H.; KNIGHT, T. R.; BAJT, M. L. The role of oxidant stress and reactive
nitrogen species in acetaminophen hepatotoxicity. Toxicology Letters, v. 144, n. 3,
p. 279-88, Oct 15 2003.

JAMES, L. P. et al. Effect of N-acetylcysteine on acetaminophen toxicity in mice:
relationship to reactive nitrogen and cytokine formation. Toxicological Sciences, v.
75,n. 2, p. 458-67, Oct 2003.

KIM, J. S.; HE, L.; LEMASTERS, J. J. Mitochondrial permeability transition: a
common pathway to necrosis and apoptosis. Biochemical and Biophysical
Research Communications, v. 304, n. 3, p. 463-70, May 9 2003.

KOZER, E.; KOREN, G. Management of paracetamol overdose: -current
controversies. Drug Safety, v. 24, n. 7, p. 503-12, 2001.

LAND, J. M. et al. Mitochondrial disease: a historical, biochemical, and London
perspective. Neurochemical Research, v. 29, n. 3, p. 483-91, Mar 2004.

LARSON, A. M. et al. Acetaminophen-induced acute liver failure: results of a United
States multicenter, prospective study. Hepatology, v. 42, n. 6, p. 1364-72, Dec 2005.

LIN, M. T.; BEAL, M. F. Mitochondrial dysfunction and oxidative stress in
neurodegenerative diseases. Nature, v. 443, n. 7113, p. 787-95, Oct 19 2006.

MASUBUCHI, Y.; SUDA, C.; HORIE, T. Involvement of mitochondrial permeability
transition in acetaminophen-induced liver injury in mice. Journal of Hepatology, v.
42,n. 1, p. 110-6, Jan 2005.



38

MEOTTI, F. C. et al. Protective role of aryl and alkyl diselenides on lipid
peroxidation. Environmental Research, v. 94, n. 3, p. 276-82, Mar 2004.

MEYERS, L. L. et al. Acetaminophen-induced inhibition of hepatic mitochondrial
respiration in mice. Toxicology and Applied Pharmacology, v. 93, n. 3, p. 378-87,
May 1988.

MITCHELL, J. R. et al. Acetaminophen-induced hepatic necrosis. IV. Protective role
of glutathione. Journal of Pharmacology Experimental Therapeutics, v. 187, n. 1,
p. 211-7, Oct 1973.

NAVARRO-ALARCON, M.; LOPEZ-MARTINEZ, M. C. Essentiality of selenium in the
human body: relationship with different diseases. Science of the Total
Environment, v. 249, n. 1-3, p. 347-71, Apr 17 2000.

NOGUEIRA, C. W. et al. Anti-inflammatory and antinociceptive activity of diphenyl
diselenide. Inflammation Research, v. 52, n. 2, p. 56-63, Feb 2003.

NOGUEIRA, C. W.; ZENI, G.; ROCHA, J. B. Organoselenium and organotellurium
compounds: toxicology and pharmacology. Chemical Reviews, v. 104, n. 12, p.
6255-85, Dec 2004.

PANATTO, J. P. et al. Inhibition of mitochondrial respiratory chain in the brain of rats
after hepatic failure induced by acetaminophen. Molecular and Cellular
Biochemistry, v. 350, n. 1-2, p. 149-54, Apr 2011.

PAULMIER, C. Selenium reagents and intermediates. Pergamon: Oxford, 1986.

PLACKE, M. E. et al. Ultrastructural changes during acute acetaminophen-induced
hepatotoxicity in the mouse: a time and dose study. Toxicologic Pathology, v. 15, n.
4, p. 431-8, 1987.

POSSER, T. et al. Antioxidant effect of diphenyl diselenide against sodium
nitroprusside (SNP) induced lipid peroxidation in human platelets and erythrocyte
membranes: an in vitro evaluation. Chemico-Biological Interactions, v. 164, n. 1-2,
p. 126-35, Dec 1 2006.

PUMFORD, N. R.; HALMES, N. C.; HINSON, J. A. Covalent binding of xenobiotics to
specific proteins in the liver. Drug Metabolism Reviews, v. 29, n. 1-2, p. 39-57, Feb-
May 1997.

PUMFORD, N. R. et al. Immunoblot analysis of protein containing 3-(cystein-S-
yl)acetaminophen adducts in serum and subcellular liver fractions from



39

acetaminophen-treated mice. Toxicology and Applied Pharmacology, v. 104, n. 3,
p. 521-32, Jul 1990.

PUNTEL, R. L. et al. Mitochondrial dysfunction induced by different
organochalchogens is mediated by thiol oxidation and is not dependent of the
classical mitochondrial permeability transition pore opening. Toxicological Science,
v. 117, n. 1, p. 133-43, Sep 2010.

RAMA RAO, K. V.; JAYAKUMAR, A. R.; NORENBERG, D. M. Ammonia
neurotoxicity: role of the mitochondrial permeability transition. Metabolic Brain
Disease, v. 18, n. 2, p. 113-27, Jun 2003.

RITTER, C. et al. Effects of N-acetylcysteine plus deferoxamine in
lipopolysaccharide-induced acute lung injury in the rat. Critical Care Medicine, v.
34,n. 2, p.471-7, Feb 2006.

ROSSATO, J. I. et al. Antioxidant properties of new chalcogenides against lipid
peroxidation in rat brain. Neurochemical Research, v. 27, n. 4, p. 297-303, Apr
2002.

ROTRUCK, J. T. et al. Selenium: biochemical role as a component of glutathione
peroxidase. Science, v. 179, n. 4073, p. 588-90, Feb 9 1973.

RUMACK, B. H.; MATTHEW, H. Acetaminophen poisoning and toxicity. Pediatrics,
v. 55, n. 6, p. 871-6, Jun 1975.

SAVEGNAGO, L. et al. Diphenyl diselenide exerts antidepressant-like and
anxiolytic-like effects in mice: involvement of L-arginine-nitric oxide-soluble guanylate
clase pathway in its antidepressant-like action. Pharmacology Biochemistry and
Behavior, v. 88, n. 4, p. 418-26, Feb 2008.

Antinociceptive properties of diphenyl diselenide: evidences for the
mechanism of action. European Journal of Pharmacology, v. 555, n. 2-3, p. 129-
38, Jan 26 2007.

. Antisecretory and antiulcer effects of diphenyl diselenide. Environmental
Toxicology and Pharmacology, v. 21, n. 1, p. 86-92, Jan 2006.

SCHURR, A. Energy metabolism, stress hormones and neural recovery from
cerebral ischemia/hypoxia. Neurochemistry International, v. 41, n. 1, p. 1-8, Jul
2002.



40

SCHWARTZ, K.; FOLTSZ, P. J. Selenium as a integral part of facto 3 against dietary
necrotic liver degeneration. Journal of the American Chemical Society, v. 79, p.
200-214. 1957.

SHEEN, C. L. et al. Paracetamol toxicity: epidemiology, prevention and costs to the
health-care system. QJM: an International Journal of Medicine, v. 95, n. 9, p. 609-
619, Sep 2002.

SMILKSTEIN, M. J.; DOUGLAS, D. R.; DAYA, M. R. Acetaminophen poisoning and
liver function. The New England Journal of Medicine, v. 331, n. 19, p. 1310-1,;
author reply 1311-2, Nov 10 1994.

STADTMAN, T. C. Selenium-dependent enzymes. Annual Review of Biochemistry,
v. 49, p. 93-110, 1980.

TAKAHASHI, H. et al. Inhibition of brain glutamine accumulation prevents cerebral
edema in hyperammonemic rats. American Journal of Physiology, v. 261, n. 3 Pt
2, p. H825-9, Sep 1991.

TIMBRELL, J. Principles of Biochemical Toxicology. London: Taylor & Francis.
2000.

TIRMENSTEIN, M. A.; NELSON, S. D. Subcellular binding and effects on calcium
homeostasis produced by acetaminophen and a nonhepatotoxic regioisomer, 3'-
hydroxyacetanilide, in mouse liver. The Journal of Biological Chemistry, v. 264, n.
17, p. 9814-9, Jun 15 1989.

. Acetaminophen-induced oxidation of protein thiols. Contribution of impaired
thiol-metabolizing enzymes and the breakdown of adenine nucleotides. The Journal
of Biological Chemistry, v. 265, n. 6, p. 3059-65, Feb 25 1990.

WEIS, M. et al. Quinone imine-induced Ca2+ release from isolated rat liver
mitochondria. Chemico-Biological Interactions, v. 76, n. 2, p. 227-40, 1990.

WILHELM, E. A. et al. Studies on preventive effects of diphenyl diselenide on
acetaminophen-induced hepatotoxicity in rats. Pathophysiology, v. 16, n. 1, p. 31-7,
Jun 2009.

ZIEMINSKA, E. et al. Induction of permeability transition and swelling of rat brain
mitochondria by glutamine. Neurotoxicology, v. 21, n. 3, p. 295-300, Jun 2000.



