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Resumo

Tese de doutorado
Programa de p6s-graduag¢do em Bioquimica Toxicologica
Universidade Federal de Santa Maria

ATIVIDADES HEPATO E NEUROPROTETORA DO DIETIL-2-FENIL-2-
TELUROFENIL VINILFOSFONATO
AUTORA: DAIANA SILVA DE AVILA
ORIENTADOR: FELIXALEXANDRE ANTUNES SOARES
CO-ORIENTADOR: JOAO BATISTA TEIXEIRA DA ROCHA
Local e data da defesa: Santa Maria, 27 de marco de 2009.

Apesar do crescente uso dos compostos organicos de teldrio na quimica e
na bioquimica, pouco se sabe sobre a farmacologia de tais compostos. O Dietil-2-
fenil-2-telurofenil vinilfosfonato (DPTVP) é um telureto vinilico que apresenta baixa
toxicidade em camundongos e uma elevada atividade antioxidante in vitro. Estes
dados prévios da literatura nos encorajaram a avaliar mais a fundo esse potencial
antioxidante e os beneficios farmacoldgicos que o composto poderia proporcionar.
Foi verificado que o composto protege contra 0 aumento na peroxidagao lipidica
em cérebro induzida por agentes neurotéxicos como o acido quinolinico (QA) e o
nitroprussiato de sodio (SNP) in vitro em baixas concentrag¢des (a partir de 1uM).
O DPTVP também protegeu contra a disfuncdo mitocondrial induzida por SNP em
cértex, hipocampo e estriado de ratos. Além disso, 0 composto demonstrou baixa
neurotoxicidade, uma vez que nao alterou a viabilidade mitocondrial nem o
sistema glutamatérgico in vitro nas concentragbes antioxidantes (até 50uM).
Diante da possivel atividade neurotoprotetora observada in vitro pelo DPTVP, o
modelo de neurotoxicidade induzido por Mn foi utilizado a fim de avalia-lo in vivo e
ex vivo. A exposicao ao Mn por 4 meses (137mg/Kg) causou um prejuizo a
atividade exploratéria e motora dos ratos, bem como alteracées em parametros
bioquimicos analizados como aumento na lipoperoxidacao, reducéo da viabilidade
mitocondrial e reducdo na captacdo de [*H]glutamato no estriado, aliado ao
aumento nos niveis do metal nessa estrutura. O tratamento por duas semanas
com o DPTVP recuperou parcialmente as alteracbes neurocomportamentais
devido a reversao dos danos oxidativos causados pelo Mn no estriado
observados post mortem. Além disso, os animais tratados com o DPTVP nao
demonstraram niveis elevados de Mn no estriado, indicando que o composto
pode alterar as condicdes de transporte do Mn nesse area. Também foi verificada
a atividade hepatoprotetora do DPTVP contra o acetaminofeno (APAP) em
camundongos. Ambas as doses (200 e 300mg/Kg de APAP) causaram alteracoes
hepaticas como deplecdo de SH nao-protéico, aumento nos niveis de TBARS,
inibicao da 6-ALA-D, extravazamento de ALT para o sangue e danos morfologicos
aos hepatdcitos, entretanto em diferentes intensidades. Dessa maneira, o
tratamento com DPTVP (30, 50 e 100pumol/Kq) foi bastante efetivo quando a dose
de APAP foi a de 200mg/Kg. Ja na dose de 300mg/Kg de APAP, o composto
apenas recuperou de fato as alteracbes histomorfoldgicas dos hepatécitos. O
presente trabalho também evidenciou que a atividade antioxidante do telureto
vinilico provavelmente deve-se a sua atividade neutralizadora ou “scavenger”,
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uma vez que o composto mostrou-se efetivo em capturar tanto espécies reativas
de oxigénio (ERO) quanto de nitrogénio (ERN), como o H>O,, 0 OHes, ON« e 0
ONOQO, provavelmente devido a formacgéo de teluroxido favorecida pela estrurura
do composto. Esses resultados sugerem que o DPTVP possui acdes hepato e
neuroprotetoras em baixas doses devido ao seu potencial antioxidante, e que a
formacao de telurdxido seja essencial para esses efeitos.

Palavras-chave: telrio, glutamato, manganés, neuroprotetor,
acetaminofeno, hepatoprotetor, antioxidante.
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Despite the growing use of organotellurium compounds in the chemistry
and biochemistry field, little is known about the pharmacology of these
compounds. The diethyl-2-phenyl-2-tellurophenyl vinylphosphonate (DPTVP) is a
vinylic telluride wich shows low toxicity in mice and a high antioxidant activity in
vitro. These previous data encoraged us to evaluate the antioxidant potential and
the pharmacological benefits that the compound could provide. It was observed
that the compound can protect at low concentrations (from 1uM) against the
increased lipid peroxidation in brain induced by the neurotoxic agents sodium
nitropruside (SNP) and quinolinic acid (QA) in vitro. Furthermore, DPTVP also
protected against the mitochondrial dysfunction induced by SNP in cortex,
hippocampus and striatum of rats. Besides, the compound did not show neurotoxic
effect, once it did not altered mitochondrial viability and neither the glutamatergic
system in vitro at the antioxidant concentrations (until 50uM). Considering the
possible neuroprotective effect of DPTVP in vitro, the model of Mn neurotoxicity in
rats was used in order to evaluate it in vivo and ex vivo. The exposure to Mn for 4
months (137mg/Kg) caused an impairment of the exploratory and motor activity of
the rats, as well as alterations in the biochemical parameter analyzed, such as
increase in the lipid peroxidation and reduction in the mitochondrial viability and in
the [*H] glutamate uptake in striatum, allied to increase in the Mn levels in this
brain structure. The treatment for two weeks with DPTVP partially recoved from
the neurobehavioral alterations, probably due to the protective effect against the
oxidative damage caused by Mn in the striatum observed post mortem.
Nevertheless, the animals treated with DPTVP did not showed increased levels of
Mn in their striatum, indicating that the compound can act not only as an
antioxidant against manganism, but can also impairs the influx or facilitates Mn
efflux in thia area. The hepatoprotective activity of DPTVP was also verified
against the acetaminophen (APAP) in mice. Both APAP does (200 and 300mg/KQ)
caused hepatic alterations sucs as non-proteic SH depletion, Increase in TBARS
levels, inhibition of &- ALA D, ALT leakage and morphologic damage to the
hepatocytes, nevertheless at different intensities. Hence, The treatment with
DPTVP (30, 50 and 100umol/Kg) showed effectiveness when the APAP dose pre-
administeres was 200mg/Kg. Against the dose of 300mg/Kg, the compound has
just recovered from the histomorphologic alterations to hepatocytes. The present
estudy has also evidenced that the antioxidant activity depicted by the vinilc
telluride is due to its scavenger activity, once the compound was able to neutralize
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reative oxygen (ROS) and reactive nitrogen species (RNS), such as H,O,, OHe,
ONe- and ONOQ/, probably due to the formation of telluroxide, which is due to the
molecular structure of the compound. Taken together, these results suggest that
DPTVP has neuro and hepatoprotective actions at low doses probably due to its
strong antioxidant activity and that the formation of telluroxide is very important to
these effects.

Key Words: tellurium, glutamate, manganese, neuroprotector,
acetaminophen, hepatoprotector, antioxidant.
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APRESENTACAO

No item |, INTRODUCAO, esta descrita uma sucinta introducdo sobre a
tese.

No item Il, REVISAO BIBLIOGRAFICA, sobre os temas trabalhados
nesta dissertacao.

Os OBJETIVOS, geral e especificos, estdo organizados no item lll.

Os RESULTADOS estao dispostos na forma de artigos, um ja publicado
e outros trés na forma de manuscritos submetidos a publicacédo, organizados no
item IV. Os artigos cientificos estdo descritos na integra, contendo as secdes
introducdo, materiais e métodos, resultados, discussdao e referéncias
bibliograficas.

No item V, DISCUSSAO, estdo apresentados as interpretacdes e
comentarios gerais sobre os artigos cientificos aqui apresentados. Também estao
dispostos alguns pontos de vista da autora em relagdo aos resultados obtidos.

No item VI, CONCLUSOES, sio apresentadas as conclusdes gerais do
presente trabalho.

No item VII, PERSPECTIVAS, estdo expostos alguns possiveis estudos
para a continuacéo deste trabalho.

O item VIII, REFERENCIAS BIBLIOGRAFICAS, refere-se somente as

citacées que aparecem nos itens | e V (Introducao e Discussao).
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I. Introducao

Os compostos organicos de Telario vém sendo estudados por diversos
pesquisadores quanto as suas propriedades téxicas e farmacolédgicas. Tais compostos
sao descritos como potentes antioxidantes e quimioprotetores (Sredni et al., 1987;
Engman et al., 1995; Briviba et al., 1998; Engman et al., 2000), entretanto eles
apresentam certa toxicidade, principalmente devido a capacidade de oxidarem
grupamentos SH de moléculas biologicamente importantes (Toews et al., 1997; Laden e
Porter, 2001; Nogueira et al., 2003; Borges et al., 2005).

Entretanto, uma série de novos compostos pertencente a classe dos teluretos
vinilcos tém apresentado resultados bastante promissores, uma vez que possuem baixa
toxicidade e boa atividade antioxidante (Savegnago et al., 2006; Borges et al., 2008).
Dentre estes compostos destaca-se o dietil-2-fenil-2-telurofenil vinilfosfonato (DPTVP),
alvo de estudo nessa tese.

O estresse oxidativo € definido como um desequilibrio entre a producédo de
espécies reativas de oxigénio (ERO) e/ou nitorgénio (ERN) e o sistema antioxidante
celular (Halliwell e Gutterridge, 2003). Tais espécies sdo produzidas em excesso durante
alguns processos patoldgicos, causando alteracées celulares como oxidacdo de
proteinas e lipideos, disfungdo mitocondrial, dano ao DNA podendo culminar com morte
celular (Halliwell, 2001). Nesse contexto, diversos estudos tém demonstrado que o
tratamento com antioxidantes tem se mostrado bastante eficaz em diversos modelos
animais de neuro e hepatotoxicidade (Halliwell, 2001).

A excitotoxicidade induzida por glutamato é um importante modelo de
neurotoxicidade, uma vez que diversas doengas neurodegenerativas estao relacionadas
com alteragbes na homeostase desse neurotransmissor (Krieglstein, 1997). Alguns
compostos quimicos podem mimetizar os danos excitotdéxicos causados pelo glutamato,
como o nitroprussiato de sédio (SNP) e o acido quinolinico (QA) (Stone, 1991; Rauhala
et al., 1998). Além disso, 0 modelo de parkinsonismo induzido por manganés (Mn)

também envolve alteragcbes glutamatérgicas cujo mecanismo ainda ndo esta bem



esclarecido (Aschner et al., 2007). Além disso, o estresse oxidativo presente na
neurotoxicidade induzida por Mn é um fator bastante importante na patogénese da
doenca (Yin et al., 2008).

O acetaminofeno é um analgésico amplamente utilizado, entretanto em altas
doses apresenta efeitos hepatotoxicos graves, devido a deplecao de glutationa (GSH),
molécula importante no sistema antioxidante celular (Larson, 2007). O estresse oxidativo
gue se desencadeia acaba causando graves danos histomorfoldgicos aos hepatécitos,
podendo culminar em morte por necrose (Mcjunkin et al., 1976).

Considerando a baixa toxicidade do DPTVP associada a potente atividade in
vitro, a falta de estudos farmacolégicos com esse composto em modelos animais nos
quais o estresse oxidativo esta envolvido e a necessidade de se avaliar o mecanismo de
acao desse composto, a presente tese tem como finalidade avaliar as possiveis
atividades neuro e hepatoprotetora do DPTVP, o envolvimento do seu potencial
antioxidante nesses efeitos e sugerir um possivel mecanismo de agao.



Il. Revisao Bibliografica
Il.1. Telario

O elemento teldrio foi descoberto em 1782, pertencendo ao grupo 16 da tabela
periddica, denominada familia dos calcogénios, assim como o selénio e o enxofre. Pode
apresentar-se com diferentes estados de oxidagdo: Te*® (telurato), Te** (telurito), Te®
(telrio elementar) e Te*® (telureto) (Scansetti, 1992). E encontrado com maior
freqiéncia na forma de teluretos de ouro, bismuto, chumbo e prata.

O Te? é utilizado no manufaturamento de semicondutores e outros componentes
eletrbnicos. Ele também é utilizado na producao industrial de vidro e aco e como um
aditivo anti-detonante da gasolina (Fairhill, 1969). Além disso, € empregado no processo
de sintese de alguns farmacos e explosivos, na vulcanizacdo da borracha, em
lubrificantes sélidos e na petroquimica (Taylor, 1996).

Em 1967, Shoereder e cols (Schroeder et al., 1967) determinaram, utilizando
espectrometria de absorcdo atbmica, que o0s organismos humanos possuiriam
aproximadamente 600 mg de teldrio, uma quantidade relativamente grande em
comparagdo com outros elementos - tragco como o ferro e o zinco. Apesar desta grande

quantidade, nenhuma fungao fisiologica foi ainda atribuida ao telurio.
[1.1.1. Compostos organicos de telurio

O primeiro composto organico de telurio foi sintetizado por Friedrich Wéhler em
1840 (Wohler, 1840). Desde sua descoberta até metade do século 20, a quimica dos
compostos organicos de telurio permaneceu obscura e, devido ao pouco interesse dos
pesquisadores, as dificeis condicdes de sintese destes compostos e, especialmente,
pelo mau odor que estes exalavam, poucas sao as publicagdes durante este periodo.
Apenas a partir de 1970 os compostos organicos de telUrio comegaram a serem
explorados pelos quimicos organicos, refletindo no crescimento exponencial de artigos



publicados desde entdao (Klaman, 1990). Varios destes compostos, com diferentes
caracteristicas e estruturas quimicas, vém sendo estudados quanto as suas

propriedades farmaco- téxicoldgicas, sendo alguns deles ja reportados na literatura.

[1.1.1.1. Toxicologia dos compostos organicos de telurio

Assim como o teldrio elementar e os sais inorganicos, os compostos organicos
de telurio sao bastante téxicos, e a intensidade desta toxicidade depende da estrutura do
composto, da dose administrada e do tipo de animal testado (Nogueira, Zeni et al.,
2004).

A toxicidade destes compostos deve-se principalmente pela interacdo com -SH
de moléculas biologicamente ativas. Os compostos organicos de telurio tém a
capacidade de oxidar estes grupamentos —SH, inativando enzimas e/ou diminuindo a
concentracao de moléculas sulfidrilicas ndo- protéicas, como a glutationa (GSH) (Blais et
al., 1972; Deuticke et al., 1992).

A oxidacao da GSH em GSSG pode ser um dos principais fatores da toxicidade
causada pelos compostos organicos de telurio (Barbosa et al., 1998). A GSH é uma
importante biomolécula necessaria ao sistema antioxidante da glutationa peroxidase.
Esta enzima requer GSH para neutralizar o peroxido de hidrogénio em agua, gerando
GSSG, que retorna a GSH pela agédo da glutationa redutase, as custas do equivalente
redutor nicotinamida adenina dinucleotideo fosfato (NADPH). Outras biomoléculas
sulfidrilicas como a cisteina, a coenzima A e o acido diidrolipbico também podem ser
alvos dos compostos organicos de telurio, porém nao ha relatos na literatura sobre estas
possibilidades.

A enzima sulfidrilica 8-ALA-D, que catalisa condensagao assimétrica de duas
moléculas de acido aminolevulinico em porfobilinogénio, é um dos alvos dos compostos
organicos de telurio mais estudado. Esta enzima possui no seu sitio ativo dois residuos
cisteinil, que sao facilmente oxidados in vitro e in vivo por compostos de telurio
organicos, levando a sua inibicdo (Maciel et al., 2000; Meotti et al., 2003; Nogueira,

Meotti et al.,, 2003). Esta inativacdo impede a continuacdo da cascata de sintese de



grupamentos heme, importantes na sintese de hemoglobina, citocromos e da enzima
catalase. Além disso, esta inibicdo leva ao acumulo do substrato da 6-ALA-D, o acido
aminolevulinico, que tem acao pré-oxidante (Bechara et al., 1993; Emanuelli et al.,
2001). O mecanismo de inibicao pela oxidagao dos dois grupamentos —SH desta enzima
€ evidenciado pela reativacdo da sua atividade pela adicdo no meio reacional de
ditiotreitol (DTT), um composto dissulfidrilico capaz de doar seus grupamentos —SH a &-
ALA-D, reduzindo as pontes S-S a forma SH, antes oxidada pelos compostos (Nogueira,
Zeni et al., 2004).

Maciel et al. (2000) demonstraram a inibicao da 6-ALA-D em figado, cérebro e
rim em camundongos apés administracdo aguda (1 dia) de ditelureto de difenila na dose
de 500 umol/Kg, bem como inibicdo da enzima hepatica e cerebral apos exposi¢cdo sub
cronica (14 dias) nas doses de 10 e 25umol/Kg. Meotti et al. (2003) verificaram a inibicao
de 40% da atividade desta enzima em eritrécitos de camundongos apos trés dias de
administracao unica de ditelureto de difenila na dose de 150umol/Kg. Em contraste ao
ditelureto de difenila, que inibe fortemente in vitro e in vivo a 6-ALA-D, um telureto
vinilico, o 1-butiltelurenil-2-metiltiohepteno n&o inibe a atividade da enzima in vitro, mas
apds unica administracdo de 75 pmol/Kg foi capaz de inibi-la em figado e bago
(Savegnago et al., 2006).

As toxicidades hepatica e renal ex vivo também ja foram observadas para
alguns compostos organicos de telurio. Os marcadores mais comuns de
hepatotoxicidade séo as atividades plasmaticas da aspartato aminotransferase (AST) e
da alanina aminotransferase (ALT), que se tornam aumentadas quando ha& dano
causado pelos compostos de telurio (Meotti et al., 2003; Savegnago et al., 2006). A
toxicidade renal pode ser evidenciada pela diminuicdo das funcdes renais, como
diminuicdo da excreg¢do de creatinina e uréia, que se tornam aumentadas no plasma
(Savegnago et al., 2006). Além disso, a Te-fenil-L-telurocisteina, é capaz de depletar
GSH e de diminuir a atividade da lactato desidrogenase (LDH) em hepatécitos de ratos
tanto quanto o paracetamol, um conhecido agente hepatotdéxico (Rooseboom et al.,
2002).



A neurotoxicidade causada pelos compostos organicos de telUrio é evidenciada
por varias alteragdes nos animais expostos, como por exemplo, alteragdes na meméria,
desmielinizacdo, neuropatia periférica (Toews et al., 1997; Goodrum, 1998; Laden e
Porter, 2001). A desmielinizacdo e suas consequéncias induzidas por compostos
organicos de telurio devem-se a inibicdo de outra enzima sulfidrilica importante na
biossintese do colesterol, um dos lipideos presente na mielina, a esqualeno
monooxigenase. Esta enzima contém -SH vicinais que sao oxidaveis tanto por telurio
elementar (Toews et al,, 1991) como pelas formas organicas de telurio, dicloreto de
dimetiltelurio, cloreto de trimetiltelurio e dimetiltelureto (Goodrum, 1998; Laden e Porter,
2001). Além disso, a Na*/K* ATPase, uma enzima sulfidrilica bastante importante para a
manutencdo da atividade neuronal normal também é suscetivel a agentes oxidantes
como o0s compostos organicos de telurio. Borges et al. (2005) verificaram que o
ditelureto de difenila é capaz de inibir esta enzima in vitro em baixas concentragoes,
sendo esta inibicdo revertida pela co-incubacdo com DTT, comprovando a oxidagao os
grupamentos tidlicos (Borges et al., 2005). Além disso, este composto pode também
alterar o sistema glutamatérgico, diminuindo a captacdo vesicular in vitro de
[*H]glutamato e a unido especifica de [*H]glutamato no receptor NMDA (N- metil D -
aspartato) em preparacdo de membranas de cérebro in vitro e ex vivo em baixas
concentracoes (Nogueira et al., 2001; Nogueira et al., 2002). Isto se deve a presenca de
grupamentos sulfidrilicos nos transportadores de glutamato, assim como a presenca, no
receptor NMDA, de um sitio redox dependente da forma reduzida de seus grupos
sulfidrilicos para a uniao especifica com o neurotransmissor (Trotti et al., 1997), ambos
facilmente oxidaveis pelos compostos organicos de teldrio.

Apesar da potencial toxicidade que os compostos organicos de telurio podem
exercer sobre 0s organismos vivos, como foi aqui descrito, as possiveis propriedades
farmacologicas terapeuticamente relevantes relatadas na literatura nos encorajam a

avaliar novos compostos.

[1.1.1.2. Farmacologia dos compostos organicos de telurio



Em 1987, Sredni et al. descreveram pela primeira vez uma atividade
farmacologica para um composto organico de telurio, ao demonstrarem as propriedades
imunomoduladoras do composto codificado como AS-101 (telurato de tricloro aménio-
dioxoetileno-O,0’) em camundongos, mediando efeitos antitumorais (Sredni et al., 1987).
Além disso, o AS-101 é capaz de estimular células linféides a produzir citocinas como IL-
1, IL-2, TNF-a (Kozenitzky et al., 1992).

A propriedade quimioprotetora dos compostos organicos de telario, proveniente
de seus efeitos citotdxicos, comecou a ser explorada por diversos grupos de pesquisa.
Apesar da habilidade dos compostos de induzirem apoptose e alteragées de outras
naturezas a fim de causarem morte celular, um novo alvo para a pesquisa anticancer
vem surgindo, a enzima tiorredoxina redutase (TRXr). Esta enzima, responsavel por
fornecer equivalentes redutores (tiorredoxina - TRX-SH) as redutases de
ribonucleotideos, tém sua expressao génica aumentada nas células tumorais, auxiliando
no crescimento celular (Grogan et al,, 2000). Engman et al. (2003) sintetizaram uma
série de compostos analogos do telureto de difenila e observaram que alguns eram bons
inibidores da tiorredoxina redutase e inibidores do crescimento de células cancerosas
(Engman et al., 2003). Compostos organicos de telario na forma de sais, sollveis em
agua, também foram avaliados, e mostraram-se os melhores inibidores da TRXr ja
testados (Engman et al., 2003). Apesar da hidrofilicidade dos compostos ter restringido a
captacao celular, foram bastante eficientes contra culturas de cancer de célon (Engman
et al., 2000).

Os teluritos organicos também vém sendo estudados quanto as suas possiveis
propriedades antitumorais, sendo o alvo a enzima Catepsina B. Esta enzima é uma
protease que auxilia na invasdo do tumor, por degradar componentes exracelulares
(Buck et al., 1992). Ela possui no seu sitio ativo um residuo tidlico, cuja oxidagao pelos
teluritos leva a inativagdo da enzima, sugerindo uma provavel acado anti-metastatica
destes compostos (Cunha et al., 2005)

Além destas importantes propriedades, alguns compostos organicos de telurio
possuem outra caracteristica: sdo capazes de mimetizar a atividade da glutationa-
peroxidase (GPX) que, a custa de GSH, neutraliza o peroxido de hidrogénio (H20,).



Kanda et al. (1999) demonstraram, utilizando a técnica de ressonancia magnética
nuclear, que varios diaril diteluretos possuem atividade tiol peroxidase, propondo o
mecanismo da reacdo para estes compostos (Kanda et al, 1999). Posteriormente,
(Andersson et al., 1993) reportaram a atividade mimética da GPX de diaril teluretos,
substituidos com moléculas doadoras de elétrons. Além disso, estes autores apontaram
que o efeito antioxidante destes compostos se devia a formacéo de telurdxido, resultante
da oxidacdo do Te*? & Te**, que seria novamente reduzido ao estado inicial pela GSH,
num mecanismo catalitico, neutralizando radicais livres e as espécies reativas de

oxigénio/nitrogénio (Figura 1) (Andersson et al., 1994; Engman et al., 1994)

Hyy

Figura 1: Mecanismo catalitico da atividade glutationa-peroxidase mimética de

compostos diarilicos e dialquilicos de telurio (Andersson et al., 1994).

Briviba et al. (1998) avaliaram alguns compostos organicos de telurio num modelo

de dano oxidativo por espécies reativas de nitrogénio, mais especificamente o

peroxinitrito (ONOQ) (Briviba et al., 1998). Os autores demonstraram a capacidade dos

compostos de neutralizarem o (ONOOQO’) e inibirem a sua capacidade de nitrosilar
proteinas, também pela formacao de teluréxido (Figura 2). Outros autores demonstraram
o potencial antioxidante de diversos compostos organicos de telurio em varios sistemas
in vitro, bem como ex vivo, utilizando diferentes técnicas e obtendo resultados em baixas
concentracdes (Engman et al., 1995; Wieslander et al., 1998; Jacob et al., 2000; Tiano et
al., 2000; Kanski et al., 2001; Ren et al., 2001; Savegnago et al., 2006).



ONOOH OMOH

GSS5G + H0 2 GSH

Figura 2: Mecanismo catalitico proposto para a atividade neutralizadora de

peroxinitrito dos compostos orgénicos de telurio (Briviba et al., 1998).

Esta atividade antioxidante dos compostos de telario organico é muito
interessante, especialmente porque quando comparados com analogos contendo
selénio, seus efeitos sdo muito mais pronunciados. Além disso, cada vez mais se
comprova a forte relagdo entre a formacao de espécies reativas de oxigénio/nitrogénio e
diversas doencgas, tornando-se importante a pesquisa de novos e potentes agentes

antioxidantes.

11.1.2. Dietil-2-fenil-2-telurofenil vinilfosfonato

O dietil-2 fenil-2-telurofenil vinilfosfonato (DPTVP) (Figura 3) € um composto de
teltrio organico de estrutura bastante distinta de outros j& descritos na literatura. E um -
organocalcogenil vinilfosfonato de grande potencial sintético, visto que combina a
conhecida reatividade quimica dos fosfonatos vinilicos e a capacidade dos calcogenetos

vinilicos de facilmente se transformarem em outros compostos organicos com retencao



da configuragdo (Minami e Motoyoshiya, 1992; Comasseto et al., 1997; Zeni et al.,
2006).

P(O)(OEt),

Figura 3: Estrutura quimica do dietil-2-fenil-2-telurofenil vinilfosfonato (Braga e
cols, 2003).

O DPTVP tem sido descrito como um composto com baixa toxicidade em
roedores. Em camundongos, administragdes diarias por até 12 dias de 250umol/Kg de
DPTVP pela via subcutanea ocasionaram um indice de apenas 20% de mortalidade (De
Avila et al., 2006). Nos animais sobreviventes, ndo foram observadas alteragdes na
atividade da enzima &- ALA D em figado, rins e cérebro (De Avila et al., 2006). Além
disso, administracées diarias por doze dias de até 500umol/Kg pela via intraperitoneal
em camundongos ndo causaram mortalidade nos animais nem alteragbes em diversos
parametros analisados, tais como niveis de TBARS, atividade de enzimas antioxidantes
como SOD e catalase, atividades séricas da AST e ALT e da &- ALA D (Avila et al.,
2007).

In vitro, este telureto vinilico mostrou-se capaz de reagir com grupos
sulfidrilicos, aumentando a oxidagédo do DTT e inibindo a &- ALA D (De Avila et al.,
2006), porém em concentragcdes bastante elevadas quando comparadas as
concentracoes utilizadas de ditelureto de difenila, um composto de telurio extremamente
toxico (Nogueira, Zeni et al., 2004). Aliado a isso, os autores reportaram a potente
atividade antioxidante deste composto em figado, rim e cérebro, uma vez que o DPTVP
reduziu a peroxidagao lipidica induzida por Fe (ll) (De Avila et al., 2006).
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Il.2. Espécies reativas de oxigénio e nitrogénio

As espécies reativas ou 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
(Josephy, 1997; Timbrell, 2000).

Essas espécies sdo produzidas constantemente e sob condigbes normais nas
células eucaridticas, desempenhando fungdes importantes para o0 organismo como na
coordenacgdo da inflamagéo e como segundo-mensageiros, por exemplo, (Droge, 2002)
(Figura 4). Entretanto, esses processos, ao se exacerbarem em decorréncia a alguma
doenga, acabam causando a excessiva producdo das espécies reativas (Halliwell e
Gutterridge, 2003).

SOD Catalase

l Cu (1) 1 Fe (Il
02 _$b 02.' —— HzOz —— Hzo + 02

NADH/NADPH oxidase
Xanthine oxidase

Lipoxygenase NO Fenton reaction
Cycloxygenase

P-450 monooxygenase

Mitochondrial oxidative-

ONOO-| [OH

Figura 4: Esquema geral de formagdo de ERO/ERN nas células eucariéticas.

O superodxido (Oz*) é gerado pela reducao do oxigénio (O2 — elétron= O¢’). Este
radical é formado por reagbes de autooxidagdo na cadeia transportadora de elétrons
mitocondrial (Mandelker, 2008). Nao é reativa, a menos que entre em contato com
outros radicais. Por exemplo, ao entrar em contato com o ONe, reage, ocasionando a
formacao de peroxinitrito, uma espécie reativa de nitrogénio extremamente reativa
(Halliwell et al., 1999), que sera descrita logo mais. Além disso, o O+ é capaz de inativar

enzimas que possuem um centro ferro-enxofre, causando a liberacao do ion ferro. Ferro
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e O2* podem reagir via reacao de Haber-Weiss, uma reagdo em cadeia que inclui a
reagcao de Fenton, gerando o radical hidroxil (OHe) (Haber e Weiss, 1932) (Esquema 1).

Fe® + Oy~ — Fe?* + O, (reacdo de Haber -Weiss)

Fe?* + HyOp — Fe®* + OH™ + OH- (reacdo de Fenton)

Esquema 1: Reacao de Haber-Weiss.

O radical hidroxil € uma espécie altamente reativa. E produzido in vivo por
diversos processos e, uma vez formado, reage com qualquer biomolécula presente no
seu local de formacdo (Halliwell e Gutterridge, 2003). O seu ataque ao DNA, por
exemplo, produz uma variedade de produtos, incluindo base purinicas e pirimidicas
modificadas (Halliwell e Aruoma, 1991).

O peroxido de hidrogénio (H-O.) € uma espécie que pode ser gerada pela
dismutacdo do superdxido e por acdo de algumas enzimas, como a xantina oxidase
(Halliwell e Gutterridge, 2003). Embora o H>.O2 nao seja considerado um radical por nao
possuir um elétron desemparelhado, é incluido como uma ERO pelas reacdes que pode
desencadear e os radicais que pode gerar. O H,O, pode degradar algumas
hemeproteinas (mioglobina e hemoglobina, por exemplo), liberando ferro. A reacdo do
H.O, com metais € amplamente conhecida como a reagcdo de Fenton, como
anteriormente demonstrada (Halliwell e Gutterridge, 2003) (esquema 1).

Ainda entre as ERO, ha os radicais alcoxil/peroxil, radicais organicos formados
por reacdes de peroxidacao lipidica (esquema 2). Uma ERO reage com um &cido graxo
insaturado (RH), gerando um radical instavel (Re). Esse radical reage rapidamente com o
oxigénio molecular, gerando radicais livres de acidos graxos (ROQO¢). Os novos radicais
sao também instaveis e podem reagir com outros acidos graxos (R’H), produzindo mais
radicais e até mesmo H.O, Essa reacdo em cadeia apenas para quando sao formadas
espécies estaveis e nao reativas (Aikens e Dix, 1991).
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ERO+RH {&y R
R'+0, —» ROO'
ROO + RH — ROOH + R"

Esquema 2: Reagdes da cascata de peroxidacao lipidica.

Dentre as espécies de nitrogénio, as mais danosas sao o 6xido nitrico (ON¢) e o
peroxinitrito (ONOQO’). O ONe € um gas muito reativo, formado no organismo pela acao
da enzima oxido nitrico sintase (NOS), sendo uma importante molécula sinalizadora e
presente em diversas partes do corpo (Halliwell et al., 1999). Por ser um gas o ONe se
difunde facilmente nas membranas celulares, sendo perigoso em excesso, pois ao reagir
com o radical anion superédxido, gera 0 ONOO. O ONOO €& um agente oxidante e
nitrante. Suas propriedades oxidantes atuam em diversas biomoléculas, incluindo
proteinas e o DNA (Halliwell et al., 1999). E citotéxico no pH 7,4 e sua adicdo as células
causa morte celular geralmente por apoptose (Halliwell et al., 1999).

Os estudos sobre a toxicidade das ERO/ERN tém sido acompanhados por
pesquisas sobre 0 uso de antioxidantes, de moléculas com atividade neutralizante de
espéecies reativas e até mesmo de moléculas que estimulem antioxidantes enddgenos.
Esses estudos sao importantes principalmente para o tratamento de doengas nas quais
o estresse oxidativo esta envolvido, sendo o motivo pelo qual tais estudos hoje estdo em
evidéncia na comunidade cientifica (Halliwell, 2001; Brambilla et al., 2008; Dodd et al.,
2008).
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I1.3. Glutamato

O glutamato € o mais abundante neurotransmissor excitatério no sistema
nervoso central. Esse aminoacido é encontrado em altas concentragdes (5-15mmol/Kg
de tecido, dependendo da area do SNC), estando envolvido em varios processos
fisiologicos, tais como aprendizado, memoéria e a formagao de redes neurais durante o
desenvolvimento (Fonnum, 1984).

O glutamato é sintetizado nos terminais pré-sinapticos, predominatemente a
partir de glutamina por agdo da enzima glutaminase, mas também via glutamato
desidrogenase e a-cetoglutarato aminotransferase (Kvamme, 1998). E transportado e
armazenado em vesiculas e subsequentemente liberado por exocitose na fenda
sindptica, uma vez que haja despolarizacdo da membrana pré-sinaptica, através dos
transportadores de glutamato vesicular (VGLUT) (Takamori, 2006). Ao ser liberado, o
glutamato exerce usas fungoes fisioldégicas ao se ligar aos seus receptores pré e pds-
singpticos (Meldrum et al., 1999). Os receptores séo divididos em dois grupos: 0s
metabotrépicos (mGluRs), que sao receptores associados a sistemas de segundos-
mensageiros intracelulares, principalmente acoplados a proteinas G (Danbolt, 2001); e
receptores ionotropicos, canais ibnicos que permeiam cations através da membrana
neural, desencandadeando uma resposta excitatéria. Estes receptores sao subdivididos
em N-metil-D-aspartato (NMDA), &cido a-amino-3-hidroxi-5-metil-4-isoxazol-propidnico
(AMPA) e acido cainico (KA), com base na sua sensibilidade a agonistas especificos
(Danbolt, 2001).

A acado do glutamato é finalizada através de sua captacao pelos astrécitos ou
pelos neurbnios pré-sinapticos (Danbolt, 2001). Ha basicamente dois tipos de
transportadores, os de alta afinidade e os de baixa afinidade. Os transportadores de alta
afinidade ao glutamato sdo Na*- dependentes e chamados de transportadores de
aminoacidos excitatorios (EAAT). Estes sdo principalmente encontrados nos astrécitos,
resposaveis por captar aproximadamente 80% do glutamato extracelular (Robinson e
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Dowd, 1997). Ja os transportadores de baixa afinidade sdo Na* - independentes,
encontradas nas membranas das vesiculas sinapticas (Takagaki, 1976).

Os processos de liberagao, ligacdo e captacdo de glutamato sdo estritamente
orquestados, uma vez que alteragdes na homeostase do glutamato, especialmente
quando este se encontra em altas concentragdes na fenda sinaptica, podem estar
envolvidas em diversas desordens neuroldgicas, como doenga de Huntigton, Mal de
Alzheimer, isquemia e epilepsia (Krieglstein, 1997). Nesses processos, 0 excesso de
glutamato superestimula seus receptores, em especial o NMDA, que possui alta
permeabilidade ao Ca?* (Danbolt, 2001). O influxo aumentado de Ca®* leva a ativagao de
proteases, lipases e endonucleases, que acabam causando danos a membrana das
mitocondrias e, consequentemente, reduzem a produgao de energia, causam disfuncao
mitocondrial, estresse oxidativo e morte celular (Akaike et al., 1999). Além disso, a
estimulagao via NMDA ativa a 6xido nitrico sintase e a liberagao de NO-, que pode, por
sua vez, reagir com 0 O, e gerar ONOO™ (Beckman et al., 1990).

Algumas substancias quimicas sao capazes de alterar os processos que
controlam a homeostase do glutamato, sendo excitotéxicos. Outas substancias sao
capazes de mimetizar os efeitos causados pelo glutamato. Um exemplo é o acido
quinolinico (QA), um metabdlito endégeno do metabolismo da quinurenina. A
neurotoxicidade do QA é mediada pela ativagdo de receptores NMDA, causando influxo
de Ca** e a mesma subseqiiente cascata de efeitos causada pelo excesso de glutamato
(Stone, 1991). Outro exemplo é o nitroprussiato de sdédio (SNP), um complexo
coordenado de ions Fe®*, cinco anions cianetos e um cation NO*. O SNP ([NO-Fe—
(CN)s]) € uma substancia quimica que, em meio aquoso intracelular, libera NO- a longo
prazo (Bates et al., 1991), assim como ocorre durante a estimulacdo de receptores
NMDA. Além disso, o SNP também gera o anion ferricianeto ([(CN)s—Fe]™), que pode
reagir com o H.O: e, via reacao de Fenton, gerar radicais OH" (Graf et al., 1984).

Il.4. Manganés

O Manganés é um elemento essencial presente em todos 0s organismos vivos e

€ naturalmente encontrada em rochas, solo, agua e em alimentos, tais como graos
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integrais, leguminosas, nozes e chas (Maban e Escott-Stump, 1998). E extremamente
importante para o funcionamento de algumas enzimas, para o crescimento normal,
homeostase e desenvolvimento celular, entre outras fungbes. Entretanto, seu amplo uso
industrial e, mais recentemente, seu uso como um aditivo a gasolina como
metilciclopentadienil tricarbonil de Mn (Gerber et al., 2002) tornou-o uma importante
fonte de poluicdo ambiental, o qual vem sendo estudado por diversos pesquisadores
quanto aos efeitos que a exposicdo em longo prazo podera causar aos humanos (Pfeifer
et al., 2004).

[1.4.1. Mn e sua essencialidade

O Mn é requerido para o metabolismo normal de aminoacidos, lipideos,
proteinas e carboidratos. Ha4 muitos processos celulares que sdao Mn-dependentes,
como os realizados por enzimas das familias das oxidorredutases, transferases,
hidrolases, liases, isomerases e ligases. Arginase, glutamina sintetase, fosfoenolpiruvato
descarboxilase e a Mn-superéxido dismutase sado comumente referidas como
metaloenzimas. O Mn é essencial para a regulagdo da glicemia para energia celular,
funcdo imune normal, reproducdo, digestdo, crescimento 6sseo e defesa contra o
estresse oxidativo, inerente & enzima Mn-SOD. Em conjunto a vitamina K, o Mn auxilia
nos processos de cicatrizacao (Aschner e Dorman, 2006).

O Mn é requerido como cofator para diversas enzimas fundamentais a fungéo do
SNC. Para algumas enzimas, outro metal como magnésio e cobre podem
funcionalmente substituir o Mn, entretanto para outras o Mn & fundamental para a
atividade enzimatica normal. Essas enzimas-dependente de Mn incluem diversas
proteinas requeridas para a funcionabilidade apropriada de neurénios e da glia, como a
glutamina sintetase, piruvato descarboxilase, superéxido dismutase (SOD), arginase e
serina/proteina fosfatase (Christianson, 1997; Takeda, 2003).

Nao ha uma dose diaria recomendada (DDR) de Mn. Entretanto, foi
estabelecida uma ingestdao diaria recomendada e segura de 2-5mg/dia para adultos
(Greger, 1998). Para adultos homens, a dose adequada é de 2,4mg/dia, enquanto que
para mulheres foi definida a dose de 1,8mg/dia. Essas doses foram definidas apos
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algumas observacbes sobre a absorcdo de Mn no trato gastrointetsinal baixo em
homens x mulheres (Finley et al., 1994). Acredita-se que a lactacdo e a gestacao
causam aumento na requisicdo de Mn. Além disso, de acordo com os diferentes
estagios iniciais de vida, diferentes doses de Mn s&o indicadas: para recém-nascidos
(menos de seis meses de idade), a ingestdo adequada de Mn € de 3ug/dia; dos 7 aos 12
meses, 600ug/dia. Entre 1-3 e 4-8 anos de idade, as doses diarias de Mn indicadas séo
aproximadamente 1,2 e 1,5 mg/dia, respectivamente (Finley et al., 1994).

Considerada a essencialidade do Mn, a ingestdo inadequada do metal pode
resultar em uma série de problemas, desde prejuizo geral do crescimento até defeitos na
formacdo muscular e esquelética (Aschner et al., 2007). Reducado de fertilidade e
defeitos no nascimento, bem como tolerancia anormal a glicose e metabolismo lipidico e
de carboidratos alterado tém sido associados com restricdo severa a ingestdao de Mn
(Keen et al., 1999).

[1.4.2. Mn e neurotoxicidade

John Couper foi o primeiro a reportar os efeitos neurolégicos associados
com a exposigao ao Mn em 1837, quando descreveu fraqueza muscular, tremor limbico,
fala em sussurro, salivagdo, postura ndo-ereta em cinco trabalhadores em uma
plantacdo na Franga (Couper, 1837b). Ele denominou essa colecdo de sintomas de
“doencas dos trituradores de Mn”, a qual foi chamada de manganismo mais tardiamente.
Historicamente, a neurotoxicidade por Mn tem sido comumente associada com
atividades como a mineragdo, o manufaturamento de baterias e a produgdo de aco
(Aschner et al., 2007). Em humanos, foi postulado que ha um espectro de efeitos
neurocomportamentais e neurofisioldgicos associados com a toxicidade de Mn, incluindo
ambos sintomas clinicos e subclinicos. Além disso, alguns estudos reportaram efeitos
adversos hematologicos, enddcrinos ou no sistema reprodutor masculino apos
exposi¢ao ao Mn (Aschner e Dorman, 2006).

O manganismo é uma sindrome neuroldgica que se assemelha a doenca
de Parkinson. As similaridades entre as manifestacbes da doenca de Parkinson e o

manganismo incluem a presengca de Dbradiscinesia generalizada, rigidez, e
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dissimilaridades tais como tremor frequente, distonia, uma propensao particular de cair
para tras, faléncia na resposta ao tratamento com levodopa e uma caracteristica
especifica de caminhar sobre os dedos dos pés e com os cotovelos dobrados no
manganismo (Calne et al., 1994). As semelhancas entre as duas desordens podem ser
explicadas pelo fato de que os géanglios basais acumulam a maior parte do Mn em
excesso em comparacdo a outras regides do cérebro (Dobson et al.,, 2004). Ja as
diferencas se dao pelas vias que sado atingidas diretamente: na DP, ha perda de
neurdnios dopaminérgicos dentro da substancia negra (Aschner et al., 2007). J& no
manganismo, ha preservagdo da via dopaminérgica nigroestriatal, porém os danos
ocorrem abaixo dessa via (Calne et al., 1994).

As areas cerebrais que mais acumulam Mn sdo coincidentemente as que mais
acumulam ferro também. Au et al. (2008) descreveram que isso se deve a uma
concentracdo mais elevada de transportadores de metais divalentes do tipo 1,
resposaveis pela entrada de Mn e Fe no sistema nervoso central (Au et al., 2008). As
areas que mais acumulam Mn sdo os ganglios basais e o globus pallidus, ricas em
neurdnios dopaminérgicos, responsaveis pelo controle motor (Aschner et al., 2007). O
dano causado pelo Mn nessas areas justifica os efeitos extrapiramidais e a disfuncao
motora que primatas humanos e nao-humanos e roedores apresentam ap0s serem
expostos ao metal (Newland, 1999).

O mecanismo pelo qual o Mn causa seus efeitos neurotéxicos ainda néo é
completamente compreendido. A primeira e mais difundida teoria é pela oxidagdo da
dopamina (DA) em neurbnios dopaminérgicos pelo Mn (Figura 5). O Mn é um potente
agente oxidante, acelerando a oxidacdo da DA a o-quinona, que instantaneamente se
cicliza e forma o aminocromo (Archibald e Tyree, 1987). Essa reacao € irreversivel e
explica a diminuicao drastica de DA observado em modelos animais (Segura-Aguilar e
Lind, 1989). O aminocromo sofre uma reducado de um elétron via NADPH, gerando o
radical leucoaminocromo o- semiquinona, uma reagao reversivel que gera radical anion
superdxido (Segura-Aguilar et al., 2001). Além disso, 0 leucoaminocromo o-

semiquinona € um metabdlito muito reativo, capaz de se auto-oxidar na presenca de
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oxigénio e metais de transicdo como Mn e Fe, iniciando o processo ciclico (Baez et al.,
1995).
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Figura 5: Mecanismo de oxidagcao da dopamina pelo Mn.

Intracelularmente, a organela que acumula Mn é a mitocéndria. A entrada do
metal se da através de transportadores de Ca®". Este acimulo afeta a funcédo
mitocondrial, por basicamente trés razdes: (1) inibicdo da transmissao de energia; (2)
pela indugdo de mutagdes no DNA mitocondrial e (3) por aumento das ERO. O Mn inibe
a fosforilagcdo oxidativa pela inibicdo dos complexos | ao IV da cadeia transportadora de
elétrons, causando a diminuicdo da producao de energia (Zhang et al., 2004). A inibicao
da cadeia transportadora, por sua vez, eleva a taxa de producado de ERO, como o anion
superoxido e radical hidroxil (Boveris e Chance, 1973). Além disso, o Mn causa
alteragcdes na homeostase do Ca®*, uma vez que utiliza o mesmo transportador, do tipo
uniporter, para entrar na mitocondria, causando aumento deste dentro da organela. Esse
aumento de Ca?* pode levar & abertura do poro de transicdo de permeabilidade

mitocondrial, com consequente inchaco da organela, ruptura da membrana externa e
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liberacdo de inumeros fatores apoptogénicos para o citosol, causando morte celular
(Green e Reed, 1998; Gavin et al., 1999)

Entretanto, alguns estudos sugerem que o sistema glutamatérgico seja
primariamente envolvido, uma vez que o acumulo de Mn no cérebro produz um tipo de
neuropatologia consistente com um mecanismo excitotoxico (Brouillet et al., 1993). Os
astrécitos desempenham um papel importante nesse mecanismo, uma vez que Sao
responsaveis por captar a maior parte do glutamato liberado durante a sinapse (cerca de
80%) (Rutledge et al., 1998). Diferente dos neurdnios, os astrocitos possuem a
habilidade de captar e acumular Mn em altas concentragdes por possuirem um sistema
transportador especifico e de alta afinidade (Aschner et al., 1992). Dentro dos astrocitos,
o Mn causa disfuncao mitocondrial e ativacdo de cascata apoptética (Yin et al., 2008),
levando ao desenvolvimento de astrocitose, condicdo na qual os astroctos apresentam
alteragdes metabdlicas e morfoldgicas, levando ao decaimento das funcbes realizadas
por essas células gliais (Pentschew et al., 1963). Dessa maneira, a captacado de
glutamato fica prejudicada, levando ao aumento da concentracdo sinaptica desse
neurotransmissor (Hazell e Norenberg, 1997). Além disso, Erikson e Aschner (2002)
demonstraram que a diminuicdo da captacdo de glutamato pelo Mn também involve a
diminuicdo da expressdao do RNA mensageiro do principal transportador de glutamato, o
transportador de glutamato/aspartato (GLAST), o que também leva a concentragdes

elevadas de glutamato e seus efeitos excitotoxicos (Erikson e Aschner, 2002)

I.5. Acetaminofeno (APAP)

O Paracetamol ou acetaminofeno é certamente um dos anagésicos/antipiréticos
mais comumente utilizado na medicina. Sua ascensdo se deve a descoberta do
desenvolvimento de sindrome de Reye associado ao uso de aspirina (Committee on
Infectious Diseases, 1982). Entretanto, o uso aumentado e desenfreado desse
medicamento vem sendo associado a inumeros casos de tentativas de suicidio e de
transplantes de figado por cirrose hepatica causada por intoxicacdo aguda e cronica
com APAP (Larson et al., 2005). Tais efeitos vém sendo investigados por diversos

grupos de pesquisa e apontam as causas para o estresse oxidativo que o APAP pode
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causar, bem como sugerem tratamento eficiente com antioxidantes, como a N-
acetilcisteina (NAC) (Linden e Rumack, 1984).

[1.5.1. Mecanismo analgésico/antipirético do APAP

Apesar de sua popularidade, o mecanismo pelo qual o acetoaminofeno atinge
seus efeitos sobre a febre e a dor ainda ndo é completamente compreendido. O
mecanismo mais conhecido é pela inibicdo da via das ciclooxigenases (Figura 6). Nessa
via, prostaglandinas (PG), substancias pro-inflamatorias, sdo produzidas. As PGs séao
mediadores quimicos responsaveis por transmitir a dor e por sinalizar ao cérebro,
especialmente no hipotdlamo, que um processo inflamatério estd ocorrendo no corpo,
resultando no aumento da temperatura corpérea (pirexia) (Kluger, 1991). Ao inibir essa
rota, o APAP e outros antiinflamatérios nao — esteroidais (AINES) bloqueiam a producao
de PGs e, consequientemente, a febre e a dor.

Mecanismos alternativos para a acao do APAP tém sido propostos. Tjolsen et al.
(1991) demonstraram o envolvimento de receptores serotoninérgicos subtipo 5HT3; na
resposta antinociceptiva do APAP, interferindo com vias serotoninérgicas descendentes
da dor (Tjolsen et al., 1991). Além disso, o APAP também pode inibir a sintese de 6xido
nitrico (NO) indiretamente. Bjorkman (1995) demonstrou que o APAP interfere com a
nocicepgao associada a ativagao espinhal de receptor NMDA, dessa maneira inibindo a

sintese e a acao espinhal do NO (Bjorkman, 1995).

[1.5.2. Hepatotoxicidade causada por APAP

O APAP ¢ efetivo e seguro quando consumido conforme o recomendado (1-49
por dia). Em 1966, entretanto, houve os primeiros relatos de necrose fatal e ndo fatal
seguida por excessiva ingestdo de altas doses do analgésico (Davidson e Eastham,
1966; Thomson e Prescott, 1966). Hoje esta bem documentada que a ingestao de uma
unica dose maior do que 10g pode causar dano hepatico severo ou até mesmo fatal
(Mcjunkin et al., 1976). Tem sido também sugerido que a hepatotoxicidade por APAP
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pode ocorrer com o uso de doses terapéuticas sob algumas condi¢des, como uso de
alcool e sob o estado de jejum (Zimmerman, 1981).

A hepatotoxicidade por APAP ocorre devido a sua metabolizagdo (Figura 7). Em
doses normais, 2% do APAP é excretado diretamente na urina. O remanescente é
metabolizado hepaticamente por dois mecanismos: 90% € metabolizado por conjugacao
— dois tergos por glicuronidagéo (UDP-glicuronosiltransferases) e um tergo por sulfatacao
(sulfotransferases) (Forrest et al., 1982; Manyike et al., 2000). Os conjugados inativos
sdo excretados na urina e na bile. Aproximadamente 5 a 9% do APAP sofre
metabolizagdo por reagbes de fase 1 Grupos polares sdo adicionados por oxidacao,
redugédo ou hidrélise. No caso do APAP, ocorre uma conversao oxidativa por meio dos
citocromos CYP1A2, CYP2A6, CYP2E1 e CYP3A4, gerando o metabdlito toxico N-acetil-
p- benzoquinonaimina (NAPQI) (Chen et al., 1998). Pouco NAPQI é produzido quando
doses terapéuticas sao utilizadas, entretanto doses excessivas de APAP levam a
saturacao do processo de metabolizacdo pelas vias do acido glicurbnico e pela
sulfatacao, sobrecarregando o sistema do citocromo e aumentando a producdo desse
metabdlito toxico (Makin e Williams, 1994).
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Figura 7: metabolizacdo do APAP e seu mecanismo de hepatotoxicidade e morte
celular.
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O NAPQI é uma espécie de dois elétrons altamente reativa que pode agir como um
eletréfilo ou um oxidante, sendo rapidamente conjugado com a glutationa (GSH)
intracelular, a fim de ser eliminado de forma atéxica pelos rins (Mitchell, Jollow, Potter,
Gillette et al., 1973). Entretanto, as reservas de GSH sé&o limitadas, sendo depletadas na
tentativa de detoxificar o NAPQI produzido em excesso (Mitchell, Jollow, Potter, Gillette
et al., 1973). Quando as reservas de GSH estao reduzidas de 70 a 80%, a capacidade
de detoxificacao do figado fica excedida e o NAPQI se acumula, interagindo com e
destruindo os hepatécitos e outras células (Prescott, 1983). Na auséncia de GSH, o
NAPQI comega a se ligar em residuos de cisteina de macromoléculas dos hepatécitos,
gerando adutos (Pumford et al., 1989), os quais sao o processo inicial e irreversivel no
desenvolvimento do dano hepatico (Gibson et al., 1996).

A deplecao de GSH contribui para o estresse oxidativo celular (Jaeschke et al.,
2003). Quando o NAPQI liga-se a alvos celulares criticos, como as proteinas
mitocondriais, ocorre disfungdo mitocondrial e perda de ATP celular (Harman et al.,
1991). Os hepatécitos sofrem subseqiientemente faléncia energética, alteracao na
homeostase do calcio, deplegcdo de ATP, dano ao DNA e modificacdao de proteinas
intracelulares (Andersson et al., 1990; Jaeschke e Bajt, 2006). Estes eventos levam a

morte celular por necrose.

Justificativa

Tendo em vista a baixa toxicidade do DPTVP, seu potencial antioxidante in vitro e a
falta de estudos na literatura sobre possiveis propriedades farmacoldgicas do composto
em modelos animais nos quais o0 estresse oxidativo esteja envolvido, se torna
necessario investigar os as acdes do composto em modelos de neuro e
hepatotoxicidade, bem como investigar o possivel mecanismo de acédo pelo qual o

composto age como antioxidante nesses modelos.
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lll. Objetivos

lll.1. Objetivo Geral

O Objetivo da presente tese é avaliar as possiveis atividades neuro e

hepatoprotetora do dietil-2-fenil-2-telurofenil vinilfosfonato, bem como determinar o

potencial antioxidante deste composto através da avaliacao da atividade neutralizadora

ou “scavenger” de ERO e ERN em roedores.

lll.2. Objetivos especificos:

Os objetivos especificos deste trabalho sao:

1)

Avaliar, in vitro, a atividade antioxidante do dietil-2-fenil-2-telurofenil
vinilfosfonato frente a pro-oxidantes que afetam o sistema glutamatérgico
tais como o nitroprussiato de sédio (SNP) e o acido quinolinico (QA);
Determinar, in vitro, se o dietil-2-fenil-2-telurofenil  vinilfosfonato
compromete o sistema glutamatérgico através de ensaios como captacgao,
liberacdo e unido especifica de [°H] glutamato;

Determinar, in vivo, os efeitos da administracao crénica de MnCl, na agua
de beber de ratos sobre a atividade locomotora e exploratoria desses
animais, bem como se o co-tratamento com DPTVP pode reverter essas
alteracoes;

Investigar, ex vivo, os efeitos do tratamento com DPTVP contra a
neurotoxicidade induzida por Mn através de parametros bioquimicos tais
como peroxidacao lipidica, viabilidade mitocondrial, niveis de ERO,
captacao de [°H] glutamato, atividade da SOD e niveis de Mn em cértex,
hipocampo e estriado;
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Averiguar, ex vivo, a possivel atividade hepatoprotetora do DPTVP contra
os parametros bioquimicos e histopatoldgicos alterados pelo APAP nas
doses de 200 e 300mg/Kg;

Avaliar, in vitro, se o DPTVP possui atividade neutralizadora ou “scavenger”

contra ERO e ERN e sugerir um possivel mecanismo de agéao.
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IV. Artigos cientificos

Os resultados que fazem parte desta tese estdo apresentados sob a forma de
artigos cientificos, os quais se encontram aqui organizados. Os itens Materiais e
Métodos, Resultados, Discussdo dos Resultados e Referéncias Bibliograficas,
encontram-se nos préprios artigos. O artigo 1 estd na forma como foi publicado na
revista, enquanto os manuscritos 1, 2 e 3 estdo na forma como foram submetidos as

revistas.
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Iv.1. UM COMPOSTO ORGANICO DE TELURIO COM ATIVIDADE
ANTIOXIDANTE CONTRA AGENTES EXCITOTOXICOS SEM EFEITOS
NEUROTOXICOS NO CEREBRO DE RATOS

Artigo 1

AN ORGANOTELLURIUM COMPOUND WITH ANTIOXIDANT
ACTIVITY AGAINST EXCITOTOXIC AGENTS WITHOUT NEUROTOXIC
EFFECTS IN BRAIN OF RATS

Avila DS, Gubert P, Palma A, Colle D, Alves D, Nogueira CW, Rocha JBT, Soares
FAA

Brain Research Bulletin 76 (2008) 114-123
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Abstract

The glutamatergic system is an important target in many neurodegenerative diseases and for several neurotoxic drugs. Organotellurium compounds
are often very good free radical scavengers” agents. Recently, we reported that diethyl-2-phenyl-2-tellurophenyl vinylphosphonate is a compound
with low toxicity in vitro and in vivo, as well as also possesses antioxidant activity against iron-induced lipid peroxidation. The aim of this study
was to evaluate in vitro the antioxidant and mitochondrial protective effect of this organotellurium compound against quinolinic acid (QA) and
sodium nitroprusside (SNP), and to evaluate the in vitre actions of this organotellurium compound in the glutamatergic system in brain of rats.
We observed that the telluro vinylphosphonate possess an antioxidant activity against QA and SNP at micromolar concentrations. When tested
at antioxidant concentrations (from 2 to 10 M), the compound does not affect the mitochondrial viability and [*H]glutamate uptake in slices
from cerebral cortex, hippocampus and striatum, [*H]glutamate release from synaptosomal preparations and [*H]glutamate binding in membrane
preparation. Our data suggest that the telluro vinylphosphonate act as an antioxidant in the central nervous system in vitro with no effects on the

glutamatergic system; nevertheless more studies in different models of brain injury must be performed in order to corroborate our findings.

@ 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Because of its widely distribution in the central nervous
system, glutamate is considered the most important excitatory
neurotransmitter in mammals. Glutamate is involved in many
brain functions as development. aging. learning and physiolog-
ical integration among brain structures [44,48,54]. Therefore,
excessive concentrations of glutamate leads to a cascade of
events namely excitotoxicity. In order to maintain glutamate
homeostasis, the CNS strictly regulates the fine balance between
glutamate release and glutamate uptake. Glutamate is synthe-
sized in the neuronal pre-synaptic cytoplasm by the glutaminase
and translocated into the vesicle lumen via a glutamate trans-
port protein located on the vesicle [73]. In response to neuronal
activity, the vesicle fuses with plasma membrane, releasing their
content. In the synaptic cleft, the neurotransmitter mainly acts

* Corresponding author. Tel.: +55 55 3220 9522 fax: +55 55 3220 8031.
E-mail address: felix_antunes_soares@ yahoo.com.br (FA.A. Soares).

0361-9230/% — see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.brainresbull.2007.12.008

when binds to the glutamate receptors [7.11]. When glutamate
is released in the synaptic cleft, it is uptaked by specific high-
affinity Na*-dependent amino acid transporters (EAAT), which
are mainly present in glial cells, and metabolized by the glu-
tamine pathway, transported as glutamine to the neurons and
stored as glutamate now in the vesicles of pre-synaptic neu-
ron to be released again [18.24]. In that way, alterations in the
neuronal membrane potential or disturbances in the glutamate
uptake, could lead to excessive concentration of glutamate in the
synaptic cleft and cause excitotoxicity [4,18].

It is known that neuronal degeneration which is caused
by glutamate involves the activation of the glutamatergic
receptor NMDA type. The excessive glutamate concentration
causes massive NMDA receptor stimulation, which has high
permeability to Ca*? [36]. Subsequently high Ca*? influx leads
to a cascade of biochemical events, as lipolysis, proteolysis,
free radical formation and finally neuronal death [17,78]. In
this context, quinolinic acid (QA), an endogenous neuroactive
metabolite of the kynurenine pathway, exhibits agonistic
properties of the NMDA receptor [67.72], producing a specific

28



D.5. Avila et al. / Brain Research Bulletin 76 (2008) 114-123 115

pattern of neurodegeneration and neurochemical alterations.
The toxicity of QA is mediated by sustained activation of the
NMDA receptor and Ca*? channels, increasing intracellular
Ca*? concentrations, leading to ATP depletion, mitochondrial
dysfunction, oxidative stress and cell damage [2]. Some studies
demonstrated in vitro and in vivo prooxidative effects of QA,
specially the stimulation of the lipid peroxidation in the brain
[61.63]. Otherwise, the lipid peroxidation induced by QA is
reduced by antioxidant agents [64,79], as well as by MK-801,
an antagonist of NMDA receptor, confirming the involvement
of the receptor in the oxidative damage evoked by QA [57.65].

Other proposed mechanism of toxicity induced by Ca?*
influx is due to the stimulation of the neuronal nitric
oxide synthase (NOS), which is a Ca*?/calmodulin requir-
ing enzyme, generating NO radical (NO*). This radical
can easily produces, together with superoxide anion radical
(02*7). peroxynitrite (ONOOT), thus leading to lipid per-
oxidation and production of additional free radicals [10].
In fact, sodium nitroprusside (SNP) is a good chemical
inducer of lipid peroxidation in brain tissue [59], since it
release in a short-lasting time NO® in tissue preparations
[9.39].

Organotellurium compounds have been reported as excellent
antioxidants in several models of oxidative stress [14,21,31],
especially in brain [5.33]. Conversely, organotellurium com-
pounds are described as neurotoxic [26,37,50], being one of
them, diphenyl ditelluride, a very toxic compound to glutamater-
gic system, which diminishes the potential pharmacological
interest in these compounds. Otherwise, we recently reported
that a vinylic telluride, the diethyl-2-phenyl-2-tellurophenyl
vinylphosphonate, did not present significant toxic effects when
administered subcutaneously or intraperitonealy into mice [5.,6].
In addition, telluro vinylphosphonate showed a potent antioxi-
dant effect against iron-induced lipid peroxidation in vitro [5].

Considering the antioxidant activity depicted by the telluro
vinylphosphoenate compound, becomes necessary to determine
if this organotellurium compound has ability to diminish the
oxidative damage in brain, once several brain disorders have
been related to ROS production. In this study, we investi-
gated the antioxidant effects of the telluro vinylphosphonate in
brain caused by QA and SNP. since both chemicals are able
to mimetize the oxidative stress conditions caused by exces-
sive stimulation of NMDA receptor by glutamate. Moreover,
assuming that glutamatergic system is a concerning matter, we
aimed to examine if the telluro vinylphosphonate alters per se the
homeostasis of the neurotransmitter in the synaptic cleft, through
assays that evaluate the glutamatergic system, as [*H]glutamate
uptake, release and binding in brain of rats.

2. Materials and methods
2.1, Chemicals

[PH]Glutamic acid (1 CifmL) was purchased from Amersham Biosciences
All other chemicals were of analytical grade and obtained from standard com-
mercial suppliers.

Diethyl-2-phenyl-2-tellurophenyl vinylphosphonate (Fig. 1) synthesis was
performed by addition of alkynylphosphonates to a solution of sodium organyl

Ph

PhTe P(O)(OEt),

Fig. 1. Chemical structure of diethyl-2-phenyl-2-tellurophenyl vinylphospho-
nate.

tellurolate, prepared by the reduction of diorganyl ditellurides with sodium
borohydride in ethanol at room temperature [13].

2.2, Animals

Adult Wistar rats from our own breeding colony were maintained in an
air conditioned room (20-25°C)) under natural lighting conditions with water
and food (Guabi-RS, Brasil) ad libitum. All experiments were conducted in
accordance with the Guiding Principles for the Use of Animals in Toxicology,
adopted by the Society of Toxicology in July 1989,

2.3, QA and SNP-induced lipid peroxidation

Animals were Killed by decapitation. Brain was removed, and the whole
brain was used or dissected into three specific areas (cortex, hippocampus and
striatum) and then homogenized (1:10) in Tris—=HCI 10 mM buffer, pH 7.4 and
centrifuged at 4000 x g for 10 min at 4 °C. The low speed supernatant fraction
obtained (51) was used for TBARS measurements.

The antioxidant effect of the telluro vinylphosphonate was evaluated
against SNP (5pM) and QA (1 mM) through measurements of thiobarbi-
turic acid reactive substances production, according to Ohkawa et al. [53],
using vehicle (DMSO), 0.4, 1, 2. 4 and 10pM of the telluro vinylphospho-
nate. The homogenates were pre-incubated for 1h at 37°C in a buffered
medium with the telluro vinylphosphonate in the different concentrations,
to evaluate the compound effects on the basal TBARS production or pre-
incubated with the compound plus QA or SNF, to observe the effect of the
organotellurium compound in the lipid peroxidation induced by both agents.
Then, SDS 8.1%. acetic acid/HCI buffer and thiobarbituric acid 0.6% were
added to the tubes. and incubated for 1h at 95°C. TBARS formation were
determined spectrophotometrically at 532 nm, using Malondialdehide as stan-
dard

2.4, Mitochondrial viability

MNeuronal injury in cortex, hippocampus and striatum was quantified by mea-
suring the reduction of 3-(4.5-dimethylthiazol-2-y1)-2.5-diphenyltetrazolium
bromide {MTT) to a dark violet formazan product [47] by mitochondrial dehy-
drogenases. Slices (0.4 mm) of the brain areas were obtained by transversally
cuts of using a McIlwain chopper. Previously, a curve—response of mitochon-
drial viability to telluro vinylphosphonate, QA and SNFP was determined. and
then it was chosen the concentration of SNFP and QA that caused mitochondrial
damage to determine whether telluro vinylphosphonate would be able to pre-
vent this effect. Slices were pre-incubated with telluro vinylphosphonate (1. 5.
10, 50 and 100 pM), or SNP (5, 10, 50 and 100 wM) by 1h or QA {100, 500
and 1000 pM) by 2h in oxygenated buffer, containing {in mMj: 118 NaCl, 1.2
KH2POy4, 4.7 KCL 2.5 CaCly, and 1.17 Mg80y. After incubation, the slices
were washed twice with 1 mL of buffer. MTT reduction assays were performed
in plates containing 500 wL. of buffer, and the reaction was started by adding
0.5mg/mL MTT. After 45 min of incubation at 37 °C, medium was removed
and the slices dissolved in dimethylsulfoxide (DMSO). The rate of MTT reduc-
tion was measured spectrophotometrically at a test wavelength of 570 nm and a
reference wavelength of 630 nm.

2.5. [PH|Gluramate uptake

Slices (0.4 mm) were obtained by transversally cuts of cortex, hippocampus
and striatum using a McIlwain chopper. The experiments were made using one
slice and in triplicates. The slices were pre-incubated with DMSO, 0, 1, 5, 10,
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50 and 100w of telluro vinylphosphonate for 15 min, and then washed with a
HBSS solution containing (mM): 137 NaCL 0.63 NagHPOy4, 4.17 NaHCO4, 5.36
KCL 0.44 KH2POy, 1.26 CaCla, 0.41 MgS0Oy, 0.49 MgCly and 5.55 glucose,
adjusted to pH 7.2. The glutamate uptake was performed according to Frizzo
et al. [23] with some modifications. Briefly, uptake was carried out at 35°C by
adding 100 uM of unlabeled glutamate and 0.33 pCi/mL [*H]glutamate. The
reaction was stopped after 7 (cortex), 5 (hippocampus) and 3 (striatum) minutes
by washing two times with 1 mL cold HBSS, immediately followed by addition
of 0.5 N NaOH. which was kept overnight. Na independent uptake was deter-
mined by using choline chloride instead of NaCl, which was subtracted from the
total uptake to obtain the Na*-dependent uptake. Incorporated radioactivity was
determined with a Packard scintilator (TRI CARB 2100 TR). All experiments
were performed in triplicate.

2.6. Synaptosomal preparation

Synaptosomal preparations were obtained by isotonic Percoll/sucrose
discontinuous gradients at 4 °C, as previously described [20] with few modi-
fications. Briefly, homogenates (109, w/v) from forebrain were made in 0.32 M
sucrose, | mM EDTA and 6.25mM DDT (pH 7.4). and centrifuged at 800 x g
for 10min. The supernatant containing synaptosomes were subjected to 23,
15, 7 and 3% Percoll solution density gradient centrifugation at 24,000 x g
for 10 min. The synaptosomal fractions were isolated, suspended and homoge-
nized in buffered HBSS containing low K* (pH 7.4), containing in mM: 133
NaCl, 2.4 KCI, 1.2 KH2POy, 1.09 MgSOy, 27.7 HEPES, 1.2 glucose and
0,001 CaCly and centrifuged at 21,000 x g for 15 min. The supernatant was
removed and the pellet gently resuspended in HBSS buffer. The synaptosomal
fraction used contained approximately 2.2 mg of protein/mL. This fraction also
contained approximately 5% contamination with fragments of the inner and
outer mitochondrial membranes, microsomes, myelin, as well as glial plasmatic
membranes [45].

2.7. Synaptosomal [7H |elutamate release

Determination of [3H]g]11lamate release was accomplished as described
by Migues et al. [45]. Prior to the release assay, synaptosomal preparations
from rat forebrain were loaded with labeled [3]-[]glutamate for 15min at
37°C. Incubation was performed in a non-depolarizing medium (low potas-
sium), containing, in mM: HEPES 27, NaCl 133, KCl 24, Mg50, 1.2,
KH>PO4 1.2, glucose 12, CaCly 1.0 in the presence of 0.5 pM of gluta-
mate (0.1 uCi [*H]glutamate). Aliquots of labeled synaptosomal preparations
(1.4 mg protein) were centrifuged at 16,000 x g for | min. Supernatants were
discarded. and the pellets were washed four times in the medium by cen-
trifugation at 16,000 x g for 1min (at 4°C). To assess the basal release
of [*H]glutamate. the final pellet was resuspended in the same buffer and
incubated for 1 min at 37°C in the absence (basal or DMSO) and in the pres-
ence of telluro vinylphosphonate (1, 5, 10, 50 and 100 uM). K*-stimulated
[3H]g]ulamale release was assessed as described for basal release, except
that the incubation medium contained 40mM KCl to induce synaptoso-
mal depolarization. Incubation was terminated by immediate centrifugation
(16,000 x g for 1 min). Radioactivity present in supernatants and pellets was
separately determined. [*H]glutamate release was calculated as the percent-
age of total amount of radiolabel glutamate present at the start of the
incubation period in preloaded synaptosomes. The total amount of synap-
tosomal [PH]glutamate release under these conditions was approximately
9.9 nmol/{mg( protein) min).

2.8, Brain membrane preparation

All binding assays were performed using brain synaptic membranes prepared
as described by Jones and Mathus [32] using a sucrose gradient for differential
centrifugation, and stored adequately prior to use. On the day of the binding
assay, the membranes were thawed in a 30 min water bath (37 “C), homogenized
with three volumes of Tris—=HCI buffer {5 mM. pH 7.4). and centrifuged three
times at 27,000 x g for 15min. The final pellet was resuspended in the same
buffer in order to yield a protein concentration of 1-2 mg/mL and was used for
the binding assay.
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2.0. [FH|Glutamate binding assay

Membranes were incubated in (0.5 mL reaction mixture containing 500 mM
Tris—acetate, pH 7.4, 40 nM [3H]g]u[amate and in the absence (basal or DMSO)
and in the presence of telluro vinylphosphonate (1, 5. 10, 50 and 100 pM).
Incubation was carried out at 30°C for 30min and the reaction was stopped
by centrifugation at 27,000 x g for 15 min. The pellet and the wall of the tube
were quickly and carefully washed with ice-cold Milli-Q water. SDS (0.1%) and
scintillation liquid were added to the dry pellet and incorporated radioactivity
was determined [70]. In all binding experiments, nonspecific binding was deter-
mined by adding 1000 times non-labeled glutamate to the medium in a parallel
assay. [*H]glutamate binding control values were 3.6 & 0.96 pmolf{mg protein
per 10min). Nonspecific binding typically amounted to 20% of total bind-
ing. Specific binding was considered to be the difference between total and
nonspecific binding.

2.10. Protein determination

Aliquots from the homogenized slices, membranes, homogenates and synap-
tosomal preparation were separated to protein measurements that were assessed
according to Lowry et al. [42].

2.11. Siatistical analysis

Statistical significance was assessed by one-way ANOVA, followed by Dun-
can test for post hoc comparison. Results were considered statistically significant
at values of p<0.05.

3. Results
3.1. QA and SNP-induced lipid peroxidation

QA induced a significant increase in TBARS formation in
whole brain and in the three brain structures homogenates in
approximately 250% from basal levels (p<0.001, Fig. 2A-D).
Similarly, SNP induced an increase of approximately 200%
(p<0.001, Fig. 3A-D). The telluro vinylphosphonate sig-
nificantly decreased spontaneous and QA-induced TBARS
formation in rat whole brain homogenates (p <0.001, Fig. 2A).
In addition, there was a different sensitivity in the brain
regions to the antioxidant effect of telluro vinylphosphonate,
since in hippocampus the organotellurium compound was able
to decrease the QA-induced lipid peroxidation from 1 pM
(p=<0.05, Fig. 2C), otherwise, in cortex and striatum, the antiox-
idant action was significant from 2 pM (Fig. 2B and D).

Moreover, the telluro vinylphosphonate significantly
decreased spontaneous and SNP-induced lipid peroxidation
from 2 pM in the whole brain homogenate and in the cortex
(p=0.001, Fig. 3A and B). Nevertheless, in hippocampus and
striatum homogenates, the SNP-induced TBARS formation
significantly decreased only from 4 pM of the compound
(p=0.05, Fig. 3C and D).

3.2, Mitochondrial viability

3.2.1. Curve—responses

Table I shows that the telluro vinylphosphonate did not cause
mitochondrial damage in slices of the brain regions and at any of
the tested concentrations used here. In a plot using different SNP
concentrations, we observed that SNP. which induced lipid per-

oxidation at 5 M, caused decrease in MTT reduction only from
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Fig. 2. Effects of diethyl-2-phenyl-2-tellurophenyl vinylphosphonate. On spontaneous () and QA-induced (M) TBARS production in vitro in whole brain (A),
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formation, p<0.05. All experiments were performed in duplicates (n =5).

50 pM (p<0.05, data not shown). On the other hand, QA was
not able to cause mitochondrial damage at the concentrations
used here (Table 2), even when pre-incubated for 2h.

3.2.2. Protective effect of telluro vinylphosphonate

The organotellurium compound was able to protect cortex
slices from the damage induced by 50 pM of SNP from 4 pM
(p=<0.05. Fig. 4A). Meanwhile, in hippocampus and striatum
the protective effect was observed only from 40 pM (p <0.05,
Fig. 4B and C). In striatum, there was a reduction in mitochon-
drial viability when 0.4 pM of telluro vinylphosphonate was
added to the medium (p <0.05, Fig. 4C).

Table 1
Curve-response of telluro vinylphosphonate on mitochondrial viability (MTT
assay) in cortex, hippocampus and striatum slices

Telluro vinylphosphonate MTT (% of control)

3.3. PH]Glutamate uptake

Na*-dependent [*H]glutamate uptake was not altered stria-
tum slices (Fig. 5C). However, at 100 pM of the telluro
vinylphosphonate, [*H]glutamate uptake was decreased in cor-
tex (p<0.05, Fig. 5A) and hippocampus slices (p<0.05,
Fig. 5B).

3.4. Synaptomal [°H]glutamate release

Fig. 6 shows that at the concentration of 100 pM the
organotellurium compound increased both basal and K*-

Table 2
Curve-response of QA on mitochondrial viability (MTT assay) in cortex. hip-
pocampus and striatum slices

(M) QA (uM) Mitochondrial viability (% of control)
CTX HIP STR CTX HIP STR
0 100 £ 1.2 100 £ 2.5 100 £ 1.5 0 100 £ 3.2 100 £ 5.6 100 £7.3
0.4 23145 £ 109.5 17435 £ 953 90.88 £ 389 100 109.73 £ 26,42 108.81 & 1245 11599 £ 20.17
4 112,84 &£ 10,19 2893 £ 81.0  152.88 £427 500 134.76 £ 48.44 101.54 £ 17.33 158.08 £ 25.15
40 894 £ 2.5 15044 £ 554 99.8 £+ 53.1 1000 125.14 £ 65.11 100.3 + 60.6 165.91 £ 24.34

Data are expressed as mean £ 5.E.M for four independent experiments.

Data are expressed as mean £ 5.E.M for four independent experiments.
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TBARS formation, p<0.05, to five experiments performed in duplicates.

stimulated [*H]glutamate release in comparison to control
values (p<0.05).

3.5, [PH]Glutamate binding

The telluro vinylphosphonate did not inhibit [*H]glutamate
binding in membrane preparations at concentrations in which
this compound exhibited antioxidant activity (lower than
10 wM). On the other hand. at the concentrations of 50 and
100 pM., [*H]glutamate binding was inhibited by approximately
50% (p<0.05, Fig. 7).

4. Discussion

Since the first organotellurium compounds were synthesized
in 1840 by Wahler, several studies have shown their potent
antioxidant actions [14.21,75], even in brain tissue [33] and
that some of them possess glutathione peroxidase (GPX)-like
activity [3,22]. These studies also suggest that organotellurium
compounds could act as scavengers of reactive species, mak-
ing them very interesting tools in the research of antioxidant
agents against the generation of reactive oxygen and/or nitrogen

species in different process, including neurological disorders
[36].

Our study demeonstrated for the first time the antioxidant
potential of telluro vinylphosphonate against QA and SNP. two
chemicals that have mechanisms of action that are similar to
the cascade generated by the calcium influx after glutamate
binding to NMDA receptor [2]. In fact, we found different
responses to the compound in the tested brain structures against
the two prooxidant agents used. In hippocampus, the organ-
otellurium compound seems to be more efficient against the
QA-induced lipid peroxidation, while striatum and cortex had
a similar plot from whole brain. It is known that QA may
differently affect several brain regions, and that hippocampus
seems to be less affected by it in some parameters, being stria-
tum the most vulnerable region [43.80]. Besides, we could
not ruled out that the oxidative effect observed for QA could
be mediated by NMDA receptor overactivation, once Puntel
et al. [57] demonstrated that MK-801 abolished the TBARS
formation induced by QA in brain homogenates. This over-
activation is associated with an increase in Ca®* influx [77],
ATP exhaustion and free radical production [62]. leading to
an increase in the lipid peroxidation both in vitro and in
vive [61,63,69]. Our results do not indicate how the telluro
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vinylphosphonate acts against the oxidative stress induced by
QA, however we can suggest that the compound possibly act as
scavenger of the reactive species generated in the process, once
this activity is well described to organotellurium compounds
[5.14,21,31].

The same antioxidant profile was observed when SNP was
used as inducer of lipid peroxidation. Therefore, the TBARS lev-
els decreased in a more pronounced way in cortex than striatum
and hippocampus. The literature describes that are some regional
differences among hippocampus, cortex and striatum in relation
to prooxidant and antioxidant defenses against nitric oxide dam-
age [15.16,35]. In this cascade, the Ca®* influx increases the NO®
radical formation [2,28] as well as generation of other free rad-
icals species [10,38], especially ONOO™, which may oxidize
and covalently modify all major types of biomolecules, includ-
ing DNA [29]. proteins [30] and lipids [58]. Here, to mimic this
process, we used SNP ([NO-Fe—{CN)s]), which besides releases
the NO®, generates the ferricyanide anion [(CN) 5—13"‘&:]_3 that can
react with HoO; via Fenton reaction, generating hydroxyl radi-
cals (OH*) [27]. Several compounds have been reported in the
literature as neuroprotectors due to their ability to reduce the
oxidative damage caused by QA and SNP as depicted by the
telluro vinylphosphonate, however few at low concentration as
depicted here [63,79,56].

Mitochondrial viability is also affected by oxidative stress,
once the production of reactive species causes damage to inner
and outer membranes as well as the opening of the mitochondrial
permeability transition pores, thereby inducing apoptosis [66].
SNP and QA are described as prooxidants agents that are able
to impair mitochondrial function and decrease MTT reduction
[55.49], however SNP is commonly used at high concentra-
tions as well as QA in slices. Even the high concentration of
QA (1 mM) used here to induce lipid peroxidation, similar as
described by otherauthors [57.79]. it was not capable to decrease
the mitochondrial viability in the slices. This finding must be to
the use of slices in this assay, once in synaptosomal fractions and
cell cultures, which are more refined preparations, QA is able
to cause mitochondrial dysfunction even in lower doses [19,68].
Therefore, the use of slices to observe mitochondrial viability is
relevant, considering that all the constituents of the synapse are
present. This paradigm is important in view that all the neuronal
cells involved in a supposed exposition to the drugs in vive are
in the slices preparation. Besides, when QA is used in slices, it
is needed a higher concentration of this prooxidant to get the
expected effect [34,74].

On the other hand., we found that SNP reduced mitochon-
drial viability at a lower concentration than reported by other
authors [8]. This effect was prevented by the antioxidant organ-
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Fig. 5. Effects of diethyl-2-phenyl-2-tellurophenyl vinylphosphonate on [*H]glutamate uptake. Cortex (A). hippocampus (B) and striatum (C). Data are presented
as % of control & S.E.M. 100% of control corresponds to 111 pmol/imgiprotein) min} (A), 1.05 pmol/(mg{protein) min) (B) and 1.02 pmol/{img(protein) min) (C).
*Indicates statistical difference from the control. p<0.05 to five experiments performed in triplicates.

otellurium compound in all brain regions tested. but in a more
effective way in cortex, as in TBARS assay, leading us to suggest
that this brain structure is more sensitive to the antioxidant action
of telluro vinylphosphonate. It is very important to emphasize
that the compound did not caused mitochondrial dysfuntion
at all concentrations tested here, demostrating that the organ-
otellurium compound do not depicted to be neurotoxic per se
in the experiments carried out here. We noted, therefore, that
seems that the mitochondrial viability is diminishing with the
increase of the compound concentration, nevertheless the het-
erogeneity of the data do not support us to believe that a dose
response—curve was obtained. Of importance, the compound did
not affect mitochondrial viability at the antioxidants concentra-
tions.

Despite the antioxidants properties. it is well described that
organotellurium compounds have the central nervous system as
a potential target for toxic effects [52]. Some of them inhibit
squalene monoxigenase [26.37] and, especially diphenyl dit-
teluride, inhibits Na™/K* ATPase in vitro [12] as well as *Ca®*
influx in rat synaptosomes [46]. The glutamatergic system is
also affected by the ditelluride, which causes decreases in
[-‘H]g]utamate, [*'H] MK-801 and [*H]GMP-PNP binding in
vitro and ex vive in rat membranes preparation [50] as well
as decrease in [*H]glutamate uptake in vitro in rat synapto-
somes [51]. In order to assess how the telluro vinylphosphonate

could affect the glutamatergic system, we evaluated the release,
binding and uptake of glutamate. The [*H]glutamate uptake in
slices of cortex, hippocampus and striatum did not changed at
the antioxidants concentrations (lower than 10 pM). When we
used higher concentrations (up to 50 pM) the striatum was not
affected, although a decrease in the uptake of [*H]glutamate
in cortex and hippocampus slices was found. In agreement, rat
brain synaptosomal [*H]glutamate release was altered only at
100 pM, in both basal and K*-stimulated release. In addition,
[*H]glutamate binding in plasmatic membrane preparations was
inhibited 50% only at the higher concentrations used here (50
and 100 pwM). It is important to emphasize that in similar experi-
ments, Nogueiraetal.[51,52] observed that diphenyl ditelluride,
which has similar antioxidant properties of telluro vinylphos-
phonate, decreased [*H]glutamate uptake and [*H]glutamate
binding at the concentration of 10 pM, which is at least fivefold
lower than that we have obtained here. This comparison is rele-
vant, since diphenyl ditelluride is known as a good antioxidant
but a very toxic agent to the central nervous system [71]. In this
context, the telluro vinylphosphonate seems to be a promising
organotellurium compound to be used in antioxidant neuropro-
tective protocols, since it could be used at high concentrations
than other organotellurium compounds.

In a recent study, Avilaetal. [5] demonstrated that the telluro
vinylphosphonate is able to oxidize in vitro —SH groups, increas-

34



D.5. Avila et al. / Brain Research Bulletin 76 (2008) 114-123 121

[ Basal [ stimulated

Gl -
g .M
= ! #
- R
@
2 w0t
@
9 _
@ M
2 T
E 2
m
3
0 10

o

DMSOD 1 o 10 50 100

Diethyl 2-phenyl-2-tellurophenyl vinylphosphanate (uM)

Fig. 6. Effects of diethyl-2-phenyl-2-tellurophenyl vinylphosphonate on
[*H]glutamate release in synaptosomal preparation. Data are expressed as %
of release + S.E.M. *Indicates statistical difference from control basal release.
*Indicates difference from control stimulated release, p<0.05 to five experi-
ments in duplicates.

ing the DTT oxidation rate and inhibiting 8-aminolevulinate
dehydratase, a sulfhydryl-containing enzyme, in brain from the
concentration of 120 pM. Of particular importance, the specific
high-affinity EAAT and the process of glutamate exocytosis are
sensitive to redox changes and also affected by oxidizing agents
[25.76,81]. The EAAT contain reactive —SH groups in their
structure that are modulated by their redox status [76]. Possi-
bly, only at high concentrations the organotellurium compound
or its metabolites are able to oxidize the —SH groups. resulting in
the impairment in the uptake, release and binding of glutamate.

The NMDA receptor. also possess extracellular redox sites
and its activity is dependent of the reduced form of the -SH
groups present in their structure [41]. The NMDA recep-
tor is partially inhibited by the —SH group oxidant DTNB
(5.5'-ditio-bis-(2-nitrobenzoic acid)) and reactivated by DTT
(dithiothreitol) [1.40]. Moreover, excessive glutathione extracel-
lular levels alters the redox state of the NMDA receptor, causing
neurotoxicity and an enhancement of the responses to glutamate
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Fig. 7. Effects of diethyl-2-phenyl-2-tellurophenyl vinylphosphonate on
[*H]glutamate binding in membrane preparation. Data are expressed as per-
cent of control binding &+ S.E.M. *Indicates difference from control, p<0.05 to
five independent experiments performed in duplicate.

in neurcnal cultured cells [60]. Taken together the data presented
here and in previous studies [5], we can suggest that the vinylic
telluride is able to oxidize these —SH groups at high concen-
trations, decreasing the [*H]glutamate binding. It is interesting
to note that NMDA —SH groups seem to be more sensitive to
this compound than others sufhydryl proteins, as the glutamate
transporters studied here, once the concentration necessary to
inhibit the binding was lower that to decrease [*H]glutamate
uptake or to increase its relase. This finding could be useful in
disorders related to glutamate excitotoxicity, since the organotel-
lurium compound is able to decrease the [*H]glutamate binding
at 50 pM without impairment of glutamate uptake.

In conclusion, dietyl-2-phenyl-2-tellurophenyl vinylphos-
phonate is a potent antioxidant at low concentrations against
two mimetic agents of glutamatergic excitotoxicity. This was
evident by the decrement in lipid peroxidation and by the
protection against mitochondrial dysfunction induced by SNP.
At the antioxidant concentrations, the compound did not alter
[*H]glutamate uptake into brain structures slices nor its release
from pre-loaded synaptosomes as well as the binding in mem-
branes. Considering our data we can suggest that telluro
vinylphosphonate: (1) presented a possible neuroprotection
action due possibly to its radical scavenger activity in the
brain, (2) did not alter mitochondrial function, therefore pro-
tects against SNP-induced mitochondrial dysfunction and (3)
presented, at antioxidant concentrations, an absence of gluta-
matergic system alterations (binding, uptake and release). These
properties must be explored in vive to further investigate whether
this organotellurium may protect against some drugs potentially
toxic to the CNS and neuropathologies related to overproduction
of free radicals.

Acknowledgements

We are thankful to the financial institutions CNPq,
CAPES and FAPERGS by the fellowships (P.G. is recipient
of CNPqg/PIBIC/UFSM fellowship. A.P. is recipient of
BIC/FAPERGS fellowship, D.C. is recipient of FIPE/UFSM
fellowship. C.W.N. and J.B.T.R. are recipients of CNPq fellow-
ships). This work was also supported by the FINEP research
grant “Rede Instituto Brasileiro de Neurociéncia (IBN-Net)” #
01.06.0842-00.

References

[1] E. Aizeman, S.A. Lipton, R.H. Loring, Selective modulation on NMDA
responses by reduction and oxidation, Neuron 2 (1989) 1257-1263.

[2] A. Akaike, H. Katsuki, T. Kume, T. Maeda, Reactive oxygen species in
NMDA receptor-mediated glutamate neurotoxicity, Parkinsonism Relat.
Disord. 5(1999) 203-207.

[3] C.-M. Andersson, A. Hallberg, R. Brattsand., L.A. Cotgrave, L. Engman, .
Persson, Glutathione peroxidase-like activity of diaryl tellurides, Bioorg.
Med. Chem. Lett. 3 {1993) 25532558,

[4] R. Anwyl, Modulation of vertebrate neuronal calcium channels by neuro-
transmitters, Brain Res. Rev. 16 (1991) 265-281.

[5] D.S. Avila, M.C. Beque. V. Folmer, A.L. Braga, G. Zeni, C.W. Nogueira,
F.AA. Soares, 1.B.T. Rocha, Diethyl 2-phenyl-2-tellurophenyl vinylphos-
phonate: an organotellurium compound with low toxicity, Toxicology 224
(2006) 100-107.

35



122 D.5. Avila et al. / Brain Research Bulletin 76 (2008) 114-123

[6] D.5. Avila, P Gubert, C.L. Dalla Corte, D. Alves, C.W. Nogueira,
LB.T. Rocha, FA.A. Soares, A biochemical and toxicological study
with diethyl-2-phenyl-2-tellurophenyl vinylphosphonate in a sub-chronic
intraperitoneal treatment in mice, Life Sci. 80 (2007) 1865-1872.

[7]1 J.M. Barnes, I.M. Henley, Molecular characteristics of excitatory amino
acid receptors, Progr. Neurobiol. 39 (1992) 113-133.

[8] S. Bastianetto, R. Quirion, Natural extracts as possible protective agents of
brain aging, Neurobiol. Dis. 23 {2002) 891-897.

[9] J.N. Bates, M.T. Baker, R. Guerrra, D.G. Harrison, Nitric oxide genera-
tion from nitroprusside by vascular tissue, Biochem. Pharmacol. 42 (1991)
S157-8165.

[10] 1.5, Beckman, T.W. Beckman, J. Chen, PA. Marshall, B.A. Freeman,
Apparent hydroxyl radical production by peroxynitrite: implications for
endothelial injury from nitric oxide and superoxide, Proc. Natl. Acad. Sci.
U.5.A. 8T (1990) 1620-1624.

[11] B. Bettler, C. Mulle, Review: neurotransmitter receptor II. AMPA and
kainate receptors, Neuropharmacology 34 (1995) 123-139.

[12] V.C. Borges, 1.B.T. Rocha, C.W. Nogueira, Effect of diphenyl diselenide.
diphenyl ditelluride and ebselen on cerebral Na+, K+ ATPase activity in
rats, Toxicology 215 (2005) 191-197.

[13] AL Braga, E.F. Alves, C.C. Silveira. L.H. Andrade, Stereoselective addi-
tion of sodium organyl chalcogenolates to alkynylphosphonates: synthesis
of diethyl 2-{organyl)-2-(organochalcogenyl yvinylphosphonates, Tetrahe-
dron Lett. 41 (2000) 161-163.

[14] K. Briviba, R. Tamler, L.-O. Klotz, L. Engman, LA. Cotgreave, H. Sies, Pro-
tection against organotellurinum compounds against peroxynitrite-mediated
oxidation and nitration reactions, Biochem. Pharmacol. 55 (1998 817—
823,

[15] E. Candelario-Jalil, N.H. Mahdu, 5.M. Al-Dalain, G. Martinez, O.S. Leon,
Time-course of oxidative damage in different brain regions following tran-
sient cerebral ischemia in gerbils, Neurosci. Res. 41 (2001) 233-241.

[16] 5. Cavallini, M. Marti, S. Marino, E. Selvatici, L. Beani, C. Biachi, A.
Siniscalchi, Effects of chemical ischemia in cerebral cortex slices: focus
on nitric oxide, Neurochem. Int. 47 (2005) 482490,

[17] D.W. Choi, Glutamate neurotoxicity and diseases of the nervous system,
Neuron | (1998) 623-634.

[18] N.C. Danbolt, Glutamate uptake, Progr. Neurobiol. 65 (2001) 1-105.

[19] V.P. de la Cruz, C. Gonzilez-Cortés, S. Galvin-Azarte, O.N. Medina-
Campos, F. Pérez-Severiano, S.F. Ali, J. Pedraza-Chaverri, A. Santamaria,
Excitotoxic brain damage involves early peroxynitrite formation in a
model of Huntington's disease in rats: protective role of iron por-
phyrinate 5.10,15,20-tetrakis(4-sulfonatophenyljporphyrinate iron (II1).
Neuroscience 135 (2005) 463474,

[20] PR. Dunkley, P.E. Jarvie, 1.W. Heath, G.J. Kidd, J.A.P. Rostas, A rapid
method for isolation of synaptosomes on Percoll gradients, Brain Res. 372
(1986) 115-129.

[21] L. Engman. L. Person. K. Vessman. M. Ekstrom. M. Berglund, C.-M.
Andersson, Organotellurium compounds as efficient retarders of lipid per-
oxidation in methanol, Free Rad. Biol. Med. 19 {1995 441452,

[22] L. Engman, D. Stern, I Cotgreave, C.-M. Andersson, Thiol peroxidase
activity of diaryl ditellurides as determined by a '"H NMR method., J. Am.
Chem. Soc. 114 (1992) 97379743,

[23] M.E.S. Frizzo, D.R. Lara. A.S. Prokopiuk, C.R. Vargas, C.G. Salbego, M.
Wajner, D.O. Souza, Guanosine enhances glutamate uptake in brain cortical
slices at normal and excitotoxic conditions, Cell Mol. Neurobiol. 22 {2002)
353-363.

[24] E.M. Fykse. F. Fonnum, Amino acid neurotransmission: dynamics of vesic-
ular uptake, Neurochem. Res. 21 {1996) 1053-1060.

[25] 5.C. Gilman, M.J. Bonner, T.C. Pellmar, Peroxide effects on [5H]g]ulamate
release by synaptosomes isolated from cerebral cortex, Neurosci. Lett. 22
(1992) 157-160.

[26] LE. Goodrum, Role of organotellurium species in tellurium neuropathy.
Neurochem. Res. 10 (1998) 1313-1319.

[27] G. Graf, J.R. Mahoney, R.G. Bryant, J.W. Eaton, Iron-catalyzed hydroxyl
radical formation-stringent requirement for free iron coordination site, I.
Binol. Chem. 259 (1984) 3620-3624.

[28] . Iadecola. Bright and dark sides of nitric oxide in ischemic brain injury.
Trends Neurosci. 20 (1997) 132-139.

[29] S. Inoue, S. Kawanish, Oxidative DNA damage induced by simultaneous
generation of nitric oxide and superoxide, FEBS Lett. 371 (1995) 8688,

[30] H.Ischiropoulos, A.B. Al-Mehdi, Peroxynitrite mediated oxidative protein
modifications, FEBS Lett. 364 (1995) 279282,

[31] C. Jacob, G.E. Arteel, T. Kanda, L. Engman, H. Sies, Water soluble
organotellurium compounds: catalytic protection against peroxynitrite and
release of zinc from metallothionein, Chem. Res. Toxicol. 13 (2000) 3-9.

[32] D.H. Jones, A.L Matus, Isolation of synaptic plasma membrane from
brain by combined flotation—sedimentation density gradient centrifugation,
Biochim. Biophys. Acta 356 (1974) 276-287.

[33] J. Kanski. J. Drake, M. Aksenova, L. Engman, D.A. Butterfield,
Antioxidant activity of the organotellurium compound 3-[4-(N.N-
dimethylamino)benzenetellurenyl]propanesulfonic acid against oxidative
stress in synaptossomal membrane systems and neuronal cultures, Brain
Res. 911 (2001 12-21.

[34] H. Katsuki. A. Akaike, Excitotoxic degeneration of hypothalamic orexin
neurons in slice culture, Neurobiol. Dis. 15 (2004) 61-69.

[35] 1.Y. Khan, 5.M. Black, Developmental changes in murine brain antioxidant
enzyme, Pediatric. Res. 54 (2003) 77-82.

[36] 1. Krieglstein, Excitotoxicity and neuroprotection, J. Pharm. Sci. 5 (1996)
181-187.

[37] B.F. Laden, T.D. Porter, Inhibition oh human squalene monooxigenase by
tellurium compounds: evidence of interaction with vicinal sulfhydryls, 1.
Lipid Res. 42 (2001) 235-240,

[38] M. Lafon-Cazal, M. Culcasi, E Gaven, 5. Pietri, J. Bockeart, Nitric
oxide, superoxide and peroxynitrite: putative mediators of NMDA-induced
cell death in cerebellar granule cells, Neuropharmacology 32 (1993)
1259-1266.

[39] O.R. Leeuwenkamp, N.L.J. Chin, E.J. Van der Mark, W.F. Van Bennekom,
A, Bult, In witro degradation of nitroprusside in relation to in vive decom-
position and mechanism of action, Int. J. Pharm. 33 (1986) 1-13.

[40] 8.Z. Lei, ZH. Pan, S.K. Aggarwal, H.S.V. Chen, S.A. Lipton, Effect of
nitric oxide production on the redox modulatory site of NMDA receptor-
channel complex, Neuron 8 (1992) 1087-1099,

[41] S.A. Lipton, Y.B. Choi, ZH. Pan, 5.Z. Lei, H.5.V. Chen, N.J. Sucher,
D.J. Singel, .5, Stampler. A redox state mechanism for neuroprotective
and neurodestructive effects of nitric oxide and nitroso compounds, Nature
364 (1993) 626632,

[42] O.H. Lowry, N.J. Rosebrough, A. Lewis-Farr, R.J. Randall, Protein mea-
surement with the Folin phenol reagent. 1. Biol. Chem. 193(1951)265-275.

[43] K. Maeda, H. Kaneda, W.O. Whetsell Ir., C.A. Tamminga, Neurochemical
and metabolic consequences of elevated cerebrospinal Auid quinolinic acid
concentrations in rat brain, Neurosci. Res. 29 (1997) 303-309.

[44] B.S. Meldrum, Glutamate as a neurotransmitter in the brain: review of
physiology and pathology, J. Nutr. 130 (2000) 10075-10155.

[45] PV, Migues, B.B. Leal. M. Mantovani, M. Nicolau, N.H. Gabilan, Synap-
tosomal glutamate release induced by the fraction BC2 from the venom of
the sea anemone Bunadosoma caissarum, Neuroreport 10 {1999) 67-70.

[46] M.B. Moretto, 1.1. Rossato, C.W. Nogueira, G. Zeni, 1.B.T. Rocha, Voltage-
dependent ebselen and diorganochalcogenides inhibition of +*Ca®* influx
into brain synaptosomes, . Biochem. Mol. Toxicol. 17 (2003) 154-160.

[47] T. Mosmann, Rapid colorimetric assay for cellular growth and survival:
application to proliferation and cytotoxicity assay, J. Immunol. Methods
16 (1983) 55-63.

[48] M. Nedergaard, T. Takano, A.J. Hansen, Beyond the role of glutamate as a
neurotransmitter, Neuroscience 3 (2002) 748-755.

[49] B.-M. Nie. L-M. Yang. 5.-L. Fu, X.-Y. Jiang, P-H. Xu. Y. Lu. Protec-
tive effect of panaxydol and panaxynol on sodium nitroprusside-induced
apoptosis in cortical neurons, Chem. Biol. Interact. 160 (2006) 225-231.

[50] C.W. Nogueira. L.N. Rotta. M.L. Perry. D.O. Souza., I.B.T. Rocha,
Diphenyl diselenide and diphenyl diteluride affect the rat glutamatergic
system in vitro and in vivo, Brain Res. 906 (2001) 157-163.

[51] C.W. Nogueira, L.N. Rotta, G. Zeni, D.O. Souza, J.B.T. Rocha, Exposure to
ebselen changes glutamate uptake and release by rat brain synaptossomes,
MNeurochem. Res. 27 (2002) 283-288.

[52] C.W. Nogueira, G. Zeni. L.B.T. Rocha, Organoselenium and organotel-
lurium compounds: toxicology and pharmacology, Chem. Rev. 104 (2004
6255-6285.

36



D.5. Avila et al. / Brain Research Bulletin 76 (2008) §14-123 123

[53] H. Ohkawa, N. Ohishi, K. Yagi, Assay for lipid peroxides in animal tissues
bu thiobarbituric acid reaction. Anal. Biochem. 95 (1979) 351-358.

[54] 5. Ozawa, H. Kamiya, K. Tsuzuki, Glutamate receptors in the mammalian
central nervous system. Prog. Neurobiol. 54 (1998) 581618,

[55] V. Pérez-de La Cruz, C. Gonzdlez-Cortéz, 8. Galvan-Arzate, O.N. Medina-
Campos, F. Pérez-Severiano, S.F. Ali, I. Pedraza-Chaverri, A. Santamaria,
Excitotoxic brain damage involves early peroxynitrite formation in a
model of Huntington’s disease in rats: protective role of iron por-
phyrinate 5.10,15,20-tetrakis(4-sulfonatophenyl jporphyrinate iron (III),
MNeuroscience 135 (2005) 463474,

[56] T. Posser, M.B. Moretto, A.L. Dafre, M. Farina, J.B.T. Rocha, C.W.
MNogueira, G. Zeni, 1.S. Ferreira, R.B. Leal. I.L. Franco, Antioxidant effect
od diphenyl diselenide against sodium nitroprusside (SNP) induced lipid
peroxidation in human platelets and erythrocyte membranes: an in vitro
evaluation, Chem. Biol. Interact. 164 (2006) 126-135.

[57] R. Puntel, C.W. Nogueira, J.B.T. Rocha, N-Methyl-p-aspartate receptors
are involved in the quinolinic acid, but not in the malonate pro-oxidative
activity in vitro, Neurochem. Res. 30 {2005) 417424,

[58] R. Radi. I.S. Beckman., K.M. Bush. B.A. Freeman, Peroxynitrite-induced
membrane lipid peroxidation: the cytotoxic potential of superoxide and
nitric oxide, Arch. Biochem. Biophys. 288 (1991 481-487.

[59] F. Rauhala, A. Khaldi, K.P. Mohanakumar, C.C. Chiueh, Apparent role
of hydroxyl radicals on oxidative brain injury induced by sodium-
nitropruside, Free Rad. Biol. Med. 24 {1998) 1065-1073.

[60] R.F. Regan. Y.P. Guo, Potentiation of excitotoxic injury by high con-
centrations of extracellular reduced glutathione, Neuroscience 91 (1993)
463470,

[61] €. Rios, A. Santamaria, Quinolinic acid is a potent lipid peroxidant in rat
brain homogenates, Neurochem. Res. 16 (1991) 1139-1141.

[62] E. Rodriguez-Martinez, A. Camacho, PD. Maldonado, J. Pedraza-
Chaverri, D. Santamaria, 5. Galvin-Arzate, A. Santamaria, Effect of
quinolinic acid on endogenous antioxidants in rat corpus striatum, Brain
Res, 858 (2000) 436439,

[63] LI Rossato, G. Zeni, C.F. Mello, M.A. Rubin, 1.LB.T. Rocha, Ebselen
blocks the guinolinic acid-induced production of thiobarbituric acid reac-
tive species but does not prevent the behavioral alterations produced by
intrastriatal quinclinic acid administration in the rat, Neurosci. Lett. 318
(2002) 137-140.

[64] A. Santamaiia. A. Flores-Escartin, 1.C. Martinez, L. Osorio, S. Galvan-
Arzate, J. Pedraza-Chaverri. P.D. Maldonado, O.N. Medina-Campos, M.E.
Jimenez-Capdeville, J. Manjarrez, C. Rios, Copper blocks quinolinic acid
neurotoxicity in rats: contribution of antioxidant systems, Free Rad. Biol.
Med. 35 (2003) 418427,

[65] A. Santamaria, C. Rios, MK-801, an N-methyl-n-aspartate receptor antag-
onist. blocks quinolinic acid-induced lipid peroxidation in rat corpus
striatum, Neurosci. Lett. 159 (1993) 51-54.

[66] K. Sas. H. Robotka, J. Toldi, L. Vécsei. Mitochondria, metabolit
disturbances. oxidative stress and kynurenine system, with focus on neu-
rodegenerative disorders, J. Neurol. Sci. 257 (2007) 221-239.

[67] T.W. Scalbert. Neuropharmacology of quinolinic acid in kynurenic acids,
Pharmacol. Rev. 45 (1993) 309-379,

[68] PE Schuck, A. Tonin, G.C. Ferreira, R.B. Rosa, A. Latini, F. Balestro,
M.L.S. Perry, C.M.D. Wannamacher, A.T.S. Wyse. M. Wajner, In vitro
effect of quinolinic acid on energy metabolism of young rats, Neurosci.
Res. 57 (2007 277288,

[69] R. Schwarcz, A.C. Foster, ED. French, W.O. Whetsell Ir., C. Kohler,
Excitotoxic models for neurodegenerative disorders, Life Sci. 95 (1984)
29-38,

[70] EA. Soares, M. Farina, EW. Santos, D. Souza, 1.B.T. Rocha, C.W.
Nogueira, Interaction between metal and chelating agents affects gluta-
mate binding on brain synaptossomal membranes, Neurochem. Res. 28
(2003) 18591865,

[71] E.C. Stangherlin, AM. Favero, G. Zeni. J.B.T. Rocha, C.W. Nogueira,
Exposure of mothers to dipheny] ditelluride during the suckling period
changes behavior tendencies in their offspring, Brain Res. Bull. 69 {2006)
311-317.

[72] T.W. Stone, Kynurenine and glycine enhance neuronal sensitivity by N-
methyl-p-aspartate, Life Sci. 48 (1991) 765-772.

[73] 5. Takamori, VGLUTSs: “Exciting” times for glutamatergic research? Neu-
rosci. Res. 55 (2006) 343-351.

[74] M.T. Tebano, M.R. Domenici, P. Propoli, SCH 58261 differentially influ-
ences quinolinic acid induced effects in striatal and in hippocampal slices,
Eur. J. Pharmacol. 450 (2002) 253-257.

[75] L. Tiano, D. Fedeli, A.M. Santroni, M. Villarini, L. Engman, G. Falcioni.
Effect of three diaryl tellurides, and organoselenium compound in trout
erythrocytes exposed to oxidative stress in vitro, Gen. Toxicol. Environ.
Mutat. 464 (2000) 269-277.

[76] D Trotti, B.L. Rizzini. D Rossi, O. Haugeto, G. Racagni. N.C. Danbolt.
AL Volterra, Neurconal and glial glutamate transporters possess a SH-based
redox regulatory mechanism, Eur. J. Neurosci. 9 (1999) 1236—1243.

[77] K. Tsuzuki, M. Lino, 5. Ozawa, Change in calcium permeability caused
by quinolinic acid in culture rat hippocampal neurons, Neurosci. Lett. 105
(1989) 269274,

[T8] M.G. Vegh, A.D. Kovacs, G. Szabo, K. Tihanyi. L.G. Harsing Jr,
G. Levay, The new 2.3-benzodiazepine derivatives EGIS-8332 inhibits
AMPA/Kainite ion channels and cell death, Neurochem. Int. 50 (2007)
553-563.

[79] C. Wagner. R. Fachinetto, C.L. Dalla Corte, V.B. Brito, D. Severo, G.O.
Dias. A.F. Morel, C.W. Nogueira, J.B.T. Rocha. Quercetrin, a glycoside
form of quercetin, prevents lipid peroxidation in vitro, Brain Res. 1107
(2006) 192-198.

[80] W.O. Whetsell Ir., R. Schwarcz. Prolonged exposure to sub-micromolar
concentrations of quinolinic acid causes excitotoxic damage in organ-
otypic cultures of rat corticostriatal system, Neuarosci. Lett. 97 (1989) 271-

275.

[81] E Zoccarato, L. Cavallini, M. Valente, A. Alexandre, Modulation of
glutamate exocytosis by redox agents of superficial thiol groups in rat
cerebrocortical synaptosomes, Neurosci. Lett. 274 (1999) 107110,

37



Iv.2. PQSSiVEL ACAO NEUROPROTETORA DE UM TELURETO
VINILICO CONTRA A NEUROTOXICIDADE INDUZIDA POR
MANGANES

Manuscrito 1

A POSSIBLE NEUROPROTECTIVE ACTION OF A VINYLIC TELLURIDE
AGAINST MN-INDUCED NEUROTOXICITY

Avila, DS, Colle D, Gubert P, Palma AS, Puntel G, Manarin F, Noremberg S, Nascimento
PC, Achner M, Nogueira CW, Rocha JBT, Soares FAA

Em fase de redacao

38



A possible neuroprotective action of a vinylic telluride against Mn-induced
neurotoxicity

Daiana Silva Avila', Dirleise Colle’, Priscila Gubert', Aline Schwertner Palma', Gustavo
Puntel’, Flavia Manarin’, Simone Noremberg', Paulo Cicero Nascimento', Michael
Aschner?, Cristina Wayne Nogueira', Jodo Batista Teixeira Rocha', Félix Alexandre

Antunes Soares'".

1-Departamento de Quimica, Centro de Ciéncias Naturais e Exatas, Universidade

Federal de Santa Maria, CEP 97105-900, Santa Maria, RS, Brasil

2- Department of Pediatrics and Pharmacology, Vanderbilt University Medical
Center, MRBIV, Nashville, TN37232, USA

Work Supported by the FINEP research grant “Rede Instituto Brasileiro de Neurociéncia
(IBN-Net)” # 01.06.0842-00. Additional supports were giving by CNPq, FAPERGS and
CAPES. D.C and P.G are recipient of CNPg/PIBIC/UFSM fellowship. A.P. is recipient of
BIC/FAPERGS fellowship. D.S.A., S.N.,, F.M. and G.P. are recipient of CAPES
fellowship. CW.N., J.B.T.R. and F.A.A.S. are recipients of CNPq fellowships.

"Corresponding author:

Félix Alexandre Antunes Soares

Departmento de Quimica, Centro de Ciéncias Naturais e Exatas, Universidade
Federal de Santa Maria, Santa Maria, RS, Brasil

CEP 97105-900

fax: +55 55 3220 8031

phone: + 55 55 3220 9522

e-mail: felix_antunes_soares@yahoo.com.br

39



Abstract

Manganese (Mn) is a required metal for biological systems, nevertheless environmental
or occupational exposure to Mn has been recognized to produce a neurological disorder
with similarities to Parkinson’s disease (manganism). Diethyl-2-phenyl-2-tellurophenyl
vinylphosphonate (DPTVP) is an organotellurium compound with a high antioxidant
activity and hepatoprotector activity. Our study was designed to investigate the effects of
a long - term Mn exposure in mild doses in the drinking water on some behavioral and
biochemical parameters in Wistar rats and whether the vinylic telluride could be able to
revert the alterations. After 4 months of treatment with MnCl, (6.9mg/ml in the drinking
water) rats exhibited clear signs of neurobehavioral toxicity including a decrease in the
number of crossings and rearings in the open field task and a decrease in the latency to
the first fall in the rotarod test. The administration of DPTVP (0.150umol/Kg, i.p., 2
weeks) restored the decreased number of crossings and the latency for the first fall. We
detected that Mn-treated rats striatum showed higher susceptibility to Mn than cortex and
hippocampus, once the mitochondrial viability and [°H]glutamate uptake were significantly
decreased and lipid peroxidation was increased only in striatum. These results were in
accordance with the high Mn levels detected in striatum of the Mn-treated rats. The
treatment with the telluride recovered the mitochondrial damage, TBARS levels and the
[®H]glutamate uptake to control levels. Furthermore, DPTVP seems to interfere with Mn
influx/effflx in the brain, once we have found decreased levels of Mn in the striatum of
DPTVP-treated rats. Our results demonstrated that Mn exposure may cause serious
biochemical alterations in striatum and consequently in the locomotor activity of Mn-
treated rats and that the vinylic telluride has a neuroprotector activity due its antioxidant
activity and/or by altering Mn transport in striatum.

Keywords: tellurim, manganese neurotoxicity, oxidative stress, glutamate, mitochondria,
neuroprotector.
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Introduction

Chronic environmental or occupational exposure to Mn has been recognized to
produce a parkinsonian or dystonic state in mammals, so-called manganism (Barbeau,
1984; Wang et al., 1989). Especial concern has been rising about the chronic exposure
to Mn once it is present in a gasoline additive (methylcyclopentadienyl manganese
tricarbonyl), contaminating the air and water sources (Hinderer, 1979). Mn exposure can
cause motor effects in mammals that are described as extrapyramidal anomalies, such
as rigidity, hipokinesia, tremor and gait disturbances (Newland, 1999). Such effects have
been attributed to a selective interaction of Mn with the basal ganglia downstream of the
nigrostriatal dopaminergic projection, in particular with the globus pallidus and striatum
(Sloot e Gramsbergen, 1994; Shinotoh et al., 1997). Nevertheless, it has been reported
that Mn neurotoxicity may be due to an indirect excitotoxic event caused by altered
glutamate metabolism, which could be primary to the dopaminergic effects (Brouillet et
al., 1993).

Studies have demonstrated that astrocytes can accumulate Mn by a high affinity,
capacity, and specific transport system (Aschner et al., 1992), with a major consequence
of exposure to this metal being the development of Alzheimer type Il astrocytosis
(Pentschew et al,, 1963). In this condition, the astrocytes show morphological and
metabolic alterations, leading to decreased function of these glial cells (Cavanagh e Kyu,
1971). As the glutamate uptake predominantly occurs in astrocytes (Danbolt, 2001), this
function is impaired by Mn exposure, as already demonstrated in vitro (Hazell e
Norenberg, 1997). Furthermore,(Erikson e Aschner, 2002) have shown that the decrease
in glutamate uptake by Mn involves the decrease in the mRNA of the major glutamate
transporter in astrocytes, the glutamate/aspartate transporter (GLAST). This causes an
abnormal increase in the glutamate levels in the synaptic cleft, which is excitotoxic to
neurons (Choi, 1988).

It is still unknown how Mn exposure can lead to altered glutamatergic transmission,

however the current hypothesis considers the impairment of energy metabolism resulting
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from mitochondrial dysfunction and free radical production (Verity, 1999; Erikson et al.,
2004). At the cellular level, Mn accumulates in mitochondria (Wedler et al., 1989) and
inhibits the complexes of the electron transport chain (Zhang et al., 2004), impairing the
oxidative phosphorylation (Gavin et al., 1992) and the ATP production (Brouillet et al.,
1993). The decreased energy production alters the mitochondrial permeability transition,
causing excessive Ca®" influx and massive reactive oxygen species (ROS) production
(Rao e Norenberg, 2004). The ROS cause oxidation of important cellular components,
such as lipids (Halliwell e Chirico, 1993), as well as alterations in the excitatory
transmission, in particular by causing abnormal glutamate release and defective
glutamate uptake (Greene e Greenamyre, 1996; Danbolt, 2001).

As oxidative stress seems to play a central role in Mn- induced neurotoxicity,
several authors have investigated the potential neuroprotective effect of antioxidants
against Mn toxicity. In mitochondrial preparations, N-acetylcysteine (NAC), glutathione
(GSH) and Vitamin C prevented ROS production caused by high concentrations of Mn
(Zhang et al., 2004). In cultured astrocytes, Chen and Liao (Chen e Liao, 2002) observed
that NAC attenuated the pro-oxidant effects of Mn. Ex vivo, Hazell et al reported that
NAC blocked the astrocytosis caused by acute exposure to Mn (Hazell et al., 2006).

Organotellurium compounds are potent in vitro antioxidants (Engman et al., 1995;
Wieslander et al., 1998; Souza et al., 2009a). Nevertheless, they can also be extremely
toxic after in vivo exposure (Toews et al., 1997; Laden e Porter, 2001; Nogueira, Zeni et
al., 2004). Despite this we have recently observed that the nature of the organic moiety
can influence considerably the toxicity of organotellurides in rodents (Savegnago et al.,
2006; Borges et al., 2008). The diethyl-2-phenyl-2-tellurophenyl vinylphosphonate as a
very low toxic vinylic telluride compound (LDsy to mice > 500umol/Kg and to rats
~4umol/Kg), even to the brain (Avila et al., 2007; Avila et al., 2008). Furthermore, this
compound has a high antioxidant activity (De Avila et al., 2006; Avila et al., 2007; Avila
et al., 2008) and was reported as hepatoprotector in a model in which the oxidative
stress is strongly involved (Avila, D. S. et al,, 2009). As already depicted here, Mn

neurotoxicity involves intense oxidative stress and has been attracting environmental
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attention. Hence, our aim in this study was to investigate the effects in rats of a long -
term Mn exposure 1) in their motor activity in vivo; Il) in the biochemical parameters in
different brain areas ex-vivo; Ill) and whether the vinylic telluride could be able to revert
both behavior and biochemical alterations due to its antioxidant activity. For this
purpose, we evaluated the animals in the open field and rotarod task and measured the
lipid peroxidation, mitochondrial viability, ROS production, superoxide dismutase activity
and [°H]glutamate uptake in cortex, hippocampus and striatum of rats, once no previos
study has investigated simultaneously these supposed important end-poinst of Mn

neurotoxicity after in vivo exposure.

2. Materials and Methods

2.1. Chemicals

Diethyl 2- phenyl-2-tellurophenyl vinylphosphonate (Figure 1) was synthesized by
the addition of alkynylphosphonates to a solution of sodium organyl tellurolate, prepared
by the reduction of diorganyl ditellurides with sodium borohydride in ethanol at room
temperature (Braga et al., 2000a). Manganese chloride (MnCl2.H2O ~99% of purity) and
all other chemicals were of analytical grade and obtained from standard commercial
suppliers.

2.2. Animals

Adult Wistar male rats (200-2509) from our own breeding colony were maintained in
an air conditioned room (20-25°C) under natural lighting conditions with water and food
(Guabi-RS, Brasil) ad libitum. All experiments were conducted in accordance with the
Guiding Principles of the Animal Care and Wellness Committee of the Universidade
Federal de Santa Maria.

2.3. Animal’s treatment
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Twenty animals were divided into two groups with 10 animals each. Group 1
received daily for four months only drinking water; group 2 received for the first 15 days
50mg/Kg of MnCl; dissolved in the drinking water daily for habituation and after 137
mg/Kg of MnCl, for the rest of the period of the treatment. The Mn dose was chosen
based in previous pilot experiments which we observed behavioral alterations
characteristic of Mn neurotoxicity with this dose after 4 months of oral exposure.

These animals were monitored by drinking water volume every two days (data not
shown) and by gain/loss weight and behavioral alterations monthly. When the behavioral
alterations were observed in the animals from the group 2, we divided both group 1 and 2
in another 2 groups as follows, with 5 animals each one:

1- Control (water/vehicle (canola oil, i.p.);

2- DPTVP control (water/DPTVP 0.150umol/Kg, i.p.)
3- Mn (MnCly/ canola oil i.p.);

4- Mn+DPTVP (MnCl2/ DPTVP 0.150umol/Kg, i.p.)

The rats received the i.p. injections of vehicle or DPTVP for two weeks
concomitantly to the treatment in the drinking water and were maintained under

behavioral monitoration.

2.4. Behavioral Evaluations
2.4.1 Open Field

Animals were individually placed at the center of the open field apparatus (45
cmX45 cmX30 cm, divided into 9 squares). Spontaneous ambulation (number of
segments crossed with the four paws) and exploratory activity (expressed by the number
of rearings on the hind limbs) were recorded for 6 min (Burger et al., 2005).

2.4.2 Rotarod task

The integrity of motor system was evaluated using the rotarod test. Briefly, the
rotarod apparatus consists of a rod 30cm long and 3cm in diameter that is subdivided

44



into three compartments by discs 24cm in diameter. The rod rotates at a constant speed
of 10rpm. The latency for first fall off from the rod and number of falls were noted. The

cut-off time was 120s.

2.5. Biochemical Analysis
2.5.1. Tissue preparation

At the end of the treatment, rats were euthanized, the brain was removed and the
cortex, the two hippocampi and two striata were dissected. Half of the cortex, one
hippocampus and one striatum were homogenized (1:10) in 10mM Tris- buffer (pH 7.4)
and another half of cortex, one hippocampus and one striatum were cut in slices (0.4mm)

in a Mcllwain chopper to be used in the biochemical assays.

2.5.2 Thiobarbituric acid reactive substances production

Two slices of cortex, hippocampus and striatum were homogenized in ultra-purified
water, and then the TBA reagent (15% of trichloroacetic acid, 0.375% of thiobarbituric
acid and 2.5% v/v of HCI) was added. After 30 min of incubation at 100°C, samples were
centrifuged (3,000xg, 15 min) and then TBARS levels were measured at 532 nm (Rios e
Santamaria, 1991). An aliquot of the homogenate was used for protein determination.

2.5.3 Mitochondrial viability

Neuronal injury in cortex, hippocampus and striatum was quantified by measuring
the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to a
dark violet formazan product by mitochondrial dehydrogenases (Mosmann, 1983). Slices
of the brain areas were pre-incubated at 37 -C for 15 minutes in 500 pL of oxygenated
buffer, containing (in mM): 118 NaCl, 1.2 KHxPOQOy4, 4.7 KCI, 2.5 CaCly, and 1.17 MgSQOs.
Then, the MTT reduction assay was started by adding 0.5 mg/mL MTT. After 60 min of
incubation, medium was removed and the the formazan in the slices was solubilized in
1.5mL dimethylsulfoxide (DMSO). The rate of MTT reduction was measured
spectrophotometrically in the supernatant at a test wavelength of 570 nm and a reference
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wavelength of 630 nm. The slices were solubilized in SDS 1% and an aliquot was used

for protein determination.

2.5.4 PH]Glutamate uptake

Slices were pre-incubated at 35 -C for 15 min, and then washed with a HBSS
solution containing (mM): 137 NaCl, 0.63 NaxHPO., 4.17NaHCQO;, 5.36 KCI, 0.44
KH2POy, 1.26 CaCly, 0.41 MgSOy4, 0.49 MgCl, and 5.55 glucose, adjusted to pH 7.2. The
glutamate uptake was performed according to Frizzo et al. (Frizzo et al., 2002) with some
modifications. Briefly, uptake was carried out at 35 -C by adding 100uM of unlabeled
glutamate and 0.33pCi/mL [*H]glutamate. The reaction was stopped after 7 (cortex), 5
(hippocampus) and 3 (striatum) minute by washing two times with 1mL cold HBSS,
immediately followed by addition of 0.5N NaOH, which was kept overnight. Na
independent uptake was determined by using choline chloride instead of NaCl, which
was subtracted from the total uptake to obtain the Na*-dependent uptake. Incorporated
radioactivity was determined with a Packard scintilator (TRI CARB 2100 TR). All
experiments were performed in triplicate.

2.5.5 Superoxide dismutase activity

SOD was determined in S1 of cortex, hippocampus and striatum according to the
methodology of Misra and Fridowich (1972) (Misra e Fridovich, 1972). The adrenochrome
production was measured spectrophotometrically at 480 nm. One unit of the enzyme was
defined as the amount of enzyme required to inhibit the rate of adrenaline auto-oxidation
by 50%.

2.5.6 Estimation of ROS generation

Generation of ROS was estimated with the fluorescent probe, 2',7’-
dichlorofluorescein diacetate (DCFH-DA), as described by Ali et al. (1992) (Ali et al.,
1992). Briefly, the slices were homogenized in 2.5 ml of saline solution (0.9% NaCl).
Aliquots of 2.5 ml were incubated in the presence of DCFH-DA (5 uM) at 37 C for 60 min.
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The DCFH-DA is enzymatically hydrolyzed by intracellular esterases to form
nonfluorescent DCFH, which is then rapidly oxidized to form highly fluorescent 2’,7’-
dichlorofluorescein (DCF) in the presence of ROS. DCF fluorescence intensity is
proportional to the amount of ROS that is formed. Fluorescence was measured using
excitation and emission wavelengths of 480 and 535 nm, respectively. A calibration curve
was established with standard DCF (0.1 nM to 1 uM), and ROS levels were expressed as
percentages of control.

2.5.7 Measurement of Mn levels

Total Mn content was determined in an analytical chemistry lab of the
Universidade Federal de Santa Maria. The striatum samples were digested in 2mL
concentrated nitric acid, with 0.5mL hydrogen peroxide added. Total Mn in the samples

was determined using a flameless graphite furnace atomic absorption spectrometry.

2.5.8 Protein determination
Aliquots from the homogenized slices and homogenates were separated to protein
measurements that were assessed according to Lowry et al. (1951) (Lowry et al., 1951).

Statistical Analysis
Statistical significance was assessed by MANOVA (for repeated measures) or by
one-way ANOVA, followed by Student-Newman-Keuls (SNK) test for post hoc

comparison. Results were considered statistically significant when p<0.05.

3. Results

3.1 Behavioral evaluations

After 4 months of treatment with MnCl,, we observed that rats showed no changes
in the body weight (Table 1), nevertheless we noted alterations in the behavioral tests,
such as decrease in the number of rearings in the open field, decrease in the latency to
the first fall and increase in the number of falls in the rota rod task (p<0.05, Table 2). The
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administration for of DPTVP for two weeks (0.150umol/Kg, i.p.) improved the alterations
in the open field task by revert the decreased number of rearings (p<0.05, Figure 1B). No
significant effect was observed in the number of crossings (Figure 1A). Furthermore the
vinylic telluride increased the latency to the first fall in the rotarod task that was
decreased by Mn exposure (p<0.05, Figure 1C). No improvement was observed in the

number of falls (data not shown).

3.2 Biochemical analysis

In the figure 2 we can observe that Mn exposure caused increase in TBARS
production only in striatum (p<0.05, Fig. 2C) and not in cortex and hippocampus (Fig. 2B-
C). Sub- chronic treatment with DPTVP caused decrease in the lipid peroxidation to the
control levels in striatum (Figure 2C). On the other hand, when we evaluated the ROS
formation using the DCF dye, we did not observe any difference among the groups in any
of the analyzed structures (data not shown). SOD activity was slightly decreased by Mn
in hippocampus and striatum, but the results were not statistically significant (Table 3).

As previously described by other authors, we detected that mitochondrial viability
was decreased by Mn exposure, and only in striatum (p<0.05, Fig. 3C). Cortical and
hippocampal MTT reduction were not affected by Mn. The treatment with the telluride
recovered the mitochondria from the damage (p<0.05, Fig. 3C).

Similarly, [*H]glutamate uptake was decreased by Mn treatment in striatum
(p<0.05, Fig 4C) but no alterations were observed in cortex and hippocampus (Fig. 4A-
B). DPTVP administration recovered the [*H]glutamate uptake to the control levels
(p<0.05, Fig 4C).

In order to explain the selective striata toxicity, Mn levels were quantified in this
brain structure. Corroborating to our results, we found high Mn levels only in the striatum
of Mn-treated animals in comparison to control ones (p<0.05, Figure 5). Striatum from
control animals contained 0.26+0.06 pg of Mn/g of tissue while Mn-treated ones
contained 0.52+0.16 pg/g. Furthermore, the animals treated with DPTVP showed Mn
levels similar to the controls ones (0.204+0.027ug/g) (p<0.05, Figure 5).
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Discussion

Our current investigation demonstrated for the first time a neuroprotective action of
the diethyl-2-phenyl-2-tellurophenyl vinylphosphonate against Mn-induced neurotoxicity.
We used a rat model exposure with mild doses of the metal in the drinking water,
mimicking an environmental chronic exposure. We observed that Mn exposure caused
significant behavioral alterations associated with increase in oxidative stress and
alterations in the glutamatergic neurotransmission in striatum, which were almost
completely recovered by the post-treatment for only 14 days with the vinylic telluride.

Exploratory and locomotor levels measured in an open field have been widely
used in behavioral studies. The open field procedure involves the evaluation of the
primary motor activity. Previous studies have shown that Mn exposure can increase (St-
Pierre et al., 2001), decrease (Cano et al., 1997) or not modify activity levels, depending
on the route of administration, the dose and the period of exposure (Dorman et al., 2000).
Here, we observed decreased motor and exploratory activities in Mn-treated rats after a
long term treatment with mild doses of the metal. Our work demonstrates that oxidative
stress and the glutamatergic system could be involved in these behavioral changes
induced by Mn, once the treatment with this metal also caused increase in TBARS levels
and decrease in mitochondrial viability and in [°*H]glutamate uptake. Furthermore, we
observed that DPTVP recovered the motor control of the treated rats, as indicated by the
increased latency to the first fall in comparison to Mn-treated animals, as well as
improved their exploratory activity, as indicated by the number of rearings at the control
values. We believe that this improvement is associated to the antioxidant activity
depicted by DPTVP and/or to the ability of the compound to counteract with Mn brain
transport. Less Mn in the rats striatum could decrease its effects on the dopaminergic
and even glutamatergic systems, but we believe that at least a vestige of the Mn effects
should be observed. Nevertheless, the antioxidant capacity of the DPTVP improved the
damage caused by Mn in the striatum, contributing to the recovery of the motor activity.

Several lines of evidence indicate that intracellularly, Mn accumulates (~100nM)
within the mitochondria (Gavin et al., 1992; Malecki, 2001), and thereby collapses the
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mitochondrial membrane potential, produces bioenergetic defect and enhances the
generation of free radicals (Gavin et al., 1992). Here we confirmed such damage, once
Mn decreased mitochondrial viability and increased lipid peroxidation in striatum. We
expected to observe also an increase in the ROS levels and alteration in the SOD
activity, but we believe that as the animals were exposed chronically to Mn we just
observed long-term effects, as the oxidation of the cellular lipids and damaged
mitochondria. All these consequences of the oxidative stress generated by Mn exposure
were not observed in the vinylic telluride-treated animals. These findings are probably
due to the antioxidant activity of this organotellurium compound, which has been already
reported in vitro. DPTVP can decrease the sodium nitroprusside (SNP), quinolinic acid
and iron- induced TBARS formation in the brain of rodents at very low concentrations,
indicating the high antioxidant potential of this compound (De Avila et al., 2006; Avila et
al., 2008). In addition, the compound can protect against SNP- induced decrease in
mitochondrial viability in slices of cortex, hippocampus and striatum, reinforcing the
purpose about its antioxidant capacity (Avila et al., 2008).

Another interesting finding was the recover provided by the DPTVP from the
reduced [H®] glutamate uptake in the animals exposed to Mn. It has been reported that
Mn can cause such effect once it can accumulate in astrocytes and generates severe
damage to them, impairing their glutamate uptake function (Pentschew et al., 1963) with
consequent overactivation of NMDA receptors, massive Ca®* influx and ROS production
(Choi, 1988). On the other hand, ROS can be generated by the damaged mitochondria,
once Mn can accumulates in this organelle (Wedler et al., 1989; Erikson et al., 2004) and
cause a dysfunction, as observed in this current investigation by the MTT assay. These
species can oxidize cysteine residues of the GLASTs and decrease their function in the
glutamate uptake process (Trotti et al., 1998). It is not clear if the oxidative imbalance is
the cause or the consequence of the reduced glutamate uptake and all other effects here
demonstrated, however the treatment with the organotellurium compound showed the
central role of oxidative stress in Mn’'s neurotoxicity and proves how helpful an
antioxidant treatment may be against this disorder.
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It has been massively reported that Mn's overload may lead to manganism, a
disorder characterized by a complex behavioral syndrome which includes motor deficits
(Couper, 1837a). Motor control is mainly controlled by dopaminergic-rich areas, such as
the striatum (Sloot e Gramsbergen, 1994). Nevertheless, striatum is a brain area with a
high expression of the divalent metal transporter type 1 (DMT-1), which is responsible for
Mn uptake across the blood brain barrier (Au et al., 2008). This may explain the
accumulation of the metal in this structure demonstrated here, as well as the higher
susceptibility to Mn in comparison to cortex and hippocampus and the decrease in the
motor control observed in the rotarod task in the Mn-treated animals. Nevertheless, our
most inquiring finding was the decrease in the Mn levels in the striatum of the rats post-
treated with DPTVP. There is no report in the literature regarding Te?* transport into the
CNS and how it could affect Mn?* transport. Nevertheless, some studies with tellurite
(Te**) have shown that it can be uptaked via a monocarboxylate transport system
(Borghese et al., 2008), similar to how Mn is also uptaked (Crossgrove et al., 2003;
Aschner et al., 2007). Furthermore, Borsetti et al (Borsetti et al., 2003) demonstrated that
Te** can be also transported through a process which is pH dependent, suggesting that
DMT-1 could be also responsible for this process, once it is a proton dependent
transport. These results might be a clue, however, further studies are necessary to
understand how Te competes with Mn to be transported and decrease its levels in a
short period of treatment.

In summary, our results confirm the rising concern regarding Mn neurotoxicity and
the important role that oxidative stress plays in this disorder at the cellular level,
especially in the motor control areas as striatum. Moreover, we demonstrated the
neuroprotective effects of the antioxidant compound DPTVP against Mn neurotoxicity.
Further investigations concerning Te uptake into the CNS must be performed once our
data suggest an interaction with Mn transport, which could be an interesting mechanism
of defense against Mn poisoning. This line of research is very important in an attempt to
find alternative treatments against Mn intoxication and its effects especially in the brain.
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Figure Legends
Figure 1: Neurobehavioral evaluation in rats exposed to Mn for 4 months
(137mg/Kg) and co-treated for 14 days with DPTVP (0.150umol/Kg). (A) number
of crossings in the open field; (B) number of rearing in the open field; (C) latency
for the first fall in the rotarod. Each bar represents mean £ S.E.M (n=5). * indicates
statistical difference from control group by one-way ANOVA, following by SNK
post-hoc test (p<0.05).
Figure 2: Effects of the Mn exposure (137mg/Kg) and/or co-treatment with DPTVP
(0.150umol/Kg) on TBARS levels in cortex (A), hippocampus (B) and striatum (C)
of treated rats. Data are expressed as nmols of MDA/mg of protein. Each bar
represents mean + S.E.M (n=5). * indicates statistical difference from control group
by one-way ANOVA, following by SNK post-hoc test (p<0.05).
Figure 3: Mitochondrial viability in cortex (A), hippocampus (B) and striatum (C) of
animals chronically exposed to Mn and co-treated for 14 days with DPTVP. Data
are expressed as percentage of control. Each bar represents mean + S.E.M (n=5).
* indicates statistical difference from control group by one-way ANOVA, following
by SNK post-hoc test (p<0.05).
Figure 4: [*H]glutamate uptake in cortex (A), hippocampus (B) and striatum (C) of
animals chronically exposed to Mn and co-treated for 14 days with DPTVP. Data
are expressed as nmols of [*H]glutamate/mg of protein/min. Each bar represents
mean + S.E.M (n=5). * indicates statistical difference from control group by one-
way ANOVA, following by SNK post-hoc test (p<0.05).
Figure 5: Mn levels in rats striatum after chronic Mn exposure and/or co-treatment
with DPTVP. Data are expressed as ug of Mn/g of wet tissue. Each bar represents
mean + S.E.M (n=5). * indicates statistical difference from control group by one-
way ANOVA, following by SNK post-hoc test (p<0.05).
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Table 1: Body weight values (g) of control and Mn-treated rats after 4 months

treatment and after DPTVP post-treatment

groups BWO BW 4 mo groups BW end
CONTROL |387.8 +25.04
Control |227.9+16.8|367.9+13.9 | DPTVP 3756 +19.9
Mn 380.8 £22.44
Mn 254.4 £12.7 1 379.3 £ 15.4 | Mn+DPTVP |381.6 + 20.8

Data are expressed as mean £ SEM for each group (n=5). BWO0-body
weight before Mn treatment; BW4mo- body weight after 4 months of Mn
treatment; BWend- body weight after DPTVP co-treatment.

Table 2: Behavioral alterations in rats caused by 4 months of Mn treatment in the
drinking water

Open field Rotarod task
groups n of crossings |n of rearings |time to the 1st fall (s) |n of falls
Control 11.6 +3.01 7.4+218 110.8 + 5.45 1.3 +0.26
Mn 8.7 +2.78 3.6 +0.81* 90.1 + 10.56* 0.9 +0.45

Data are expressed as mean £ SEM for each group (n=5). * indicates statistical

difference from control group.

Table 3: SOD activity (Ul/min) in cortex, hippocampus and striatum of treated rats.

groups CORTEX HIPPOCAMPUS STRIATUM
Control 21.24 +4.92 30.39 + 5.08 36.91 +4.54
DPTVP 28.96 +6.25 22.08 +4.44 30.75 +2.71
Mn 27.16 £6.79 25.28 +5.47 29.32 +2.84
Mn+ DPTVP 21.56 +4.30 24.62 +4.06 35.89 +£5.19

Data are expressed as mean £ SEM for each group (n=5).
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Figure 2
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Figure 3
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Figure 5
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Abstract

Acetaminophen (APAP) hepatoxicity has been related with several cases of
cirrhosis, hepatitis and suicides attempts. As oxidative stress plays a central role in the
hepatic damage caused by APAP, antioxidants have been tested as alternative treatment
against its toxicity. Here, we observed the hepatoprotective activity of the diethyl-2-
phenyl-2-tellurophenyl vinylphosphonate (DPTVP), an organotellurium compound with
low toxicity and high antioxidant potential. When the dose of 200mg/Kg of APAP was
used, we observed that all used doses of DPTVP were able to restore the —SH levels that
were depleted by APAP. Furthermore, the increase in TBARS levels and in the seric ALT
activity, as well as the histopathological alterations caused by APAP were repaired to
control levels by DPTVP (30, 50 and 100umol/Kg). On the other hand, when the APAP
dose used was 300mg/Kg, only the dose of 50umol/Kg of DPTVP was able to restore the
non proteic thiols levels and to repair the morphology of the intoxicated mice’s livers. The
other parameters altered by APAP were not improved by the post-treatment with the
vinylic telluride. Our results demonstrate for the first time a pharmacological action of
DPTVP as a hepatoprotector thanks probably to its antioxidant potential.

Keywords: tellurium, acetaminophen, oxidative stress, hepatoprotection, -SH levels,
histophatological analysis.
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1. Introduction

Acetaminophen (APAP) is a widespread and very effective drug used as analgesic
and antipyretic. However, recent epidemiological studies have shown that the
hospitalization rate due accidental or intentional APAP overdose is estimated to be over
than 26,000 cases per year (Nourjah et al., 2006), being considered as the major cause
of liver failure (Larson et al., 2005), hepatic transplant (Nourjah et al., 2006) and a
frequent reason of suicides attempts (Watson et al., 2003). The mechanism of liver
toxicity is not fully understood, however several studies in the literature demonstrate that
the metabolization of this drug is responsible for the toxic effects. At therapeutic doses,
APAP mainly undergoes glucuronidation and sulfation in the liver, which does not cause
toxic effects (Prescott, 1980). Nevertheless, at over dosages, the citochrome P-450
system also metabolizes APAP, generating N-acetyl-p-benzoquinoneimine (NAPQI), a
very toxic metabolite (Dahlin et al., 1984), which is able to conjugate with GSH, depleting
it from the hepatic stores (Mitchell, Jollow, Potter, Davis et al., 1973) and to alkylate
mitochondrial proteins (Jaeschke et al., 2003; James et al., 2003).

These happenings are the triggers of a cascade of events, starting with
mitochondrial dysfunction and generation of reactive species (Cover et al., 2005). The
oxidative stress results in the opening of the mitochondrial membrane permeability
transition pore, with rapid loss of ATP, inhibition of the calcium pumps and, finally, a
massive Ca*™ efflux to the citosol (Kass, 2006). This cellular collapse is concluded with
hepatocytes death, which is characterized by the centrilobular necrosis with inflammatory
cell proliferation, increase in plasmatic AST and ALT activiies and GSH depletion
(Nelson, 1990; Kon et al., 2004; Oliveira et al., 2005). Besides, APAP hepatotoxity also
may cause haemostatic disorders such as the development of thrombosis and
atherosclerosis, since coagulation and anticoagulation factors are produced in the liver
(Hsu et al., 2006).

In view of the fact that the imbalance of the oxidant/antioxidant system is the main
consequence of the APAP- induced hepatotoxicity, many authors have been described
the action of several antioxidants in different models of APAP intoxication in rodents.
They demonstrated that different plant extracts (Kupeli et al., 2006; Yen et al., 2007) and
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synthetic compounds (Srinivasan et al, 2001) are able to diminish the hepatic
biochemical and histological alterations caused by APAP. Of particular interest,
organoselenium compounds, as ebselen and diphenyl diselenide were also evaluated,
being the selenide ebselen a good agent against APAP- induced hepatotoxicity (Rocha
et al., 2005).

In this context, a variety of molecules containing selenium or tellurium, have been
evaluated due to the pharmacological properties that they show in several models in vitro
and ex vivo. Nevertheless, tellurium compounds are often very toxic to animals
(Goodrum, 1998; Laden e Porter, 2001; Nogueira et al., 2001), despite the higher
antioxidant potential in comparison to organoselenides (Engman et al., 1995; Wieslander
et al., 1998; Tiano et al., 2000). On the other hand, we recently reported that a vinylic
telluride, diethyl-2-phenyl-2-tellurophenyl vinylphosphonate possess an interesting
antioxidant activity, being low toxic to mice exposed by intraperitoneal or subcutaneous
routes for 12 days in doses reaching 500pmol/Kg of the compound (De Avila et al., 2006;
Avila et al., 2007). Besides, the vinylic telluride is probably metabolized in the liver of
rodents, once it was already demonstrated that the liver weight of treated mice increases,
therefore the biochemical parameters of toxicity evaluated in this tissue were not
affected, indicating that even at high concentrations in the liver, the compound do not
cause any damage to the hepatocytes (Avila et al., 2007). These characteristics become
this vinylic telluride interesting in the research for useful antioxidant agents against the
hepatic oxidative damage caused by APAP. Hence, in this study we evaluated the effects
of the organotellurium compound against the biochemical and histological damage
caused by a minimal dose of APAP able to cause hepatotoxicity and a high dose of

APAP that causes severe damage to hepatic tissue.
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2. Materials and Methods

2.1. Chemicals

Diethyl 2- phenyl-2-tellurophenyl vinylphosphonate was synthesized by the addition
of alkynylphosphonates to a solution of sodium organyl tellurolate, prepared by the
reduction of diorganyl ditellurides with sodium borohydride in ethanol at room
temperature (Braga et al., 2000b).

All other chemicals were of analytical grade and obtained from standard

commercial suppliers.

2.2. Animals

Adult male albino mice (25-35g) from our own breeding colony were maintained in
an air conditioned room (20-25°C) under natural lighting conditions with water and food
(Guabi-RS, Brasil) ad libitum. All experiments were conducted in accordance with the
Guiding Principles of the Animal Care and Wellness Committee of the Universidade
Federal de Santa Maria.

2.3. Animals’ Treatment
APAP was dissolved in warm saline and DPTVP in canola oil. A total of 50 animals
were used in the experiments. Mice were divided into two different protocols:
1) 200mg/Kg of APAP p.o. (n=5 each group)
I) mice received vehicle (saline 0.9%, p.o0.);
II) APAP (200mg/Kg, p.o.) + DPTVP vehicle (canola oil, i.p.) ;
[Il) APAP(200mg/Kg, p.o.) + DPTVP (30umol/Kg, i.p.);
IV)APAP (200mg/Kg, p.o.) + DPTVP (50 umol /Kg, i.p.);
V) APAP (200mg/Kg, p.o.) + DPTVP (100 pmol /Kg, i.p.).
2) 300mg/Kg of APAP p.o (n=5 each group);
I)mice received vehicle (saline 0.9%, p.o.);
II) APAP (300mg/Kg, p.o.) + DPTVP vehicle (canola olil, i.p.);
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[Il) APAP(300mg/Kg, p.0.) + DPTVP (30 umol /Kg, i.p.);
V) APAP (300mg/Kg, p.o.) + DPTVP (50m pmol Kg, i.p.);
V) APAP (300mg/Kg, p.o.) + DPTVP (100 pmol /Kg, i.p.).

Animals received a single dose of APAP or vehicle, and after 30 minutes DPTVP or
oil were administered. Twenty-four hours after DPTVP injection, mice were anesthetized
with ether to heart blood puncture. Blood was collected in tubes containing heparine and
plasma was obtained by centrifugation. Liver was removed and used for histological
analysis or homogenized in Tris-HCI buffer (10mM, pH7.4) and then centrifuged (10
minutes, 2,000 xg, 4°C) to obtain the low speed supernatant (S1) for the biochemical
analysis. The APAP doses were chosen after dose responses curves that were done in
our lab. The DPTVP doses used here do not have any toxic effects by the i.p route, as
described in previous work (Avila et al., 2007).

2.4. Biochemical Analysis:
2.4.1. TBARS formation

Lipid peroxidation in liver was assessed by the measurement of thiobarbituric
reactive substances (Ohkawa et al, 1979). TBARS were determined
spectrophotometrically at 532nm after one hour of pre-incubation at 37°C and following
by one hour of incubation with SDS 8.1%, Acetic acid/ HCI buffer and thiobarbituric acid
0.6% at 95°C , using Malondialdehide as standard.

2.4.2. GSH content

Liver reduced glutathione content was estimated as non-proteic SH content
using Ellman’s reagent (DTNB 10mM) after deproteinization with TCA (10%), according
with the standard methodology (Ellman, 1959).

2.4.3. 5- ALA- D activity

Liver 6-ALA-D activity was assayed according to the method of Sassa (1982)
(Sassa, 1982), by measuring the rate of product (porphobilinogen, PBG) formation,
except that 84 mM potassium phosphate buffer, pH 6.4, and 2.5 mM ALA were used. All
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experiments were carried out after a 15 min preincubation of S1 with the medium,
starting the reaction by adding the substrate, aminolevulinic acid. Incubation was carried
out for 1 hour at 37°C. The reaction product was determined using modified Ehrlich’s
reagent at 555 nm, with a molar absorption coefficient of 6.1x104 M-1 for the Ehrlich-
porphobilinogen salt. The reactions rates were linear with respect to time of incubation
and added protein for all the experimental conditions. Simultaneously, a set of tubes was
assayed in the presence of 8 mM DTT to observe the possible reversion of the 8- ALA-D
inhibition.
2.4.4. Superoxide dismutase activity

SOD was determined in S1 of liver according to the methodology of Misra and
Fridowich (1972) (Misra e Fridovich, 1972). The adrenochrome production was measured
spectrophotometrically at 480 nm. One unit of the enzyme was defined as the amount of
enzyme required to inhibit the rate of adrenaline auto-oxidation by 50%.

2.4.5. Catalase activity

Catalase activity was assessed according to Aebi et al. (1984) (Aebi, 1984) in
S1 of liver, measuring the rate of disappearance of H202 spectrophotometrically at
240nm. One unit of the enzyme is considered as the amount which decomposes 1umol
H202/min at pH 7.

2.4.6. Protein measurements

Liver proteins were determined using the colorimetric method of Lowry (1951)
(Lowry et al., 1951).

2.4.7. Plasmatic AST and ALT activities

Plasmatic aspartate aminotransferase (AST) and alanine aminotransferase
(ALT) were quantified as biochemical endpoints of hepatotoxicity using commercial kit
(LABTEST, Diagnostica S.A., Minas Gerais, BR) and according to the method of Reitman
and Frankel (1957) (Reitman e Frankel, 1957).

70



2.4.8. Histopathology
The liver of treated mice were carefully removed, washed in saline solution and
then immersed in formalin 10%. For light microscopy examination, tissues were

embedded in paraffin, sectionated in 5um and stained with hematoxylin and eosin (n=3

per group).

Statistical Analysis
Statistical significance was assessed by one-way ANOVA, followed by Student
Newman Keuls test for post hoc comparison. Results were considered statistically
significant at values of p<0.05.

3. Results
3.1. Hepatotoxicity induced by APAP 200mg/Kg

The intoxication of mice with APAP at the dose of 200 mg/Kg lead to an
impoverishment in liver GSH levels, observed by the reduction of non proteic—SH groups
in treated mice (p<0.05, Figure 1A). In addition, a significant increase in TBARS levels
was observed (Figure 1B), as well as inhibition of hepatic 6- ALA- D activity, which was
not reverted by DTT (p< 0.05, Figure 1C). Also, there was a leakage of ALT activity in the
plasma, reflecting the failure of the liver function due to APAP treatment (p<0.05, Table
1). On the other hand, the antioxidant biomarkers used as SOD and CAT activities were
not altered by 200mg/Kg APAP administration (data not shown).

Interestingly, DPTVP was able to overturn the biochemical parameters in APAP-
induced hepatoxicity. GSH depletion caused by APAP was restored by DPTVP at all
tested doses (p<0.05, figure 1A). In accordance, the oxidative stress caused by GSH
depletion was reverted by the organotellurium compound, as indicated by decreased
MDA levels (p<0.05, figure 1B). Besides, ALT leakage was not observed from the dose of
30 umol/Kg (p<0.05, Table1). The only parameter altered by APAP that was not restored
by the compound was the activity of 8- ALA- D (figure 1C)

Figures 2A-E present the histology of mice’s liver after different treatments. Light
microscopic evaluation showed regular morphology of the liver parenchyma with well-
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designed hepatic cells and sinusoids in control group (Figure 2A). The administration of
the DPTVP alone did not cause any histological damage to liver (data not shown). The
APAP treated group showed mild liver injury with accumulation of inflammatory cells,
perinuclear vacuolization and swollen hepatocytes (Figure 2B). Post-reatment with
DPTVP (30, 50 and 100umol/Kg) evidenced the morphological improvement of liver after
APAP exposure. Still, is possible to observe some inflammatory cells infiltration,

vacuolization and binucleated hepatocytes, indicating regeneration (Figures 2C-E).

3.2. Hepatotoxicity by APAP 300mg/Kg

The liver injury caused by APAP was strongly enhanced by the raise of the dose
administered to mice (Figures 3A-C, 4B, Table 2). This was detected by the lack of
reversion effect of DPTVP at all tested doses in the biochemical parameters that were
changed by APAP. Different from the intoxication with APAP 200mg/Kg, DPTVP was
able to restore GSH levels only at 50 umol/Kg (p<0.05, Figure 3A). The TBARS
increment was not decreased by the treatment with the compound (Figure 3B). The
injured hepatic function indicated by AST and ALT leakage to blood was not improved by
the vinylic telluride at any of the tested doses (Table 2). Furthermore, the inhibition in
hepatic - ALA-D activity was impaired by the treatment with DPTVP at 100umol/Kg
(p<0.05, Figure 3C). Once more, we did not observed alterations in hepatic SOD and
CAT activities, even when the high dose was employed (data not shown).

In the histology of the APAP- treated livers, we observed severe liver injury with
congestion of the sinusoidal space and high accumulation of inflammatory and red blood
cells. Besides, swollen hepatocytes, perinuclear vacuolization and extensive necrosis in
periportal region were seen (Figure 4B). The treatment with 30umol/Kg of the vinylic
phosphonate did not show any improvement. On the other hand, the slides from APAP +
50 or 100pumol/Kg of DPTVP treated livers illustrate the significant improvement of the
morphological alterations caused by APAP alone. It is possible to note that there is still
some polimorphonuclear infiltration, but the mild cellular and nuclear pleomorphism

indicates the regeneration of the hepatic tissue (Figures 4C-E).
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Discussion

In agreement with previous studies, we observed that acetaminophen
administered orally to mice at mild doses caused biochemical and histological damage to
hepatic tissue. Post-treatment with diethyl-2-phenyl-2-tellurophenyl vinylphosphonate, an
organotellurium compound with low toxicity to mice, was able to restore biochemical
parameters altered by APAP. In fact, the compound was very effective at a mild dose of
APAP (200mg/Kg), however the severe biochemical damage caused by the highest dose
of APAP used (300 mg/Kg) was not recovered by DPTVP doses.

Recently there has been much interesting in the role of the oxidative stress in
the pathogenesis and progression of liver diseases, as well as in several models of liver
damage caused by drugs, mainly in APAP- induced liver injury (Larson, 2007; Fontana,
2008). As the deliberated use of this drug is increasing, the research for new compounds
which revert the oxidative stress in intoxicated hepatocytes without cause any damage to
the liver and other organs is relevant, and several drugs have been tested, and some of
them failed in this purpose (Rocha et al., 2005; Olaleye e Rocha, 2008; Sabir e Rocha,
2008; Yalcin et al.,, 2008). The vinylic telluride raised as an option to be tested as
hepatoprotector once it is not toxic and do not cause any liver damage to mice, even
when administered at high doses as 500 umol/Kg for 12 days (De Avila et al., 2006)
besides the good antioxidant potential that has been reported by our group (Avila et al.,
2007; Avila et al., 2008).

In our APAP exposure protocol, we observed that non-proteic- SH groups were
affected by 200mg/Kg of APAP. It is known that the APAP metabolite NAPQI reacts
rapidly with glutathione (which is 90% of the non-proteic SH content) (Nelson, 1990; Oz
et al., 2004), consequently exacerbating oxidative stress, as indicated by TBARS
increased levels. Furthermore, we observed a rise in the seric ALT activity, which is
strictly related to the liver damage caused by APAP. ALT is a cytoplasmatic enzyme that
is released into circulation after structural damage to the hepatocytes, being used as a
standard biomarker of liver damage (Sallie et al.,, 1991). Probably due to its antioxidant

activity, DPTVP, at all tested doses, was able to restore from APAP- induced SH
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depletion. Moreover, we obtained decreased MDA levels in the liver of the animals
treated with the vinylic telluride, which means that the oxidative stress was indeed
restricted by the compound. Furthermore, the seric ALT activity increased by APAP was
recovered to control levels by DPTVP. Confirming the biochemical evidences, the
histopathological analysis showed the regeneration of the hepatic tissue when compared
to APAP treated group, with remarkable signals of regeneration.

Based on current experiments that have been done in our lab, we believe that
the mechanism by which the vinylic telluride was able to recover the liver from the
oxidative stress generated by APAP is due to its scavenger activity against several
reactive oxygen/nitrogen species (not published data). Therefore, differently from some
described organochalcogens compounds, the vinylic telluride did not show GPX-like
activity, which could explain the recover from the GSH depletion. Hence, the mechanism
by which the DPTVP restored SH levels is still unclear.

On the other hand, the vinylic telluride could not restore from the &-ALA- D
inhibition caused by APAP treatment. 8-ALA D is an oxidative stress sensitive enzyme,
being used as biomarker. In its active site there are two cisteinyl residues that can be
easily oxidized by several agents (Farina et al., 2003; Nogueira, Santos et al., 2004;
Perottoni et al., 2004). Nevertheless, the inhibition of this enzyme by APAP in our
experimental protocol is not related to the oxidation of the SH groups in the enzyme. We
can infer this once the addition of DTT, a thiol donator, did not restore the 6-ALA D
activity. These data are in accordance to Rocha et al., which observed the same pattern
of inhibition in an APAP exposure in rats. The mechanism underlying the enzyme
inhibition by APAP is not well understood, but probably involves oxidative stress at a
level that cannot be restored by DTT.

As all tested doses of the compound recovered the mice's livers after pre-
treatment with 200mg/Kg of APAP, we decided to challenge the potential of the
compound as hepatoprotector, using the 300mg/Kg dose. This dose caused severe
damage and biochemical alterations in the hepatic tissue, as indicated by high activity of
seric ALT and AST, increased TBARS levels, non-proteic SH depletion, 8- ALA D
inhibition and remarkable histopathological alterations. We found out that only the dose
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of 50umol/Kg of the vinylic telluride restored SH levels and recovered the hepatocytes
from the damage observed in the histological analysis. This finding suggests that normal
levels of gluthatione are needed for the restoration of the hepatic morphology.

The liver damage caused by 300mg/Kg of APAP was so severe that even the
DPTVP dose that restored SH levels was not able to recover ALT and AST seric activities
and increased TBARS levels. Nevertheless, as we have seen some benefic effects in
the histological analysis, we believe that a chronic post-treatment with low doses of the
vinylic telluride could improve the hepatocytes from the liver damage induced by APAP.

It was reported that acute administration of high doses of APAP decreases SOD
and CAT activities (Ghosh e Sil, 2007). Furthermore, some authors have found the same
alterations just several days after APAP exposure (Olaleye e Rocha, 2008; Sabir e
Rocha, 2008). In our experimental protocol we noted the absence of alterations in SOD
and CAT activities. These findings are in agreement with a study from Cigremis et al.,
which demonstrated in rabbits that the mRNA expression levels of SOD and CAT were
not altered by a unique and mild dose of APAP, which also caused TBARS increase and
hepatic histological alterations (Cigremis et al., 2009). They suggested that probably the
activity of these enzymes do not have a critical role and may show dual functions in
APAP-induced hepatotoxicty.

Overall, our study demonstrated for the first time the hepatoprotective activity of
DPTVP in vivo in rodents. Previously, our lab established the antioxidant potential of this
compound in several tissues, including the hepatic one against iron-induced
lipoperoxidation (De Avila et al., 2006), as well as its low toxicity to rodents. These results
instigate us in the search for other benefic activities of the compound, but also
demonstrate that additional studies regarding the elucidation of the hepatoprotector

mechanism must be performed.
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Figure Legends

Figure 1: Biochemical parameters evaluated in the liver of mice treated with APAP
200mg/Kg p.o. and post-treated after 30 min with DPTVP (0, 30, 50, 100umol/Kg,
i.p.).- A) non-proteic —SH levels; B) TBARS levels; C) 8-ALA-D activity. Results are
expressed as mean + S.E.M (n=5). * indicates statistical difference from control group
by one-way ANOVA, following by SNK post-hoc test (p<0.05)

Figure 2: Histopathological analysis of the liver of mice treated with APAP
200mg/Kg p.o. and post-treated after 30 min with DPTVP (0, 30, 50, 100umol/Kg,
i.p.). A) control B) APAP C) APAP+ DPTVP 30 D) APAP + DPTVP 50 E) APAP+
DPTVP 100. Arrows indicate APAP damage PV- perinuclear vacuolization; IC-
inflammatory cells accumulation; SH- swollen hepatocytes; BC- binucleated cells.
Magnification 200x

Figure 3: Biochemical parameters evaluated in the liver of mice treated with APAP
300mg/Kg p.o. and post-treated after 30 min with DPTVP (0, 30, 50, 100umol/Kg,
i.p.). A) non-proteic —SH levels; B) TBARS levels; C) 6-ALA-D activity. Results are
expressed as mean + S.E.M (n=5). * indicates statistical difference from control group
by one-way ANOVA, following by SNK post-hoc test (p<0.05)

Figure 4: Histopathological analysis of the liver of mice treated with APAP
300mg/Kg p.o. and post-treated after 30 min with DPTVP (0, 30, 50, 100umol/Kg,
i.p.). A) control B) APAP C) APAP+ DPTVP 30 D) APAP + DPTVP 50 E) APAP+
DPTVP 100. Arrows indicate APAP damage N- necrosis; IC- inflammatory cells
accumulation; CNP- cellular and nuclear pleomorphism; PV- perinuclear

vacuolization. Magnification 200x
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Table 1

Seric ALT and AST activities in mice after 24hs of the pre-treatment with

APAP 200mg/Kg (p.o) followed by administration of 0,30, 50 or 100pmol/Kg

—@— with DTT —— without DTT
L T -
=+
| | | |
CONTROL APAP APAP+30 APAP+50 APAP+100

of DPTVP (i.p).

Data are expressed as mean+3.E.M for five animals each group. * indicates

statistical difference from control group (p<0.05).

DPTVP (umol/Kg)

Dose (umol/Kg) AST (U/mL) ALT (U/mL)
Control 55 +0.5 34.1 + 0.07
APAP 56.3+0.5 455 +0.01"°

APAP+DPTV (30) 48.1 £ 0.5 40 + 0.3
APAP+DPTV (50) 59.2+0.5 38.3+0.3
APAP+DPTV (100) 55.4+0.5 38.8 +0.3
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Figura 2
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Figura 3A
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Figura 3C
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Table 2

Seric ALT and AST activities in mice after 24hs of the pre-treatment with
APAP 300mg’'Kg (p.o) followed by administration of 0,30, 50 or 100umol/Kg
of DPTVP (i.p).

Dose (umol/Kg) AST (U/mL) ALT (U/mL)

Control 93 +8.8 31.4+5.1
APAP 202.4 +14.7* 115.3x12.1*
APAP+DPTV (30) 165.7 + 5* 100.3 +17°

APAP+DPTV (50) 161.1 £ 10.1*  113.2 + 307
APAP+DPTV (100) 206.6 + 25" 139.1 £1.77

Data are expressed as mean+S.E.M for five animals each group. * indicates
statistical difference from control group (p<0.05).
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Abstract

Diethyl-2-phenyl-2-tellurophenyl vinylphosphonate (DPTVP) has been described as a
very low toxic compound to rodents with hepato and neuroprotective activity thanks to its
antioxidant activity. However, the mechanisms which underlie these activities are no
clear. The objective of this study was to clarify which reactive oxygen and nitrogen
species can be scavenged by DPTVP. We observed that the vinylic telluride has the
ability to scavenge H>O, OHe, NO+ and ONOOQO'. Furthermore, we observed that the
potential of the antioxidant activity is dependent on the presence/absence of tissue, once
SNP- induced protein carbonylation was decreased from only 2 uM, whereas the
scavenging abilities were observed from 50 pM. We suggest that the ROS/RNS
scavenger activity depicted by DPTVP is dependent on the phosphonate group present
in its chemical structure, which provides the formation of the telluroxide form, as
previously described by other authors with other organotellurium compounds.
Nevertheless, additional studies are necessary to understand the metabolites that can be
generated from DPTVP and their role in its antioxidant activity.

Keywords: tellurium, antioxidant, scavenger, reactive oxygen/nitrogen species,
telluroxide.
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1. Introduction

Reactive oxygen and nitrogen species (ROS/RNS) are molecules produced under
normal conditions in eukaryotic cells, playing an important role in processes such as
signaling pathways and cellular defense (Droge, 2002). Nevertheless, these molecules
are very reactive, once they contain one or more unpaired electrons, being capable of
independent existence, so called free radicals (Southorn e Powis, 1988). Diverse ROS
and RNS are produced in large amounts during several diseases and infections, causing
an imbalance between pro-oxidants and antioxidant within the cell, a condition well-
known as oxidative stress (Halliwell e Gutterridge, 2003). Common causes of oxidative
stress include toxemias, infections, hypoxia-ischemia, hyperglycemia, xenobiotics (drug
metabolism), hyperlipidemias, hyperproteinemias, cancer, inflammation, phagocytic and
immune reactions, and elevated metabolic rates (Mandelker, 2008).

In order to eliminate and defend against these highly reactive species, the body is
provided with antioxidant enzymes known as primary antioxidants. Catalase, glutathione
peroxidase and superoxide dismutase (SOD) are responsible for neutralize such species
(Halliwell e Gutterridge, 2003). Furthermore, the cells are provided with non-enzymatic
antioxidants proceeding from the diet, such as vitamin C and E, zinc, coenzyme Q, a-
lipoic acid selenium (Mandelker, 2008). As during some diseases these antioxidants are
not enough, several natural and synthetic antioxidants substances have been tested in
order to find better therapeutically options, with high antioxidant potential and low toxicity
(Wagner et al., 2006; Pereira et al., 2008; Puntel et al., 2009; Sudati et al., 2009).

In this context, several organotellurium compounds have shown antioxidant
properties in different models in vitro and ex vivo (Andersson et al., 1994; Engman et al.,
1997; Briviba et al., 1998; Ren et al., 2001). Nevertheless, some of them are very toxic,
especially to the central nervous system (Toews et al., 1997; Goodrum, 1998; Laden e
Porter, 2001; Schiar et al., 2009). On the other hand, vinylic tellurides have been
reported as potent antioxidants with low toxicity to rodents (Savegnago et al., 2006;
Borges et al, 2008; Souza et al, 2009a) Diethyl-2-phenyl-2-tellurophenyl
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vinylphosphonate (DPTVP) belongs to this class of tellurides with low toxicity, showing
antioxidant activity, hepato and neuroprotective properties (De Avila et al., 2006; Avila et
al., 2007; Avila et al., 2008; Avila, D.S. et al., 2009). However, the exact mechanism by
which the compound exerts its activities is poorly understood.

Thus, to elucidate these questions we aimed to investigate the scavenger ability of
DPTVP against different form of reactive species such as hydrogen peroxide (H20),
hydroxyl radical (OHe), nitric oxide radical (NOe), and 1,1-diphenyl-2-
picrylhydrazyl(DPPHe-). Furthermore, we would like to determine whether the compound
could protect against protein oxidation, once this is a more reliable marker of oxidative

stress.

2. Materials and Methods

2.1. Chemicals

Diethyl 2- phenyl-2-tellurophenyl vinylphosphonate (Figure 1) was synthesized by
the addition of alkynylphosphonates to a solution of sodium organyl tellurolate, prepared
by the reduction of diorganyl ditellurides with sodium borohydride in ethanol at room
temperature (Braga et al., 2000b).

All other chemicals were of analytical grade and obtained from standard

commercial suppliers.

2.2. Animals

Adult male albino mice (25-35g) and Wistar rats (250-300g) from our own breeding
colony were maintained in an air conditioned room (20—-25°C) under natural lighting
conditions with water and food (Guabi-RS, Brasil) ad libitum. All experiments were
conducted in accordance with the Guiding Principles of the Animal Care and Wellness
Committee of the Universidade Federal de Santa Maria.
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2.3. In vitro tests without tissue

2.3.1.Chemioluminescence assay

The scavenging of hydrogen peroxide (H2O2) was developed by chemiluminescence
assay according to (Singh et al., 1988). Briefly, a range of DPTVP concentrations were
incubated with 10 uM luminol. The reaction was started by the addition of HoO, (50 pM).
Chemiluminescence values were measured in counts per minutes (cpm). The DPTVP

effect is expressed as % of control (without DPTVP).

2.3.2.Deoxyribose degradation

The deoxyribose degradation assay was performed according to (Puntel et al., 2005).
Briefly, the reaction medium was prepared containing the following reagents at the final
concentrations indicated: DPTVP (concentrations indicated in the figures), deoxyribose
3mM, ethanol 5%, potassium phosphate buffer 0.05mM, pH 7.4, FeSO, 50 uM and H.O-
500 uM. Solutions of FeSO4 and H.O, were made prior to use. Reaction mixtures were
incubated at 37 -C for 30 min and stopped by the addition of 0.8 mL of trichloroacetic
acid (TCA) 2.8% followed by the addition of 0.4mL of thiobarbituric acid (TBA) 0.6%.
Next, the medium was incubated at 100 -C for 20 min and the absorbance was recorded
at 532 nm (Gutteridge, 1981; Halliwell e Gutteridge, 1981). Standard curves of
malondialdehyde (MDA) were made in each experiment in order to determine the MDA
generated by the deoxyribose degradation. The values are expressed as percentage of
control values (without DPTVP).

2.3.3.DPPHe radical scavenging activity
The measurement of the scavenging activity of the DPTVP against the radical DPPH«

was performed in accordance with (Choi et al., 2002). Briefly, 85 uM DPPH- was added
to a medium containing different DPTVP concentrations. The medium was incubated for
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30min at room temperature. The decrease in absorbance measured at 518 nm depicted
the scavenging activity of the DPTVP against DPPHe. The values are expressed in
percentage of inhibition of DPPHe absorbance in relation to the control values without the
DPTVP.

2.3.4.NO- scavenger activity

The scavenging of NO+ was assessed by incubating sodium nitroprusside (SNP) (5 mM,
in PBS) with different DPTVP concentrations at 25 -C. After 120 min, 0.5 mL of
incubation solution was sampled and mixed with 0.5mL of Griess reagent (Green et al.,
1982). The absorbance was measured at 550 nm. The amount of nitrite was calculated
using different concentrations of sodium nitrite. A curve of sodium nitrite, constructed in
the presence of the DPTVP in order to verify its interaction with nitrite depicted no
interference of the DPTVP in the color development after Griess reagent addition. The
values were compared to control to determine the percentage of inhibition of nitrite
reaction with Griess reagent depicted by the telluride as an index of its NO+ scavenging
activity (Marcocci et al., 1994).

2.4. In vitro test with tissue

Animals were anesthetized with ether and decapitated. The liver, kidney and brain
were removed and homogenized (1:20) in 10mM Tris buffer (pH 7.4) for protein

carbonylation content determination.

2.4.1. Protein Carbonylation content

Liver, kidney and brain homogenates were pre- incubated with SNP (5 uM) and
with DPTVP (0, 1, 4, 10 and 40 uM) for 12 hs. After, samples were used for the
measurement of protein carbonyls content,-according to a modified method by (Levine et
al., 1990). Briefly, 1mL aliquots were mixed with 0.2 mL of 2,4 dinitrophenylhydrazine (10
mM DNPH) or 0.2 mL HCI (2M- blank). After 1h incubation at room temperature in a dark
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environment, 0.5 mL of denaturing buffer (150 mM sodium phosphate buffer, pH 6.8,
containing 3% of SDS), 1.5mL of ethanol and 1.5 mL of heptane were added and mixed
for 40s by vortex agitation;-and subsequently centrifuged for 15 min at 2,000xg. Next, the
isolated protein in the interface ethanol:heptane was washed twice with ethyl
acetate/ethanol 1:1 (v/v) and suspended in 1 mL of denaturing buffer. Each sample was
measured at 370 nm in a Hitachi U-2001 spectrophotometer and compared to a
corresponding blank sample. Total carbonylation was calculated using a molar extinction
coefficient of 22,000M™ cm™.

2.4.3. Protein content determination
Aliquots from the homogenates were separated to protein measurements that
were assessed according to (Lowry et al., 1951).

2.5. Statistical Analysis
Statistical significance was assessed by one-way ANOVA, followed by Duncan test
for post hoc comparison. Results were considered statistically significant when p<0.05.

3. Results
3.1 in vitro assays without tissue

Figure 2 shows the scavenger activity of H,O, by DPTVP using the
chemioluminescence assay. It is possible to observe a biphasic curve, once the
scavenging effect was observed at 1 uM and then only from 50 uM (p<0.05). In order to
evaluate whether the compound could interfere with the Fenton reaction, we used the
deoxyribose degradation assay (Figure 3). We observed again the HO,- scavenger
activity by DPTVP (from 50uM) when only this ROS was added to the medium (p<0.05).
Furthermore, in the Fenton's reaction conditions (Fe?* + H.0y), the deoxyribose
degradation was higher than in the H.O, condition, due to the formation of OHs. DPTVP
was able to decrease deoxyribose degradation caused by H.O. and by Fenton reaction
at the concentration of 100 pM.
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To confirm the OHe- scavenging ability by DPTVP, we used the DPPH- assay.
We observed an inhibition of the DPPHe reduction, indicating a scavenging activity from
50uM (p<0.05, Figure 4). Furthermore, the vinylic telluride also was able to scavenge

NOe from 50 uM, once it was able to (p<0.05, Figure 5).

3.1 in vitro assays with tissue

Figures 6A-C illustrate the antioxidant effect of DPTVP against SNP-induced
protein carbonylation in liver, kidney and brain, respectively. In the liver (Figure 6A),
DPTVP showed a per se effect from 4uM, protecting against the carbonylation under
normal conditions (p<0.05). Furthermore, SNP caused a significant increase in the
protein carbonyl content, which was reverted by DPTVP from the concentration of 4uM
(p<0.05). In the kidney (Figure 6B), there was no per se effect by DPTVP, nevertheless
the carbonyl content which was increased by SNP returned to the control levels from the
concentration of 1uM (p<0.05). In the brain (Figure 6C), DPTVP decreased the SNP-
induced protein oxidation from 4uM, without any per se effect (p<0.05).

4. Discussion

This current investigation depicted interesting H.O,, NOs, ONOO™ and OHe
scavenging activity by DPTVP, suggesting that the antioxidant property of this compound
could be attributable to its scavenger ability. Differentially from selenium (Se), which
belongs to the same chemical family, tellurium is not an essential element to the body.
Se is required for the function of the glutathione-peroxidase (GPX), and several
organoselenium compounds have antioxidant activity due to their ability to mimic this
enzyme (Nogueira, Zeni et al., 2004). As Te and Se share chemical characteristics, such
as reactivity, it is believed that Te could act as Se and exert the same functions
(Nogueira, Zeni et al., 2004). In fact, organotellurium compounds are described as better
antioxidants and chemoprotectors than their Se analogues (Engman et al., 1994;
Rooseboom et al., 2002) Accordingly to Andersson et al. (1994), the potency of the

compounds, particularly in comparison with organoselenium analogues, suggest that
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they may produce regenerable products during the inhibition of the peroxidation process
(Andersson et al., 1994).

Here, we evaluated the ability of the DPTVP to scavenge H»O. using a
chemioluminescence method, once luminol can be oxidized by H,O, and generates a
luminescent product, the aminophtalate (Giokas et al., 2007). H.O is relatively the more
stable ROS, once does not have an unpaired electron, however is one of the major
sources of intracellular reactive species. H>O, is generated intracellularly by several
processes, such as by xanthine and urate oxidases and as a final product of the
dismutation of the radical anion superoxide (Oz*) (Mandelker, 2008). We observed that
DPTVP decreased the luminescence at 1uM and then only at 50 and 100 uM. The
scavenging activity provided by DPTVP against H>O: is very important, considering that
this ROS plays a central role in the generation of other ROS in several diseases (Halliwell
e Gutterridge, 2003).

H.O, in excess can degrade certain haem proteins such as myoglobin and
hemoglobin, releasing iron (Fe?*) (Halliwell e Gutterridge, 2003). This metal can react
with H20, via the well known Fenton reaction, generating OHe radical, the most reactive
specie (Halliwell e Gutteridge, 1984). To mimic this reaction, we used the deoxyribose
degradation assay (Gutteridge, 1987), which uses a system containing Fe** and H,O, to
generate OHe. These radicals attack the 2-deoxy-D-ribose, degrading it into a series of
fragments, some or all of them reactive to thiobarbituric acid. We observed that DPTVP
was able to decrease the colorimetric reaction, verifying the ability of the compound in
interacts with the Fenton reaction.

In order to confirm whether the interaction of the DPTVP with the Fenton reaction
was due to its OHe scavenging activity, we performed the DPPH assay. The DPPH-
radical is an one electron radical very similar to OHe, being used to evaluate the OHe
scavenging (Choi et al., 2002). The concentration which was able to scavenge the DPPH
radical was lower that the observed in the deoxyribose assay, probably because of the
absence of the agents which keep generating the ROS as in the deoxyribose degradation

assay's medium.
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We attribute the scavenger activity depicted by DPTVP against ROS to its
chemical structure. DPTVP has a phosphonate group which is an electron-withdrawing
group. This group causes a decrease in the electronic density in the Te atom, which
becomes Te*, an eletrophilic specie. Considering that the ROS have an unpaired
electron, we purpose that the Te* can accept this electron, becoming telluroxide (Te V),
similar to which is described for several organotellurium compounds, with symmetrical
structure or not (Andersson et al., 1994; Engman et al., 1994; Briviba et al., 1998; Braga
et al., 2009). This mechanism can explain the scavenging of H.O. and oxygen singlet,
including in some RNS such as NO-.

Indeed, according to our results the DPTVP has a NO+ scavenger activity. NO- is a
very important signaling molecule, however is harmful in the presence of Oz+". Such effect
can be attributable to the formation of the metabolite peroxynitrite (ONOQO") (Halliwell e
Gutterridge, 2003). Hence, the impairment of the formation of ONOO" by the scavenging
of NO- by DPTVP becomes very important.

We observed the effects of ONOO™ in the protein carbonylation assay. We
observed that the NO< donor, SNP, induced oxidation of the proteins of mice's liver,
kidney and brain, increasing the product of this oxidation, the carbonyls content. These
effects are probably due to the formation of ONOO™ from the reaction between the
released NO- and O+, which is constantly produced by mitochondrial respiration
(Murphy, 2009). ONOO" can react with susceptible amino acids such as lysine, cysteine
and arginine and oxidize them. (Singh et al., 2007). We observed that DPTVP was able
to protect against the protein oxidation induced by SNP, which could indicate a
scavenger activity against ONOO'. The high antioxidant activity of DPTVP against
ONOO" might be explained by the observations with other tellurides in the literature.
Briviba et al. (1998) demonstrated that several tellurides have the ability to scavenge
peroxynitrite, and to regenerate using RSH (Briviba et al., 1998). The mechanism is very
similar to the observed with H.O., by an oxygen transference and formation of
telluroxide.

Nevertheless, SPN can also release the ferricyanide anion [(CN)s—Fe]™ that can
react with H,O, via Fenton reaction, generating OHe (Rauhala et al., 1998). Despite
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DPTVP also has the ability to scavenge this radical, it is believed that the ferricyanide
anion is released after the NO and under light exposure, (Loiacono e Beart, 1992).

Another finding which cannot be unnoticed is the difference between the
antioxidant concentration with and without tissue. We have previously reported that very
low concentrations such as 2 uM can decrease lipid peroxidation in rat brain, kidney and
liver homogenates (De Avila et al., 2006; Avila et al., 2008). Here, we observed that to
decrease protein oxidation a concentration of approximately 3 uM is already efficient.
Nevertheless, we observed that to reach the scavenger ROS an RNS activity, DPTVP
was needed at higher concentrations, such as 50uM. This suggests that probably the
components present in the tissues homogenates can react with the compound and
generate a metabolite which has better activity than the DPTVP by itself. The tissue
influence on the antioxidant activity of the compounds is an important matter, once it can
also cause a decrease in the scavenger potency (Puntel et al., 2009).

Organotellurium compounds are advantageous alternatives for numerous
synthetic operations (Petragnani, 1994; Zeni et al., 2006) and promising alternatives in
the pharmacological field (Nogueira, Zeni et al., 2004; Savegnago et al., 2006; Avila et
al., 2008; Borges et al., 2008), mainly due their antioxidant and scavenger activities, as
demonstrated here for the DPTVP. Our results indicate that the antioxidant activity
provided by DPTVP previously reported by our group (De Avila et al., 2006; Avila et al.,
2008) is due to its scavenger activity against different ROS and RNS, probably by the
formation of telluroxide. Furthermore, the potency of this scavenger activity is probably
dependent on the presence of tissue components in the reaction medium. However,
more studies are necessary to clarify the mechanism by which DPTVP and its

metabolites can scavenge the ROS and RNS.
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Figure Legends

Figure 1: Chemical structure of DPTVP.

Figure 2: Scavenger activity of DPTVP against H,O, in the CL method. Results are
represented as percentage of control. The mean control value is 902392 + 110098 cpm.
Data are expressed as mean = S.E.M (n=4).” indicates statistical difference from control
group by one-way ANOVA, following by Duncan post-hoc test (p<0.05).

Figure 3: Effects of DPTVP on deoxyribose degradation. The (O) indicates basal
conditions, (¥) Fe** 5 uM, (0) HoO, 500uM and (lll)Fe* 5 uM+ H>O, 500uM, the Fenton
reaction (FR). Results are indicated as percentage of FR. 100% of FR value is 1.102 £
0.009 umol MDA/g of deoxyribose. Data are expressed as mean = S.E.M (n=5)" indicates
statistical difference from basal conditions without DPTVP # indicates statistical
difference from H>O, 500uM without DPTVP and § indicates statistical difference from FR
without DPTVP by one-way ANOVA, following by Duncan post-hoc test (p<0.05) for five
individual experiments.

Figure 4: Effects of DPTVP on the DPPH+ scavenging assay. The values are expressed
in percentage of inhibition in relation to control without DPTVP. The mean control value
is 0.959+ 0.02 of absorbance (518nm). Data are expressed as mean + S.E.M (n=4). *
indicates statistical difference with p<0.05 and # refers to significance with p<0.001 by
Duncan test.

Figure 5: Effects of DPTVP on the NO-« scavenging assay. The values are expressed in
percentage of inhibition. The mean control value is 22.3+ 0.05 uM of nitrate. Data are

*

expressed as mean + S.E.M (n=4). * indicates statistical difference with p<0.05 by
Duncan test.

Figure 6: Effects of the vinylic telluride on basal ((_]) and SNP- induced (Jlf) protein
carbonylation in vitro in liver (A), kidney (B), brain (C) of mice. Results are expressed as
percent of control. 100% of control corresponds to 24.67 + 2.4 nmols carbonyls/mg of
tissue of tissue (A) to 15.9 + 2.3 nmols carbonyls/mg of tissue of tissue (B) and 13.9 1.5
nmols carbonyls/mg of tissue of tissue (C). Data are expressed as mean + S.E.M (n=4).

*indicates statistical difference from the basal without DPTVP, p<0.05; ~ indicates
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statistical difference from SNP-induced carbonylation without DPTVP (p<0.05) by

Duncan post-hoc test.

Figure 1

Ph

: "~ “P(O)(OEt),

PhTe

Figure 2
150
Tg 100
et
g .
© : .
7 ﬂ ﬁ
0
0 1 4 10 25 50 100
DPTVP (uM)
Figure 3
—5— hasal
—W¥— Fe/EDTA
—£— H202
150 ) I
E
€ 100
o
O
k]
S s0 | .
0 . . . . . .
0 1 4 10 50 100
DPTVP (puM)

99



Figure 4

Figure 5
-8 120
50 ‘ .
Zz 40 |
(=] N i
'_ *
M 30 8
I T &
Z =
L 20 £
c 5
* 10 £
0 L 4 I . T
0 4 10 50 100
DPTVP (uM) 0 1 10 25 50 10(
DPTVP (M)
Figure 6
A -E— BASAL - SNP
e
£
[=}
Q
s
=
0 1 4 10 40
DPTVP (uM)
C —H=- E B
B B~ BASAL -l SNP BASAL SNP
180 . 220
_ 178
g 2
3 L&)
- Y
B T 88
® 680 =
a4
0 : . . . 0 ) . .
0 1 4 10 40 0 1 4 10 40
DPTVP (uM) DPTVP (uM)

100



References

Andersson, C. M., Brattsand, R., Hallberg, A., Engman, L., Persson, J., Moldeus, P., and
Cotgreave, 1. (1994). Diaryl tellurides as inhibitors of lipid peroxidation in biological and
chemical systems. Free Radic Res 20, 401-410.

Avila, D. S., Gubert, P., Dalla Corte, C. L., Alves, D., Nogueira, C. W., Rocha, J. B., and Soares,
F. A. (2007). A biochemical and toxicological study with diethyl 2-phenyl-2-tellurophenyl
vinylphosphonate in a sub-chronic intraperitoneal treatment in mice. Life Sci 80, 1865-
1872.

Avila, D. S., Gubert, P., Palma, A., Colle, D., Alves, D., Nogueira, C. W., Rocha, J. B., and
Soares, F. A. (2008). An organotellurium compound with antioxidant activity against
excitotoxic agents without neurotoxic effects in brain of rats. Brain Res Bull 76, 114-123.

Avila, D. S., Palma, A. S., Colle, D., Scolari, R., Manarin, F., Silveira A.F., Nogueira C.W.,
Rocha, J. B. T., and Soares, F. A. A. (2009). Hepatoprotector activity of a vinylic telluride
against acute exposure to acetaminophen. unpublished manuscript.

Borges, V. C., Savegnago, L., Pinton, S., Jesse, C. R., Alves, D., and Nogueira, C. W. (2008).
Vinylic telluride derivatives as promising pharmacological compounds with low toxicity. J
Appl Toxicol 28, 839-848.

Braga, A. L., Alberto, E. E., Soares, L. C., Rocha, J. B., Sudati, J. H., and Roos, D. H. (2009).
Synthesis of telluroamino acid derivatives with remarkable GPx like activity. Org Biomol
Chem 7, 43-45.

Braga, A. L., Alves, E. F., Silveira, C. C., and Andrade, L. H. (2000). Stereoselective addition of
sodium organyl chalcogenolates to alkynylphosphonates: synthesis of diethyl 2-(organyl)-
2-(organochalcogenyl)vinylphosphonates. Tetrahedron Letter 41, 161-163.

Briviba, K., Tamler, R., Klotz, L. O., Engman, L., Cotgreave, 1. A., and Sies, H. (1998). Protection
by organotellurium compounds against peroxynitrite-mediated oxidation and nitration
reactions. Biochem Pharmacol 55, 817-823.

Choi, C. W, Kim, S. C., Hwang S.S., Choi, B. K., Ahn, H. J., Lee, M. Y., Park, S. H., and Kim, S.
K. (2002). Antioxidant activity and free radical scavenging capacity between Korean
medicinal plants and flavonoids by assay-guided comparison. Plant Sciences 153, 1161-
1168.

de Avila, D. S., Beque, M. C., Folmer, V., Braga, A. L., Zeni, G., Nogueira, C. W., Soares, F. A.,
and Rocha, J. B. (2006). Diethyl 2-phenyl-2 tellurophenyl vinylphosphonate: an
organotellurium compound with low toxicity. Toxicology 224, 100-107.

Droge, W. (2002). Free radicals in the physiological control of cell function. Physiol Rev 82, 47-
95.

Engman, L., Cotgreave, 1., Angulo, M., Taylor, C. W., Paine-Murrieta, G. D., and Powis, G.
(1997). Diaryl chalcogenides as selective inhibitors of thioredoxin reductase and potential
antitumor agents. Anticancer Res 17, 4599-4605.

Engman, L., Stern, D., and Pelcman, M. (1994). Thiol peroxidase of diorganoyl tellurides. Journal
of Organic Chemistry 59, 1973-1979.

Giokas, D. L., Vlessidis, A. G., and Evmiridis, N. P. (2007). On-line selective detection of
antioxidants free-radical scavenging activity based on Co(II)/EDTA-induced luminol
chemiluminescence by flow injection analysis. Anal Chim Acta 589, 59-65.

101



Goodrum, J. F. (1998). Role of organotellurium species in tellurium neuropathy. Neurochem Res
23, 1313-1319.

Green, L. C., Wagner, D. A., Glogowski, J., Skipper, P. L., Wishnok, J. S., and Tannenbaum, S.
R. (1982). Analysis of nitrate, nitrite, and [15N]nitrate in biological fluids. Anal Biochem
126, 131-138.

Gutteridge, J. M. (1981). Thiobarbituric acid-reactivity following iron-dependent free-radical
damage to amino acids and carbohydrates. FEBS Lett 128, 343-346.

Gutteridge, J. M. (1987). Ferrous-salt-promoted damage to deoxyribose and benzoate. The
increased effectiveness of hydroxyl-radical scavengers in the presence of EDTA. Biochem
J 243, 709-714.

Halliwell, B., and Gutteridge, J. M. (1981). Formation of thiobarbituric-acid-reactive substance
from deoxyribose in the presence of iron salts: the role of superoxide and hydroxyl
radicals. FEBS Lett 128, 347-352.

Halliwell, B., and Gutteridge, J. M. (1984). Oxygen toxicity, oxygen radicals, transition metals
and disease. Biochem J 219, 1-14.

Halliwell, B., and Gutterridge, J. M. C. (2003). Free radicals in biology and medicine. Oxford
University Press.

Laden, B. P., and Porter, T. D. (2001). Inhibition of human squalene monooxygenase by tellurium
compounds: evidence of interaction with vicinal sulthydryls. J Lipid Res 42, 235-240.

Levine, R. L., Garland, D., Oliver, C. N., Amici, A., Climent, I., Lenz, A. G., Ahn, B. W., Shaltiel,
S., and Stadtman, E. R. (1990). Determination of carbonyl content in oxidatively modified
proteins. Methods Enzymol 186, 464-478.

Loiacono, R. E., and Beart, P. M. (1992). Hippocampal lesions induced by microinjection of the
nitric oxide donor nitroprusside. Eur J Pharmacol 216, 331-333.

Lowry, O. H., Rosebrough, N. J., Farr, A. L., and Randall, R. J. (1951). Protein measurement with
the Folin phenol reagent. J Biol Chem 193, 265-275.

Mandelker, L. (2008). Introduction to oxidative stress and mitochondrial dysfunction. Vet Clin
North Am Small Anim Pract 38, 1-30, v.

Marcocci, L., Maguire, J. J., Droy-Lefaix, M. T., and Packer, L. (1994). The nitric oxide-
scavenging properties of Ginkgo biloba extract EGb 761. Biochem Biophys Res Commun
201, 748-755.

Murphy, M. P. (2009). How mitochondria produce reactive oxygen species. Biochem J 417, 1-13.

Nogueira, C. W., Zeni, G., and Rocha, J. B. (2004). Organoselenium and organotellurium
compounds: toxicology and pharmacology. Chem Rev 104, 6255-6285.

Pereira, R. P., Fachinetto, R., de Souza Prestes, A., Puntel, R. L., Santos da Silva, G. N.,
Heinzmann, B. M., Boschetti, T. K., Athayde, M. L., Burger, M. E., Morel, A. F., Morsch,
V. M., and Rocha, J. B. (2008). Antioxidant Effects of Different Extracts from Melissa
officinalis, Matricaria recutita and Cymbopogon citratus. Neurochem Res.

Petragnani, N. (1994). Tellurium in organic synthesis. Academic Press, New York.

Puntel, G. O., de Carvalho, N. R., Gubert, P., Palma, A. S., Dalla Corte, C. L., Avila, D. S.,
Pereira, M. E., Carratu, V. S., Bresolin, L., da Rocha, J. B., and Soares, F. A. (2009).
Butane-2,3-dionethiosemicarbazone: an oxime with antioxidant properties. Chem Biol
Interact 177, 153-160.

102



Puntel, R. L., Nogueira, C. W., and Rocha, J. B. (2005). Krebs cycle intermediates modulate
thiobarbituric acid reactive species (TBARS) production in rat brain in vitro. Neurochem
Res 30, 225-235.

Rauhala, P., Khaldi, A., Mohanakumar, K. P., and Chiueh, C. C. (1998). Apparent role of
hydroxyl radicals in oxidative brain injury induced by sodium nitroprusside. Free Radic
Biol Med 24, 1065-1073.

Ren, X., Xue, Y., Zhang, K., Liu, J., Luo, G., Zheng, J., Mu, Y., and Shen, J. (2001). A novel
dicyclodextrinyl ditelluride compound with antioxidant activity. FEBS Lett 507, 377-380.

Rooseboom, M., Vermeulen, N. P., Durgut, F., and Commandeur, J. N. (2002). Comparative study
on the bioactivation mechanisms and cytotoxicity of Te-phenyl-L-tellurocysteine, Se-
phenyl-L-selenocysteine, and S-phenyl-L-cysteine. Chem Res Toxicol 15, 1610-1618.

Savegnago, L., Borges, V. C., Alves, D., Jesse, C. R., Rocha, J. B., and Nogueira, C. W. (2006).
Evaluation of antioxidant activity and potential toxicity of I-buthyltelurenyl-2-
methylthioheptene. Life Sci 79, 1546-1552.

Schiar, V. P., Dos Santos, D. B., Paixao, M. W., Nogueira, C. W., Rocha, J. B., and Zeni, G.
(2009). Human erythrocyte hemolysis induced by selenium and tellurium compounds
increased by GSH or glucose: a possible involvement of reactive oxygen species. Chem
Biol Interact 177, 28-33.

Singh, I. N., Sullivan, P. G., and Hall, E. D. (2007). Peroxynitrite-mediated oxidative damage to
brain mitochondria: Protective effects of peroxynitrite scavengers. J Neurosci Res 85,
2216-2223.

Singh, N. P., McCoy, M. T., Tice, R. R., and Schneider, E. L. (1988). A simple technique for
quantitation of low levels of DNA damage in individual cells. Exp Cell Res 175, 184-191.

Southorn, P. A., and Powis, G. (1988). Free radicals in medicine. I. Chemical nature and biologic
reactions. Mayo Clin Proc 63, 381-389.

Souza, A. C., Luchese, C., Santos Neto, J. S., and Nogueira, C. W. (2009). Antioxidant effect of a
novel class of telluroacetilene compounds: Studies in vitro and in vivo. Life Sci.

Sudati, J. H., Fachinetto, R., Pereira, R. P., Boligon, A. A., Athayde, M. L., Soares, F. A., de
Vargas Barbosa, N. B., and Rocha, J. B. (2009). In vitro Antioxidant Activity of Valeriana
officinalis Against Different Neurotoxic Agents. Neurochem Res.

Toews, A. D., Roe, E. B., Goodrum, J. F., Bouldin, T. W., Weaver, J., Goines, N. D., and Morell,
P. (1997). Tellurium causes dose-dependent coordinate down-regulation of myelin gene
expression. Brain Res Mol Brain Res 49, 113-119.

Wagner, C., Fachinetto, R., Dalla Corte, C. L., Brito, V. B., Severo, D., de Oliveira Costa Dias,
G., Morel, A. F., Nogueira, C. W., and Rocha, J. B. (2006). Quercitrin, a glycoside form of
quercetin, prevents lipid peroxidation in vitro. Brain Res 1107, 192-198.

Zeni, G., Ludtke, D. S., Panatieri, R. B., and Braga, A. L. (2006). Vinylic tellurides: from
preparation to their applicability in organic synthesis. Chem Rev 106, 1032-1076.

103



V. Discussao

Compostos organicos de telurio tém sido descritos como bons antioxidantes em
diversos modelos animais em ensaios in vitro e ex vivo (Engman et al., 1995; Briviba et
al., 1998; Engman et al.,, 2000; Tiano et al., 2000; Cunha et al., 2005; Souza et al.,
2009b). Entretanto, alguns falham em prover total beneficio devido aos efeitos toxicos
que podem causar (Toews et al., 1997; Laden e Porter, 2001; Nogueira et al., 2001;
Borges et al., 2005). Por outro lado, dentre as diversas classes de compostos, 0s
teluretos vinilicos tém sido reportados como de baixa toxicidade e como compostos
promissores para avaliagées farmacoldgicas (Savegnago et al., 2006; Borges et al.,
2008). Dentre os teluretos vinilicos, o DPTVP se destaca pela baixa toxicidade quando
administrado sub-agudamente e por vias de rapida absor¢do em camundongos e pela
potente atividade antioxidante, conforme previamente demonstrada pelo nosso grupo
(De Avila et al., 2006; Avila et al., 2007). O presente estudo procura demonstrar o
potencial farmacologico do DPTVP como hepato e neuroprotetor e sugere que tais
efeitos se devem a atividade “scavenger” ou neutralizadora de espécies reativas de
oxigénio e nitrogénio.

A possivel atividade neuroprotetora do DPTVP foi desafiada in vitro utilizando-se
dois agentes pré-oxidantes que mimetizam os efeitos causados pelo glutamato em
excesso na fenda sindptica, o QA e o SNP (Artigo 1). O QA, um metabdlito enddégeno
neuroativo resultante do metabolismo das quinureninas, possui um efeito agonista em
receptores NMDA (Stone, 1991). A toxicidade por QA é mediada pela ativagdo do
receptor NMDA levando ao aumento de Ca?* intracelular, estresse oxidativo, deplegao
de ATP, disfuncdo mitocondrial e dano celular (Akaike et al., 1999). Em nosso trabalho,
foi observado que o QA causou um significativo aumento nos niveis de TBARS em
homogeneizados de cérebro total e das estruturas cerebrais utilizadas (cortex,
hipocampo e estriado). De acordo com a literatura, o QA induz peroxidagao lipidica em
cérebro de ratos (Rios e Santamaria, 1991) e a lipoperoxidacdo pode ser reduzida por
antioxidantes (Rossato et al., 2002). Da mesma maneira, o DPTVP também foi capaz de

reduzir a lipoperoxidacao causada pelo QA na concentragdo de aproximadamente 2uM
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em todas as estruturas testadas. Apesar dos conhecidos efeitos do QA sobre a
mitocéndria, ndo foi observado nenhuma alteragao na viabilidade mitocondrial em fatias
de cértex, hipocampo e estriado. Provavelmente a concentracdo de QA utilizada no
ensaio nao foi suficiente para causar danos a mitocondria, apenas a produgéao de ERO.

O influxo de Ca®** é uma etapa fundamental na excitotoxicidade por glutamato,
uma vez que toda a cascata de producao de ERO é desencadeada pelo aumento de sua
concentracao intracelular (Akaike et al.,, 1999). Um dos seus efeitos é ativar a NOS, uma
enzima dependente de Ca?‘/calmodulina (Beckman et al., 1990), produzindo NO. Este,
por sua vez, pode gerar facilmente, na presenca de O.,", o ONOO™ (Beckman et al.,
1990). Para mimetizar esses efeitos, foi utilizado o SNP, uma molécula que libera
lentamente NO para o meio. Conforme a literatura (ref), o SNP induziu aumento na
lipoperoxidagcao em todas as estruturas cerebrais testadas, bem como no cérebro total.
Além disso, a viabilidade mitocondrial de cortex, hipocampo e estriado foi
significativamente reduzida pelo tratamento com SNP, indicando um dano acentuado
aos neurbnios dessas regides. Novamente, o DPTVP protegeu contra a peroxidacao
lipidica, dessa vez induzida pelo SNP. A concentragdo média antioxidante entre as
estruturas testadas foi 3uM. A viabilidade mitocondrial também foi restaurada pelo
telureto vinilico, entretanto, de uma maneira mais eficiente no cortex (~4uM) do que no
hipocampo (~40 uM) e no estriado (efeito bifasico: 4uM e depois a partir de 40uM). E
importante ressaltar que o DPTVP n&o causou disfungcdo mitocondrial nas
concentracoes testadas, excluindo um possivel efeito neurotoxico deste composto nas
concentragdes usadas

O SNC é um 6rgao-alvo para a toxicidade dos compostos orgéanicos de telurio.
Por interagirem com grupamentos —SH essenciais a algumas enzimas, levam a redugéo
na atividade destas e graves alteragcdes ao SNC. Alguns compostos inibem a esqualeno
monooxigenase, uma enzima tidlica essencial a sintese de mielina (Toews et al., 1991;
Toews et al., 1997; Laden e Porter, 2001). O ditelureto de difenila inibe a Na*/K*
ATPase, causando alteragdes na permeabilidade das membranas neuronais (Borges et
al., 2005). Estudos prévios realizados por Nogueira et al. (2001, 2002) demonstraram

que o ditelureto de difenila diminui a unido especifica the [°H]glutamato em membranas e
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diminui a captacdo de [*H]glutamato em sinaptossomas de roedores, sendo este efeito
atribuido a oxidacao de grupos —SH dos receptores NMDA e dos transportadores EAAT.
Entretanto, diferentemente do ditelureto, o DPTVP n&o causou alteragdes significativas
ao sistema glutamatérgico. A captacao de [°H]glutamato foi reduzida em fatias de cortex
e hipocampo em concentra¢gdes muito maiores do que as concentragbes antioxidantes
(<5uM) e nao foi alterada no estriado. A concentracao a aprtir da qual o DPTVP reduziu
a captacdo de [*H]glutamato foi 100pM, cerca de 10 vezes maior do que a encontrada
para o ditelureto nas mesmas condicées experimentais (Nogueira et al., 2002). A
liberacdo de [*H]glutamato em sinaptossomas também sé foi aumentada em 100uM.
Além disso, o binding de [*H]glutamato em membranas foi reduzido em 50% a partir da
concentracao de 50uM de DPTVP, ainda muito acima da concentragao capaz de reduzir
em 50% a lipoperoxidacao lipidica induzida por SNP ou QA. A necessidade de altas
concentragées de DPTVP para alterar a captacéo, liberagdo e ligagdo de [*H] glutamato
provavelmente se deve a fraca interacdo do composto com grupamentos -SH. Em
estudos prévios, nosso grupo observou que era necessaria uma alta concentracao do
composto (120uM) para oxidar o DTT, um composto ditiblico simples sem qualquer
impedimento alostérico como ocorre em enzimas (De Avila et al., 2006). Além disso,
uma redugéo da enzima sulfidrilica 8-ALA D em cérebro de camundongos in vitro so foi
obtida a partir de 120uM, porém, nao foi inibida apds tratamento crénico com o telureto
vinilico (De Avila et al., 2006).

Com a auséncia de alteragbes severas ao sistema glutamatérgico e a
promissora neuroprotegéo in vitro, o DPTVP foi testado in vivo. Foi utilizado um modelo
de exposicdo ambiental ao Mn, o qual causou alteragcbes comportamentais € nos
parametros bioquimicos avaliados (Manuscrito 1).

A exposicao ocupacional e ambiental ao Mn pode levar a uma condi¢ao
denominada locura manganica ou manganismo, uma desordem caracterizada por déficit
motor (Couper, 1837b). O controle motor é principalmente coordenado por areas ricas
em neurdnios dopaminérgicos, como o estriado (Sloot e Gramsbergen, 1994). O estriado
€ uma area cerebral com alta expressao de transportador de metais divalentes tipo 1
(DMT-1), responsavel pela captacdo de Mn através da barreira sangue-cérebro (Au et
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al., 2008). De fato, em nosso estudo foram observadas alteragcdes motoras nos ratos
expostos ao Mn e, ex vivo, estresse oxidativo e reducdo na captacdo de [*H]glutamato
apenas no estriado, dados consistentes com o acumulo de Mn encontrado nessa
estrutura.

Intracelularmente, o Mn se acumula na mitocondria (~100nM), causando
colapso no potencial da membrana e problemas na producao de energia (Gavin et al.,
1992). Além disso, o Mn inibe diretamente os complexos da cadeia transportadora de
elétrons (Malecki, 2001), reduzindo a producdo de ATP e aumentado a producédo de
ERO. Esses efeitos foram observados pela viabilidade mitocondrial reduzida e pela
lipoperoxidagcao aumentada no estriado dos ratos expostos ao Mn. Ja o tratamento por
duas semanas pela via i.p. com DPTVP reverteu o dano mitocondrial causado
provavelmente pelo estresse oxidativo que também havia aumentado a lipoperoxidacao.
Esses achados sugerem que o telureto vinilico também apresenta acao antioxidante in
vivo, da mesma maneira como observado in vitro.

A reduzida captacdo de [°H]glutamato no estriado dos animais apés 4 meses de
exposi¢ao ao Mn foi um achado bastante interessante. Anteriormente, tal efeito s6 havia
sido descrito in vitro. (Erikson e Aschner, 2002) demonstraram que a expressao do
RNAm do transportador de glutamato (GLAST) mostrou-se reduzida pelo Mn em culturas
de astrécitos. Além disso (Mutkus et al., 2005), demonstraram em células ovarianas de
hamster que o Mn inibia a captacdo de [D-2,3- *H]D-aspartato através dos
transportadores GLAST (EAAT-1) e GLT-1(EAAT-2), sugerindo que 0 mesmo ocorreria
no SNC. Como esses transportadores possuem residuos de cisteina essenciais a sua
funcionalidade (Trotti et al., 1998), a oxidacao destes em funcéo do tratamento com Mn
levaria a reducdo da remocdo do glutamato da fenda sinaptica, causando
excitotoxicidade aos neurbnios glutamatérgicos no estriado. Acredita-se que esses
efeitos sejam causados devido a geragcdo de ERO nos astrocitos pelo Mn. Como os
astrécitos sao células gliais responsaveis por regular a concentracdo de
neurotransmissores e de outras substdncias quimicas na fenda sinaptica, eles
acumulam todo o Mn que entra no SNC (Pentschew et al., 1963). Ao se acumular na

mitocondria dos astrécitos, 0 Mn desencadeia a producao de ERO, as quais oxidam os

107



grupamentos —SH dos transportadores de glutamato. Essa hip6tese se ajusta pelo fato
de o tratamento com DPTVP, cujo potencial antioxidante ja havia sido observado nos
ensaios de TBARS e MTT, ter recuperado a captacdo de [*H]glutamato que havia sido
prejudicada pelo Mn.

Entretanto, um outro achado bastante interessante pode fornecer uma segunda
hipdtese em relagdo mecanismo neuroprotetor do DPTVP: os niveis de Mn no estriado
dos animais tratados com Mn e DPTVP semelhantes aos dos animais do grupo controle.
N&o existem dados na literatura sobre o transporte de Te** através da barreira sangue —
cérebro para o SNC e como este poderia afetar o transporte de Mn?*. Porém, alguns
estudos com telurito (Te®**) mostraram que este pode ser captado via sistema de
transporte de monocarboxilato (Borghese et al., 2008), o mesmo que capta Mn (Aschner
et al., 2007). Alternativamente, o Te®*" também pode ser transportado aravés de um
processo pH dependente , possivelmente via DMT-1, uma vez que esse transportador é
préton-dependente (Borsetti et al., 2003). Esses dados sdo inconclusivos em relagao ao
que ocorre com o Te?*, entretanto devem ser considerados em futuros estudos sobre o
transporte desse metal no SNC.

A fim de pesquisar outra possivel atividade farmacol6gica do DPTVP, a atividade
hepatoprotetora foi avaliada (Manuscrito 2). O modelo de hepatotoxicidade utilizado foi o
APAP. O APAP é um analgésico/antipirético amplamente utilizado, entretando seu uso
abusivo vem sendo relacionado a casos de faléncia hepatica, transplantes de figado e
em tentativas de suicidio (Watson et al., 2003; Larson et al., 2005; Nourjah et al., 2006).

A deplecédo de —SH nao protéico (~90% GSH) apds a admnistragdao de APAP, foi
observada quando utilizadas uma dose média (200mg/Kg i.p.) ou elevada (300mg/Kg)
do agente hepatotdxico. Tal efeito é bem descrito na literatura, uma vez que o metabdlito
NAPQI, produzido pela superdosagem de APAP, reage rapidamente com a GSH
intracelular (Nelson, 1990). A reducdo na concentracdo de GSH acaba causando um
desbalanco entre a produgao normal de ROS e o sistema antioxidante intracelular, uma
vez que a GSH é essencial para a atividade da GPX (Larson et al., 2005). Como em um
efeito em cascata, as ROS geram a producdo de mais ERO, iniciando os danos
oxidativos as células (Larson, 2007), como a lipoperoxidacdao elevada no figado dos
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animais tratados com ambas as doses de APAP. Também foi observado aumento na
atividade sérica da ALT, uma enzima presente no citosol de hepatécitos (Sallie et al.,
1991). A liberacdo dessa enzima na corrente sanguinea indica dano a estrutura dos
hepatdcitos, o que foi evidenciado pela analise histopatoldgica.

A administracao de doses diferentes de APAP surtiu efeitos semelhantes, porém
em diferentes escalas de intensidade. Dessa maneira, o DPTVP foi bastante eficaz
como hepatoprotetor quando a dose de APAP utilizada foi 200mg/Kg. As trés doses
testadas (30, 50 e 100umol/Kg) reverteram a deplecdo de SH, a lipoperoxidacao e o
vazamento de ALT do figado para a circulagdo, bem como auxiliou na regeneragao do
tecido hepatico, como observado nas andlises histoldgicas. Ja contra a dose de APAP
de 300mg/Kg, o DPTVP néo foi tdo eficaz. O dano hepético foi tdo severo que mesmo a
dose de DPTVP que restaurou os niveis de SH nao protéico (50umol/Kg) nao recuperou
0 aumento de lipoperoxidagcdo e a atividade aumentada da ALT. Entretanto, houve
melhora na morfologia dos hepatécitos, uma vez que nas analises histolégicas das
secgoes de figado de animais tratados com DPTVP havia apenas infiltragcao leucocitaria
e ndo mais polimorfismo nuclear e necrose na regiao periportal.

A administracdo de APAP (200 e 300mg/Kg) também causou inibicdo da enzima
sulfidrilica 6-ALA-D hepatica, o que poderia indicar oxidagdo dos residuos cisteinil do
sitio ativo da enzima pelas ERO. Entretanto, o DTT, um agente redutor ditidlico, néo
reverteu a inibicdo causada pela administragdo de APAP, indicando que tal efeito ndo se
deve a oxidacdo de SH na enzima. Esses achados estdo de acordo com Rocha et al.
(2005), os quais observaram o mesmo padrdo de inibicdo pelo APAP em ratos,
indicando que provavelmente a inibicAdo da enzima pode ocorrer por um outro
mecanismo ou que a oxidagdo dos residuos sulfidrilicos seja tdo acentuada que a
reversao pelo DTT n&o ocorre.

No protocolo experimental utilizado, ndo houve alteragdo na atividade das
enzimas antioxidantes SOD e CAT pela administracdo de APAP. Entretanto, alguns
autores reportaram efeitos nessas enzimas apenas alguns dias apds a administracéao de
APAP (Olaleye e Rocha, 2008; Sabir e Rocha, 2008). Além disso, Cimegris et al., (2009)
demonstraram em coelhos que os niveis de expressao de RNAm de SOD e CAT néao
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foram alterados pelo APAP administrado em uma dose que causou danos oxidativos e
histolégicos. Eles sugerem que a atividade dessas enzimas ndo possui um papel critico
na hepatotoxicidade por APAP.

As atividades hepato e neuroprotetora do DPTVP descritas no presente trabalho
se devem provavelmente as propriedades antioxidantes do composto, uma vez que
diversos parametros bioquimicos de estresse oxidativo alterados foram reparados pelo
DPTVP. Entretanto, diversas sdo as ERO e ERN que podem ser geradas durante o
estresse oxidativo. Dessa maneira, se fazia necessario verificar quais espécies poderiam
ser neutralizadas pelo telureto vinilico (manuscrito 3).

O H.0: é relativamente uma espécie mais estavel dentre as ERO, uma vez que
nao possui um elétron desemparelhado, entretanto, é a maior fonte de espécies reativas
intracelulares (Mandelker, 2008). E gerado por varios processos, como pelas atividades
da xantina e urato oxidase e como produto final da dismutacdo do O+ pela SOD,
processo este mais ativo durante o estresse oxidativo (Murphy, 2009). Dessa maneira, o
controle dos niveis de H.O, é bastante importante durante processo patogénico, a fim de
reduzir os danos intra e extracelulares. Utilizando uma técnica de quimioluminescéncia,
foi observado que o DPTVP possui atividade “scavenger” de H.O,, apresentando uma
curva bifasica. O efeito foi observado na concentragdo de 1uM, sendo observado
novamente apds 50 uM.

O H>O, em excesso pode degradar certas hemeproteinas como a mioglobina e
hemoglobina, liberando Fe?* (Halliwell e Gutterridge, 2003). Este metal pode reagir com
0 H:O, via reagdo de Fenton, gerando OHe. O resultado dessa reacdo pode ser
observado utilizando-se o ensaio de degradacao da desoxirribose, uma vez que 0s
radicais OHs podem degradar este agucar, os quais reagem com o acido tiobarbiturico.
Foi observado que o DPTVP foi capaz de interagir com a reacao de Fenton, reduzindo a
formacdo de TBARS. Entretanto, era necessario confirmar se esse efeito se devia pela
neutralizacao de OHe.

Assim, foi também realizado o ensaio do DPPHe. O radical DPPHe é um
composto de cor purpura o0 qual possui apenas um elétron desemparelhado,
similarmente ao OH+ (Choi et al., 2002). Novamente o DPTVP mostrou-se capaz de
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neutralizar esse tipo de espécie em uma concentracdo menor que a encontrada no
ensaio de degradacdo da desoxirribose. Esse fato deve-se provavelmente pela
auséncia, no meio reacional, de agentes que continuam gerando espécies reativas,
como é o caso do ensaio da degradacdo da desoxirribose, na qual tanto o Fe?* quanto o
H.O, estdo presentes em altas concentragdes.

Tal atividade pode ser atribuida a estrutura quimica do DPTVP. Este possui um
grupamento fosfonato, o qual € um grupo retirador de elétrons, causando uma
diminuicdo na densidade eletrénica do atomo de Te, o qual se torna levemente
eletrofilico (Te*). Considerando que as ERO possuem um elétron desemparelhado, o
Te" receberia este elétron, tornando-se um teluréxido (Te V). Este mecanismo é similar
ao proposto por varios autores para compostos de telurio simétricos, como os diaril
teluretos (Andersson et al., 1994; Engman et al., 1994; Briviba et al., 1998; Engman et
al., 2000) como para assimétricos, como os teluretos derivados de aminoécidos (Braga
et al., 2009). Através deste mecanismo, explica-se a neutralizagdo de H.O, e de
oxigénio singlete, incluindo os presentes nas ERN.

De fato, o DPTVP também se mostrou um bom agente oxidante contra ERN. A
mais abundante ERN intracelular € o NO, o qual é uma importante molécula
sinalizadora, tornando-se ameagadora quando produzida em concentragdes excessivas.
Tal periculosidade se deve mais a producdao de ONOO’, um metabdlito gerado pela
reacdo de NO com o O+ (Halliwell e Gutterridge, 2003). Dessa maneira, a atividade
“scavenger” de NO do DPTVP determinada no presente trabalho € bastante importante.

Além disso, o composto também mostrou ser capaz de neutralizar o ONOO',
conforme observado no ensaio de carbonilacdo de proteinas. O SNP, um doador de
NOe, induziu a oxidagcdo de proteinas em figado, rim e cérebro de camundongos,
gerando proteinas carboniladas, provavelmente pela geracao de ONOO™ no meio
reacional. O conteudo de proteinas carboniladas foi significativamente reduzido pelo
DPTVP a partir da concentracdo média de 2 pM nos trés tecidos. Esta atividade
antioxidante contra o ONOO- pode ser explicada através de relatos prévios na literatura
de que compostos organicos de Te possuem atividade neutralizadora contra essa ERN.
Briviba et al. (1998) demonstraram que varios teluretos sdo capazes de neutralizar o
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ONOO- e se regenerar utilizando grupamentos tiélicos presentes no tecido (conforme
Figura 2). O mecanismo é muito similar ao descrito para as ERO, através de uma
transferéncia de oxigénio e a formacao de teluréxido.

Além disso, o SNP também pode liberar o anion ferricianeto [(CN)s—Fe] ™, o qual
pode reagir com o H>O. através da reagao de Fenton, gerando OH+ (Rauhala et al.,
1998). Apesar de o DPTVP também possuir a habilidade de neutralizar esse radical,
acredita-se que o anion ferricianeto € liberado apdés o NO- e sob exposicdo a luz
(Loiacono e Beart, 1992), o que reinforca a hipotese de que a carbonilacao de proteinas
ocorreu principalemente em virtude da formagao de ONOO'.

Uma observacdo bastante interessante é em relacdo as concentragdes
antioxidantes encontradas nos ensaios na auséncia e na presencga de tecido. Quando ha
tecido no meio, a concentracao de DPTVP necessaria para reduzir a lipoperoxidagao ou
a carbonilagdo induzida por algum agente pré-oxidante € menor do que a necessaria
para a atividade “scavenger’ sem tecido. Esse achado sugere que provavelmente a
presenca de componentes teciduais como enzimas podem reagir com 0 composto,
gerando um metabdlito com atividade antioxidante melhor do que a do proprio DPTVP.

Dessa maneira, o presente estudo evidencia os possiveis efeitos benéficos que
podem ser obtidos pela administracdo de DPTVP em doses baixas, como neuro e
hepatoprotetor. Além disso, o trabalho reinfor¢ca a importancia de agentes antioxidantes
no tratamento de doengas nas quais o estresse oxidativo esta envolvido. Estudos mais
aprofundados sobre o DPTVP ainda devem ser realizados, a fim de elucidar o
mecanismo de agdo antioxidante e se as atividades farmacoldgicas do composto se

devem a ele préprio ou a um metabdlito.

VI. Conclusoes

1) O DPTVP apresentou uma potente atividade antioxidante frente aos
agentes pro-oxidantes SNP e QA homogeneizados de cérebro total, cortex,
hipocampo e estriado, além de ter protegido contra a disfuncao

112



mitocondrial induzida por SNP nessas estruturas, indicando possivel
atividade neuroprotetora in vitro;

O DPTVP nao alterou a captacédo, liberacdo e unido especifica de [°H]
glutamato nas concentragbes antioxidantes, demonstrando baixa toxicidade
ao SNC;

A administragao cronica de MnCly (137mg/Kg) na agua de beber de ratos
causou redugdo na atividade exploratéria e motora dos animais, € o co-
tratamento com DPTVP por duas semanas (0,150umol/Kg, i.p) reverteu
parcialmente esses efeitos, melhorando a performance dos ratos nos
testes;

O co-tratamento com DPTVP reverteu os danos causados no estriado dos
ratos expostos cronicamente ao Mn, reduzindo os niveis de TBARS,
aumentando a viabilidade mitocondrial, normalizando captacdo de [*H]
glutamato e os niveis de Mn nessa estrutura;

O DPTVP foi capaz de reverter os danos hepaticos causados pelo APAP
(200mg/Kg) revertendo a deplecao de tidis nao protéicos, normalizando os
niveis de TBARS, a atividade sérica da ALT e as alteragdes
histomorfoldgicas causadas pelo agente hepatotéxico; entretanto, apenas
os danos observados histologicamente foram recuperados contra dose de
300mg/Kg de APAP;

O DPTVP mostrou atuar como agente neutralizador de ERO e ERN,
evidenciando um mecanismo para a atividade antioxidante do composto;
além disso, sugere-se que a acao “scavenger’ ocorra via formacao de
teluréxido e que provavelmente um metabdlito do composto seja mais ativo

como antioxidante do que ele por si sé.
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VII. Perspectivas

1. Avaliar outras possiveis atividades farmacoldgicas atribuiveis ao DPTVP.

Atualmente vém sendo avaliada a atividade antidepressiva do composto;

2. Averiguar os metabdlitos do DPTVP formados apds a sua administragdo em
roedores;

3. Estudar os mecanismos envolvidos no transporte de Te no SNC e sua
influéncia no transporte de Mn;
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IX. Apéndice
IX.1: Estudo desenvolvido durante o estagio de doutorando (PDEE)

Avaliacao dos possiveis efeitos protetores de compostos organicos de selénio e
telurio sobre a neurotoxicidade induzida por manganés em C.elegans

Caenorhabiditis elegans

O C.elegans € um nematédeo naturalmente presente no solo. Este invertebrado
tem sido usado como um valioso modelo bioldgico, devido as vantagens que o seu uso
provem (Helmcke et al., 2008). Dentre eles, se incluem o seu tamanho reduzido,
transparéncia, manipulagdo genética, rapido crescimento e desenvolvimento, alta taxa
de reproducao, habilidade de sobreviverem apés serem congelados e facil aplicacao de
técnicas bioquimicas e de biologia molecular. Essas vantagens permitem o uso de
C.elegans em sistemas in vivo com as mesmas caracteristicas benéficas de ensaios in
vitro (Hope, 1999).

O ciclo de vida dos C.elegans dura em torno de 21 dias, dependendo da cepa,
sendo que a vida adulta inicia-se ap0s trés dias de vida (Figura 9). Os adultos péem os
ovos (cerca de 200), dos quais ap6s 12 h eclodem larvas no primeiro estagio larval (L1).
Sob condigdes normais (alimentagéo irrestrita e temperatura em torno dos 20°C), as
larvas vao se desenvolvendo em diferentes estagios larvais (L2, L3 e L4), tornando-se
adultos capazes de oviposicao (Hope, 1999). Além disso, sob restricdo alimentar, os
nematddeos passam para um estagio intermediario chamado Dauer, no qual podem
viver num estado metabdlico restrito por até trés meses.

Foi descoberto que ha conservacdo de processos fisioldgicos e vias de
sinalizacao entre C.elegans e mamiferos. Foram encontrados 60-80% de homologia
genética entre humanos e os vermes (Kaletta e Hengartner, 2006). Além disso, diversos
estudos tém sido conduzidos a fim de investigar a toxicidade de compostos como
pesticidas (Cole et al., 2004), inibidores mitocondriais (Braungart et al., 2004) e metais
(Roh et al., 2006). Estes estudos mostraram que os valores de LD50 em vermes se

correlacionam com a LD50 em roedores. Dessa maneira, o C.elegans pode ser usado
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em toxicologia como um modelo de previsdo de toxicidade em mamiferos. Além disso, o
sistema nervoso destes nematddeos € bem caracterizado, e também se mostrou similar
ao dos mamiferos (Sulston, 1983). O C.elegans possui 302 neurdnios de 118 subtipos,
6393 sinapses quimicas, 890 jungdes elétricas e 1410 jungbes neuromusculares (White
e Rainbow, 1986). Além disso, o desenvolvimento de cepas que expressam proteinas
neuronais fluorescentes permite a observacao direta de dano neuronal (Chalfie et al.,
1994). Essa vantagem adicional amplia a énfase dada ao C.elegans como um excelente
modelo no campo toxicoldgico.

P Adult
young adult
o] 2@,
L4 larva
N — embryonic @
development %
several months
\ 14 hr
8hr ] Dauer larva
™
L3 larva 13 hr /
s Predauer (L2d)
crowding § low food /
8 hr AN
=7 L1 larva
L2 larva 12 hr

Ciclo de vida do C.elegans.

Inicialmente, foi realizada uma curva dose efeito a fim de se obter a LD50 para
os compostos utilizados e as doses seguras que poderiam ser usadas nos préximos
estudos. Para a cepa selvagem (N2), a LDs, do disseleneto encontrada foi de
aproximadamente 45 uM (p<0,05, figura 1A); a do ebselen foi de aproximadamente
200uM (p<0,05, figura 1B) e para o DPTVP > 5mM (Figura 1C). Ja para a cepa RM2702,
na qual os vermes possuem uma mutacao deletéria no gene que codifica o transportador
de dopamina, os valores de LDsg foram menores quando comparados aos N2: 30uM
para o disselento (p<0,05, Figura 2A), 120uM para o ebselen (p<0,05, Figura 2B) e
>1mM para o DPTVP (p<0,05, Figura 2C).
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Uma vez determinadas as doses a serem usadas, os compostos foram testados
contra a toxicidade induzida por Mn. Foram realizadas curvas de dose-resposta e
analises de estresse oxidativo, como a estimacdo de niveis de ERO e a curva de
longevidade ou “life span”. As doses utilizadas de Mn foram determinadas em
experimentos prévios por outros pesquisadores. Nos N2, observou-se efeitos benéficos
do composto contra o Mn, principalmente por parte do ebselen e do DPTVP. O ebselen
protegeu contra a toxicidade de Mn, aumentando a taxa de sobrevivéncia na
concentracao de 10uM, sendo que doses maiores causaram uma maior taxa de
mortalidade quando associadas a exposicdo ao Mn (p<0,05, Figura 3B). O DPTVP
também protegeu contra a toxicidade induzida por Mn na concentracdo de 10uM
(p<0,05, Figura 3C), enquanto que o disseleneto ndo causou nenhum efeito positivo
(Figura 3A). Utilizando a diclorofluoresceina diacetato (DCF-DA) como um marcador de
ERO, observou-se que o estresse oxidativo esta realmente envolvido com a toxicidade
causada pelo Mn e que os compostos, amplamente conhecidos pelo seu potencial
antioxidante, foram capazes de proteger contra a producdo de ERO induzida por Mn
(p<0,05, Figura 5A). Na figura 6A, é possivel perceber que o dano oxidativo causado
pelo Mn acaba levando a uma diminuicao no tempo de vida de C.elegans, e que o pré-
tratamento com ebselen e DPTVP aumenta a duracdo da vida dos vermes ao nivel do
controle (p<0,05, figura 6A).
Ja nos animais da cepa RM2702, doses menores de Mn foram necessarias para
se causar danos similares aos observados nos selvagens. Isso se deve provavelmente a
oxidacdo da dopamina que se encontra em excesso na fenda sinptica, uma vez que,
como ja mencionado, os transportadores para recaptacdo de dopamina ndo estao
presentes. Como para os N2, o disseleneto ndo protegeu contra a mortalidade induzida
por Mn. O ebselen mostrou-se eficaz na concentragao de 10uM, enquanto que o DPTVP
aumentou a sobrevivéncia na concentragdo de 1uM. na figura 5B pode-se observar que
os niveis de ERO nos animais expostos ao Mn sdo maiores do que os obtidos nos N2.
Entretanto, os trés compostos, novamente, foram capazes de proteger contra o aumento
na oxidagao da DCF-DA pelas ERO. Ja nos experimentos relacionados a expectativa de
vida dos C.elegans, observou-se uma siginificativa reducao desta nos animais expostos
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ao Mn, entretanto, os compostos reverteram esse dano, sendo que o prée-tratamento
com ebselen e DPTVP gerou uma duragdo de vida maior do que a observada nos
animais controle.

Nesse trabalho também foram utilizadas cepas alteradas geneticamente nas
quais 0s neurOnios que expresam o receptor de glutamato (glr-1::GFP) aparecem
fluorescentes no microscépio de imunofluorescéncia. Essas observagdes foram
realizadas a fim de se investigar os efeitos da exposi¢cdo ao Mn e ao DPTVP sobre os
neurdnios glutamatérgicos de C.elegans. Foi observado que apenas a exposi¢cao a uma
concentracdo muito alta de Mn (200mM) foi capaz de causar dano aos neurdnios
glutamatérgicos de cerca de 20% dos vermes. Como se pode observar na figura 7C, ha
uma degeneragado axonal resultante de possivel excitotoxicidade, o que nao é observado
nos animais controle (figura 7A) e nem mesmo nos tratados com Mn 100mM (Figura 7B).
Estes resultados estdo de acordo com a literatura, uma vez que esta descrito que o Mn
altera o sistema glutamatérgico, causando certa excitotoxicidade, sem, entretanto ser
relatada morte desses neurdnios (Erikson e Aschner, 2003; Milatovic et al., 2007).

Outro resultado interessante foi a auséncia de danos aos neurbnios
glutamatérgicos quando expostos ao DPTVP em altas concentragcoes. Pode-se observar
que mesmo apds 24 hs (Figura 8B) a exposicdo a 500uM de DPTVP os neurbnios se
apresentam tais quais os dos animais controle. Estes resultados corroboram com os
resultados do artigo 1 desta tese, o qual reportou a baixa toxicidade do DPTVP ao
sistema glutamatérgico.

133



Figura 1

SURVIVAL (%)

125

100

75

50

25

125 1
100
=
2 75
s
¥ 50
2
v
25

o

0

0.001 0.01 0.015 0025 004 005 01 025 05 01 25 5

DIPHENYL DISELENIDE (mM)

125 1

100

~
[6)]
T

)]
(@]
T

SURVIVAL (%)

N
al
T

0.01

0.05 0.1 0.25 0.5

EBSELEN (uM)

I | I I I I I | I

S
o
o
o

0 001 005 01 025 05 1.0 25 50 500

DPTVP (mM)

134



Figura 2
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Figura 5
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Manganese is an essential element for biological systems, nevertheless occupational exposure to high
levels of Mn can lead to neurodegenerative disorder, characterized by excessive Mn accumulation,
especially inastrocytes of basal ganglia and symptoms closely resembling idiopathic Parkinson's disease
(PD). The purpose of this study was to evaluate behavioral and biochemical alterations in adult rats
exposed for 30 days to 10 and 25 mg/mL of MnCl; in their drinking water. MnCl; intoxicated rats showed
impaired locomotor activity in comparison to control animals. Furthermore, lipid peroxidation were
increased, &-aminolevulinate dehydratase (8-ALA-D, an enzyme sensitive to pro-oxidant situations)
activity was inhibited and *°Ca®* influx into striatal slices was decreased inrats exposed to 25 mg/mL of
Mn, indicating that this brain region was markedly affected by short-term Mn exposure. In contrast, Mn
exposure was not associated with characteristic extrapyramidal effects and did not modify protein
oxidation, suggesting that the striatal damage represents early stages of Mn-induced damage. In addition,
treatment with Mn was associated with reduced body weight gain, but there were no discernible
alterations in liver and kidney function. In conclusion, Mn caused increased oxidative stress and
decreased ®Ca** influx into the striatum, which are likely linked to impaired locomotor activity, but not

with the occurrence of orofacial dyskinesia

@ 2008 Elsevier Inc. All rights reserved.

1. Introduction

Since the initial findings that manganese { Mn) exposure can lead
to an unsteady gait and muscular weakness resembling idiopathic
Parkinson's disease (PD) (Couper, 1837), several cases of Mn
neurotoxicity (manganism) have been reported, particularly in
miners, smelters and workers in the battery and alloy industries
(Emaraetal., 1971; Bowleretal,, 2003). Environmental sources of Mn
inair,water, soil and food have also been the subjecttostudies onthe
effects of Mn exposures to human health (Nkwenkeu et al, 2002;

* Corresponding author. Tel: +55 55 3220 9522; fax: +55 55 3220 8031

E-mail address: felix_antunes_soares@yahoo.com.br (FAA. Soares).
Abbreviations: ALA, aminclevulinic acid; ATP, adeninosine triphosphate; DA,
dopamine; DNPH, 2 4-dinitrophenylhydrazine; DTT, dithiotreitel: MDA, malon-
dialdehide; MMT, methylcyclopentadienyl manganese tricarbonyl; Mn, manga-
nese; PD, Parkinson's disease; ROS, reactive oxygen species; 51, low speed
supernatant; SH, cisteinyl residues: TBARS, thiobarbituric acid reactive substances;
TP, tongue protrusion; VCM, vacuous chewing movements; §-ALA-D, &-aminole-
vulimate dehydratase,

0161-813X(5 - see front matter @ 2008 Elsevier Inc. All rights reserved
doi:10.1016/j.neuro. 2008 08.004

Huang et al., 1989; Bouchard et al., 2007). Increased Mn intoxication
has been reported in association with maneb-adulterated food
(Ferrazetal., 1988), potassium permanganate, whichis used to purify
drinking water (Xu et al, 2005}, and in particular methylcyclopen-
tadienyl manganese tricarbonyl { MMT), an automobile fuel octane
enhancer. Recent studies suggest that in areas where MMT is used,
atmospheric levels of Mn in the environment have increased over
pre-usage levels, as well as indrinking water sources (Mergler, 1999).
The increased worldwide usage of MMT has generated concern over
the potential lifelong consequences of exposure to Mn (Kaiser, 2003).

Mn is an essential element for normal growth, development,
cellular homeostasis and brain development, Though uncommon,
Mn deficiency increases the susceptibility to convulsions (Mis-
selwitz et al, 1995). At the other spectrum, exposures to high levels
of Mn are associated with severe damage to the liver, lung,
reproductive and immune systems [ Misselwitz et al,, 1995; Cotzias,
1958). Mn preferentially targets the central nervous system (CNS),
especially the basal ganglia (Aschner, 1997; Aschner et al., 2007),
causing disturbances in neurotransmitter metabolism [Montes
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et al,, 2001; Miele et al., 2000), generating excess free radicals and
leading to neuronal death {Olanow et al., 1996). Dopaminergic
[DAergic) neurons are a primary cellular target of Mn intoxication,
mimicking many of the inherent features of PD {Newland, 1999).

At the cellular level, Mn interferes with energy production by (i)
inhibiting respiratory chain complexes (Zhang et al., 2004; Galvani
et al, 1995; Husain et al., 1976), (ii) disrupting mitochondrial ATP
production and (iii) increasing the production of oxygen radicals
(Boveris and Chance, 1973). Furthermore, it has been suggested
that oxidation of Mn?* to the trivalent species (Mn®") (Archibald
and Tyree, 1987) and its efficient transport into DAergic neurons
(Aschner et al,, 1992, 1999) catalyzes the oxidation of dopamine
(DA)toleukoaminochrome o-semiguinone, a reactive and unstable
metabolite (Segura-Aguilar et al,, 1998).

The DA oxidation triggered by Mn has been associated with
oxidation of thiols groups in molecules with biological importance
(Khan et al., 2005; Smythies, 1999). This oxidation may cause, for
example, inhibition of the activity of some sulphydryl-containing
enzymes, where -SH groups are essential for optimal activity
(Lynem, 1970).8-Aminolevulinate dehydratase (&-ALA-D) is a thiol-
containing enzyme involved in the tetrapyrol biosynthesis. Given its
ubiquitous sensitivity to cellular redox status, this enzyme has been
commonly used as an optimal biomarker of intoxication, including
metal exposures (Barnard et al, 1977; Farina et al, 2003; Folmer
et al., 2003; Gongalves et al, 2005; Paniz etal,, 2007; Luchese et al,,
2007). Nevertheless, no data are available about its sensitivity to Mn.

Despite the propensity of Mn to target DAergic neurons, other
neurotransmitter systems are also targeted by excessive Mn
accumulation. GABAergic (y-aminobutyric acid) and glutamater-
gic neurotransmission is altered by Mn, likely contributing to
dysfunction in nigrostriatal and corticostriatal DAergic pathways
(Takeda et al., 2003; Gwiazda et al., 2002). These changes likely
reflect behavioral sequalae of Mn exposure, commonly associated
with decreased open field activity (Witholt et al,, 2000; Torrente
et al, 2005), memory acquisition (Diaz-Véliz et al., 2004; Tran
et al., 2003) and learning { Oner and Sentiirk, 1995). Howe ver, most
of these studies have been carried-out in rodents injected
intraperitoneally or intracebroventricularly, thus failing to repro-
duce human occupational/environmental exposures.

On the other hand, the effect of Mn intoxication on extrapyr-
amidal effects, characterized by “mouth movements” or jaw tremors
(Salamone et al, 1998), has not been well documented in the
literature, including in rodents. Of particular importance, mouth
movements and facial tremors [orofacial dyskinesia) have been
associated with oxidative stress indifferent models of neurotoxicity,
mainly when the DAergic system is involved (Burger et al., 2006;
Fachinetto et al, 2007; Castro et al., 2006; Bishnoi et al, 2007).

Considering the increasing concern about environmental
exposure to Mn by oral route, the objective of this study was to
determine whether behavioral parameters of orofacial dyskinesia
are changed in rats after a short-term oral exposure to relatively
low doses of Mn. Additionally, we evaluated the exploratory
activity of rodents, as well as several biochemical parameters in
striatum, hippocampus, liver and kidney of treated animals in
order to clarify the relationship between oxidative stress, calcium
influx and Mn-induced neurobehavioral alterations.

2. Materials and methods
2.1. Materials

45Ca?* (5mCi/mg Ca) was purchased from Amersham Bios-
ciences. Inorganic manganese (MnCl,.4H,0, ~99% of purity) and all

other chemicals were of analytical grade and obtained from
standard commercial suppliers.

2.2, Animal treatment

Adult Wistar rats from the Universidade Federal de Santa
Maria's breeding colony were maintained in an air conditioned
room (20-25 “C) under natural lighting conditions with water and
food (Guabi-RS, Brazil) ad libitum. All experiments were conducted
in accordance with the Guiding Principles of the committee of
animal care of Universidade Federal de Santa Maria.

Fifteen rats were divided into three experimental groups and
received for 30 days in their drinking water:

(1) No metal addition {control group);
(2) 10 mg/mL of MnCl; (2.8 mg of Mn);
(3) 25 mg/mL of MnCl; (6.9 mg of Mn).

Body weights were monitored on days 0, 15 and 30 of treatment
and behavioral tests were performed onday 0 and at the end of the
treatment. On the last day of Mn exposure, rats were decapitated
and the brains, livers and kidneys removed. Brains were dissected
out to isolate the hippocampus and striatum followed by
homogenization for biochemical analyses. Kidneys and livers
were homogenized (1:10) in 10 mM Tris-HCl buffer (pH 7.4) and
then centrifuged at 4000 = g for 10 min at 4 °C. The supernatant
(S1) was used for the analysis (see below)

2.3. Behavioral evaluations

2.3.1. Open field

Animals were individually placed at the center of the open field
apparatus (45 cm = 45 cm = 30 cm, divided into nine squares).
Spontaneous ambulation (number of segments crossed with the
four paws) and exploratory activity (expressed as the number of
rearings on the hind limbs) were recorded for 6 min (Walsh and
Cummins, 1976).

2.3.2. Quantification of orofacial dyskinesia

Rats were placed individually in glass cages (20cm = 20 cm =
19 ¢m) containing mirrors under the floor to allow behavioral
quantification when the animal was facing away from the observer.
Animals were habituated for 6 min to the cage and then the
frequency of tongue protrusion (TP) and vacuous chewing move-
ments (VCM) were observed during a 12 min period (Burger et al.,
2006).

2.3.3. Thiobarbituric acid reactive substances production

Slices (0.4 mm) of hippocampus and striatum were prepared
using a Mcllwain chopper. Two slices from each region were
homogenized in ultra-purified water, and then the TBA reagent
(15% of trichloroacetic acid, 0.375% of thiobarbituric acid and 2.5%,
viv of HCl) was added. After 30 min of incubation at 95 °C, samples
were centrifuged (3000 = g, 15 min) and then TBARS levels were
measured at 532 nm (Rios and Santamaria, 1991). An aliquot of the
homogenate was used for protein determination. Kidney and liver
TBARS determinations were measured in 51 accordingly to
Ohkawa et al. (1979).

2.3.4. §-ALA-D activity

Hepatic, renal, striatal and hippocampal 8-ALA-D activities
were assayed by measuring the rate of product {porphobilinogen,
PBG) formation (Farina et al,, 2003). The reaction was started after
a 15 min preincubation of the homogenate's supernatant, by
adding aminolevulinic acid (ALA). Incubation was carried out at
37 °Cfor 1, 2 or 3 h for liver, kidney and brain, respectively. The
reaction product was determined using modified Ehrlich's reagent
at 555 nm, with a molar absorption coefficient 0f 6.1 x 104 M~ for
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the Ehrlich-porphobilinogen salt. The reaction rates were linear
with respect to time of incubation and added protein for all the
experimental conditions. Simultaneously, a set of tubes was
assayed in the presence of 8 mM DTT to determine its efficacy in
reverse offing Mn-induced 8-ALA-D inhibition (Farina et al., 2003;
Perottoni et al., 2004 ).

2.3.5. Protein carbonylation assay

The striatum or hippocampus were homogenized 1:10 in Tris-
HCl buffer (10mM, pH 7.4) for protein carbonyls content,
according to a modified method by Levine et al. {1990). Briefly,
1 mL aliquots were mixed with 0.2 mL of 24-dinitrophenylhy-
drazine (10mM DNPH) or 0.2 mL HCl (2 M-blank). After 1h
incubation at room temperature in a dark environment, 0.5 mL of
denaturing buffer (150 mM sodium phosphate buffer, pH 6.8,
containing 3% of SDS), 1.5 mL of ethanol and 1.5 mL of heptane
were added and mixed for 40s by vortex agitation, and
subsequently centrifuged for 15 minat 2000 x g. Next, the isolated
protein in the interface ethanol:heptane was washed twice with
ethyl acetatefethanol 1:1 (v/v) and suspended in 1mL of
denaturing buffer. Each sample was measured at 370nm in a
Hitachi U-2001 spectrophotometer and compared toa correspond-
ing blank sample. Total carbonylation was calculated using a molar
extinction coefficient of 22,000 M~ em™.

2.3.6. Calcium influx

45Ca?* influx measurements were carried out as previously
described by Meotti et al. (2007), with some modifications.
Different salt solutions were used in the present studies; Krebs
buffer containing (in Mm}:

Buffer 1 (basal condition): 127 NaCl, 1.2 Na,HPO,, 0.44 KH,PO,,
0.95 MgCl,, 0.70 CaCl,, 10 glucose, and 0.50 Hepes, pH 7.4 with
5.3 KCl.

Bulfer 2 (stimulated condition): 127 NaCl, 1.2 Na;HPO,, 0.44
KH; P04, 0.95 MgCly, 0.70 CaCly, 10 glucose, and 0.50 Hepes, pH
7.4 with 80 KCL

Bulfer 3;: same composition as solution 1, except that CaCl, was
replaced by 10 mM of LaNO; to block calcium channels and
consequently the calcium influx.

Buffer 4: same composition of solution 2, except that CaCl; was
replaced by 10 mM of LaNOs.

Rats werekilled by decapitation, the striata were dissected and
cut into 400 m slices. Slices (0.8-1.3 mg protein) from each rat
were pre-incubated for 22 min at 32 °C and subseguently
transferred to the incubation media (basal and high KCI buffer)
in the presence of 0.3 pCi of *Ca?". *°Ca?" influx was performed
for15 s at 32 °C. The reaction was stopped with five washes over
2 min with ice-cold buffer 3. Immediately thereafter, slices were
lysed with 0.25 ml of a solution containing 0.5 M NaOH plus 0.2%
SDS and maintained at 60 °C for 5 min, Small aliquots were taken
for protein measurement and the lysate was used for determina-
tion of intracellular calcium content by liquid scintillation
counting,

The specific calcium influx was determined by subtracting the
nonspecific calcium uptake (20-30% of the total uptake) measured
in conditions 3 and 4 from the total calcium influx measured in
conditions 1 and 2, and corrected by protein content.

2.3.7. Protein content determination

Aliquots from brain slices and homogenates, as well as from
kidney and liver homogenates were used for the measurement of
the protein content, which was assessed accordingly to Lowry et al.
(1951).

2.4. Statistical analysis

Statistical significance was assessed by MANOVA (for
repeated measures), or by one-way or two-way ANOVA,
followed by Student-Newman-Keuls [SNK) test for post hoc
comparison. Results were considered statistically significant
when p < 0.05.

3. Results
3.1. Body weight

At the end of the short-term Mn exposure, treated animals from
both groups (10 and 25 mg/mL) showed a significant decrease in
body weight gain compared with controls {Table 1, p < 0.05).
When considering the exposure time, we also observed statistical
difference between the control group and 25 mg/mL group (F(4,
24)=335, p < 0.05; Table 1).

3.2, Behavioral alterations

Mn treatment (10 and 25 mg/ mL) caused a significant decrease
in the numberof crossings when compared with the control group
(p = 0.05, Fig. 1A). In contrast, rearing frequency was indis-
tinguishable between the Mn-treated and control groups(Fig. 1B).
The vacuous chewing incidence was decreased only in the group
treated with high Mn levels (25 mg/mL) (p < 0.05, Fig. 1C), while
tongue protrusion (TP) frequency was decreased in both Mn-
treated groups compared with controls (p < 0.05, Fig. 1D).

3.3. Biochemical alterations

Hepatic and renal TBARS levels and &-ALA-D activity were
unchanged after Mn exposure (Table 2 ) and indistinguishable from
control values.

In contrast to the liver and kidney, TBARS levels were
significantly elevated in the striatum, but not in the hippocampus
of 25 mg/mL Mn-treated rats (p < 0.05, Fig. 2A and B). Further-
more, a significant treatment x DTT interaction (p < 0.05, Fig. 3A)
was noted for striatal 5-ALA-D activity in rats treated with 25 mg/
mL Mn (p < 0.05, Fig. 3A). This effect was partially reversed by DTT.
Hippocampal 8-ALA-D was unaffected by Mn exposure (Fig. 3B).

Table 1
Effects of the long-term exposure to Mn on the body weight and body weight gain of
rats

BW O (g) BW 30 (g) BW gain (g)
Control 225241202 2536+ 13.2 284+32
10 mg/mL 2148+ 106 2288 +10.3 140228
25 mg/mL 2226455 2368 £ 87 142438

Data are expressed as mean = SEM. for five animas in each group. * indicates
significant difference from control group, p < 0,05 followed by Duncan post hoc test,

Table 2
TEARS levels and &-ALA-D activity of kidney and liver of animals treated for 30 days
without or with Mn in drinking water

TBARS (nmol MDA/mg pro- BALA-D activity (nmol

tein) PEG((mg protein h))

Liver Kidney Liver Kidney
Control 26802 2.56 02 125+£13 28+03
10 mg/mL 3.06 =04 253 £05 17+10 2603
25 mg/mL 29:+04 22402 112+15 32+11

Data are expressed as mean = S.E.M. for five animas in each group.
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Fig. 1. Behavioral analysis of rats exposed to 30 days with 10 and 25 mg/kg of Mn in drinking water. (A) Number of crossings; (B) rearing activity; (C) number of vacuous
chewing movements; ( D) number of tongue protrusions. Data were analyzed by one-way ANOVA and expressed as mean + S.EM.(n=5).” indicates statistical difference from
control group (p < 0.05, SNK post hoc test).
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Fig. 2. TBARS levels of animals treated with Mn for 30 days in drinking water. (A) Striatum (B) hippocampus. Results are expressed as percentage of control. 100% of control
corresponds to 0448 nmol MDA/mLfor striatum (A) and 0.885 nmo | MDA/mLfor hippocampus. Each bar represents mean < S.E.M.(n = 5). " indicates statistical difference from
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Fig. 3. 5-ALA-D activity of rats exposed to Mn. White bars represents enzyme activity in the absence of DTT, while black bars represents in the presence of DTT.{ A) Striatum (B)
hippocampus. Data were analyzed by one-way and two-way ANOVA and expressed as mean = SEM. (n=5). * indicates statistical difference from control group and # indicates
difference from without DTT assay (p < 0,05, SNK post hoc test).
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Fig. 5. **Ca®* influx into striatal slices of rats intoxicated with Mn for 30 days in

drinking water. Data were analyzed by one-way AMNOVA and expressed as
mean = SEM. (n=5). Results are expressed as percentage of control (100%
corresponds to 556 nmol of *Ca®*/mg protein). * indicates statistical difference
from control group (p < 0.05, SNK post hoc test).

Protein oxidation was also unchanged in both brain regions of Mn-
treated rats (Fig. 4A and B) when compared with controls.

Consistent with changes in TBARS levels and 8-ALA-D activity,
45Ca2" influx was altered in the striatum. Under non-K*-stimulated
conditions, there was a significant decrease in the cation influx into
striatal slices of animals treated with 10 or 25 mg/mL of Mn
(p=< 005, Fig. 5) compared with controls. Howewver, under
depolarizing conditions (high KCl concentration), Mn treatment
did not modify calcium influx into striatal slices.

4. Discussion

Human exposure to Mn is of growing concern given its
ubigquitous nature and prevalence both in the environment and
occupational settings. A recent study suggests that high levels of
Mn in drinking water {300 jg/L) are associated with reduced
intellectual function in establishing (Wasserman et al., 2006). In
the present study, we have demonstrated that short-term oral
exposure to relatively low doses of manganese impairs locomotor
activity in rats, without increased orofacial dyskinesia [as
measured by VCM and TP). Furthermore, this treatment caused
increase oxidative stress and inhibition of **Ca®* influx in striatum,
while sparing the hippocampus. Kidney and liver were unaffected
after the short-term exposure, as evidenced by unchanged 3-ALA-
D activity and TBARS levels.

The PD-like effects of dopamine [DA) depleting drugs are
described as slowing-down in motor activity, loss of spontaneous
movement, rigidity, postural abnormalities and resting tremor
(Factor and Weiner, 1988; Barbeau, 1986). Corroborating the

vulnerability of DAergic neurons to Mn, we observed a significant
decrease in several behavioral parameters, including open-field
crossings, whereas no alterations in the number of rearings were
noted.

The biochemical analyses revealed that Mn-induced oxidative
stress was inherent only to the striatum of animals treated with
25 mg/mLof Mn, Notably, an association between oxidative stressin
the striatum and impairment of locomotor activity has been
previously described {Oliveira et al., 2007). Increased oxidative
stress was absentin rats treated with 10 mg/mL, suggesting that the
decrease inlocomotor activity in these animals was independent of
oxidative stress, The reduced locomotion likely reflects the
progressive decrease in DA release caused by Mn (Guilarte et al.,
2006). In addition, since ambulation {crossings) was decreased after
exposure to Mn we invoke a general suppressing effect of Mn on
motor activity.

Contrary to our expectations, VCM and TP (indicators of PD-like
symptoms), were decreased upon Mn exposure. Of particular
importance, VCM and TP have been used as indicators of tardive
dyskinesia (TD) (Salamone et al., 1998). Although oxidative stress
plays a central role in TD, the occurrence of VCM and TP is always
associated with DAergic supersensitivity, which precedes neuronal
cell death {Casey, 1995). However, in the case of Mn intoxication,
DAergic supersensitivity is not apparent before DAergic neurons
death, possibly because Mn is not an antagonist of DAergic
receptors (Guilarte et al, 2006). Thus, these behavioral parameters
are possibly better indicators of TD than Parkinson's disease.

It has been demonstrated that a main mechanism of Mn-
induced neurotoxicity is via ROS generation [Aschner et al, 2007;
Zhang et al., 2004; Erikson et al., 2004). One of the proposed
mechanisms is by oxidation of divalent forms of Mn (Mn**) to the
trivalent form {(Mn*3), which is significantly more reactive. Mn™ is
able to catalyze DA oxidation, leading to the formation of
leukoaminochromes, which are exceedingly toxic to cells {Diaz-
Véliz et al., 2004). On the other hand, it has been suggested that the
production of Mn in the trivalent oxidation state is not of toxic
significance, and that the divalent form is indeed responsible or
oxidative damage (Gunter et al,, 2006). In fact, it has been found
that Mn®* can inhibit mitochondrial respiratory chain complexes,
causing decreased ATP production and leading to increased rate of
production of oxygen radicals (Boveris and Chance, 1973). In the
present study, we observed that lipid peroxidation was augmented
in the striatum of intoxicated rats (25 mg/mL). Nevertheless, the
content of oxidized proteins, measured by carbonylation, was
unchanged (compared with controls) in both Mn-treated groups.
This suggests that proteins are less susceptible to oxidation than
lipids and that the process of free radical generation in the striatum
of Mn-treated animals was in the early phases of the toxic cascade.
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Furthermore, it has been postulated that Mn-induced neuronal
injury is associated with suppression of ATP-dependent Ca®* waves
in astrocytes, altering the purinergic signalization (Tjalkens et al.,
2006). Here, we observed a decrease in *Ca®* influx into striatal
slices of rats treated with 10and 25 mg/mLof MnCl,, corroborating
in vitro studies with isolated neuronal cells (Tjalkens et al., 2006).
Moreover, K'-stimulated *°Ca®* uptake was unchanged by Mn,
suggesting that its effect is dependent upon the non-depolarizated
condition of the medium.

Interestingly, we observed such alterations only in the
striatum, but not in hippocampus. This is in agreement with
previous findings regarding Mn accumulation in striatum as a
target tissue. It is known that once ingested, Mn is absorbed in the
intestine {less than 5% in rodents, Mena, 1981; Teeguarden et al.,
2007) and is distributed in brain in a non-homogeneous way
(Dobson et al., 2004). Several reports have shown that Mn levels
are elevated mainly in the basal ganglia region of rats after oral
intake (Morello et al., 2008). Moreover, Shuckla and Chandra
(1981), performing a similar experimental model to ours,
demonstrated that even at a low dose (1 mg/mL), Mn levels in
the striaturn of treated rats were 76% increased versus control after
30 days of exposure indrinking water (2.21 pgofMn/goftissue in
controls and 3.89 pg/g in Mn-treated animals ). Morello et al. have
found that after 13 weeks of treatment with 20 mg/mL of Mn in
drinking water, striatal Mn levels wereapproximately 4 g of Mn/
g of tissue, while in controls they have found 1.5 pg/g. In the
present study we did not measure Mn levels in the tested
structures given that these previous studies already provided the
necessary information for our investigation.

In the present study we also evaluated general aspects of Mn
intoxication. The decrease in body weight gain at the highest dose
corroborates earlier studies in different animal models [ Brenneman
et al, 2000; Tapin et al, 2006) However, this effect was not
associated with biochemical changes in liver and kidney. 8-ALA-D
activity and TBARS assay remained unchanged in both Mn-treated
groups. Our work demonstrated for the first time that low doses of
Mn in a short-term exposure does not alter 8-ALA-D activity in
kidney, liver and also in hippocampus ofanimals. Nevertheless, inthe
striatum of rats treated with 25 mg/mL there was a significant
inhibition of 8-ALA-D activity. This effect likely reflects the capacity
of this brain region to preferentially accumulate Mn given the lack of
effect on this enzyme's activity within the hippocampus. Further-
more, as dithiotreitol (DTT), a -SH group donor, restored the Mn-
inhibited enzyme's activity, we propose that Mn directly or indirectly
(by DA oxidation) oxidizes thiols groups of this enzyme. This
inhibition likely is associated with decreased haemoglobin, cyto-
chromes and catalase production, and increased concentration of its
substrate, aminolevulinic acid (ALA), which possesses prooxidant
action that would be, at least in a small part, responsible for the
increase in the lipid peroxidation in striatum (Bechara et al., 1993).

Taken together, our results clearly demonstrate that at
relatively low doses, oral exposure for only 1 month, Mn causes
biochemical alterations in the striatum and in the locomotor
activity in rats. Our findings establish that Mn-induced impair-
ment in locomotor activity is, at least in part, linked to increased
lipid peroxidation, inhibition of 8-ALA-D activity and decreased
5Ca?" influx in the striatum. Furthermore, our data support the
hypothesis that VCM incidence and TP frequency are not ideal
parameters for the detection of orofacial dyskinesia in Mn-induced
PD-like symptoms in rats.
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