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RESUMO

Atualmente existem varios estudos destinados a explicar a quimica sintética de
complexos de metais de transi¢céo, visando principalmente avaliar e descobrir mais
sobre o potencial terapéutico e acdo biolégica que estes compostos possuem. O
sucesso obtido na utilizagdo de varios metalofarmacos indica uma enorme utilidade
destes complexos como agentes terapéuticos e de diagndéstico. Neste trabalho foram
relatados os efeitos da administracdo aguda dos complexos de ruténio, trans-
[RUCly(nic)4] (nic=3- acido piridinacarboxilico) 180,7 pmol/kg (Complexo I), trans-
[RuUCly(i-nic)4] (i-nic=4- &cido piridinacarboxilico) 130,6 pmol/kg (Complexo Il), trans-
[RuCly(dinic)4] (dinic=3,5- &cido piridinacarboxilico) 180,7 umol/kg (Complexo III) e
trans-[RuCly(i-dinic)4]Cl  (i-dinic=3,4- acido piridinacarboxilico) 180,7 umol/kg
(Complexo 1V) na atividade da creatina quinase do cérebro (hipocampo, estriado e
cortex cerebral), coracdo e musculo esquelético de ratos, além das atividades da
succinato desidrogenase (SDH) e citocromo oxidase (COX) no cérebro (hipocampo,
estriado e coértex cerebral), coracdo, musculo esquelético, figado e rins de ratos. Os
resultados mostraram que o complexo | causou inibicdo da atividade da creatina
quinase no hipocampo, estriado, cortex cerebral, coragdo e musculo-esquelético.
Porém, o complexo Il ndo afetou a atividade dessa enzima. Os complexos Ill e IV
aumentaram a atividade da creatina quinase no hipocampo, estriado, cértex cerebral
e coracdo, mas nao no musculo esquelético. Foi verificado também que nenhum
complexo de ruténio alterou a atividade da creatina quinase in vitro. Quanto as
atividades da SDH e COX, os resultados mostraram que o complexo | inibiu a
atividade SDH no hipocampo, cértex cerebral, coracdo e figado, e inibiu COX no
coracao e rins. O complexo Il inibiu a SDH no coracdo e hipocampo; a COX foi
inibida no hipocampo, coracgéo, figado e rins. A atividade da SDH foi inibida pelo
complexo Ill no coragcédo, musculo, figado e rins. No entanto, a atividade da COX foi
aumentada no hipocampo, estriado, cortex cerebral e rins. O complexo IV inibiu a
atividade da SDH no musculo e figado; a atividade da COX foi inibida nos rins e
aumentada no hipocampo, estriado e cortex cerebral. Para o melhor entendimento
do diferente comportamento dos complexos Ill e IV na atividade da COX, foram
avaliados in vitro os efeitos destes complexos na atividade desta enzima em cérebro
(aumentada pela administracdo aguda dos complexos Ill e 1V) e rim (inibida pela
administracdo aguda destes complexos). Sendo que, a COX em rim (sensivel aos
complexos) nao foi afetada in vitro. Por outro lado, a COX cerebral (resistente aos
complexos) foi ativada in vitro. Estes achados sugerem que os complexos I, lll e IV
alteram indiretamente a atividade da creatina quinase e que todos os complexos
alteram indiretamente a atividade da SDH. Por outro lado os complexos Ill e IV
ativaram diretamente a atividade da COX conforme demonstrado nos testes in vitro.

Palavras chave: ruténio; creatina quinase; succinato desidrogenase; citocromo
oxidase



ABSTRACT

Nowadays there are many researches with the proposal to explain the synthetic
chemistry of the transitional metals complexes, mainly aiming to evaluate and to
discover more elements about the therapeutic potential and biologic action these
composed contain. The success obtained utilizing various metallopharmaceuticals,
indicate an enormous utility on the use of these complexes as therapeutic agents and
as diagnostics.This work relates the acute administration effects of the ruthenium
complexes, trans-[RulCx(nic), ] (nic=3- pyridinecarboxylic) 180,7 umol/kg (Complex
), trans-[RuCly(i-nic)4] (i-nic=4- pyridinecarboxylic) 130,6 umol/kg (Complex Il), trans-
[RuClx(dinic)4] (dinic=3,5- pyridinecarboxylic) 180,7/Kg (Complex Ill) and trans—
[RuCly(i-dinic)4] CI (i-dinic=3,4- pyridinecarboxylic) 180,7 umol/Kg (Complex IV) in the
brain creatine kinase activity (hippocampus, striated and cerebral cortex), hearth and
rats skeletal muscles, besides of the activities of the succinate dehydrogenase (SDH)
and cytochrome oxidase (COX) in the brain (hippocampus, striated and cerebral
cortex) , hearth, skeletal muscle, liver and kidney of rats. The results showed that the
Complex | caused inhibition of the activity of the creatine kinase in the hippocampus,
striated and cerebral cortex, hearth and skeletal muscle. Beyond that, the Complex Il
did not affect the activity of this enzyme. The Complexes Ill and IV incremented the
activity of creatine kinase in the hippocampus, striated, cerebral cortex and hearth,
but not the skeletal muscle. We also verified that no one of the ruthenium complexes
altered the creatine kinase activity in vitro. As per the SDH and COX activities, our
results showed that the Complex | inhibited the SDH activity in the hippocampus,
cerebral cortex, hearth and liver, and inhibited the COX in the hearth and loin. The
Complex Il inhibited the SDH in the hearth and hippercampus; the COX was inhibited
in the hippocampus, hearth, liver and kidney. The SDH activity was inhibited by the
Complex Il in the hearth, muscle, liver and kidney. However, the COX activity was
increased in the hippocampus, striated, cerebral cortex and kidney. The Complex IV
inhibited the SDH activity in the muscle and liver; the COX activity was inhibited in
the loin and increased in the hippocampus, striated and cerebral cortex. For the
better understanding of the different comporting of the Complexes Ill and IV in the
COX activity, it was evaluated in vitro the effects of these complexes in this enzyme
activity in the cerebral (increased by the acute administration of the Complexes Il
and 1V) and kidney (inhibited by the acute administration of these Complexes). We
verified that the COX in the kidney (sensible to the Complexes) was not affected in
vitro. Besides, the brain COX (resistant to the Complexes) was activated in vitro.
These findings suggest that the Complexes I, Ill and 1V indirectly modify the creatine
kinase activity and all the Complexes indirectly alter the SDH activity. Besides, the
Complexes lll and IV directly activated the COX activity, as per demonstrated on the
in vitro tests.

Key-words: ruthenium; creatine kinase; succinate dehydrogenase; cytochrome
oxidase.



LISTA DE ABREVIATURAS E SIGLAS

ADP — adenosina difosfato

ATP — adenosina trifosfato

CK — creatina quinase

CK-BB - creatina quinase cérebro-especifica

CK-Ci — creatina quinase citosolica

CK-MB - creatina quinase musculo cardiaco-especifico
CK-MM - creatina quinase musculo esquelético-especifica
COX — citocromo oxidase

DINIC — acido piridina-3,5-dicarboxilico

DNA — acido desoxirribonucléico

EAN/ERN — espécies ativas de nitrogénio

EAO/ERO — espécies ativas de oxigénio

EIM — Erros Inatos do Metabolismo

FADH, — flavina adenina dinucleotideo

GABA - 4cido gama-aminobutirico

GTP — guanosina trifosfato

I-DINIC — acido piridina-3-4-dicarboxilico

LASICOM - Laboratério de Sintese de Compostos com Atividade Bioldgica
NADH — nicotinamida adenina dinucleotideo (forma reduzida)
NADPH — nicotinamida adenina dinucleotideo fosfato (forma reduzida)
NO — éxido nitrico

NOS — oxido nitrico sintase

OH?* — radical hidroxil



PARC — Potenciostato/Galvanostato da Princeton Applied Research
SDH - succinato desidrogenase
SOD - superoxido dismutase

SPSS - Statistical Package for the Social Sciences
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| INTRODUCAO

A industria farmacéutica vem se beneficiando com o uso de drogas e agentes
diagnosticantes baseados em compostos inorganicos (complexos de coordenacgao).
Por isso, varios grupos de pesquisa tém se dedicado a quimica sintética de
complexos de metais de transicdo, visando principalmente avaliar e determinar o
potencial terapéutico e acao biolégica que estes compostos possuem (BEIRITH et
al., 1999; SEIFRIZ et al., 1999).

Complexos metalicos sdao usados comumente como medicamentos. Um
exemplo é o nitroprussiato de sédio, usado especialmente em emergéncias de crise
hipertensiva (vasodilatagdo), € um complexo metalico que carrega o ligante reativo,
0 oxido nitrico (NO), ao seu sitio de acdo (OSZAJCA et al., 1998).

Complexos metélicos que mimetizam a ac¢do da superoxido dismutase (SOD)
(ZHANG e LIPPARD, 2003) demonstram a amplitude de atividades bioldgicas que
esses complexos podem apresentar. Por exemplo, os complexos de vanadio (IV) e
zinco (II) que tém sido estudados para o tratamento de Diabetes mellitus, por
possuirem efeitos miméticos a insulina (SAKURAI, 2002).

O sucesso obtido na utilizacdo de varios metalofarmacos indica uma enorme
utiidade destes complexos como agentes terapéuticos e de diagnostico. Estas
aplicacoes incluem os farmacos anti-cancer de platina e os agentes de radio-
diagnostico, além dos complexos que envolvem o vanadio como um imitador e o
cromo (Ill) como um intermediario na ativacdo dos receptores de insulina (CLARKE,
2003).

Dentre as novas possibilidades esta a producédo de metalofarmacos a base de

ruténio, cujas propriedades podem ser alteradas por trés fatores importantes: a
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natureza do metal, a natureza do ligante e o estado de oxidacdo do metal,
determinando assim, sua possivel atividade biolégica (BEIRITH et al., 1999).

Diversos complexos de ruténio destacam-se pela sua capacidade de ter
multiplas a¢des in vivo e in vitro que podem ser modificadas e/ou moduladas através
da troca do ligante, dentre estas varias atividades podemos citar o efeito anti-
cancerigeno, e o efeito anti-oxidante (CLARKE, 2003).

Intensa atividade biolégica vem sendo verificada em alguns complexos de
ruténio. Por exemplo, a reducdo de metastases de tumores pulmonares (SAVA et al.,
1996, 1999), a atividade antitumoral (ALESSIO et al., 1989; KEPPLER et al., 1989),
a diminuicdo do dano pela reperfusdo e ocorréncia de infartos, a inibicdo da
proliferacéo de linhas de células cancerigenas no cancer de colo retal (GALEANO et
al., 1992), a ligacdo covalente entre moléculas, tais como a histidina ou o DNA
(HEIJDEN et al., 1993; ZHAO e CLARKE, 1999) e a habilidade para interagir com
proteinas como albumina (GONZALEZ-VILCHEZ et al., 1998; TRYNDA-LEMIESZ et
al., 1999) e apotransferrina (GONZALEZ-VILCHEZ et al., 1998).

Adicionalmente, alguns complexos de ruténio tém mostrado habilidade de
interferir com a via do NO em sistemas biolégicos (FRICKER et al., 1997), também
sugerindo potencialidade para emprego terapéutico.

Outros complexos de Ruténio (Il) como os cis e trans- [RuCl, (DMSQO),] séo
bastante estudados e ambos exibem uma atividade terapéutica anti-neoplasica
importante, testada em diferentes linhas celulares (BRINDELL et al., 2004).

A possibilidade de emprego de complexos de ruténio com fins terapéuticos tem
estimulado grupos de pesquisa em todo mundo, gerando um volume enorme de
informacdes. Porém, na prética, ainda existem muitas lacunas com relacdo aos

provaveis mecanismos de a¢do dos complexos em sistemas biolégicos. A relacdo
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entre a estrutura quimica do composto e sua atividade biolégica também é
fundamental. Certamente, a elucidacéo destas questbes € primordial para que num
futuro proximo, tais substancias possam ser empregadas como agentes
terapéuticos.

No sentido de contribuir com esta area do conhecimento, nosso grupo dedica-
se a sintese, caracterizacao e avaliacdo da atividade biologica de novos complexos
de ruténio de formula geral trans-[RuCl,(L),], onde L corresponde a ligante piridinico.

Especial énfase tem sido dada a complexos com ligantes contendo um ou mais
grupos carboxilicos substituintes, a saber: L = acido piridina-3-carboxilico (acido
nicotinico), acido piridina-4-carboxilico (acido isonicotinico), acido piridina-3,5-
dicarboxilico (acido dinicotinico) e acido piridina-3,4-dicarboxilico (acido
isodinicotinico). Os complexos formados com tais ligantes exibiram atividade
biolégica ampla, como por exemplo, interferéncia na via da 6xido nitrico sintase
(NOS), atividade antioxidante, analgésica e antiinflamatdria, entre outras. No item
1.1 serao reportados os principais resultados dos estudos anteriores.

Justifica-se entdo o interesse e a necessidade de estudar os efeitos sobre a
atividade de enzimas da cadeia respiratdria mitocondrial e creatina quinase com 0s
complexos trans-[RuCly(nic)s], trans-[RuCl,(i-nic)y], trans-[RuCly(dinic)s] e trans-
[RuCly(i-dinic)4]Cl, sintetizados no laboratério LASICOM da UNESC que, como
descrito anteriormente, possuem atividades biologicas de grande importancia.

Aprofundar o entendimento sobre as atividades biol6gicas apresentadas por
estes complexos de ruténio e dar continuidade a estas pesquisas contribuirdo para o
avango nesta area do conhecimento.

Este estudo visa a compreensdo de alguns mecanismos de ag¢do ainda nao

totalmente conhecidos e ajudar para que num futuro estes complexos possam ser
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utilizados para o tratamento paliativo ou, numa visdo mais otimista, até mesmo

curativo de doencas.

1.1 - Complexos de Ruténio

Um complexo de coordenacdo é um produto de reacdo &cido-base de Lewis
com moléculas neutras ou anions (chamados ligantes), ligados a um atomo central
(ou ion) por ligagBes covalentes coordenadas. Ligantes sdo bases de Lewis, isto é,
eles contém pelo menos um par de elétrons para doar ao atomo/ion metalico.
Ligantes sdo também denominados agentes complexantes. Atomos ou ifons
metalicos sdo acidos de Lewis, isto €, eles podem aceitar pares de elétrons de bases
de Lewis. Dentre os diversos tipos de complexos de coordenacdo, os complexos a
base de ruténio tém recebido consideravel destaque em funcdo de uma série de
efeitos como os ja citados anteriormente.

A quimica sintética de complexos de ruténio estd bem desenvolvida,
particularmente com ligantes piridinicos, o que prové muitas aproximacfes para
inovadores metalofarmacéuticos. Os estados de oxidacdo mais comuns sdo Ru(ll),
Ru(lll) e Ru(lV), devido a forte estabilizacdo do campo ligante. Os complexos sao
normalmente octaédricos e freqientemente inertes a substituicdo dos ligantes
(CLARKE, 2003).

As vantagens de se usar complexos de ruténio com ligantes piridinicos no
desenvolvimento de drogas incluem: (1) possibilidade de sintetizar complexos
estaveis com previsibilidade de estruturas; (2) a habilidade de formar complexos com

inumeros ligantes e em diferentes estados de oxidacdo (CLARKE, 2003).
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Complexos de ruténio poliaminocarboxilados, especialmente o trans-[RuCly(i-
nic)4], previne notoriamente a atividade da NOS com uma leve seletividade contra a
monoxido nitrogénio sintetase neuronal (CRECZYNSKI-PASA et al., 2001).

Foi demonstrado recentemente, que o complexo trans-[RuCl,(i-nic)4] exibiu
acao analgésica e inibiu as atividades da NOS tanto a induzida quanto a constitutiva.
Entretanto, a analgesia causada pelo trans-[RuCl,(i-nic)4], que nao foi observada no
complexo trans-[RuCl,(nic)4], foi quase que completamente revertida pelo uso da L-
arginina, um precursor da NO, confirmando que ha mediacédo através da via do NO
(SEIFRIZI et al., 1999).

O complexo trans-[RuCly(dinic),] n&o inibe a atividade da NOS nem age como
um captador para o monoéxido de nitrogénio. Nao obstante o complexo age como um
captador para radicais hidroxila (SEIFRIZ et al., 1999). Quanto ao complexo trans-
[RuCl,(i-dinic)4]Cl , ndo ha ainda nenhuma evidéncia de atividade biologica descrita

na literatura, em razédo de que os estudos realizados com este complexo encontram-

N=
Complex I (nic) [.= Q—C(:PGH
/
Cl Complex Il (i-nic) [ .= NC}—LZ‘{ZHJE-I

L L o
\;R u’/ N7 COOH
sl 1.  Complex Il {dinic) [= b I
Cl

se em fase preliminar.

{COOH
NZ N\—COOH
Complex IV (i-dinic) [ = ! B
= —CO0OH

Figural: Estrutura Quimica dos complexos de ruténio: trans-[RuCly(nic)s] (Complexo 1), trans-
[RuCl,(i-nic),] (Complexo II), trans-[RuCl,(dinic)s] (Complexo 1) e trans-[RuCl,(i-dinic),] (Complexo
V).
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Alguns complexos de ruténio sao sugeridos como sequestradores de monoéxido
de nitrogénio por causarem um decréscimo na formacdo de NO pelos macrofagos
(FRICKER et al., 1997).

A habilidade dos complexos (1) e (II) como sequestradores de radicais livres ja
foi reportada em Creczynski-Pasa et al. (2001). Ambos compostos parecem atuar
como sequestradores do radical anion superéxido e do radical hidroxila (PAULA et
al., 2005).

Os resultados de Paula et al. (2005) sugerem que o complexo | tem um efeito
antioxidante mais potente em relagcdo ao complexo Il, tais compostos em altas doses
(em torno de 200uM) conferem efeitos genotdxicos, porém o potencial antioxidante
pode ser obtido com baixas doses (0,1 - 10 uM).

Ainda sobre os complexos | e Il podemos destacar que em testes de
genotoxidade observou-se que estes complexos apresentam atividade genotdxica
em altas concentracdes (150 a 375 uM), demonstrando um notavel efeito dose-
dependente. Estes resultados levam a crer que esta substancia tem influéncia sobre
o DNA nas células, provavelmente de maneira indireta, através da formacdo de
radicais livres ou da acdo sobre proteinas que tenham funcdo de protecdo ou

reparacao do DNA (AMBONI, 2003).

1.2 - Metabolismo Energético

1.2.1 - Historico

Em 1937, Hans Krebs propds uma série de reacbes do metabolismo
intermediario de carboidratos. Atualmente, o ciclo proposto por Krebs leva o seu

nome. O ciclo de Krebs, ou ciclo do acido citrico, € a via final comum para a
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oxidacdo das moléculas alimentares, servindo também como fonte de precursores
para biossinteses (STRYER et al., 2004).

Ha aproximadamente meio século, Kennedy e Lehninger descobriram que as
mitocondrias contém as enzimas do ciclo de Krebs e as enzimas de oxidacdo dos
acidos graxos, além dos complexos respiratorios. As mitocondrias sdo chamadas de
“casa de forca” da célula, pois é dentro destas organelas que ocorre a maior parte da
captura de energia formada a partir da oxidacao respiratoria (STRYER et al., 2004).
Alguns anos depois, através de microscopia eletrbnica, descobriu-se que a
mitocondria apresenta duas membranas, uma externa e uma interna. Em 1961,
Peter Mitchell prop6s a teoria quimiosmatica, sugerindo que o transporte de elétrons
e a sintese de ATP estdo acoplados a um gradiente de protons na membrana
mitocondrial interna. Mitchell sugeriu que bombas de prétons criariam esse gradiente

de elétrons, que seria a forca motriz para a sintese de ATP (STRYER et al., 2004).

1.2.2 - Destinos da Glicose e Ciclo de Krebs

Os seres vivos precisam de energia para realizar varias fungbes, como, por
exemplo, o transporte ativo de ions e moléculas, sintese de macromoléculas e
outras biomoléculas a partir de precursores simples e para a contracdo muscular. A
energia necessaria para realizar essas funcbes é obtida com a oxidacdo de
substancias pela respiracéo celular. O ATP é o principal combustivel da célula na
maioria dos processos que precisam de energia. A energia é liberada pela hidrélise
de ATP e serve para impulsionar uma série de reacdes (NELSON e COX, 2000).

A glicose é a principal fonte de energia utilizada pela maioria das células e
ocupa uma posi¢cdo central no metabolismo. A glicose é transportada para dentro

das células por proteinas transportadoras especificas. Ao entrar na célula, a glicose
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pode ser metabolizada em diferentes rotas metabodlicas. A principal via de
degradacdo da glicose é a glicolise, uma rota que envolve uma sequéncia de
reacdes que ocorre no citosol e forma como produto final o piruvato. Uma molécula
de glicose gera duas moléculas de piruvato e de ATP. Além disso, a glicose pode
participar do ciclo das pentoses, que tem como objetivo formar NADPH, um doador
de elétrons de fundamental importancia em biossinteses redutoras, e ribose-5-
fosfato, precursor na biossintese de nucleotidios. Quando a célula estd com
elevados niveis de ATP, a glicose pode ser armazenada na forma de glicogénio, que
pode ser liberado e utilizado rapidamente se a célula necessitar de energia, ou
formar triacilglicerol (CLARK et al., 1993; MARKS et al., 1996; STRYER et al., 2004;
NELSON e COX, 2000).

Em organismos superiores, o piruvato, formado na glicolise a partir de glicose,
pode seguir duas rotas metabdlicas distintas. Quando ha baixa quantidade de
oxigénio, como no trabalho muscular forcado ou na hipdxia, o piruvato pode ser
convertido em lactato pela enzima lactato desidrogenase, formando ATP e
consumindo NADH. No entanto, s6 uma pequena quantidade da energia da glicose
é liberada pela converséo de piruvato a lactato (MARKS et al., 1996; STRYER et al.,
2004; NELSON e COX, 2000).

Em condi¢gBes aerodbicas, o piruvato é transportado para dentro da mitocondria
e sofre acdo do complexo enzimético da piruvato desidrogenase, que forma acetil
coenzima A (acetil-CoA). A acetil-CoA inicia o ciclo de Krebs. E importante salientar
que a acetil-CoA pode ser formada também pela oxidagdo de &acidos graxos e
aminoacidos (CLARK et al.,, 1993; MARKS et al.,, 1996; STRYER et al.,, 2004,

NELSON e COX, 2000).
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O ciclo de Krebs ocorre na matriz mitocondrial e consiste de uma seqiéncia de
reacoes onde, em cada volta do ciclo, sdo formadas trés moléculas de NADH, uma
de FADH,, duas de CO;, e uma de GTP. O NADH e FADH; produzidos no ciclo de
Krebs sédo carreadores de elétrons e sdo utilizados na cadeia respiratoria para a
producdo de ATP na fosforilacdo oxidativa (MARKS et al., 1996; STRYER et al.,
2004; NELSON e COX, 2000). Altos niveis de ATP inibem o ciclo de Krebs por
mecanismos complementares em varios locais do ciclo. Um dos pontos de controle &
a conversao de piruvato a acetil-CoA pela enzima piruvato desidrogenase, inibida

por ATP, acetil-CoA e NADH (WILLIAMSON e COOPER, 1980).

1.2.3 - Cadeia Respiratoria

A cadeia respiratéria e a fosforilagdo oxidativa, assim como o ciclo de Krebs,
ocorrem nas mitocdndrias. A cadeia respiratéria é formada por uma série de
complexos protéicos, onde ocorre a transferéncia de elétrons doados por NADH e
FADH2. A transferéncia de elétrons pela cadeia respiratoria leva ao bombeamento
de protons da matriz para o lado citosolico da membrana mitocondrial interna. O
gradiente de protons é usado para impulsionar a sintese de ATP (ERECINSKA e
DAGANI, 1990; HEALES et al., 1999; WALLACE, 1999; NELSON e COX, 2000).

A cadeia respiratéria € composta de quatro complexos (I, II, 1l e IV). O
complexo I, também chamado de NADH: ubiquinona oxirredutase, realiza a
transferéncia de elétrons do NADH para a ubiquinona, formando ubiquinol. Essa
reacao faz com que dois protons sejam bombeados para o espaco intermembrana.
O complexo II, também denominado de succinato: ubiquinona oxirredutase, é
formado pela enzima succinato desidrogenase (SDH) e trés subunidades

hidrofobicas. Esse complexo participa do ciclo de Krebs e transfere elétrons do
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succinato para a ubiquinona e também forma ubiquinol. O complexo Ill, ou citocromo
c oxirredutase, transfere elétrons do ubiquinol para o citocromo c, reacdo que serve
para o bombeamento de mais quatro protons. O complexo 1V, mais conhecido como
citocromo c oxidase, transfere elétrons do citocromo ¢ para o oxigénio e forma agua.
Nessa etapa os ultimos dois protons sdo bombeados (VOET et al., 2002; WALLACE,
1999).

O gradiente eletroquimico formado pelo bombeamento de protons durante a
cadeia respiratoria mitocondrial € utilizado como for¢ca-motriz para o complexo V, ou
ATP sintase, formar ATP (fosforilacdo oxidativa). O ATP é transportado para fora da
mitocondria com o concomitante transporte de ADP para dentro da mitocondria,
através de um sistema antiporte (VOET et al., 2002; HEALES et al., 1999;

WALLACE, 1999; NELSON e COX, 2000).

1.2.4 - Creatina Quinase

A creatina quinase consiste de um grupo de isoenzimas com um papel central
no metabolismo energético, principalmente para tecidos com alta demanda
energética, como cérebro, musculo cardiaco e esquelético, onde funciona como um
efetivo sistema de tampédo para os niveis celulares de ATP. A creatina quinase
catalisa a transfosforilagcdo reversivel entre ATP e creatina a ADP e fosfocreatina
[MgATP- + creatina « (fosfocreatina)- + MgADP- + H+], ajudando a manter os niveis
dos substratos fosforilados. Sabe-se que durante a excitacdo nervosa e
neuromuscular ocorre um aumento de dez vezes no turnover celular de ATP, e que
durante essas mudancas rapidas, o sistema creatina/fosfocreatina € necessario
tanto como um tampao energético quanto como um sistema de transporte entre os

locais de producdo e consumo de ATP pelas ATPases para evitar grandes
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flutuacBes nos niveis de ATP/ADP celulares nesses tecidos excitaveis (BESSMAN e
CARPENTER, 1985; SCHNYDER et al., 1991; WALLIMANN et al., 1992).

As isoformas da creatina quinase estdo localizadas em sitios de demanda e
producado energética. A isoforma citosolica (Ci-CK) consiste de dimeros e é expressa
de uma maneira tecidoespecifica, isto &, cérebro-especifica (BB-CK), musculo
esquelético-especifica (MM-CQ) e um heterodimero musculo cardiaco-especifico
(MB-CK) (SCHNYDER et al., 1991; WALLIMANN et al., 1992; O'GORMAN et al.,
1996; HAMMAN et al., 1995).

Devido a sua localizacdo proxima a sitios onde se da a geracédo de energia e
transporte de ions através de membranas, o sistema CK/fosfocreatina desempenha
um papel fundamental na homeostase energética neuromuscular. Assim, €
presumivel que altera¢des na funcéo da creatina quinase levem ao desenvolvimento
de varios estados patoldgicos envolvendo o cérebro, musculo esquelético e musculo
cardiaco (HAMMAN et al.,, 1995; DAVID et al., 1998, AKSENOV et al., 1999;

AKSENOV et al., 2000).

1.2.5 - ImplicagBes das Disfun¢des Metabdlicas para  as Células

Deficiéncias no funcionamento normal da cadeia respiratéria mitocondrial
levam a diminuicdo da sintese de ATP (HEALES et al., 1999). Sabe-se também que
o dano causado a mitocéndria leva a uma rapida queda na produ¢do de energia e
morte celular (ANKARCRONA et al., 1995). A diminuicdo do metabolismo energético
cerebral também pode levar a apoptose (HEALES et al.,, 1999). A reducdo de
producdo de energia no cérebro também pode comprometer a sintese de

neurotransmissores (acetilcolina, glutamato, aspartato e GABA) e lipidios nesse
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tecido e pode, por isso, também levar a dano neuronal (DI DONATO, 2000). A
reducdo do metabolismo energético também pode diminuir a captacédo de glutamato
pelos astrécitos e pelos neurdnios, causando acumulo excessivo de glutamato na
fenda sinaptica, que pode levar a morte neuronal (HENNEBERRY et al., 1989;
LUDOLPH et al., 1993).

A diminuicdo no metabolismo energético cerebral parece estar associada com
algumas doencas neurodegenerativas, como as doencas de Alzheimer, Parkinson e
Huntington, isquemia cerebral e esclerose amiotrofica lateral (BRENNAN et al.,
1985; BEAL, 1992; HEALES et al., 1999; BLASS, 2001; SCHURR, 2002). Acredita-
se que a diminuicdo do metabolismo energético cerebral estd envolvida na génese
de danos neurologicos dessas doencas (BEAL, 1992). Além disso, a diminuicdo do
metabolismo energético no cérebro parece estar envolvida com alguns Erros Inatos
do Metabolismo (EIM), como a fenilcetonuria (RECH et al., 2002), acidemia
metilmalénica (WAJNER et al.,, 1992) e hiperargininemia experimental em ratos

(DELWING et al., 2003).
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[I. OBJETIVOS

1- Objetivo Geral

Avaliar os efeitos dos compostos de Ruténio (I) trans-[RuCly(nic)4], (Il) trans-
[RUCly(i-nic)y], (IN1) trans-[RuCly(dinic)s] e (IV) trans-[RuCly(i-dinic) 4], sobre a

atividade de enzimas da cadeia respiratoria mitocondrial e creatina quinase.

2- Objetivos Especificos

* Avaliar o efeito da administracdo aguda dos compostos I, Il, lll e IV sobre a
atividade da succinato desidrogenase e citocromo oxidase em musculo
esquelético (séleo), cardiaco, cérebro, figado e rim de ratos.

* Avaliar o efeito da administracdo aguda dos compostos I, Il, Ill e IV sobre a
atividade da creatina quinase em musculo esquelético (séleo), cardiaco e
cérebro de ratos.

* Avaliar o efeito da administragéo aguda dos compostos I, Il, Il e IV sobre a
atividade da succinato desidrogenase, citocromo oxidase e creatina

guinase in vitro.
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Abstract

Creating kinase is a crucial enzyme for brain, heart and skeletal muscle energy homeostasis, and o decresse of its activily has bain
pssociated with cell death, Many biological properties have been attributed 1o ruthenium complexes. In this context, this work was per-
formed in order Lo evaluate creating kinase activity lrom rat brain, heart and skeletal muscls (guadriceps) after administration of ruthe-
nium complesss, trans-[RuClinic)s] (nic = 3-pyridinecarbosylic acid) 180.7 pmolfkg jeomplex 1), trans-[RuCly(i-nic)s] (i-nic =
4-pyridinecarboxylic acid) 136 pmolfke (complex 10, trans-[RuClyidinic)s) {(dinie = 3 5-pyridinedicarboxylic acid) 180.7 pmol/kg
{emples I and rrans-RuClyi-dingey) (-dinie = 3 4 pyreidinedicarboxylic acid) 180.7 pmol/kg (complex V). Our pesults showed that
complex 1 caused inhibition of creatine Kinuse activity in hippocampus, striatum, cerebral cortex, heart and skeletal muscle. Besides,
comples [T did not affect the eneyme activity, complexes [ and IV increased creatine kinase activity in hippocampus, stoatum, cerebral
cortex and heart, but not in skeletal muscle. Besides, none of the complexes in vitro ultered crentine kinmse sctivity, suggesting that enzy-
matic activity is indirectly alfected by complexes 1, 1T and TV, It is believed that diminotion of creatine kinase in brain of rats caused by
comples [ may be related 1o results from other study reporting memory impuirment caused by the same complex, Further research is
necessiry in order Lo elucidate the efects of ruthenium complexes i other important metabolic enzymes,

& 2006 Elsevier Inc. All rights reserved.

Keywords: Ruthenium, Creatine kinase; Brain, Heart; Skeletal musck

I. Introduction [6,7]. the stimulation of human neutrophils, which pene-

trate deeply into the proliferating tumor mass, to produce

The synthetic chemistry of transition metal complexes
has been the main focus of several research groups, with
special attention on the therapeutic potential and biologi-
cal action of these compounds [1-3] Ruthenium complexes
are of great interest because they can be tailored following
an appropriate cheice of ligand, granting to these com-
plexes a potential for multiple applications, Many biologi-
cal properties have been attibuted to ruthenium
complexes, including, for example, anti-tumor activity
[4.5], the reduction of lung metastases from solid tumors

b Corresponding author,
Fomad address: emiliostreck@@terra com, br {E. L. Streck),

Q16240134% - soe Tront matter © 2006 Ekevier Inc. All rights eserved.
doi 10 L6/ jinorghio. 2004609, (28

toxic molecules, an important anti-cancer Activity associ-
ated with a high selectivity for cancer cefls (8], the ihibi-
tion of proliferation in colorectal cancer cell lines (9, the
attenuation of reperfusion damape and infarct size [10],
the covalent binding to biomolecules such as DNA and his-
tidine [11,12] and the ability to interact with proteins such
ag albumin [13,14] and apotransferin [ 141 It has also been
shown that water-soluble ruthenium complexes are of ther-
apeutic value because of their ability to interfere with the
NO pathway in biological systems [15,16]

Our growp has extensively worked on the synthesis of
ruthenium coordination complexes exhibiting such proper-
ties, as in the case of fowr novel ruthenium complexes:
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trans-{RuClynic)y] (nic = 3-pyridinecarbox vlic acid) (com-
plex I}, rrans-[RuClii-nic)s] (i-nic =4-pyrAdinecarboxylic
acid) (complex 11}, rrans-{RuClidinic )] (dinic = 3, 5-pyrid-
inedicarboxylic acid) (complex 1) and trans[RuCl-
{i=dinic)s]{ i-dinic = 3 4-pyridinedicarboxylic acid) {complex
1¥) (Fig. 1) [17,18] These complexes are suitable for bio-
logical and pharmacological applications, as some of them
{complexes | and 11} were capable of inhibiting inducible
nitrogen monoxide synthase (i-NOS) and showed antinoci-
ceptive properties when injected systemically in mice [2].
On the other hand, complex 111 did not inhibit the activity
of NOS and did not act as a scavenger for nitrogen monox-
ide. Nevertheless, the complex showed antinociceptive
properties and acted as a scavenger for hydroxyl radicals
[17]. In this context, biomedical scientists are interested in
the biological properties of new ruthenium compounds
due to their ability to interact with many cell systems.
Creatine kinase (E.C. 2.7.3.2) plays a central role in
metabolism of high-energy consuming tissues such as
brain, skeletal muscle and heart, where it functions as an
effective buffering svstem of cellular ATP levels. It catalyzes
the reversible transfer of the phosphoryl group from phos-
phocreatine to ADP, regenerating ATP. It is believed that
during excitation a 10-fold increase of cellular turnover
occurs, and that during these rapids changes the creatine/
phosphocreatine fcreatine kinase system is necessary as an
energy buffering system to avoid large fluctuations of cellu-
lar ATP/ADP levels in these excitable tissues [19-21] In
this context, it has been widely shown that a decrease in

Cl
L ‘ L
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Complex [ (nic) [= @3(!(}?—]
Complex 1T (i-nie) 1= N@CDOH
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Fig. 1. Chemical stroctures of mthemium complexes irans{ RuClhinicly]
foomplex I}, rane[RoClduck] (complex W), rame{RuChidini))
foomplex T} and rans{RuChii-dinie 4] { complax TV,

creating kinase activity is associated with a neurodegenera-
tive pathway that results in neuronal loss following brain
ischemia [22] and with neurodegenerative diseases [23,24]
and other pathological states [25,26].

Therefore, considering that creatine kinase plays an
important role in cell energy homeostasis and that our lab-
oratory is searching for new biological activities of ruthe-
nium complexes, we decided to investigate creatine kinase
activity from rat brain (hippocampus, striatum and cerebral
cortex) and heart and skeletal muscle after subcutaneous
administration of ks [RoCl{nic)s], mans | RuCl{i-nic), L
irans-[RuClidinicls] or wams{RuClyi-dinic)s] Besides,
we evaluated the i pitre effect of these complexes on erea-
tine kinase activity in brain and heart and skeletal muscle
of mts,

2, Marerials and methods
2.1, Animals

Adult and male Wistar rats (250-300 g} were obtamed
from Central Animal House of Universidade do Extremo
Sul Catarinense. They were caged in group of five with free
access to food and water and were maintained on a 12-h
light-dark cycle {lights on 7:00 am.), at a temperature of
23%C + 1°C. The experiments were performed between
2pm. and 3 p.m.

22 Synthesis

Ruthenium complexes (1, 11, 111 and IV} were synthe-
sized as previously described [3,17, 18]

2.3 Ruthenium complexes adminisiration

Complex 1 (180.7 pmol/kg), complex 1T (136 pmol/kg),
complex 111 (180.7 pmol/kg) and complex IV (1807 pmaol/
kg) were administered subcutanecusly to the animals
{# = 6}, according to previows studies from our laboratory
(317,18} One hour after administration, the animals were
sacrificed by decapitation, the brain was immediately
removed and hippocampus, striatum and cortex were dis-
sected out. Besides, heart and skeletal muscle (quadriceps)
were also removed. The present study was performed in
accordance with National Institutes of Health puidelines
and with the approval of Ethics Committee from Universid-
ade do Extremo Sul Catarinense.

24 Kample preparation

Hippocampus, striatum, brain cortex, heart and skeletal
muscle were homogenized (1:20) in SETH buffer (.32 M
sucrose, 1 mM EDTA, 10mM Tris-HCL pH 7.4). The
homogenate was collected for determination of total CK
activity. Protein content was determined by the method
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described by Lowry and colleagues wsing bovine serum
albumin as standard (27]. For in virre experiments, com-
plexes 1, I1, 111 and IV were dissolved m SETH buffer
and were added to the incubation medium to final concen-
trations ranging from 0. pM to [0.0 pM [28] Hippocam-
pus, striatum, brain cortex, heart and skeletal muscle from
non-treated adult and male Wistar rats were used for deter-
mination of total CK activity in the presence or absence
{control} of ruthenium complexes.

25, Creatine kinase activity asay

Creatine kinase activity was measured in brain, heart
and skeletal muscle homogenates pre-treated  with
0623 mM lauryl maltoside. The reaction mixture consisted
of 60 mM Tris-HCL, pH 7.5, containing 7 mM phospho-
creating, 9mM MgS0y and approximately 04-1.2mg
protem in a final volume of 100 mL, After 15 min of pre-
incubation at 37°C, the reaction was started by the
addition of 0.3 mmol of ADP plus (.08 mmol of reduced
glutathione. The reaction was stopped after 10 min by the
addition of 1 mmol of p-hydroxymercuribenzoic acid.
The creatine formed was estimated according to the color-
imetric method of Hughes [29] The color was developed by
the addition of 100 mL 2% a-naphtol and 10 mL 0.08%
diacetyl in a fimal volume of 1 mL and read spectrophoto-
metnically after 20 min at 340 nm. Results were expressed
as units/minmg protein,

2.6, Statistical analysis

Data were analyzed by Student's ¢ test or by one-way
analysis of variance (ANOVA) followed by the Tukey test
when F was significant. All analyses were performed using
the Statistical Package for the Soccial Science (SPSS)
software,

3. Resulrs

In the present work, we evaluated creatine kinase activ-
ity in hippocampus, striatum, cerebral cortex, heart and
skeletal muscle of rats submitted to acute administration
of rathenium complexes [, I1, I and IV. Creatine kinase
activity was significantly inhibited by complex [ in all tis-
sues tested [hippocampus (1 10) = 4.64, p <0.01), striatum
(#10j=3,12, p<001), cerebral cortex (#10)=3547,
p000), heart (100 =206, p <001}, skeletal muscle
({10} =6.72, p<0,01)] (Fig. 2). However, complex [l did
not alter the enzyme activity in any tissue tested [hippo-
campus (10} =120, p=026), striatum (710} =0.66,
p=1032), cerebral cortex (#(10}= L.68, p=0.12}, heart
({10} =009, p=093), skeletal muscle (#10) =145
p=10.13)]{Fig. 3). Besides, the enzyme activity was signif-
icantly increased in hippocampus (1 10) =7.76, p<0.01),
striatum ({10} = 6.36, p<0.01), cerebral cortex (#10)=
580, p<<001) and heart (7(10) = 1.86, p<0.03), but not
in skeletal muscle (410} = 0.03, p= 0.96) by complex [11
(Fig. 4). Finally, complex [V showed the same effects of
complex 111, increasing creatine kinase activity in hippo-
campus. ({10) =805, p<0.01), striatum (710} =12.49,
p<001), cerebral cortex (r{10)= 3133 p<001) and
heart (410) = 187, p<0.05), but not in skeletal muscle
(f(10)=1.74, p=0.11) {Fig, 5).

fn vitro studies showed that the ruthenium complexes |,
I, 111 and IV did not alter creatine kinase activity in hrain,
heart and skeletal muscle [complex 1 hippocampus
(F(3.16)= 329, p=047), stiatum (H3.16)= 172, p=
0.20), cerebral cortex (F{3.16)=10.16, p=092), heart
(F3.16) =000, p=1096), skeletal muscle (H3,16/=
298, p=008)] [complex II: hippocampus (H3,16)=
.18, p=0.35), striatum (H 3,16} = 0.99, p=10.42), cere-
bral cortex (F(3,16)=0.58, p=0.64), heart {H3,16)=
0.84, p =049, skeletal muscle (F3, 16} = 3.09, p =0.07)]

[ O5afine
B il 1
-
.E 5
& - 1 | @
e | #
i
Es :
N * ? |_Li
a - Y Y T
Hip poesmpas Etrisian Loty Hasnt Slealatal mwssle

Fig, 2. Creatine kivase activity in hippocampis, striatum, cerebm] cortex, heart and skeletal musck of rats submitted 1o administmtion of complex 1,
Data were amalyed by Stodent’s ¢ test. Values ae expressed as mean + 8D, for five independent experiments performed in duplicate. White
columms = saling; Back colums = ruthenium complex 1, Different from saline feontraly *p < 001
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[complex 111: hippocampus (F{3,16) = 181, p = 0.18), stri-
atum (F3,16) =0.73, p = 0.54), cerebral cortex (H3, 16) =
094, p=0.44), heart (F3,16) =053, p=10.65), skeletal
muscle (F{3,16) = 3.02, p = 0.08)] [complex IV: hippocam-
pus (F3,16)= 1.82, p=0.18), striatum (F3,16)=037,
p =077, cerebral cortex {H3,16) =0.99, p =0.42), heart
(F3,16)=019, p=090), skeletal muscle (A3, 16)=
LET, p=0.1T)]{Fig. 6).

4. Discussion

The phosphocreating/creatine/creatine kinase system is
important for normal energy homeostasis [30,31] by exert-
ing several integrated functions in cells, such as temporary
energy buffering, metabolic capacity, energy transfer and
metabalic control [32]. The brain. heart and skeletal mus-
cle, tissues with high and varable rates of ATP metabo-
lism, have a high phosphocreatine concentration and
creatine kinase activity [30,31] In this context, our results
showed that creatine kinase activity in brain, heart and
skeletal muscle of rats was inhibited by acute administra-
tion of complex 1. Besides, complex 11 did not affect the
enzyme activity. Finally, complexes 11l and IV increased
creatine kinase activity in brain and heart but not in skele-
tal musele of rats.

It is known that a diminution of creatine kinase activity
may potentially impairenergy homeostasis, contributing to
brain damage. In this context, creatine kinase mhibition
has been observed in neurodegenerative and mental dis-

eases, such as Alzheimer’s disease and schizophrenia [33]
and after electroconvulsive shock [34] Besides, it has been
demonstrated that the enzyme is also inhibited in animal
models of some inborn emors of metabolism affecting the
brain {35-38]

Recent reports from our group showed that ruthenium
complexes | and 11 impaired memory retention in the inhib-
itory avoidance task, as when administered 30 min prior
as immediately after training. Besides, no effects were
observed in anxiety parameters and habituation to an
open-field. In this work, the authors suggest that the mem-
ory impairment induced by ruthenium complexes may be
due to their nitric oxide synthase mhibition capacity [39].
In this context, it is tempting to speculate that reduced
functional brain activity caused by complex | may result
in cognitive deficits. Further research is necessary in order
to elucidate the mechanisms underlying complexes [11 and
IV effects on brain epergy metabolism and memory.

Some studies demonstrate the important role of crea-
tine kinase in nomal muscle function. In this context, is
well known that reduction of creatine kinase activity in
the heart may lead to selective tissue damape and is of sig-
nificance for the development of different pathological
states, such as hypotonia, neuromuscular weakness, car-
diomyopathy and heart failure [40.41]. Especially in heart
and skeletal muscle, creatine kinase function is essential to
maintain a high concentration of ATP, adeguate to main-
tain ionic gradients and perform the cellular mechanical
work [42]. It has been also demonstrated that the net
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result of creatine kinase activity reduction is a decreased
capacity of the heart to synthesize ATP from phosphocre-
atine as much as 70% [4344] Besides, inhibition of crea-
tine kinase activity in skeletal muscle has been shown to
lead to significant contractile abnormalities, as well as
alterations in muscle cell size, tubular aggrepates of sarco-
plasmic reticulum membranes, mitochondrial vohime and
size and also of glycolytic capacity 45,461 We believe that
complex | may induce a disturbance in energy metabolism
contributing to possible oecurrence of myopathy and car-
diomyopathy. Some studies are being camied out in our
laboratory in order to better understand the effects of
complexes [11 and IV on heart and skeletal muscle energy
metabolism.

We also verified the in vitro effect of the ruthenium com-
plexes on creatine kinase activity in brain, heart and skele-
tal muscle of non-treated rats. In this work we showed that
none of the complexes altered creatine kinase activity
in virre. These findings suggest that complexes [, 111 and
IV alter the enzyme activity indirectly, Complex [I did
not present any effect on creatine kinase @ pive and
it vitre. In this context, previous reports showed that com-
plex | does not mhibit nitrc oxide synthase and that com-
plex II imhibited the enzyme [2]. We believe that free
radicals, especially nitric oxide, may be involved in the
in pire mechanism of inhibition of creatine kinase, since
the oxidation of sulfhydryl or other essential groups of
the enzyme can be a target for nitric oxide and other free
radicals [47]. This hypothesis is plausible becawse the crea-
tine kinase molecule present many cysteine residues in its
structure [19-21]. The in vive mechanism of activation of
creatine kinase in brain and heart muscle by complexes
I and 1V is still not understood. Other studies are also
being carried out in order to better understand the hiolog-
ical effects of these complexes,

The precise mechanisms of action of ruthenium com-
plexes remain poorly understood. Owr findings demon-
strated that complex | inhibited creatine kinase, while
complexes I11 and IV increased the enzyme activity, New
research 18 necessary, in order to elucidate and better
understand the mechanism of these compounds,
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Abstract

In this article, we report the effects of acute administration of ruthenium complexes, frans-[RuCly(nic)y] (nic=3-
pyridinecarboxylic acid) 1807 umolkg (complex T). frans-[RuCly(i-nic)y] (i-nic=4-pyridinecarboxylic acid) 13.6 pmolkg
(complex I, rrans-[RuClydinicly] (dinic =3 .5-pyridinedicarboxylic acid) 180.7 pmolke (complex I and frans-[RoClaii-
dinic)y ] (i-dinic =2 4-pyridinedicarboxyvlicacid) 180.7 pmolkg (complex [V )on succinate dehydrogenase (SDH) and cvtochrome
oxidase (COX) activities in brain (hippocampus, striatum and cerebral cortex), heart, skeletal muscle, liver and Kidney of rats. Our
results showed that complex I inhibited SDH activity in hippocampus, cerebral corfex. heart and liver; and inhibited COX in heart
and Kidney. Complex IT inhibited SDH in heart and hippocampus; COX was inhibited in hippocampus, heart, liver and kidney. SIH
activity was inhibited by complex IIT in heart, muscle, liver and kidney. However, COX activity was increased in hippocampus,
striatum, cerebral cortex and kidney. Complex I'V inhibited SDH activity in muscle and liver; COX activity was inhibited in kidney
and increased in hippocampus, striatom and cerebral cortex. In a general manner, the complexes tested in this work decrease the
activities of SDH and COX in heart, skeletal muscle. liver and Kidney. In brain. complexes T and IT were shown to be inhibitors and
complexes [T and IV activators of these enzymes. In vifre studies showed that the ruthenium complexes I and TV did not alter
COX activity in kidney, but activated the enzyvme in hippocampus, striatum and cerebral cortex, suggesting that these complexes
present a direct action on COX in brain.

i 2007 Elsevier Ireland Ltd. All rights reserved.

Kevwords: Ruthenium; Succinate dehydrogenase; Cytochrome oxidase: Mitochondna

1. Introduction

Previous research in our laboratory described the syn-
thesis and characterization of new frans-[RuClaiLy]
complexes, where L is pyridinecarboxylic acids deriva-

* Corresponding author. Fax: +335 48 343] 2644,
E-mail address; emiliostreck @ terracom.br (E.L. Streck).

tive ligand [1-3]. The employ of ligand containing car-
boxylic or dicarboxylic acid groups provides reasonable
solubility of complexes in physiological medium. These
complexes are suitable for biological and pharmacologi-
cal applications. The ruthenium coordination complexes
tested in this work were frans-[RuClinic)y] (nic=3-
pyridinecarboxylic acid) (complex 1), trans-[RuCly(i-
nic)y] (i-nic =4-pyridinecarboxylic acid) (complex 11),
trans-[RuClaidinic)y4] (dinic =3.5-pyridinedicarboxylic

O00E-2797/% — see front matter © 2007 Elsevier Irland Lid. All aghts reserved.

doiz L0101 &feka 200707 001
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Fig. 1. Chemical structumes of rutheninm complexes frzns-[RuClzinicly] (complex I}, sns-[RuClzi-nicj4] tcomplex [T, srans-[RuClz(dine 4]

{complex 1113 and #rans-[RuClyii-dinic 1y JC1 {complex TV,

acid) (complex 1T and trans-[RuClaii-dinic)s]Cl (i-
dinic = 3 4-pyridinedicarboxylic acid) {complex IV)
[4.5]. The chemical structures of these complexes are
demonstrated in Fig. 1.

Some reports show important biological properties
of ruthenium complexes, such as anti-turmor activity
[6-11]. attenuation of reperfusion damage and infarct
size [12], covalent binding 1w biomolecules [13.14] and
ability to interact with proteins [15.16]. It has been
demonstrated that somie ruthenium complexes may inter-
fere with the nitric oxide pathway in hiological systems
[17].

The complexes synthesized in our laboratory and that
were used in this work were shown to present signifi-
cant biological effects. as previously reported. Complex
I showed antinociceplive action and inhibited inducible
nitric oxide synthase. On the other hand, complex 1 was
inactive. Both complexes failed to interfere with consti-
tutive endothelial nitric oxide synthase [2]. Complex 111
did not inhibit the activity of this enzyme and did not act
as a scavenger for nitric oxide. Nevertheless. the com-
plex showed antinociceptive properties and acted as a
scavenger for hydroxyl radicals [4].

Complexes 1 and 1T also act as scavengers of super-
oxide anion, hydroxyl radicals and nitric oxide [5]. In
recent works, the antioxidant activity through the evalu-
ation of total antioxidant potential (TRAP}, prevention of
DNA damage induced by hydrogen peroxide vsing the
alkaline comet assay was characterized [5]. as well as
the phamacological activity on anxiety and memory in
rats [ 18], providing evidences that these complexes act
on memory modulation. Results demonstrate that they
could act as antioxidants in biological systems. Although

higher doses could exhibit antioxidant properties, geno-
toxic effects were observed in biological systems. The
use of lower doses maintains the antioxidant effects
with no evident cylotoxic effects [5]. Finally, experi-
ments were performed for all four complexes in order
o evaluate creatine kinase activity from rat brain, heart
and skeletal muscle. We have recently demonstrated that
this enzyme activity was inhibited by acute adminis-
tration of complexes I, 11 and V. We also found lack
of in vitro effect of these complexes on creatine Kinase
[19].

In this work, we report the effects of acute adminis-
tration of trans-[BuCla(nicig]. trans-[RuCla{i-nicly JCL
trans-[RuClaidinicly] and trans-[EuCly{i-dinici4]C1 on
succinate dehydrogenase (SDH) and cytochrome oxi-
dase (COX) activities in some brain areas { hippocampus,
striatum and cerebral cortex), heart. skeletal muscle, liver
and kidney of rats.

2. Materials and methods
2.1, Amimals

Adult male Wistar rats (250300 g} were obtained
from Central Animal House of UNESC. They were
caged in groups of five with free access to food and
water and were maintained on a 12-h light—dark cycle
(lights on 7:00a.m.). at a temperature of 224+ 1°C.
The experiments were perfonned between 2:00 p.m. and
5:00 p.m. The present study was performed in accor-
dance with National Institutes of Health guidelines and
with the approval of Ethics Committee of Universidade
do Extremno Sul Catarinense.
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2.2, Synthesis and administration of ruthenium
complexes

Ruthenium complexes (IHV) were synthesized as
previously described [1-5]. Complex 1 (180.7 pmolfkg ).
complex [T{13.6 wmolkg ), complex TIT{180.7 pmol/kg)
and complex IV (1 80.7 pmol’kg ) were administered sub-
cutaneously to the animals (n =6), according to previous
studies from our laboratory [1-5]. One hour after admin-
istration, the animals were sacrificed by decapitation,
the brain was immediately removed and hippocampus,
striatum and cortex were dissected out. After that, heart,
skeletal muscle (gquadriceps), liver and kidney were also
removed.

2.3. Sample preparation

Hippocampus, striatum. brain cortex, heart, skele-
lal muscle, liver and kidney were homogenized (1:20)
in SETH buffer (0.32 M sucrose, | mM EDTA, 10mM
Tris=HCI, pH 7.4). The homogenates were centrifuged at
00 x g for 10min and the supernatants kept at —70°C
until used for mitochondrial enzymes activities deter-
mination. The maximal period between homogenats
preparation and enzyme analysis was always less than

5 days. Protein content was determined by the method
described by Lowry et al. using bovine serum albumin
as standard [20], For in vitro expetiments, complexes [11
and IV were dissolved in SETH buffer and were added
to the incubation medium to final concentrations ranging
From 0.1 v o 10.0 wM [19]. Hippocampus, striatum,
brain cortex and kidney from non-treated adult and male
Wistar rats were used for determination of COX activ-
ity in the presence or absence (control) of mthenium
complexes I and IV

2.4. Mitochondrial enzymes activities

The activity of SDH was determined according to the
method of Fischer et al. [21], measured by following the
decrease in absorbance due to the reduction of 2.6-di-
chloro-indophenol (2,6-DCTP) at 600nm with 700 nm
as reference wavelength (e=19.1 mM~™ em™) in the
presence of phenazine metasulphate (PMS). The reac-
tion mixture consisting of 40 mM potassiom phosphate,
pH 7.4, 16 mM succinate and 8 wM 2,6-DCTF was prein-
cubated with 40-80 jug homogenate protein at 30°C
for 200min. Subsequently, 4 mM sodivm azide, 7 uM
rotencne and 40 M 2.6-DCTP were added and the reac-
tion was initiated by addition of | mM PMS and was

[A)

Succinate dehydrogenase activity
[nm olfmin.mg protein]

O aline
. {mcomgiat

] J_' h
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Fig. 2. Effect of acute admimsiration of complex Lon succinate dehydrogenase { A1 and cytochrome oxidase (B) activities in hippocampus, striatum,
cerebral cortex, heart. skeletal muscle, liver and kidney of rats. Data were analyzed by Student’s iiest. Yalues are expressed as mean £ 5.0, for six
independent experiments performed in duplicate. Different from saline (control), *p<0.01.
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Fig. 3. Effect of acute adminigtration of complex [1 on succinate debydrogenase (A) and cytochrome oxidase (B activities in hippocampus, striatum,
cerebral cortex, heart, skeletal muscle, liver and kidney of rats, Data were analyzed by Student’s #-test. Values are expressed as mean £ 5.0, for six
independent ex penments performed in duplicate. Different from saline (controll, ®p <001,

monitored for 5Smin. The activity of COX was mea-
sured by the method of Rustin et al. [22], measured by
following the decrease in absorbance due to the oxida-
tion of previously reduced cytochrome ¢ at 350 nm with
580 nm as reference wavelength (e =191 mM~1em=1).
The reaction buffer contained 10mM potassium phos-
phate. pH 7.0, 0.6 mM n-dodecyl-D-maltoside, 24 pg
homogenate protein and the reaction was initiated with
addition of 0.7 pg reduced cytochrome. The activity of
COX was measured at 25 °C for 10 min.

2.5, Statistical analysis

Data were analyzed by Student’s t-test or by one-way
analysis of variance (ANOWVA) followed by the Tukey
test when F was significant. All analyses were performed
using the statistical package for the social science ( SPS5)
software.

3. Resulis

In the present work, we evaluated SDH and COX
activities in hippocampus. striatum. cerebral cortex,
heart, skeletal muscle, liver and kidney of rats submitted
to acute administration of ruthenium complexes -1V,

SDH activity was significantly inhibited by complex 1
in hippocampus, cerebral cortex, heart and liver. COX
activity was significantly inhibited by complex [in heart
and kidney (Fig. 2). Complex 1l inhibited significantly
the SDH activity in heart and hippocampus: besides the
COX activity was significantly inhibited in hippocam-
pus, heart, liver and kidney (Fig. 3). SDH activity was
significantly inhibited by complex Il in heart, muscle,
liver and kidney. However, the COX activity was signif-
icantly increased in hippocampus, striatum and cerebral
cortex, but significantly inhibited in kidoey (Fig. 4).
Complex I'V inhibited significantly the SDH activity in
muscle and liver; besides the COX activity was signifi-
cantly inhibited in kidney and significantly increased in
hippocampus, striatum and cerebral cortex (Fig. 5). In
vitre studies showed that rutheniom complexes 1 and
[V did not alter COX activity in kidney, but activated the
enzyme in hippocampus, striatum and cerebral cortex
iFig. 6.

4. Discussion
In the present work we demonstrated that complex

I inhibited SDH activity in hippocampus and cerebral
cortex but did not affect COX in brain. and that com-
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Fig.4. Effectofacute administration of complex Il on succinale dehydmogenase { A) and cytochrome oxidase (B} activities in hippocampus, striatum,
cerebral cortex, heart, skeletal muscle, liver and kidney of rats, Data were analyzed by Student’s r-test. Values are expressed as mean=£ 5.0, for six
independent experiments performed in duplicate. Different from saline (contral), "p<0.01.

plex I inhibited hoth enzymes, only in hippocampus,
Based on these findings, we believe that complexes 1
and [1 reduce brain metabolic activity, leading to cogni-
tive deficits. We have also recently showed that complex
[ inhibited creatine kinase in brain of rats [ 19]. Previous
studies from our laboratory reported that complexes T and
Il impaired memory retention and acquisition, probably
by inhibition of nitric oxide synthase activity [2]. How-
ever, we did not verify any effect in anxiety parameters
and hahituation 1o an open feld [15].

In this study, we also showed that COX activity was
increased in hippocampus, striatum and cerebral cortex
by complex 111 administration. Moreover, we showed
that complex IV increased COX activity in the same
brain areas. We have also recently reported that both
complexes increased creatine kinase in brain of rats [19].
Based on these findings. we speculate that complexes [11
and IV increase brain metabolic activity and may present
differant effects on memory. The effects of these com-
plexes on hehavioral parameters are still not known and
are being evaluated in our laboratory.

Evidence from the literature shows that ruthenium
complexes present significant effects on brain of rats. We
believe that some effects on this tissue may be explained

because brain endothelial cells are known to have trans-
ferrin receptors, and wransferrin-mediated endocytosis
could be responsible for the observations made on the
tmpact of acute administration of the ruthenium drugs
on the rats, [n this context. it is well-documented that
ruthenium mimics the iron-binding site on transferrin,
thereby leading to enhanced uptake incancer cells which
have a higher iron demand [23].

Itis well described that reduction of metabolic activ-
ity in the heart may lead to tissue damage and is of
significance for the development of different pathologi-
cal states, such as hypotonia, newromuscular weakness,
cardiomyopathy and heart failure [24.25], The enzymes
SDH and COX are important because the production of
ATP in mitochondria is regulated by them. especially
the last one. In heart and skeletal muscle, and also in the
brain, high concentrations of ATP mustbe maintained for
the regulation of ionic gradients and perform the cellular
mechanical work [26]. Reduction of metabolic activity
in skeletal muscle cawses contractile abnormalities, as
well as other important alterations in this tissue [27]. In
this work, we showed that complexes 1 and IT inhibited
SDH and COX in heart, but did not alter the enzymes
in skeletal muscle. Complex [T inhibited only SDH in
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heart and skeletal muscle, but did not affect COX activ-
ity. Finally, complex IV did not alter the enzymes in
heart but inhibited SDH in skeletal muscle. We believe
that impairment of metabolic activity caused by the four
ruthenium complexes may lead to possible occunence
of myopathy and cardicmyopathy.

The mechanisms underlying hepatic and renal fail-
ure involve metabolism reduction. Mitochondria are the
main energy source for cells, and itis known that inhibi-
tion of mitechondrial enzymes gives rise to cell damage
[27-30]. We have investigated the effect of rutheniwm
complexes in 5DH and COX from rat liver and kidney.
SDH was inhibited in liver and COX activity was inhib-
ited in kidney by administration of complex L. Complex I1
inhibited COX in liver and kidney. SDH was inhibited by
complex 111 in liver and kidney and COX only in kidney.
Complex [V inhibited SDH in liver and COX in kidney.
Our findings suggest that administration of these com-
plexes may impair energy metabolism in these tissues.
Transition metal drugs are known to be excreted via hep-
atic and renal channels and it is therefore not surprising
that these argans may be affected by these complexes.

In this work we showed that ruthenium complexes
I and 1 inhibit important metabolic enzymes. Besides,
complexes [l and IV presentad an opposite effect. In

ageneral manner, all the complexes tested in this work
decrease the activities of SDH and COX in heart, skele-
tal muscle, liver and kidney. In brain, complexes [ and
[T were shown to be inhibitors and complexes [11 and IV
activators of these enzymes. In order to better understand
why complexes L and IV presented different effects on
COX activity, we evaluated the in vitre effect of the same
complexes on this enzyme in brain (increased by the
acute administration of the complexes 111 and V) and
kidney (inhibited by the same complexes). We verified
that COX in kidney (sensitive to the complexes) was not
affected in vitm. On the other hand, brain COX (resis-
tant to the complexes) was activated in vitre. Based on
these findings. we speculate that complexes 1T and IV
are able to directly activate the enzyme. The opposite
effect (inhibition) does not oceur by direct action on the
enzyme and other mechanisms are probably involved. In
this context, oxidative stress may be involved in the in
vive mechanism of inhibition of SDH and COX, since it
is well known that oxidative damage leads to mitechon-
drial dysfunction [31]. [tis hard to believe that the same
concentration would be reached in all the tissues, and
even more, o have an idea about how much will actu-
ally get into the mitochondria. Maybe the lack of effect
and the different effects on the activities of 5DH and

38



EG. Victor et al / Chemivo-Biological Interactions 170 {2007) 5066 63
Ay Bod
> 0 ¥
iy
7o i
£

R
2 O Comrnd
g E w00 O Csmphen 01 s
s 5 B gt 1 15
8= W Gl B 160 ]
e
BT

10H)

|:|_ ¥ .
Hippocampus Striatum Cartex Kldney
il

E

[mmolimdn.mg protein]
2

*
#
L3
A
- Y
i) T
F
i ,
i . E

Hippocampus Stratum

1
Carlex Kidney

Fig. &, Ia vitroeffect of uthenium complexes T A and IV (Bl on cytechrome oxidase activity in hippocampus, stiatum, cerebral cortex and kidney
of rats. Data were analyzed by one-way analysis of vanance, Values are expessed as mean = 5.1, for six independent expeniments performed in

duplicate. Different from contral, *p<001.

COX from the tissues is due to a diminished or different
accessibility of the compound to the evaluated targets.

The inhibition of oxidative metabolism is linked to
cellular death, by depletion of ATF and greater gener-
ation of reactive oxygen species [31]. Our data suggest
that these complexes may be toxic to most of tssues
tested, except complexes 11 and IV in brain, where
we found an activation of SDH and COX. In this con-
text, some works report that ruthenium complexes are
cytotoxic, especially against tumor cells [32,33]. More
studies are being carried out in order to verify whether
these effects also occur after chronic administration
of these ruthenium complexes. Their effects on other
enzymes must also be investigated.
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IV DISCUSSAO

Neste estudo foram avaliados os efeitos dos compostos de Ruténio () trans-
[RUCly(nic)y], (1) trans-[RuCly(i-nic)4], (111) trans-[RuCly(dinic)s] e (1V) trans-[RuCly(i-
dinic),], sobre as atividades da creatina quinase, succinato desidrogenase e
citocromo oxidase.

O sistema fosfocreatina/creatina/creatina quinase € importante para a
homeostase de energia (KHUCHUA et al.,, 1998; SCHLATTNER e WALLIMANN,
2000), exercendo vérias funcdes integradas nas células, tais como tamponamento
temporéario de energia, capacidade metabdlica, transferéncia de energia e controle
metabdlico (SAKS et al., 1985). O cérebro, coracdo e musculo esquelético sdo
tecidos com altos e variados indices de metabolismo de ATP, tendo uma alta
concentracdo de fosfocreatina e atividade de creatina quinase (KHUCHUA et al.,
1998; SCHLATTNER e WALLIMANN, 2000). Neste contexto, os resultados
mostraram que a atividade da creatina quinase no cérebro, coracdo e musculo
esquelético de ratos foi inibida pela administracdo aguda do complexo I. Além disso,
o complexo Il ndo afetou a atividade da enzima. Finalmente, os complexos Ill e IV
aumentaram a atividade da creatina quinase no cérebro e coracdo, mas nao no
musculo esquelético de ratos.

Sabe-se que uma diminuicdo da atividade da creatina quinase pode prejudicar
potencialmente a homeostase de energia, contribuindo para a danificacdo do
cérebro. A inibicdo da creatina quinase foi descrita em doencas neurodegenerativas
e psiquiatricas, tais como a doenca de Alzheimer e a Esquizofrenia (BURBAEVA et
al., 1999) e apo6s choques eletroconvulsivos (BURIGO et al., 2006). Além disso, tem

sido demonstrado que a enzima também esta inibida em modelos animais de
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algumas anomalias metabolicas hereditarias que afetam o cérebro (FERREIRA et
al., 2005; PILLA et al., 2003).

Trabalhos recentes do nosso grupo de pesquisa mostraram que 0s complexos
de ruténio | e Il prejudicaram a retencdo da memaria na tarefa de esquiva inibitoria,
tanto quando administrada 30 minutos antes como imediatamente apOs o treino.
Além disso, nenhum efeito foi observado nos parametros de ansiedade e habituacéo
em campo aberto. Neste trabalho, os autores sugerem que os danos de memoria
induzidos pelos complexos de ruténio podem ocorrer em razdo da sua capacidade
de inibicdo da NOS (BEIRITH et al., 1999; VALVASSORI et al., 2006).

Alguns estudos demonstram o importante papel da creatina quinase na funcéo
muscular normal. Sabe-se que a reducdo da atividade da creatina quinase no
coracdo pode levar ao dano tecidual seletivo e € significativo para o
desenvolvimento de diferentes estados patoldgicos, tais como a hipotonia, fraqueza
neuromuscular, cardiomiopatia e insuficiéncia cardiaca (VEKSLER e VENTURA-
CLAPIER, 1994; HAMMAN et al., 1995). Especialmente no coracdo e musculo
esquelético, a funcdo da creatina quinase é essencial para manter uma alta
concentracdo de ATP, adequada para manter graduacédo ionica e fazer o trabalho
mecanico da célula (KAMMERMEIER, 1987). Também tem sido demonstrado que o
resultado da reducdo da atividade da creatina quinase € uma capacidade diminuida
do coragao para sintetizar ATP a partir da fosfocreatina em 70% (LIAO et al., 1996;
NASCIMBEN et al., 1996). Além disso, a inibicdo da atividade da creatina quinase no
musculo esquelético tem levado a significativas anormalidades contrateis, bem como
alteracdes no tamanho das células musculares, volume e tamanho mitocondrial e
também da capacidade glicolitica (SHOUBRIDGE e RADDA, 1984; VAN-DEURSEN

et al.,, 1993). Pelos resultados apresentados, o complexo | parece causar um
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distarbio no metabolismo energético e poderia contribuir para uma possivel miopatia
e cardiomiopatia.

Também foi verificado o efeito in vitro dos complexos de ruténio na atividade de
creatina quinase em cerebro, coracdo e musculo esquelético de ratos. Neste
experimento, nenhum complexo de ruténio alterou a atividade da creatina quinase in
vitro. Estes achados sugerem que os complexos |, lll e IV alteram indiretamente a
atividade da enzima. O complexo Il ndo apresenta efeito na atividade enzimatica in
vivo nem in vitro. Neste contexto, estudos prévios mostraram que o complexo | nao
inibiu a NOS, mas o complexo Il inibiu esta enzima (BEIRITH et al., 1999). Acredita-
se que os radicais livres, especialmente o NO, podem estar envolvidos no
mecanismo de inibicdo da creatina quinase in vivo, uma vez que a oxidagdo da
sulfidrila ou outros grupos essenciais de enzimas pode ser alvo do NO e de outros
radicais livres (WOLOSKER et al., 1996). Esta hipotese € plausivel porque a creatina
guinase apresenta muitos residuos de cisteina em sua estrutura (BESSMAN e
CARPENTER, 1985; WALLIMANN et al., 1992). O mecanismo in vivo de ativacao da
creatina quinase em cérebro e coragcdo pelos complexos Il e IV ainda ndo sdo
compreendidos.

Os efeitos dos complexos de ruténio I, Il, Il e IV, sobre a atividade das enzimas
da cadeia respiratéria mitocondrial, mais precisamente a SDH e a COX também
foram avaliados. O estudo demonstrou que o complexo | inibiu a atividade de SDH
no hipocampo e coértex cerebral, mas ndo afetou a COX no cérebro, e que o
complexo Il inibiu as duas enzimas apenas no hipocampo. Acredita-se que 0s
complexos | e Il reduzam a atividade metabdlica do cérebro, levando a déficits
cognitivos. Os mecanismos que fundamentam a ac&do dos complexos Il e IV séo

ainda pouco compreendidos. No presente estudo, a COX foi aumentada no
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hipocampo, estriado e cortex cerebral pela administracdo do complexo Ill. Também
se mostrou que o complexo IV aumentou a atividade da COX nas mesmas areas do
cérebro. Acredita-se que estes complexos aumentam a atividade metabdlica do
cérebro e podem apresentar diferentes efeitos na memoéria. Os efeitos destes
complexos nos parametros comportamentais ainda sao desconhecidos e estédo
sendo avaliados em nosso laboratorio.

Complexos de ruténio apresentam efeitos significantes em cérebro de ratos.
Alguns destes efeitos podem ser explicados pelo fato de que as células endoteliais
sdo conhecidas por possuirem receptores de transferrina, sendo que a endocitose,
mediada por transferrina, pode ser responsavel pelo impacto causado pelo efeito da
aplicacdo aguda de drogas a base de ruténio em ratos. Sendo assim, esta também
documentado que o ruténio imita o sitio de ligacédo do ferro na transferrina, deixando
claro sua relacdo com células cancerigenas, as quais possuem uma alta demanda
de ferro (KRATZ et al., 1994).

Esta bem descrito que a reducdo da atividade metabdlica no coracdo pode
levar ao dano do tecido e tem importancia para o desenvolvimento de diferentes
estados patoldgicos, tais como hipotonia, fragueza neuromuscular, cardiomiopatia e
insuficiéncia cardiaca (HAMMAN et al., 1995; VEKSLER et al., 1987). As enzimas
SDH e COX séo importantes porgue a producdo de ATP na mitocondria é regulada
por elas, especialmente a ultima. Conforme relatado anteriormente, no coracgéo,
musculo esquelético e também no cérebro, altas concentracdes de ATP devem ser
mantidas para a regulacao de gradientes ionicos e realizar o trabalho mecéanico da
célula (KAMMERMEIER, 1987). A reducdo da atividade metabdlica no musculo
esquelético causa anormalidades contrateis, bem como outras importantes

alteracdes neste tecido (VAN-DEURSEN et al., 1993). Neste trabalho, os complexos
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| e Il inibiram a SDH e COX no coracdo, mas nado alteraram as enzimas no musculo
esquelético. O complexo Il inibiu apenas a SDH no coracédo e musculo esquelético,
mas ndo afetou atividade da COX. Finalmente, o complexo IV nao alterou a
atividade das enzimas no coracdo, mas inibiu a SDH no musculo esquelético.
Acredita-se que danos da atividade metabdlica causada pelos quatro complexos de
ruténio podem levar a possivel ocorréncia de miopatias e cardiomiopatias.

Os mecanismos que estdo por tras dos danos hepaticos e renais envolvem a
reducdo do metabolismo. As mitocondrias sdo as principais fontes de energia para
as células, e sabe-se que a inibicdo das enzimas mitocondriais aumenta o dano da
célula (VAN-DEURSEN et al.,, 1993; THADHANI et al., 1996). Os efeitos dos
complexos de ruténio na SDH e COX foram investigados a partir do figado e rins de
ratos. A SDH foi inibida no figado e a atividade COX foi inibida nos rins pela
administracdo do complexo I. O complexo Il inibiu a COX no figado e rins. A SDH foi
inibida pelo complexo Il no figado e rim e a COX apenas no rim. O complexo IV
inibiu a SDH no figado e a COX no rim. Tais descobertas sugerem que a
administracdo destes complexos pode danificar 0 metabolismo energético nestes
tecidos. Drogas a base de metais de transicdo sdo conhecidamente excretadas via
canais hepdaticos e renais, ndo surpreendendo o fato de que tais 6rgdos sédo
afetados por estes complexos.

Neste trabalho, foram demonstrados que os complexos de ruténio I e Il inibiram
a atividade de importantes enzimas metabdlicas. Além disso, os complexos Il e IV
apresentaram efeito oposto. De maneira geral, todos os complexos testados neste
trabalho diminuem as atividades de SDH e COX no coracdo, musculo esquelético,
figado e rim. No cérebro, os complexos | e Il mostraram serem inibidores e os

complexos Il e IV ativadores destas enzimas. No sentido de entender melhor o
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porqué do diferente comportamento dos complexos Ill e IV na atividade da COX,
foram avaliados os efeitos in vitro destes complexos na atividade desta enzima em
cérebro (aumentada pela administracdo aguda dos complexos Il e 1V) e rim (inibida
pela administracdo aguda destes complexos). Foi verificado que a COX em rim
(sensivel aos complexos) néo foi afetada in vitro. Por outro lado, a COX cerebral
(resistente aos complexos) foi ativada in vitro. Baseado nestes achados, especula-se
qgue os complexos Il e IV sdo aptos para ativar diretamente a enzima. A inibicdo nédo
ocorre diretamente, podendo existir outros mecanismos envolvidos. Neste contexto o
stress oxidativo pode estar envolvido no mecanismo de inibicdo de SDH e COX in
vivo, sabendo que o dano oxidativo leva a uma disfuncado mitocondrial (NAVARRO et
al., 2007). Nao se sabe ao certo se os complexos atingem os tecidos na mesma
concentragdo, muito menos se conhece a concentracdo que realmente entra na
mitocondria. Talvez a falta de efeitos e os diferentes efeitos nas atividades de SDH e
COX nos tecidos, sejam em razdo de uma acessibilidade diferente ou uma
diminuicdo da mesma nos alvos estudados.

A inibicho do metabolismo oxidativo esta associada a morte celular, pela
deplecdo do ATP e maior geracdo de espécies reativas de oxigénio (NAVARRO et
al., 2007). Os presentes dados sugerem que estes complexos podem ser toxicos a
maioria dos tecidos testados, exceto os complexos Ill e IV no cérebro, onde
encontramos uma ativagao do SDH e COX. Neste contexto, alguns estudos mostram
gue os complexos de ruténio séo citotoxicos, especialmente contra células tumorais
(SAVA et al., 1995; MENEZES et al., 2007).

Estudos estdo em curso, a fim de verificar se estes efeitos também ocorrem
apos a administracdo crénica destes complexos de ruténio. Seus efeitos em outras

enzimas também devem ser investigados.
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