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Resumo

A deficiéncia da 3-metilcrotonil-CoA carboxilase (3MCCD) é uma
doenca autossbmica recessiva do metabolismo da leucina, caracterizada
bioquimicamente por um acumulo tecidual de 3-metilcrotonilglicina (3MCG),
acido 3-hidroxi-isovalérico e acido 3-metilcroténico (SMCA), bem como de
uma deficiéncia secundaria de L-carnitina. A apresentacdo clinica nos
pacientes € bastante variavel, mas geralmente apresentam sintomas
neurologicos, atraso no desenvolvimento, cardiomiopatia, bem como
desenlace fatal em criancas. Tendo em vista que a patogénese da doenca
ainda é desconhecida, no presente trabalho foram investigados os efeitos da
3MCG e do 3MCA sobre importantes parametros de estresse oxidativo em
cortex cerebral de ratos jovens. Demonstrou-se que a 3MCG e o 3MCA
aumentaram os niveis das substancias reativas ao acido tiobarbiturico (TBA-
RS) bem como a formacao de grupamentos carbonila, indicando que esses
metabdlitos provocam oxidacéo lipidica e proteica. Além disso, a elevacgao de
TBA-RS provocada pela 3MCG foi prevenida pelos antioxidantes melatonina
e trolox, sugerindo o envolvimento de espécies reativas na inducdo de
lipoperoxidacédo. Considerando que o inibidor da 6xido nitrico sintase N“-
nitro-L-arginina metill éster (L-NAME) nao alterou os efeitos da peroxidacao
lipidica e que a producdo de O6xido nitrico ndo foi alterada pela 3MCG,
presume-se que espécies reativas de oxigénio estdo envolvidas nesse efeito.
Por outro lado, os niveis de glutationa reduzida (GSH) e a oxidagcdo de
grupamentos sulfidrila ndo foram alterados por 3MCG e 3MCA. Da mesma
forma, a atividade de importantes enzimas antioxidantes como a glutationa
peroxidase, catalase, superoxido dismutase e glutationa redutase nao foi
alterada pela 3MCG. Os dados apresentados demonstram que 0s
metabdlitos acumulados na 3MCCD induzem oxidacéo lipidica e proteica e
gue esses danos podem estar envolvidos, ao menos em parte, na
patogénese da doenca e nas anormalidades cerebrais apresentadas pelos
pacientes.



Abstract

Isolated 3-methylcrotonyl-CoA carboxylase deficiency (3MCCD) is an
autosomal recessive disorder of leucine metabolism biochemically
characterized by tecidual accumulation of 3-methylcrotonylglycine (3MCG), 3-
hydroxyisovaleric acid and 3-methylcrotonic acid (3MCA), besides that,
patients can present a secondary deficiency of L-carnitine. The clinical
presentation is highly variable, ranging from severe neurological
abnormalities, developmental delay, cardiomyopathy and death in infants, the
pathogenesis is poorly known. In the present study, we investigated the in
vitro effects of 3BMCG and 3MCA on important parameters of oxidative stress
in cerebral cortex of young rats. Considering that pathophysiology of this
disorder is poorly known, in this present work we investigated the role of
3MCG and 3MCA on important parameters of oxidative stress in cortex
cerebral of young rats. Our results show that 3MCG and 3MCA increased
thiobarbituric acid-reactive species (TBA-RS) and carbonyl formation,
indicating that these compounds provoke lipid and protein oxidation,
respectively. Furthermore, 3MCG-induced elevation of TBA-RS were
prevented by melatonin and trolox (soluble a-tocopherol), indicating that these
effects were due to reactive species. Considering that the nitric oxide inhibitor
N®-nitro-L-arginine methyl ester (L-NAME) did not alter lipid oxidation and that
nitric oxide production was not affected by 3MCG, it is presumed that reactive
oxygen species were involved in these effects. In contrast, reduced
glutathione (GSH) levels and sulfhydryl oxidation were not changed by 3MCG
and 3MCA. Similarly, the activity of important antioxidants enzymes such as
glutathione peroxidase, catalase, superoxide dismutase and glutathione
reductase were not altered by 3MCG. The present data demonstrate that
metabolites accumulating in 3MCCD induce lipid and protein oxidative
damage that may be involved, at least in part, in the pathophysiology of the
brain abnormalities found in this disorder.
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l.1. INTRODUCAO

[.1. 1. Erros Inatos do Metabolismo

Em 1908, Sir Archibald E. Garrod usou o termo erros inatos do
metabolismo (EIM) para designar doengas como a alcaptonuria, em que 0S
individuos afetados excretam grandes quantidades de acido homogentisico
na urina. Garrod observou uma maior frequéncia desta doenca em individuos
de uma mesma familia e maior incidéncia de consanguinidade entre os pais
dos pacientes. Baseando-se nas leis de Mendel e no fato de que os pais dos
individuos afetados ndo apresentavam a doenca, Garrod propés um modelo
de heranca autossbmica recessiva para este distlrbio. Através da
observacédo de que o 4cido homogentisico presente em excesso na urina dos
pacientes era um metabdlito normal da degradacao protéica, ele relacionou
este acumulo a um bloqueio na rota de catabolismo da tirosina. Com o
surgimento de novos disturbios relacionados a alteracbes genéticas e que
envolviam o acumulo de outras substancias nos liquidos biolégicos dos
pacientes, postulou-se que estas doencas resultavam da sintese qualitativa
ou quantitativamente anormal de uma proteina, enzimatica ou nao,
pertencente ao metabolismo (Scriver et al., 2001). Presumiu-se, entdo, que
em consequéncia deste bloqueio metabdlico pode ocorrer o acumulo de
precursores da reacao catalisada pela enzima envolvida, com a formacéo de
rotas metabdlicas alternativas e a deficiéncia de produtos essenciais ao

organismo (Bickel et al., 1987).



Até o momento foram descritos mais de 500 EIM, a maioria deles
envolvendo processos de sintese, degradacdo, transporte e armazenamento
de moléculas no organismo (Scriver et al., 2001). Embora individualmente
raras, essas doencas em seu conjunto afetam aproximadamente 1 a cada

500/2.000 recém nascidos vivos (Baric et al., 2001).

[.1.2. Catabolismo dos aminoacidos de cadeia ramificada

O passo inicial do catabolismo dos trés aminoacidos de cadeia
ramificada (AACR), leucina, valina e isoleucina, € uma transaminagéo
reversivel para a-cetoacidos de cadeia ramificada. A deficiéncia de uma
transaminase pode causar elevacdo do aminoacido sem elevacdo do
correspondente a-cetoacido ou outros metabdlitos de acidos organicos. O
segundo passo no catabolismo € uma descarboxilacdo oxidativa irreversivel
dos a-cetoacidos pela desidrogenase a-cetoacido de cadeia ramificada, com
formacdo de tioésteres de acil-CoA de cadeia ramificada. (Scriver et al.,
2001).

Os tioésteres de acil-CoA de cadeia ramificada derivados dos trés
AACR sdo metabolizados através de varios passos para simples
intermediarios de &cidos organicos que entram no metabolismo geral. Uma
caracteristica distinta das deficiéncias de qualquer enzima do catabolismo
desses aminoacidos € que somente os metabdlitos dos &cidos organicos
estdo elevados, sem elevacdo dos AACR ou dos a-cetoacidos de cadeia
ramificada, porque a reacdo da o-cetoacido desidrogenase de cadeia

ramificada ndo é reversivel (Scriver et al., 2001). Por outro lado, muitas das



reacOes catabdlicas dos tioésteres de acil-CoA de cadeia ramificada, apés as
reacdes iniciais da desidrogenase acil-CoA, sdo reversiveis, € como uma
consequéncia geral, a deficiéncia de uma enzima pode causar a elevacgéo de
metabdlitos de muitos intermediérios préximos a rota deficiente. Os tioésteres
de acil-CoA elevados podem também ser metabolizados por mdltiplas rotas
secundérias produzindo uma variedade de metabdlitos adicionais (Scriver et

al., 2001).

[.1. 2. 1. Catabolismo da leucina

A rota normal do catabolismo da leucina que ocorre na mitocéndria esta

exemplificada na figura 1. Deficiéncias inatas ja estdo descritas em cada uma

das seis enzimas de sua rota.

10



ENZYME ?-t, METABOLITES
cu,—cn—cu,—:r«—coou
NH,

L-Leucine

Trneaminase 1

?‘:

CH, = CH —CH, —ﬁ—ooou
o

2-Oxo-lsocaproic Acid (" Isovaleric Acid
Isovalerylglycine
Branched Chain 2-Oxo Acid l 3-Hydro aleric Acld
Defydrogenass 4-Hydroxyisovaleric Acid
" p— e ey ) s Mesaconic Acid
SRS ﬁ =G < Methylsuccinic Acid
o _oe==="% 7 Isovaleryglucuronide
Isovaleryl-CoA -~~~ :m“m)gmmic e
Isovaleryl-CoA Isovalerylsarcosine
Dehydrogenase l 3-Hydroxyisoheptanoic Acid
| Isovalerylcarnitine
CH,—C=0CH —ﬁ—S—CoA
o] 3-Methyicrotonic Acid
3-Methylcrotonyl-CoA ~vecvcccceaa > 3-Methyicrotonyigiycine
3-Methyicrotonyl-CoA e 3-Hydroxyisovalerylcarnitine
Carboxylase
HOOC —CH, —C=CH —ﬁ—S—CoA
ic Acid
3-Methylglutaconyl-CoA ~wwwcwme- > < 3-Methyigiutaric Acid
Hydratase t
HOOC —CH, —C—CH, —C—S—CoA
T i
OH o
3-Hydroxy-3-Methylglutaryl-CoA ~-=www- < 3-Hydroxy-3-Methyiglutaric Acid
3-Hydroxy-3-Methyiglutaryl-CoA 3-Hydroxy-3-Methyigiutaryl-CoA
Lyase Reductaso
Oi,—ﬁ—CH,—OOOH Gi,—ﬁ—s—CoA HOOC—CH,—?—GH, —CH,—OH
o o] OH
Aceotoacetic Acid Acetyl-CoA Mevalonic Acid =====~ » Mevalonic Acid
l (Mevalonolactone)

Cholesterol

Figura 1. Rota do catabolismo da leucina (Scriver et al., 2001)
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[. 1. 2. 2. 3-Metilcrotonil-CoA carboxilase

A enzima 3-metilcrotonil-CoA carboxilase (MCC, E.C. 6.4.1.4) é uma
das enzimas do catabolismo da leucina dependente de biotina. E responsavel
pela conversao de 3-metilcrotonil-CoA a 3-metilglutaconil-CoA. Essa enzima
€ composta por duas diferentes subunidades, MCCa e MCCR, as quais séao
codificadas pelos genes MCCA e MCCB, respectivamente. O gene MCCA
esta localizado no cromossomo 3(g26-028 e consiste em 19 éxons, enquanto
gue o gene MCCB estéa localizado no cromossomo 5g12-q13 e consiste em

17 éxons (Nguyen et al., 2011).

[.1.3. Deficiéncia da atividade da enzima 3-metilcrotonil-CoA Carboxilase

A deficiéncia isolada da 3-metilcrotonil - CoA carboxilase (3MCCD),
também conhecida como 3-metilcrotonilglicindria (OMIM 210200, OMIM
210210), € uma desordem de carater autossdmico recessivo e pode ocorrer
devido a mutagfes tanto na subunidade MCCa quanto na subunidade MCCf
da enzima (Dirik et al., 2008; Nguyen et al., 2011). Pacientes acometidos por
essa desordem podem apresentar atividade enzimatica inferior a 2%
comparados a individuos controle (Baumgartner, 2004). A prevaléncia da
3MCCD é estimada em torno de 1:36.000 nascidos vivos (Arnold et al.,
2008).

Devido ao bloqueio enzimatico, o acido 3-metilcrotonico (3MCA)
acumula-se, conjugando-se posteriormente com a glicina para entédo formar a

3-metilcrotonilglicina (3MCG) (Wendel e de Baulny, 2006). Os pacientes
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afetados apresentam aumento na excrecdo urindria de 3MCG e &cido 3-
hidroxi-isovalérico (OHIVA), além de apresentar uma deficiéncia secundaria

de L-carnitina (Ficicioglu e Payan, 2006; Darin et al., 2007).

[.1. 3. 1. Achados clinicos

A apresentacao clinica é bastante varidvel, podendo compreender
manifestacbes no periodo neonatal, evoluindo para Obito, at¢é mesmo
pacientes adultos completamente assintomaticos (Visser et al.,, 2000;
Baurmgartner et al., 2001; Wendel e de Baulny, 2006). Nos casos em que a
apresentacdo de sintomas ocorre no periodo neonatal, € comum os pacientes
apresentarem hipotonia, déficit no crescimento, cardiomiopatia e convulsdes,
gue podem evoluir para microcefalia e atraso no desenvolvimento (Wendel e
de Baulny, 2006; Ficicioglu e Payan, 2010). Além disso, em exames de
imagem, pode-se observar atrofia cortical (de Kremer et al., 2002).

Durante as crises metabdlicas, as quais podem seguir-se a uma
infeccdo ou ainda da administracdo de uma dieta rica em proteinas, a grande
maioria dos individuos acometidos pela 3MCCD apresenta hipoglicemia,
acidose metabodlica e hiperamonemia moderada (Visser et al., 2000; Dirik et

al., 2008).

I.1. 3. 2. Diagndstico

O diagnostico é baseado em um perfil caracteristico de acidos

organicos encontrados na urina, 0s quais sao quantificados através de
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cromatografia gasosa / espectrometria de massa. Os pacientes apresentam
aumento na excrecdo de 3MCG (50 a 4000 mmol/mol de creatinina) e OHIVA
(500 a 7000 mmol/mol de creatinina) (Visser et al., 2000; Scriver et al., 2001).
Além disso, os niveis de L-carnitina total e livre no plasma sé&o extremamente
baixos (Wendel e de Baulny, 2006).

Para um diagnostico definitivo da 3MCCD isolada e exclusdo da
deficiéncia de multiplas carboxilases € necessario confirmar a diminuicdo
especifica da atividade enzimética em leucocitos ou fibroblastos (Wendel e
de Baulny, 2006). Heterozigotos para a 3MCCD n&o podem ser
diagnosticados com seguranca pelo ensaio enzimatico em leucécitos e ou em
cultura de fibroblastos devido a atividade da enzima apresentar-se

geralmente dentro dos valores normais (Scriver et al., 2001).

[.1. 3. 3. Tratamento

O tratamento durante crises agudas consiste em administrar glicose. Ja
o tratamento a longo prazo é baseado em uma dieta com restricdo de leucina
e resulta numa melhora geral do paciente, contribuindo para a diminuicdo da
excrecdo dos acidos organicos, porém, o tratamento ndo faz com que a
excrecdo dos mesmos desapareca (Scriver et al., 2001; Wendel e de Baulny,
2006). Além disso, glicina (175 mg/Kg/dia) e L-carnitina (100 mg/Kg/dia) sao
administradas, com o intuito de aumentar a excrecao de 3-OHIVA e 3MCG,

respectivamente (Wendel e de Baulny, 2006).
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|.4. Radicais Livres

Um radical livre é qualquer espécie quimica capaz de existir de forma
independente e que contenha um ou mais elétrons desemparelhados
(Southorn e Powis, 1988; Halliwell, 2001; Halliwell, 2006; Halliwell e

Gutteridge, 2007a).

Em condicdes fisioldgicas do metabolismo celular aerébico, o oxigénio
molecular (O,) sofre reducao tetravalente, resultando na formacdo de agua
(H20). No entanto, aproximadamente 5% do oxigénio utilizado na cadeia
respiratéria mitocondrial ndo é completamente reduzido a agua, podendo ser
convertido a intermediarios reativos como o radical superéxido (O,) e
hidroxil (OH®), e também a peréxido de hidrogénio (H,O;), processo esse que

pode ser exacerbado em condicfes patoldgicas (Boveris, 1998).

O termo genérico “Espécies Reativas de Oxigénio” (ERO) é usado
para incluir ndo s6 os radicais formados pela reducdo do O, como por
exemplo os radicais superéxido (O,*") e hidroxil (OH®), mas também algumas
substancias reativas nao-radicais derivados do oxigénio, como o H,0;
(Halliwell e Gutteridge, 2007a). Além dessas, existem ainda as espécies
reativas de nitrogénio (ERN), sendo o 6xido nitrico (NO®) e o peroxinitrito

(ONOOQO)) os principais representantes.

As ERO e ERN ocorrem tanto em processos fisioloégicos quanto
patologicos do organismo. Fisiologicamente, essas espécies reativas séo
importantes para a funcdo celular. Assim, um aumento eventual da liberagéo

local de radicais livres pode ser benéfico, como € o caso da liberacdo de
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espécies toxicas oxidantes pelos neutrofilos que atuam na defesa do
hospedeiro contra uma infeccdo. As espécies ativas ainda participam de
processos de sinalizacdo celular e também estdo envolvidos na sintese e
regulacdo de algumas proteinas (Halliwell e Gutteridge, 2007b; Veal e Day,

2011).

Por outro lado, quando formadas em excesso, essas especies
altamente reativas tém o potencial de oxidar moléculas. Com relacdo aos
efeitos prejudiciais das reacdes oxidantes ao organismo, os radicais livres
podem promover lipoperoxidacdo (oxidagdo lipidica), causar a oxidagdo de
lipoproteinas de baixa densidade (LDL), reagir com proteinas, levando a sua
inativacdo e consequente alteracdo de sua funcdo, além de reagir com o
DNA e RNA, levando a mutacbes soméaticas e a alteracbes na transcricdo

génica (Halliwell e Whiteman, 2004), dentre outros efeitos.

[.4.1. Defesas Antioxidantes

Para evitar os efeitos danosos das espécies reativas, existem
mecanismos eficientes para sua eliminagédo, como a producdo endogena de
enzimas antioxidantes e alguns antioxidantes n&o-enzimaticos. Embora
diferindo na sua composicdo, as defesas antioxidantes estdo amplamente

distribuidas no organismo (Halliwell e Gutteridege, 2007c) e compreendem:

e agentes que removem cataliticamente os radicais livres, como as

enzimas superoxido dismutase, catalase e glutationa peroxidase;
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e proteinas que diminuem a disponibilidade de pro-oxidantes (ions de
ferro e cobre, por exemplo), ao se ligarem aos mesmos, como as

transferrinas;

e proteinas que protegem biomoléculas de dano oxidativo por outros

mecanismos, como as chaperonas;

e agentes de baixo peso molecular que sequiestram espécies reativas de
oxigénio e nitrogénio, como glutationa (GSH), a-tocoferol, &cido

ascorbico e a bilirrubina;

[.4.2. Estresse Oxidativo

Organismos saudaveis em condicdes normais produzem espécies
reativas, que em sua maior parte sdo controladas pelos sistemas de defesa
antioxidante. No entanto, em determinadas condi¢des patologicas pode haver
um desequilibrio entre a producdo de oxidantes e as defesas antioxidantes,

favorecendo a ocorréncia do estresse oxidativo.

Assim, o termo “estresse oxidativo” é usado para se referir a situagao
na qual a geracdo de espécies reativas ultrapassa a capacidade das defesas
antioxidantes disponiveis. Pode resultar tanto de uma diminuicdo das defesas
antioxidantes quanto de uma produgcdo aumentada de oxidantes, bem como
da liberacdo de metais de transicdo que aceleram a producéo de algumas
espécies reativas, ou entdo da combinacdo de quaisquer desses fatores

(Halliwell, 2006).
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O estresse oxidativo pode promover adaptacdo, dano ou morte celular:

Adaptacédo: as células podem tolerar um estresse oxidativo moderado,
gue geralmente resulta em um aumento da sintese de sistemas de
defesa antioxidante a fim de restaurar o balanco pro-oxidante /

antioxidante.

Dano celular: o estresse oxidativo pode provocar dano a alvos
moleculares (DNA, proteinas, carboidratos e lipidios) (Halliwell e
Gutteridge, 2007b). Nesses casos, a resposta a injuria tecidual pode
ser reversivel: a célula entra em um estado de homeostase alterado

temporario ou prolongado, que néo leva a morte celular.

Morte celular: pode ocorrer tanto por necrose quanto por apoptose. Na
morte celular por necrose, a célula incha e se rompe, liberando seu
conteido para o meio extracelular. Pode haver a liberacdo de
antioxidantes, como a catalase e a GSH, e também de pro-oxidantes,
como os ions cobre e ferro e proteinas do grupo heme, agentes esses
gue podem afetar as células adjacentes, podendo até mesmo induzi-
las a um estresse oxidativo. J4 na apoptose, o0 mecanismo intrinseco
de morte celular programada é ativado e ndo ha a liberacdo do
conteudo celular. A apoptose pode estar acelerada em certas
doencas, tais como as desordens neurodegenerativas, havendo

envolvimento do estresse oxidativo (Halliwell e Gutteridge, 2007c¢).
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1.1.4.3. Estresse Oxidativo e Doencas Neurodegenerativas

Numerosas hipdoteses tém sido propostas para explicar a
neurodegeneracéo das doencas de Alzheimer, Huntington e Parkinson (Alexi
et al., 2000; Mendéz-Alvarez et al., 2001; Behl et al., 2002; Halliwell, 2006),
sem, entretanto, obter até o momento uma explicacdo completamente
satisfatoria para elucidar o dano cerebral dessas doencas. No entanto,
acredita-se que possiveis mecanismos envolvam deficiéncia no metabolismo
energético, estresse oxidativo e neurotoxicidade mediada por receptores
glutamatérgicos do tipo NMDA (excitotoxicidade), ou, possivelmente, um

somatorio desses fatores (Rose e Henneberry, 1994).

Estudos demonstraram uma diminui¢do na atividade do complexo | da
cadeia respiratoria em cérebros postmortem de pacientes portadores de
doenca de Parkinson (Schapira et al., 1990a). Essa inibicdo do complexo |
pode acarretar um aumento na geracao de espécies reativas, tais como anion
superoxido, radicais hidroxila e peroxinitrito, as quais poderiam causar um
prejuizo ainda maior na cadeia transportadora de elétrons. Dessa forma, é
possivel que o estresse oxidativo e a disfungdo mitocondrial formem um “ciclo
vicioso” na doenca de Parkinson (Schapira et al., 1989, 1990a,b; Janetzky et

al., 1994; Gu et al., 1998).

Na doengca de Alzheimer, a mais comum dentre as doengas
neurodegenerativas, € possivel que o estresse oxidativo tenha um papel
chave na morte neuronal. Tem sido proposto que o peptideo B-amiloide, o

formador das chamadas placas senis, tenha a capacidade de gerar radicais
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livres espontaneamente. Estudos in vivo também evidenciaram um dano
oxidativo em ceérebros humanos postmortem com doenca de Alzheimer,
através da observacdo de aumento de 8-hidroxi-2’-deoxiguanosina (8-
OHdGA), produtos de oxidacédo de outras bases e de RNA, carbonilas de
proteinas, nitrotirosina e marcadores de peroxidacdo lipidica (Smith et al.,
1991; Markesbery e Carney, 1999; Nourooz-Zadeh et al., 1999; Lovell et al.,

2000).

Por outro lado, verificou-se um dano oxidativo importante em pacientes
portadores da doenca de Huntington, particularmente representado pela
formacao de 3-nitrotirosina nas areas afetadas (Alexi et al., 2000). Entretanto,
o dano oxidativo observado nessa doenca aparentemente tem menor

importancia do que nas doengas de Parkinson e Alzheimer.

Nos ultimos anos, foi também verificado que varios metabdlitos
acumulados em alguns EIM com comprometimento severo do SNC induzem
estresse oxidativo no cérebro de animais experimentais (Latini et al., 2007;
Ribeiro et al., 2007; Feksa et al., 2008; Kessler et al., 2008; Zugno et al.,
2008) e em seres humanos (Sitta et al., 2006; Deon et al., 2007; Barschak et
al., 2008a,b; Deon et al., 2008), indicando que os compostos acumulados
nestas doencas possam causar dano oxidativo. Além disso, sabe-se que o
acumulo de &cidos organicos leva a um aumento de radicais livres e a uma
diminuicdo de antioxidantes, como por exemplo o a-tocoferol. Porém, é dificil
determinar precisamente se a inducdo no aumento da producao de radicais
livres por esses acidos organicos ocorre indiretamente, atravées de uma
inibicdo no metabolismo energético celular ou se ainda os mesmos sao uma
fonte direta de radicais livres (Wajner et al., 2004)
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[.2. OBJETIVOS

1.2.1. Objetivo Geral

Considerando que os mecanismos de dano cerebral apresentado pelos
pacientes portadores da 3MCCD ainda n&o estdo completamente
esclarecidos e que ndo ha conhecimento prévio dos efeitos téxicos da 3MCG
e de outros metabdlitos acumulados, como por exemplo o 3MCA, o objetivo
do presente trabalho foi verificar os efeitos in vitro da 3-metilcrotonil glicina
(BMCG) e &cido 3-metilcrotonico (3MCA) sobre parametros de estresse
oxidativo em cortex cerebral de ratos jovens. O estudo visou a uma melhor
compreensao dos mecanismos toxicos desses metabdlitos acumulados na

3MCCD.

l.2. 2. Objetivos Especificos

a) Determinar os efeitos in vitro da 3MCG e do 3MCA sobre a
peroxidagdo lipidica, medida através das substancias reativas ao &cido
tiobarbiturico (TBA-RS) em cortex cerebral de ratos de 30 dias de vida.

b) Determinar os efeitos in vitro da 3MCG e do 3MCA sobre a
oxidacdo de proteinas, determinada através da formacéo de carbonilas em
cortex de ratos de 30 dias de vida.

c) Determinar os efeitos in vitro da 3MCG e do 3MCA sobre a
producéo de oxido nitrico, determinada através da produgdo de nitratos e

nitritos em cortex cerebral de ratos de 30 dias de vida.
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d) Determinar os efeitos in vitro da 3MCG e do 3MCA sobre as
defesas antioxidantes ndo enzimaticas, medidas pelo contetudo de glutationa
reduzida (GSH) e de grupamentos sulfidrila em cortex cerebral de ratos de 30
dias de vida.

e) Determinar os efeitos in vitro da 3MCG sobre as atividades das
enzimas antioxidantes glutationa peroxidase (GPx), catalase (CAT)
,superdxido dismutase (SOD) e glutationa redutase (GR) em cértex cerebral

de ratos de 30 dias de vida.
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Abstract
Isolated 3-methylcrotonyl-CoA carboxylase deficiency (BMCCD) is an
autosomal recessive disorder of leucine metabolism biochemically
characterized by accumulation of 3-methylcrotonylglycine (3MCG), 3-
hydroxyisovaleric acid and 3-methylcrotonic acid (SMCA). A considerable
number of affected individuals present neurological symptoms and
abnormalities whose pathogenesis is poorly known. In the present study, we
investigated the in vitro effects of SMCG and 3MCA on important parameters
of oxidative stress in cerebral cortex of young rats. Our results show that
3MCG and 3MCA increased thiobarbituric acid-reactive species (TBA-RS)
and carbonyl formation, indicating that these compounds provoke lipid and
protein oxidation, respectively. Furthermore, 3MCG-induced elevation of TBA-
RS was prevented by melatonin and trolox (soluble a-tocopherol), indicating
that these effects were due to reactive species. Considering that the nitric
oxide inhibitor N”-nitro-L-arginine methyl ester did not alter protein and lipid
oxidation and that nitric oxide production was not affected by 3MCG, it is
presumed that reactive oxygen species were involved in these effects. In
contrast, GSH levels and sulfhydryl oxidation were not changed by 3MCG and
3MCA. Similarly, the activity of the antioxidants enzymes glutathione
peroxidase, catalase, superoxide dismutase and glutathione reductase were
not altered by 3MCG. The present data demonstrate that metabolites
accumulating in 3MCCD induce lipid and protein oxidative damage that may
be involved, at least in part, in the pathophysiology of the brain abnormalities

found in this disorder.
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1. Introduction

Isolated 3-methylcrotonyl-CoA carboxylase deficiency (BMCCD) is an
autossomal recessive disorder of the leucine catabolic pathway. It appears to
be one of the most common inborn errors of metabolism detectable in
neonatal screening programs (1:36,000 births) (Baumgartner et al., 2001,
Frazier et al., 2006; Arnold et al., 2008; Dirik et al., 2008). Patients with this
disorder present elevated urinary excretion of 3-methylcrotonylglycine
(3MCG) and also of 3-hydroxyisovaleric acid (3-HIVA) but to lesser amounts.
3MCG is a conjugate of glycine with 3-methylcrotonic acid (3MCA), which also
accumulates in this disorder (Wendel and de Baulny, 2006). Affected
individuals may also have secondary L-carnitine deficiency due to the
consume of this compound that binds to the accumulating metabolites to
increase renal clearance (de Kremer et al., 2002; Darin et al., 2007).

The clinical presentation is highly variable, ranging from severe
neurological abnormalities (seizures and psychomotor/mental retardation),
developmental delay, cardiomyopathy and death in infants to asymptomatic
adults (Visser et al.,, 2000; Darin et al., 2007). Many patients also present
Reye-like syndrome (severe metabolic acidosis, hypoglycaemia and
hyperammonaemia) after infections or introduction of an enriched protein diet
(Visser et al., 2000). Brain imaging usually shows cerebral edema, ventricular
dilatation, leukodystrophy and cerebral atrophy particularly in subcortical

areas of frontal, temporal and parietal lobes (Murayama et al.,, 1997; de
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Kremer et al., 2002; Baykal et al., 2005; Dirik et al., 2008). The therapy
consists basically of protein restriction, allied to glycine and L-carnitine
supplementation (Rutledge et al., 1995; de Kremer et al., 2002).

Although brain dysfunction and abnormalities occur in 3MCCD, the
pathogenesis of the cerebral damage in patients affected by this disorder is
virtually unknown. In this context, to the best of our knowledge there is no
previous study reporting the effects of 3AMCG and 3MCA on cellular redox
status. Therefore, in the present study we investigated the role of 3SMCG and
3MCA on important biochemical parameters of oxidative stress, namely
thiobarbituric acid-reactive substances (TBA-RS) (lipid peroxidation), carbonyl
formation (protein oxidative damage), nitric oxide production, reduced
glutathione (GSH) levels, sulthydryl content and the antioxidant enzyme
activities glutathione peroxidase (GPx), catalase (CAT), superoxide dismutase

(SOD) and glutathione reductase (GR) (tissue antioxidant defenses).

2. Experimental procedures

2.1 Animal and reagents

We used in the assays 30-day-old Wistar rats obtained from the Central
Animal House of the Department of Biochemistry, ICBS, UFRGS. The animals
had free access to water and to a standard commercial chow and were
maintained on a 12:12 h light/dark cycle in an air-conditioned constant
temperature (22 + 1°C) colony room. The “Principles of Laboratory Animal
Care” (NIH publication no. 80-23, revised 1996) were followed in all
experiments and the experimental protocol was approved by the Ethics

Committee for Animal Research of the Federal University of Rio Grande do
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Sul, Porto Alegre, Brazil. All efforts were made to minimize the number of
animals used and their suffering.

All chemicals were purchased from Sigma Chemical Co., St. Louis, MO,
USA, except 3-methylcrotonylglycine (3MCG, 99% purity), which was
synthesized by Dr. Ernesto Brunet, from Universidad Autonoma Madrid.
3MCG and 3MCA were dissolved on the day of the experiments in the buffer

used for each assay and the pH adjusted to 7.4.

2.2 Cerebral cortex supernatant preparation and incubation

Rats were sacrificed by decapitation without anaesthesia, and the brain was
rapidly excised on a Petri dish placed on ice. The olfactory bulbs, pons,
medulla, cerebellum, hippocampus and striatum were discarded, and the
cerebral cortex was dissected, weighed and homogenized in 10 volumes (w/v)
of ice-cold 20 mM sodium phosphate buffer, pH 7.4 containing 140 mM KCI.
Homogenates were centrifuged at 750 g for 10 min at 4°C to discard nuclei
and cell debris (Evelson et al., 2001). The pellet was discarded and the
supernatant, a suspension of mixed and preserved organelles, including
mitochondria, was separated and pre-incubated at 37° C for 1 hour with
3MCG or 3MCA at concentrations of 0.1, 1.0 or 5.0 mM. Controls did not
contain these metabolites in the incubation medium. Immediately after pre-
incubation, aliquots were taken to measure TBA-RS, carbonyl formation,
sulfhydryl content, GSH levels, nitric oxide production and the activities of the
antioxidant enzymes GPx, CAT, SOD, GR. In some experiments, antioxidants
were co-incubated with supernatants at the following final concentrations: 5

UM Trolox (TRO, soluble a-tocoferol), 500 pM melatonin (MEL), 500 pM N®-

30



nitro-L-arginine methyl ester (L-NAME) and the combination of SOD plus CAT
(100 mU). The chosen concentrations of the antioxidants were those capable

to scavenge free radicals (Halliwell and Gutteridge, 2007).

We always performed the experiments using various blanks. Some
blanks did not contain the compounds (SMCG and 3MCA) to be tested and
served as controls. Furthermore, some assays were devoid of brain
supernatant preparations in the incubation medium and served to detect
interferences (artifacts) of the tested metabolites on the techniques utilized to
measure the oxidative stress parameters (results not shown). All methods
used in the present investigation have been previously described and were

those in accordance with the references cited below.

2.3 Thiobarbituric acid-reactive substances (TBA-RS)

TBA-RS was determined according to the method of Esterbauer and
Cheeseman (1990). Briefly, 300 uL of cold 10% trichloroacetic acid were
added to 150 pL of pre-incubated cerebral cortex supernatants and
centrifuged at 3000 g for 10 min. Three hundred pL of the pre-incubated
supernatants (containing approximately 0.3 mg of protein) were transferred to
a pyrex tube and incubated with 300 puL of 0.67 % TBA in 7.1 % sodium
sulphate on a boiling water bath for 25 min. The tubes containing the mixture
were allowed to cool on running tap water for 5 min. The resulting pink-
stained TBA-RS was determined in a spectrophotometer at 532 nm. A
calibration curve was performed using 1,1,3,3-tetramethoxypropane, and

each curve point was subjected to the same treatment as supernatants. TBA-
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RS values were calculated as nmol / mg protein and expressed as percentage

of control.

2.4 Protein carbonyl content

Protein carbonyl formation, a marker of protein oxidative damage, was
measured spectrophotometrically according to Reznick and Packer (1994).
Two hundred microliters of the aliquots from the pre-treated supernatants
(containing approximately 0.3 mg of protein) were treated with 400 pL of 10
mM 2,4-dinitrophenylhidrazine (DNPH) dissolved in 2.5 N HCI or with 2.5 N
HCI (blank) and left in the dark for 1 hour. Samples were then precipitated
with 600 pL 20 % trichloroacetic acid and centrifuged for 5 min at 9000 g. The
pellet was then washed with 1 mL ethanol: ethyl acetate (1:1, V/V) and
dissolved in 550 pL 6 M guanidine prepared in 2.5 N HCI at 37 ° C for 5 min.
The difference between the DNPH-treated and HCl-treated samples (blank)
was used to calculate the carbonyl content determined at 365 nm. The results
were calculated as nmol of carbonyl groups / mg of protein, using the
extinction coefficient of 22000 x 10° nmol / mL for aliphatic hydrazones and

expressed as percentage of control.

2.5 Nitric oxide production

Nitric oxide production was determined by measuring its derivatives nitrate
(NO3) and nitrite (NOy) according to Miranda and colleagues (2001). 200 pL
of vanadium chloride was added to the tube containing 200 pL of 3MCG pre-

treated cerebral cortex supernatants (containing approximately 0.3 mg of
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protein) for complete reduction of nitrate to nitrite. Then, 200 puL of Griess
reagent (a mixture of N-1-naphtylethylenediamine dihydrochloride and
sulfanilamide) were added and the tube was incubated for 30 min at 37°C in a
water bath in a dark room. The resulting pink-stained pigment was determined
in a spectrophotometer at 540 nm. A calibration curve was performed using
sodium nitrate (2.5, 5, 10 15, 25, 50 and 100 uM), and each curve point was
subjected to the same treatment as supernatants. Nitric oxide production
values were calculated as nmol / mg protein and expressed as percentage of

control.

2.6 Reduced glutathione (GSH) content

GSH concentrations were measured according to Browne and Armstrong
(1998). Protein was precipitated with a solution of 1.8% metaphosphoric acid
(2:1, v/v) and centrifuged for 10 min at 7000 g. The supernatants (containing
approximately 0.3 mg of protein) were diluted in 20 volumes of (1:20, v/v) 100
mM sodium phosphate buffer pH 8.0, containing 5 mM EDTA. One hundred
pL of this preparation were incubated with an equal volume of o-
phthaldialdehyde (1 mg / mL methanol) at room temperature during 15
minutes. Fluorescence was measured using excitation and emission
wavelengths of 350 nm and 420 nm, respectively. Calibration curve was
prepared with standard GSH (0.001 - 1 mM) and the levels were calculated as

nmol / mg protein and expressed as percentage of control.

2.7 Sulfhydryl content
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This assay is based on the reduction of 5,5'-dithio-bis(2-nitrobenzoic acid)
(DTNB) by thiols, generating a yellow derivative (TNB) whose absorption is
measured spectrophotometrically at 412 nm (Aksenov and Markesbery,
2001). Briefly, 160 pL of pre-treated supernatant (containing approximately
0.3 mg of protein) were incubated at 37° C for 1 hour with 3-MCG. Then 30 pL
of 10 mM DTNB, prepared in 0.2 M potassium phosphate solution, pH 8.0,
was added. This was followed by 30 min incubation at room temperature in a
dark room. Absorption was measured at 412 nm. The sulfhydryl content is
inversely correlated to oxidative damage to proteins. Results were calculated

as nmol / mg protein and expressed as percentage of control.

2.8 Glutathione peroxidase (GPx) activity

GPx activity was measured according to Wendel (1981) using tert-
butylhydroperoxide as substrate. The enzyme activity was determined by
monitoring the NADPH disappearance at 340 nm in a medium containing 100
mM potassium phosphate buffer / 1 mM ethylenediaminetetraacetic acid, pH
7.7, 2 mM GSH, 0.1 U/ mL glutathione reductase, 0.4 mM azide, 0.5 mM tert-
butyl-hydroperoxide, 0.1 mM NADPH and approximately 3 ug of protein. One
GPx unit (U) is defined as 1 pumol of NADPH consumed per minute. The
specific activity was calculated as U / mg protein and expressed as

percentage of control.

2.9 Catalase (CAT) activity
CAT activity was assayed according to Aebi (1984) by measuring the

absorbance decrease at 240 nm in a reaction medium containing 20 mM
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H,0,, 0.1 % Triton X-100, 10 mM potassium phosphate buffer, pH 7.0, and
approximately 1 pg of protein. One unit (U) of the enzyme is defined as 1
pmol of H,0, consumed per minute. The specific activity was calculated as U /

mg protein and expressed as percentage of control.

2.10 Superoxide dismutase (SOD) activity

SOD activity was assayed according to Marklund (1985) and is based on the
capacity of pyrogallol to autooxidize, a process highly dependent on O;",
which is a substrate for SOD. The inhibition of autoxidation of this compound
occurs in the presence of SOD, whose activity can be then indirectly assayed
spectrophotometrically at 420 nm. The reaction medium contained 50 mM Tris
buffer / 1 mM ethylenediaminetetraacetic acid, pH 8.2, 80 U / mL catalase,
0.38 mM pyrogallol and approximately 1 ug of protein. A calibration curve was
performed with purified SOD as standard to calculate the activity of SOD
present in the samples. The results were calculated as U / mg protein and

expressed as percentage of control.

2.11 Glutathione reductase (GR) activity

GR activity was measured according to Calberg and Manervik (1985) using
oxidized glutathione (GSSG) and NADPH as substrates. The enzyme activity
was determined by monitoring the NADPH disappearance at 340 nm in a
medium with 200 mM sodium phosphate buffer, pH 7.5, containing 6.3 mM
ethylenediaminetetraacetic acid, 1 mM GSSG, 0.1 mM NADPH and

approximately 3 pg of protein. One GR unit (U) is defined as 1 umol of GSSG
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reduced per minute. The specific activity was calculated as U / mg protein and

expressed as percentage of control.

2.12 Protein determination

Protein content was determined in cerebral cortex supernatants by the

method of Lowry et al. (1951), using bovine serum albumin as a standard.

2.13 Statistical analysis

Unless otherwise stated, results are presented as mean + standard deviation.
Assays were performed in duplicate or triplicate and the mean or median was
used for statistical analysis. Data was analyzed using one-way analysis of
variance (ANOVA) followed by the post-hoc Duncan multiple range test when
F was significant. Only significant F values are shown in the text. Differences
between groups were rated significant at P < 0.05. All analyses were carried
out in an IBM-compatible PC computer using the Statistical Package for the

Social Sciences (SPSS) software.

3. Results

3.1 3MCG and 3MCA induce lipid peroxidation

First, we investigated the in vitro effects of 3SMCG and 3MCA on TBA-RS
levels in cerebral cortex supernatants of 30-day-old rats. Figure 1 shows that
3MCG [F@ 16 = 9.820; P < 0.001] and 3MCA [F@31s = 9.524; P < 0.001]
significantly increased TBA-RS levels in brain supernatants. We then

evaluated the role of antioxidants on 3MCG-induced lipid peroxidation.
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Cortical supernatants were co-incubated with the antioxidants MEL (500 uM),
TRO (5 puM), L-NAME (500 uM) or SOD/CAT (100 mU each) and 5.0 mM
3MCG. Our results show that MEL and TRO were able to fully prevent 3MCG-
induced TBA-RS levels increase (MEL: [F30) = 6.930; P < 0.01]; TRO: [F(4,20)
= 14.658; P < 0.001]), whereas SOD plus CAT and L-NAME did not alter this

effect (Figure 2).

3.2 3MCG and 3MCA provoke protein oxidative damage

The next set of experiments was carried out to evaluate the in vitro effects of
3MCG and 3MCA on carbonyl formation. We observed that both metabolites
significantly increased this parameter (3BMCG: [F@20 = 4.412; P < 0.05];
3MCA: [F@ag9 = 3.359; P < 0.05]) (Figure 3), implying that they provoke

protein oxidative damage.

3.3 3MCG and 3MCA do not induce nitric oxide production or alter the
antioxidant defenses

We also assessed the effect of 3MCG and 3MCA on nitrate and nitrite
production. Table 1 shows that these metabolites did not induce nitrogen
reactive species generation in cortical supernatants, suggesting that the pro-
oxidant effects of 3MCG and 3MCA were mainly due to reactive oxygen
species. The non enzymatic antioxidant defenses were also examined by
assessing GSH levels and sulfhydryl oxidation. Table 1 displays that neither

3MCG nor 3MCA significantly altered these parameters.
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3.4 3MCG does not change the enzymatic antioxidant defenses
Finally, we measured the activity of the antioxidants enzymes GPX,
CAT, SOD and GR in the presence of 3MCG. Table 2 shows that the activities

of these enzymes were not altered by 3MCG.

4. Discussion

In the present investigation we first observed that 3MCG and 3MCA,
significantly increased TBA-RS levels, reflecting an induction of
malondialdehyde generation, an end product of membrane fatty acid
peroxidation (Halliwell and Gutteridge, 2007). Therefore, it may be presumed
that BAMCG and 3MCA caused lipid peroxidation in vitro. We also observed
that SMCG-induced lipid oxidative damage was totally prevented by the free
radical scavengers MEL and TRO, but not by SOD plus CAT and L-NAME
suggesting that 3MCG provokes a prooxidant effect on membrane lipids from
cerebral cortex mediated by reactive species generation, possibly hydroxyl
and peroxyl radicals, which are scavenged by these antioxidants. The
findings showing that nitric oxide production, as determined by nitrates and
nitrites quantification, was not altered by 3MCG and 3MCA reinforce the
hypothesis that reactive oxygen species were probably involved in the
induction of lipid peroxidation.

Next, we observed that markedly carbonyl content was increased by
3MCG and 3MCA, implying that protein oxidation was elicited by these
compounds. Carbonyl groups (aldehydes and ketones) are mainly produced
by oxidation of amino acid side chains (especially Pro, Arg, Lys, and Thr) of

proteins or from the reaction of reducing sugars or their oxidation products
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with lysine protein residues (Dalle-Donne et al. 2003). Generally, detection of
elevated levels of protein carbonyl is a sign not only of protein oxidative
damage but also of protein dysfunction (Dalle-Donne et al., 2009). Although
protein carbonyls are usually caused by ROS-mediated protein damage, we
cannot exclude the possibility that aldehydes resulting from lipid peroxidation
also induced carbonyl generation (Dalle-Donne et al. 2003).

With regard to the antioxidant defense system, 3MCG and 3MCA did
not alter the concentrations of GSH, the main naturally occurring antioxidant
in brain, as well as the sulthydryl content. These data therefore reveal that the
major accumulating metabolites in 3MCCD induce lipid and protein oxidative
damage, but are not able to reduce the nonenzymatic antioxidant defenses
probably because the rate of reactive oxygen species formation by 3MCG and
3MCA was lower than the brain capacity to regenerate GSH from its oxidized
form. Similar findings have been previously reported by others (Latini et al.,
2007; Pederzolli et al., 2010; Seminotti et al., 2011). Furthermore, 3MCG did
not affect the activities of the antioxidant enzymes GPx, SOD, CAT and GR.
Taken together, it is concluded that the presence of BMCG and 3MCA in the
incubation medium did not affect the antioxidant defenses in the brain.

We used supernatants from cerebral cortex in the experiments
because this brain structure is mainly damaged in the affected patients and
supernatants are considered as a appropriate model system to evaluate
important pro-oxidant and antioxidant parameters of oxidative stress. In fact,
tissue supernatants contain the whole cell machinery including preserved
organelles such as mitochondria (the major source of free radical generation)

and enzymes that are necessary for free radical production and scavenge
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(Stocks et al., 1974; Cadenas et al., 1981; Gonzalez-Flecha et al., 1991,
Lores Arnaiz and Llesuy et al., 1993; Llesuy et al., 1994; Evelson et al., 2001,
Halliwell and Gutteridge, 2007; Dresch et al., 2009).

Recent results from our group demonstrated that 3MCG inhibits
complexes IlI-lll of the electron transport chain and the activities of
mitochondrial creatine kinase and synaptic membrane Na*,K*-ATPase. It was
also found that antioxidants were able to attenuate or fully prevent the
inhibitory effect of 3MCG on creatine kinase and synaptic membrane Na*,K"-
ATPase activities, implying the participation of reactive species on 3MCG-
induced effects (Moura et al., 2011). Considering that a blockage of the
respiratory chain may give rise to increased production of reactive oxygen
species, which in turn may inhibit some complexes of the electron transport
chain in a vicious circle, as well as the enzymes creatine kinase and Na*,K"-
ATPase (Kowaltowski et al., 2009; Keane et al., 2011), we cannot exclude the
possibility that a disturbance in mitochondrial homeostasis reflected by
oxidative stress, as shown in the present investigation and inhibitory effects
on bioenergetics may underlie brain toxicity (Adam Vizi, 2005; Moura et al.,
2011).

At present it is difficult to establish the pathophysiological significance
of our data since there is no information in the literature on the brain or
cerebral spinal fluids concentrations of 3MCG in 3MCCD. However, our
present data indicate that oxidative stress is induced by 3MCG and 3MCA at
high doses and may possibly represent a pathomechanism causing brain

damage in this disorder.
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We should also stress that clinical heterogeneity occurs in 3SMCCD,
with some patients presenting severe neurological symptoms, whereas others
have mild clinical phenotype or are even asymptomatic (Visser et al., 2000;
Darin et al., 2007) Although the reasons for this variability are still unknown, it
is possible that environmental (e.g.: fever, metabolic stress) and genetic
(modifier genes) factors may contribute to a certain extent to explain the brain
damage in a considerable number of 3MCCD patients, particularly during
episodes of metabolic decompensation characterized by huge increases of
3MCG and 3MCA probably making the brain more susceptible to the
deleterious effects of 3SMCG (Moura et al.,, 2011). Thus, more research is
necessary to explore other pathophysiological effects of SMCG and 3MCA.

In conclusion, to the best of our knowledge, this is the first report
showing that 3MCG and 3MCA that accumulate in 3MCCD provoke lipid and
protein oxidative damage in the cerebral cortex. However, additional studies
performed in intact neural cell cultures and in peripheral tissues of patients
are required to confirm the role of oxidative stress in the pathogenesis of this
disease. In case the in vitro effects detected in the present study are
confirmed in vivo, it is tempting to speculate that reactive species may
contribute, at least in part, to the neurological damage found in this disorder.
Finally, it may be proposed that the administration of antioxidants should be
considered as an adjuvant therapy for these patients, especially during

metabolic crises.
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Legend to figures

Figure 1. In vitro effects of 3-methylcrotonylglycine (3MCG) (A) and 3-
methylcrotonic acid (3MCA) (B) on thiobarbituric acid-reactive substances
(TBA-RS) in rat cerebral cortex. Values are means + standard deviation for six
independent experiments performed in triplicate and expressed as percentage
of controls (Controls [nmol / mg protein] A: 2.43 + 0.35; B: 5.52 £ 0.57) **P <

0.001, compared to controls (Duncan multiple range test).

Figure 2. In vitro effect of antioxidants on 3-MCG (3-methylcrotonylglycine)-
induced increase of lipid peroxidation (TBA-RS increase) in rat cerebral
cortex. Cortical supernatants were co-incubated with 500 uM melatonin
(MEL) (A), 5 uM Trolox (TRO, soluble a-tocoferol) (B), 500 yM N®-nitro-L-
arginine methyl ester (L-NAME) (C) or 100 mU superoxide dismutase plus
100 mU catalase (SOD plus CAT) (D) and 5 mM 3-MCG during 1 h. Values
are means + standard deviation for six independent (animals) experiments
performed in triplicate and are expressed as percentage of control (Control
[nmol / mg protein] A: 1.83 £ 0.39; B: 1.54 £ 0.28; C: 1.83 £ 0.39: D: 1.83
0.39). ** P<0.01, **P < 0.001, compared to control; *P<0.01, **P < 0.001,

compared to 5 mM 3-MCG (Duncan multiple range test).

Figure 3. In vitro effect of 3-methylcrotonylglycine (3MCG) (A) and 3-
methycrotonic acid (3MCA) (B) on carbonyl formation in rat cerebral cortex.
Values are means * standard deviation for five to six independent (animals)

experiments performed in triplicate and are expressed as percentage of
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controls (Controls [nmol / mg protein] A: 0.91 + 0.25; B: 1.24 + 0.37).*P <

0.05, compared to controls (Duncan multiple range test).
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Figure 2
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Table 1. Effect of 3-methylcrotonylglycine (3MCG) and 3-methylcrotonic acid
(3MCA) on nitric oxide concentrations, glutathione (GSH) levels and sulfhydryl

content in cerebral cortex of developing rats

Nitrites and nitrates concentrations

Control 0.1 mM 1.0 mM 5.0 mM
3MCG 100+ 32.4 95.5+19.7 88.5+15.1 72.1+12
3MCA 100 + 23.5 112 +15.2 90.4+18.4 93+214

GSH values
Control 0.1 mM 1.0 mM 5.0 mM
3MCG 100 +18.3 97.1+14.7 924 +11.6 89.8+11.6
3MCA 100+ 17.8 103 + 30.7 116 + 24.7 110+ 34.6

Sulfhydryl content

Control 0.1 mM 1.0 mM 5.0 mM
3MCG 100 £ 11.7 102 +9.81 96.5+11.4 95 + 6.09
3MCA 100 £ 13.8 975+ 7.75 93.5+9.53 87.7+6.55

Values are mean * standard deviation for five to six independent (animals)
experiments per group. Nitrate and nitrite concentrations, GSH levels and
sulfhydryl content are expressed as percentage of controls (Control levels
[nmol/mg protein]: nitrate and nitrite conentrations: 3MCG: 2.87 + 0.93;
3MCA: 6.31 + 1.44; GSH levels: 3MCG: 7.55 + 1.38; 3MCA: 1.76 + 0.31;
sulfhydryl content: 3MCG: 82.7 + 9.75; 3MCA: 85.8 + 11.8). No significant

differences between groups were detected (one-way ANOVA).
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Table 2. Effect of 3-methylcrotonylglycine (3MCG) on the activity of the
antioxidant enzymes glutathione peroxidase (GPx), catalase (CAT),

superoxide dismutase (SOD) and glutathione reductase (GR)

GPx CAT SOD GR
Control 100 +£9.09 100 +£6.87 100 +£13.1 100 + 20.6
0.1mM3MCG 97.8+5.38 77.1+253 99 +15.3 106 + 23
1.0 mM 3MCG 99 +6.6 86.1+23.4 89.8 +9.98 106 £ 23.4

5.0 MM 3MCG 99 + 6.6 100.3 +9.71 84.3 £9.98 102 +14.4

Values are mean * standard deviation of five to six independent (animals)
experiments per group. The activities of glutathione peroxidase (GPXx),
catalase (CAT), superoxide dismutase (SOD) and glutathione reductase (GR)
are expressed as percentage of controls (Controls [U / mg protein] GPx: 10.3
+ 0.98; CAT: 2.41 + 0.16; SOD: 3.41 = 0.44; GR: 7.29 = 1.5). No significant

differences between groups were detected (one-way ANOVA).
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I11.1. DISCUSSAO

O fendtipo clinico dos pacientes acometidos pela 3MCCD ¢é
heterogéneo, variando desde individuos assintomaticos até manifestacdes
severas no periodo neonatal, com convulsfes recorrentes, hipotonia, atraso
no desenvolvimento, microcefalia e cardiomiopatia (Wendel e de Baulny,
2006; Ficicioglu e Payan, 2010). Além dos sintomas citados acima, pode-se
observar nos pacientes afetados em exames de imagem atrofia cortical,
principalmente nas areas frontal, temporal e nos lobos parietais (de Kremer et
al., 2002). Outra caracteristica apresentada pelos pacientes, principalmente
apos uma infec¢do ou a administracao de dieta rica em proteinas, quando os
mesmos passam por uma crise metabdlica, € uma condi¢cdo semelhante a
sindrome de Reye, onde observa-se hipoglicemia, acidose metabdlica e
hiperamonemia (Visser et al., 2000; Dirik et al., 2008).

O mecanismo envolvido na grande variabilidade clinica ainda é
desconhecido e parece ndao haver uma correlacdo entre o genoétipo e o
fendtipo apresentado pelos pacientes (Darin et al., 2007). Considerando que
existem evidéncias demonstrando que o estresse oxidativo e a geracao de
ERO estdo relacionadas com a etiologia e/ou progressdo de diversas
doencas neurodegenerativas (Perez-Severiano et al., 2000; Bogdanov et al.,
2001; Behl and Moosmann, 2002; Stoy et al., 2005; Berg e Youdim, 2006;
Mancuso et al., 2006) e em algumas doencas do metabolismo intermediario
(Sgaravatti et al., 2007; Schuck et al., 2007, 2009; Leipnitz et al., 2011), esse

trabalho teve como objetivo verificar se a 3MCG e o0 3MCA eram capazes de
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alterar o estado redox em cortex cerebral de ratos jovens, através da medida

de varios parametros de estresse oxidativo.

Primeiramente observou-se que tanto a 3MCG quanto o 3MCA foram
capazes de aumentar os niveis de TBA-RS, refletindo a indug&o na formacgéo
de malondialdeido, um dos produtos finais da lipoperoxidacao (Halliwell e
Gutteridge, 2007b). Sendo assim, podemos sugerir que ambos metabdlitos
causaram lipoperoxidacao in vitro. Para verificar se espécies ativas estavam
envolvidos na lipoperoxidacdo induzida pela 3MCG, o metabdlito foi co-
incubado com alguns antioxidantes para posterior medida dos niveis de TBA-
RS. Demonstrou-se que MEL e TRO foram capazes de prevenir o efeito da
3MCG, porém o mesmo nao ocorreu quando utilizamos L-NAME ou a mistura
de SOD e CAT. Considerando que o TRO (analogo hidrofilico da vitamina E)
atua como sequestrador principalmente de radicais peroxil (Halliwell and
Gutteridge, 2007b) e que a MEL € um sequestrador de radicais hidroxil
(Reiter, 1998), os resultados apresentados sugerem que provavelmente
radicais hidroxil e peroxil estdo envolvidos na lipoperoxidagao provocada pela
3MCG.

Além disso, quando se utilizou L-NAME, um inibidor seletivo da
atividade da enzima o6xido nitrico sintase, ndo se observou prevencao da
lipoperoxidacdo provocada pela 3MCG. Aliado a isso, a producdo de Oxido
nitrico, determinada pela quantificacdo de nitratos e nitritos, ndo foi alterada
por 3BMCG e 3MCA, indicando que espécies ativas de nitrogénio ndo foram
responsaveis por esse efeito induzido pela 3MCG e reforcando a hipotese de
gue ha um envolvimento de espécies reativas a oxigénio nesta inducéo da

lipoperoxidacdo. Além disso, levando-se em consideracédo que a combinacao
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de SOD mais CAT nao preveniu a lipoperoxidacdo induzida pela 3MCG,
pode-se também deduzir que superoxido e o peréxido de hidrogénio ndo
estao envolvidos no dano oxidativo observado.

Posteriormente, constatou-se um aumento na formacdo de
grupamentos carbonila quando incubamos separadamente o cortex cerebral
com 3MCG e 3MCA, indicando que os metabdlitos induziram oxidacao
proteica. Grupamentos carbonila (aldeidos e cetonas) s&do principalmente
produzidos por oxidacdo da cadeia lateral das proteinas (especialmente Pro,
Arg, Lys e Thr), por uma clivagem oxidativa de proteinas ou pela reacdo da
reducdo de acucares ou pela oxidacdo de seus produtos com residuos de
lisina (Dalle-Done et al., 2003). Geralmente, a deteccdo de elevados niveis
de grupamentos carbonila (dano oxidativo) leva a perda de funcao protéica
(Dalle-Donne et al., 2009). Embora a formac¢édo de grupamentos carbonila é
principalmente causada por um dano protéico mediado por ERO, ndo se
pode excluir a possibilidade de que aldeidos resultantes da lipoperoxidacdo
podem induzir a geracao desses grupamentos (Dalle-Done et al., 2003).

As defesas antioxidantes também foram determinadas no cortex
cerebral dos animais. Observou-se que a 3MCG e o 3MCA néao alteraram o0s
niveis de GSH, uma importante defesa antioxidante no cérebro. Da mesma
forma, o conteido de grupamentos sulfidrila também n&o se modificou na
presenca dos metabolitos. Finalmente verificamos que a atividade das
enzimas antioxidantes GPx, SOD, CAT e GR nao foi alterada pela 3MCG.
Tomados em seu conjunto, esses resultados demonstram que as defesas
antioxidantes no cortex cerebral ndo foram afetadas pelos dois metabdlitos

acumulados na 3MCCD, embora houvesse o dano oxidativo lipidico e
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proteico causado por espécies ativas de oxigénio. Portanto, concluimos que a
producdo aumentada de radicais livres devido a 3SMCG e 3MCA foi suficiente
para produz dano oxidativo, mas incapaz de alterar as defesas antioxidantes.

No presente estudo, utilizou-se coOrtex cerebral, uma vez que essa
estrutura esta comprometida nos pacientes com 3MCCD, através da
deteccdo de atrofia cortical nos pacientes afetados pela doenca (de Kremer
et al.,, 2002). Enfatize-se que sobrenadantes teciduais sao frequentemente
utilizados como modelo para avaliar parametros de estresse oxidativo, visto
gue contém toda maquinaria celular, incluindo mitocéndrias (a maior fonte de
radicais livres) e enzimas necessérias para a producdo e detoxificacdo de
radicais livres (Stocks et al., 1974; Cadenas et al., 1981; Gonzalez e Flecha
et al., 1991; Lorez-Arnaiz e Llesuy, 1993; Llesuy et al., 1994; Evelson et al.,
2001; Halliwell e Gutteridge, 2007b; Dresch et al., 2009).

Resultados recentes de nosso laboratério demonstraram que a 3MCG
inibe a atividade do complexo lI-lll na cadeira transportadora de elétrons,
bem como a atividade de enzimas como a creatina cinase mitocondrial e a
Na®,K*-ATPase. Além disso, observou-se que a utilizacdo de antioxidantes foi
capaz de prevenir os efeitos provocados pela 3MCG, sugerindo o
envolvimento de espécies reativas (Moura et al., 2011). Considerando que
um bloqueio na cadeia transportadora de elétrons pode aumentar a producéo
de espécies reativas de oxigénio, as quais podem inibir alguns complexos da
cadeia respiratoria, assim como enzimas como creatina cinase e Na',K'-
ATPase (Kowaltowski et al., 2009; Keane et al., 2011), ndo se pode excluir a
possibilidade que um desequilibrio na homeostase mitocondrial, refletido pelo

estresse oxidativo, conforme demonstrado nesse trabalho, bem como um
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comprometimento da bioenergética cerebral podem agir sinergicamente,
sendo potencialmente deletérios ao cérebro (Adam-Vizi, 2005; Moura et al.,
2011).

No momento é dificil estabelecer a importancia fisiopatoldgica dos
resultados observados nesse trabalho, uma vez que néo existe informacéao a
respeito das concentracdes em liquidos corporais, bem como tecidos, de
3MCG e 3MCA. Entretanto, se os efeitos in vitro encontrados na presente
investigacdo forem confirmados in vivo em animais e em tecidos de seres
humanos com a doenca, é possivel que o dano oxidativo lipidico e protéico
induzido por 3MCG e 3MCA possa representar um importante mecanismo
causador do dano cerebral apresentado pelos pacientes acometidos pela
3MCCD, principalmente durante episddios de crise metabdlica, quando

ocorre um aumento nas concentracdes dos metabdlitos acumulados.
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111.2. CONCLUSOES

e A 3-metilcrotonil glicina (3MCG) e o acido 3-metilcrotbnico (3MCA)
induziram lipoperoxidacdo (dano oxidativo lipidico determinado através do
aumento da medida das substancias reativas ao acido tiobarbitirico) em
cortex cerebral de ratos jovens.

e A lipoperoxidagdo induzida pela 3MCG foi prevenida pelos
antioxidantes melatonina (MEL) e trolox (TRO), indicando o envolvimento dos
radicais hidroxila e peroxila no efeito observado. Por outro lado, a
combinacédo de antioxidantes superéxido dismutase (SOD) e catalase (CAT)
e a N“-nitro-L-arginina metil éster (L-NAME) n&do foram capazes de prevenir o
efeito causado pela 3MCG.

e O 3MCG e o 3MCA nao alteraram producdo de nitratos e nitritos,
indicando que espécies ativas de nitrogénio ndo sdo induzidas por esses
compostos.

e A 3MCG e o 3MCA provocaram dano oxidativo proteico, evidenciado
pelo aumento da formacé&o de carbonilas em cortex cerebral de ratos jovens.

e A 3MCG e 0 3MCA nao foram capazes de alterar os niveis de GSH e a
oxidagao de grupamentos sulfidrila.

e A 3MCG néo alterou as atividades das enzimas antioxidantes GPX,
CAT, SOD e GR em cértex cerebral de ratos jovens.

e O dano oxidativo lipidico e protéico provocado pela 3MCG e pelo

3MCA, compostos acumulados na 3MCCD, no cortex cerebral poderia
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explicar, ao menos em parte, as manifestagdes neurolégicas e anormalidades

estruturais corticais apresentadas por pacientes afetados pela 3SMCCD.
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[11.3. PERSPECTIVAS

e Avaliar os efeitos in vitro da 3MCG e do 3MCA sobre varios
parametros de estresse oxidativo em coracéo de ratos jovens.

e Avaliar os efeitos in vitro da 3MCG e do 3MCA sobre varios
parametros de estresse oxidativo em culturas de células neurais.

e Avaliar os efeitos ex vivo da 3MCG e do 3MCA sobre varios
parametros de estresse oxidativo em coértex cerebral e coragdo de

ratos jovens.
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