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RESUMO

Os mecanismos fisiopatologicos exatos, responsaveis pelas manifestacdes
clinicas das doencas em que altas concentracfes de acido etilmalénico (EMA)
tém sido observadas como a deficiéncia da atividade das acil-CoA de cadeia
curta (SCADD) e a encefalopatia etilmalénica (EE), permanecem ainda
desconhecidos. Dessa forma, no presente trabalho, investigamos os efeitos ex
vivo da administracédo intraestriatal de EMA sobre importantes parametros do
metabolismo energético em estriado de ratos jovens, incluindo a producao de
14C0O, a partir de glicose, as atividades dos complexos I-IV da cadeia
respiratoria (fosforilacdo oxidativa), da enzima creatina quinase (CK)
(transferéncia intracelular de ATP) e a atividade da Na'K'-ATPase (NaK)
sinaptica (neurotransmissdo). Avaliamos também o efeito da injecéo
intraestriatal de EMA sobre os niveis de glutationa reduzida (GSH), uma
importante defesa antioxidante cerebral. O EMA reduziu significativamente a
producdo de **CO, a partir de glicose 2 e 24 horas ap6s a injecdo intraestriatal,
sugerindo que esse metabdlito compromete a atividade da via glicolitica e/ou
ciclo do &cido citrico. Além disso, 0 EMA diminuiu as atividades dos complexos
Il e llI-1ll da cadeia respiratéria apenas 24 horas ap0s sua administragdo, bem
como, a atividade da NaK de membrana singptica em ambos os tempos. O
EMA também diminuiu os niveis de GSH. O pré tratamento de ratos com N-
acetilcisteina por 3 dias preveniu a reducdo nos niveis de GSH, causado pelo
EMA, sem modificar a inibicdo da atividade da NaK. Considerando a

importancia da via glicolitica, do ciclo do acido citrico e do transporte de



elétrons através da cadeia respiratoria para a transformacédo de energia e da
NaK para a manutencdo do potencial de membrana da célula, os dados
apresentados indicam que o EMA altera a homeostase energética cerebral e a
neurotransmissdo. Presume-se que esses mecanismos possam estar
envolvidos no dano neuronal encontrado nos pacientes afetados pela SCADD e

pela EE.



ABSTRACT

The pathophysiological mechanism responsible for the clinical manifestations of
the diseases in which high concentrations of ethylmalonic acid (EMA) have
been observed as short acyl-CoA dehydrogenase deficiency activity (SCADD)
and ethylmalonic encephalopathy (EE) are unknown. Therefore, in the present
work we investigated the in vivo effects of administration of EMA (2 and 24
hours), on important parameters of energy metabolism in rat cerebral striatum,
including *CO, production from glucose, enzyme activities of the respiratory
chain complexes I-IV (oxidative phosphorylation), creatine kinase (CK)
(intracellular ~ ATP  transfer), and synaptic Na'K'-ATPase (NaK)
(neurotransmission). We also tested the effect of EMA on reduced glutathione
(GSH) levels, an important non-enzymatic antioxidant defense. EMA
significantly reduced **CO, production from glucose 2 and 24 hours after its
administration, implying that this compound compromises the citric acid cycle
activity. Furthermore, EMA diminished the activities of complex Il and 1I-11I of the
respiratory chain only 24 hours after administration and synaptic membrane
NaK activity in both times. EMA also decreased the levels of GSH. Pre-
treatment of rats with N-acetylcysteine for 3 days prevented the reduction of
GSH levels caused by EMA, without modifying the inhibition of NaK activity.
Considering the importance of the citric acid cycle and the glycolytic pathway,
the electron flow through the respiratory chain for brain energy transformation
and the NaK for the maintenance of the cell membrane potential, the present
data indicate that EMA potentially impairs mitochondrial brain energy

homeostasis and neurotransmission. We presumed that these pathomecanisms
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are involved in the neurological damage found in patients affected by SCADD

and EE.
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LISTA DE ABREVIATURAS

ACADS: Desidrogenases das acilas- CoA

CK: Creatina quinase

CoQ: Coenzima Q

CTE: Cadeia transportadora de elétrons

EE: Encefalopatia etilmalénica

EIM: Erros inatos do metabolismo

EMA: Acido etilmaldnico

ETF: Flavoproteina transferidora de elétrons

FAD: Flavina adenina dinucleotideo

GSH: Glutationa reduzida

HPLC: Cromatografia liquida de alta eficiéncia

MCAD: Desidrogenases das acilas-CoA de cadeia média

NaK: Enzima Na+K+ATPase

Pi: Fosfato

SCAD: Desidrogenases das acilas-CoA de cadeia curta

SCADD: Deficiéncia das desidrogenases das acilas-CoA de cadeia curta
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SNC: Sistema nervoso central

VLCAD : Desidrogenases das acilas-CoA de cadeia muito longa
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.1 INTRODUCAO:

.1.1. Erros inatos do metabolismo:

Até os dias de hoje, foram descritos mais de 500 erros inatos do
metabolismo (EIM), a maioria envolvendo processos de sintese, degradacéo,
transporte e armazenamento de moléculas no organismo (Scriver, 2001). O
termo foi utilizado pela primeira vez por Sir Archibald Garrod, no ano de 1908,
para designar um grupo de doencas como a alcaptonuria, em que os individuos
afetados apresentam grandes quantidades de acido homogentisico na urina. A
maior frequéncia dessa doenca foi observada por ele em individuos
pertencentes a uma mesma familia e maior incidéncia em pacientes cujos pais
apresentavam consanguinidade. A partir de tais observacdes e, levando em
consideracdo as leis de Mendel aliado ao fato de os pais dos individuos
afetados néo apresentarem a doenca, Garrod propdés um modelo de heranca
autossémica recessiva para esse distlrbio. Visto que o 4cido homogentisico é
um metabdlito normal na degradacdo proteica e que 0s pacientes
apresentavam um excesso dele na urina, ele relacionou esse acumulo a um

blogueio na rota de catabolismo do aminoacido tirosina.

Com o surgimento de novos disturbios relacionados a alteracbes
genéticas que envolviam o acumulo de substancias nos liquidos biolégicos dos
afetados, postulou-se que este grupo de doencas resultava de uma sintese
qualitativa ou quantitativamente anormal de uma proteina, com atividade

enzimatica ou nao, pertencente ao metabolismo (Scriver , 2001). A auséncia
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ou deficiéncia severa na atividade de uma enzima leva a um bloqueio
metabdlico, com acumulo de substratos e seus derivados (a formacao de rotas
metabdlicas alternativas e a deficiéncia de produtos essenciais ao organismo
(Bickel et al, 1987)) cuja repercussdo clinica é varidvel no individuo,
dependendo da rota afetada (Mittchell et al,2001). Embora individualmente
raras, essas doengcas em seu conjunto afetam aproximadamente 1 a cada

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

A identificacdo de um EIM permite, muitas vezes, a introducdo de um
tratamento eficaz. A ocorréncia de outros afetados no mesmo grupo familiar
pode ser evitada pela identificagcdo de casais em risco, aos quais pode ser
oferecido aconselhamento genético e, em muitos casos o diagndstico pré-natal

(Scriver, 2001).

As manifestacdes clinicas sdo muito variaveis e inespecificas, inclusive
entre pacientes que apresentam o mesmo disturbio. Essa variagcdo deve-se
basicamente aos diferentes graus de deficiéncia enzimatica, area do
metabolismo e tecidos afetados. No periodo neonatal, algumas manifestacdes
clinicas aparecem com maior frequéncia como: vémitos, diarréia, deficiéncia no
crescimento, odor peculiar na pele e urina, convulsdes, letargia, coma. Outras
como atraso no desenvolvimento psicomotor e neurodegeneragao progressiva

podem aparecer mais tarde (Burton et al, 1987).

O protocolo para investigacao laboratorial inicial € dirigido principalmente
para o diagnostico dos EIM de moléculas pequenas (aminoacidopatias,
acidemias organicas, intolerancia a acucares, etc) através de uma triagem

simples. Essa triagem contempla uma bateria de testes e cromatografia
15



semiquantitativa de aminoacidos em sangue e urina. Os testes de triagem
urindrios, em sua maioria, ndo sao especificos mas o resultado positivo indica a

necessidade de avaliacdes mais especificas.

A cromatografia de aminoacidos pode ser realizada em camada delgada
ou em papel. E um teste semiquantitativo, pois somente avaliamos a presenca
de bandas aumentadas indicando que aquele aminoacido estd em quantidade
acima do normal (Ersser et al, 1976). E aconselhavel realizar uma dosagem
quantitativa, quando observamos que um aminoacido estd em concentracao
elevada, através de uma cromatografia liquida de alto desempenho (HPLC) ou
cromatografia de troca ibnica (Joseph et al, 1986), dessa forma, avaliando a

concentracdo exata do aminoacido em questao.

[.1.2. Acidurias Organicas

As acidemias ou acidurias organicas sao distlrbios hereditarios do
metabolismo relativamente freqiientes em crian¢as hospitalizadas, onde ocorre
o0 acumulo tecidual de um ou mais acidos carboxilicos (Chalmers et al, 1982:
Scriver, 2001). Os pacientes afetados apresentam severa disfuncéo
neurolégica com anormalidades cerebrais relevantes (atrofia cerebral), cuja
etiopatogenia é pouco conhecida. Isso ocorre devido a um blogueio metabdlico
causado pela deficiéncia severa da atividade de uma enzima, usualmente do
metabolismo dos aminoacidos, podendo também comprometer o metabolismo
dos lipidios e dos carboidratos. Dessa forma, defeitos na oxidagdo dos &cidos

graxos caracterizados bioquimicamente pelo acumulo de &cidos dicarboxilicos

16



de cadeia média de carbonos, bem como, de varios &cidos carboxilicos
especificos para cada doenca, podem ser considerados como acidurias

organicas (Roe et al, 1995: Rinaldo et al, 1998).

1.1.3. Aciduria Etilmalonica

O aumento de &cido etilmalénico (>18-20 mmol/mol creatina) tem sido
observado em varias desordens metabdlicas com manifestacfes neuroldgicas
como a encefalopatia etilmalénica (EE) e a deficiéncia da desidrogenase das

Acilas-CoA de cadeia curta (SCADD).

I.1.4. Deficiéncia da desidrogenase das acilas-CoA de cadeia curta:

A deficiéncia da desidrogenase das acilas-CoA de cadeia curta (SCADD)
(OMIM 201470) apresenta prevaléncia estimada em 1:50.000 nascidos vivos
podendo acometer desde criangcas com menos de um ano de idade até adultos.
Embora tenha uma apresentacdo basicamente neurolégica e muscular,
caracterizada por atraso no desenvolvimento, convulsdes, hipotonia, miopatia,
epilepsia e desordens de comportamento (Zolkipli et al, 2011), muitos pacientes

portadores de SCADD séao assintomaticos.

As desidrogenases das acilas-CoA (ACADs) sdo uma familia de enzimas
que catalizam a a,3 desidrogenacéao dos ésteres acil-CoA, transferindo elétrons
para a flavoproteina transferidora de elétrons (ETF). As desidrogenases de

acilas-CoA de cadeia muito longa (VLCAD), cadeia média (MCAD) e cadeia
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curta (SCAD) catalizam o primeiro passo na B-oxidagc&o, cujos substratos
Otimos sao respectivamente acidos graxos com 16, 8 e 4 carbonos. A oxidagao
mitocondrial de &cidos graxos resulta na clivagem sequencial de duas unidades
de carbono dos acidos graxos e representa uma importante fonte de energia
para o corpo durante episddios de jejum e estresse metabdlico. Essa oxidacdo

€ também fonte continua de energia para o0 musculo cardiaco.

Acredita-se que a prevaléncia das desordens de oxidacdo de acidos
graxos seja subestimada, visto que seu diagnostico depende da detec¢édo dos
metabdlitos acumulados por métodos sofisticados e equipamentos de alto
custo que poucos laboratérios possuem (Walker et al, 1994). Além disso,
devido a semelhanca do quadro clinico, uma parte consideravel dos pacientes
afetados por defeitos de oxidacdo de acidos graxos € diagnosticada
erroneamente como sindrome de morte subita da infancia, infeccdo bacteriana
aguda (septicemia), sindrome de Reye, figado gorduroso da gravidez ou

sindrome de vomito ciclico (Rinaldo et al, 1998).

Aproximadamente 60 mutacfes no gene da SCADD foram descritos,

sendo essa doenca classificada de duas formas:

- Uma forma primaria: causada por alteragcdes no gene que codificada a

enzima;

- e uma secundaria, ocasionada por um defeito na flavoproteina-
ubiquinona oxirredutase transferidora de elétrons ou por deficiéncia de

dinucleotideo de flavina e adenina (Gregersen et al., 1998; Nagan et al., 2003).
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A SCAD é um homotetramero, no qual cada mondmero contém uma
ligacdo ndo covalente e uma molécula de flavina adenina dinucleotideo (FAD)
como grupo prostético. Ela é codificada no genoma nuclear como uma proteina
precursora mas, comum a todas ACADs, é a sua funcdo na mitocondria. A
reducdo da enzima, via desidrogenacao do substrato, ocorre quando o residuo
de glutamato age como uma base catalitica abstraindo o a- carbono do
substrato como um préton. Elétrons dessa reacdo sdo passados a
flavoproteina transferidora de elétrons e diretamente para a cadeia

transportadora de elétrons via flavoproteina ubiquinona oxidoredutase.

A deficiéncia na atividade dessa enzima leva ao acumulo de butiril-CoA,
o qual é convertido em etilmalonil-CoA pela enzima propionil-CoA carboxilase,
sendo o etilmalonil-CoA hidrolizado a acido etilmalénico (EMA) livre, pela acao
da acil-CoA hidrolase, e/ou em butiril-carnitina (Fig. 1) (Roe and Ding, 2001).
Apesar da SCADD se diferenciar de outros defeitos de oxidacdo de acidos
graxos, como as deficiéncias das desidrogenases de cadeia média e longa,
pela frequéncia de anormalidades no SNC e a aparente auséncia de episodios
de encefalopatia hipocetoética hipoglicEmica (Bhala et al, 1995; Tein et al,1999),
a acidemia latica intermitente e alteracbes mitocondriais na microscopia s&o
achados dessa doenca, sugerindo um comprometimento do metabolismo
energético mitocondrial (Dawnson et al, 1995., Bennet et al, 1996; Roe and

Ding, 2001).
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Propionil-CoA carboxilase

n-Butirl-CoOA ———  Etilmalonil-CoA

Acil CoA hidrolase

Acetil CoA Acido Etilmalénico

Figura 1:Formacgdo de metabdlitos na deficiéncia de SCAD a partir do metabolismo alternativo
do n-butiril-CoA (adaptado de Sewell, 1993)

I.1.5. Encefalopatia Etilmalénica (EE)

A encefalopatia etilmalénica (EE) € uma desordem monogénica causada
exclusivamente por mutacées no gene ETHEL. E caracterizada clinicamente
por deterioracdo neurolégica precoce, diarréia crbnica, petéquia recorrente e
acrocianose ortostatica levando a morte nos primeiros anos de vida (Giordano
et al, 2011). Além disso, durante crises encefalopéticas agudas, pacientes com
EE acumulam e excretam grandes quantidades de &cido latico, sugerindo
disfuncdo mitocondrial (Zafeiriou et al., 2007; Tiranti et al., 2004; Tiranti et al.,
2006; Drousiotou et al., 2011). Lesdes necroéticas simétricas nas estruturas da
substancia cinzenta profunda sdo o principal achado neuropatoldgico da
doenca (Tiranti et al, 2004). A consequéncia principal da perda de ETHEL é o
acumulo de sulfeto de hidrogénio (H,S), o qual, além de outros efeitos,
blogueia a degradacdo de acidos graxos de cadeia curta levando ao acumulo
de EMA, bem como apresenta efeitos vasoativos e vasotdxicos que explicam

as lesbes vasculares na pele e, possivelmente em outros 6rgaos, apresentados
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pelos pacientes (Dweikat et al, 2012., Giordano et al, 2011). Bioquimicamente,
a EE é caracterizada por acidemia lactica, concentracfes elevadas de
acilcarnitinas C4 e C5 no plasma, excrecdo urinaria aumentada de EMA na
urina, bem como elevacao de &cido metilsuccinico e acilglicinas, notadamente

isobutirilglicina e 2-metilbutirilglicina.

[.1.6. Metabolismo Energético Cerebral

O cérebro € um dos 6rgdos mais ativos metabolicamente, no entanto,
possui reservas energeéticas extremamente pequenas em relacdo a sua alta
taxa metabdlica (Dickinson et al, 1996). A glicose é o principal substrato
energético utilizado pelo sistema nervoso central (SNC), e a fosforilacdo
oxidativa também é particularmente importante para o cérebro pois é
responsavel por fornecer mais de 95% do ATP sintetizado. No entanto, no
jejum os corpos cetbnicos podem substituir as necessidades energéticas do

cérebro em mais de 50% (Dickinson et al, 1996).

A oxidacdo da glicose através da via glicolitica forma piruvato, que é
convertido a CO;, e H,O no ciclo de Krebs e na cadeia transportadora de
elétrons. O acoplamento entre a cadeia transportadora e a fosforilacdo
oxidativa gera grande parte do ATP necessario ao cérebro. Uma vez que, a
fosforilacdo oxidativa é responsavel por quase a totalidade do ATP produzido
no SNC, a regulacdo de respiragcdo mitocondrial se torna essencial para o

correto metabolismo energético cerebral (Erecinska e Silver,1994).

21



Em condi¢gbes normais, onde ndo existe falta de oxigénio a fosforilagéo
oxidativa é dependente de dois parametros: a concentracdo de ATP, ADP e
fosfato (Pi) e da razdo mitocondrial NADH/NAD+, a qual é determinada pela
atividade da cadeia transportadora de elétrons e pelo fornecimento de
equivalentes reduzidos (elétrons) por enzimas mitocondriais. A cadeia
transportadora de elétrons oxida o NADH e bombeia prétons para 0 espaco
intermembrana da mitocdndria formando assim, um gradiente de prétons que
ativa a ATP sintase e produz ATP na fosforilagdo oxidativa (Erecinska e Silver,

1994).

A respiracdo celular comeca com a oxidacdo de substratos em varias
vias metabdlicas com a transferéncia de elétrons para o NAD® e o FAD,
convertendo-os em NADH e FAD(2H), respectivamente (Marks et al,1996). Em
uma segunda fase, os elétrons do NADH e do FAD(2H) sao transferidos
através da cadeia respiratéria por uma sequéncia de pares redox, fornecendo
energia para a sintese de ATP, na fosforilacdo oxidativa. Segundo a teoria
guimiosmotica, tal energia origina-se do gradiente de prétons gerado pelo
bombeamento de prétons pelos complexos |, Il e IV da cadeia respiratoria para
0 espaco intermembranas (entre as membranas mitocondrial interna e externa)

(Marks et al, 1996).

A cadeia respiratdria possui varios complexos proteicos: NADH
desidrogenase (complexo I), sucinato desidrogenase (complexo Il), complexo
citocromo b-cl(complexo Ill) e citocromo oxidase (complexo 1V), além de
elementos moveis que se localizam entre os complexos. Entre esses

elementos moveis estdo a coenzima Q (CoQ), que é um componente nao
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proteico, lipossoluvel, que carreia elétrons entre os complexos I e lll ou ll e lll, e
0 citocromo ¢, uma pequena proteina localizada na face externa da membrana

que transfere elétrons do complexo Il para o complexo IV (Marks et al, 1996).

A enzima NaK € uma enzima transmembrana que cataliza o transporte
ativo de sddio e potassio através da membrana celular. Esse transporte € de
grande importancia ja que mais de um ter¢co do ATP consumido é utilizado para
bombear tais ions (Aperia et al, 2007). A NaK esta presente em quase todas as
células incluindo as do cérebro, masculo esquelético e cardiaco (Aperia et al,
2007). No cérebro, desempenha um papel fundamental sendo responséavel pela
manutencao dos gradientes idnicos e pela propagacao do impulso nervoso. A
inibicdo dessa enzima tem sido associada a fisiopatologia de diversas doencas
como as desordens neurodegenerativas (Yu et al, 2003), epilepsia (Grisar et al,

1984) e isquemia cerebral (Wyse et al, 2000).

I.1.7. Metabolismo cerebral em doencas neurodegenerativas

Historicamente, maior atencéo tem sido dada ao estudo da expressao ou
funcionamento dos componentes da cadeia respiratdria em doencas
neurodegenerativas como Alzheimer, Huntington e Parkinson. De fato,
numerosas evidéncias relacionam essas doencas neurodegenerativas a uma
diminuicdo no metabolismo energético. Uma das hipoteses é de que alteracdes
na cadeia transportadora de elétrons seriam o evento etioldégico primario

(Parker et al 1990, Swerdlow et al 1998).
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Luft e colaboradores (Luft et al, 1962) descreveram, pela primeira vez,
um caso clinico com disfungcédo mitocondrial, onde o efeito estava representado
por um desacoplamento da respiragdo mitocondrial, ou seja, a transferéncia de
elétrons através da cadeia respiratéria ndo estava em sincronia com a sintese
de ATP. Estudos demonstraram uma diminui¢cdo na atividade do complexo | da
CTE em cérebros postmortem de pacientes portadores de doenca de
Parkinson (Janetzky et al, 1994; Schapira et al. 1990), relato de defeitos nos
complexos Il e Ill da CTE e na enzima alfa cetoglutarato desidrogenase,

importante enzima do ciclo do &cido citrico, nessa doenca (Mizuno et al., 1990).

Na doenga de Alzheimer, a mais comum dentre as doencas
neurodegenerativas, é encontrada principalmente uma reducéo na atividade do
complexo IV da CTE (Maurer et al. 2000). Estudos em cérebros postmortem
demonstraram uma diminuicdo na atividade do complexo enzimatico da
piruvato desidrogenase e na atividade da enzima alfa cetoglutarato
desidrogenase na doenca de Alzheimer (Gibson et al, 1988; Mastrogiacomo et

al, 1993; Perry et al, 1980).

As principais consequéncias da disfuncdo mitocondrial parecem envolver
inducéo de estresse oxidativo, alteracdo na homeostase do caélcio, apoptose e

disfuncéo metabdlica.
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[.1.8. Mecanismos fisiopatogénicos das doencas onde o &cido

etilmalénico esta acumulado

Os mecanismos da disfuncdo neuroldgica nessas doencas ndo estao
bem esclarecidos, podendo ser, no entanto, atribuidos ao acumulo de EMA.
Neste sentido, estudos in vitro mostram que o EMA inibe a atividade da
creatina quinase em cortex cerebral de ratos (Schuck et al., 2002; Leipnitz et
al., 2003) e as atividades enzimaticas da creatina quinase e de complexos da
cadeia transportadora de elétrons em musculo esquelético de humanos
(Barschak et al., 2006), assim como induz dano oxidativo lipidico e proteico em
cortex cerebral de ratos (Schuck et al., 2010) e em fibroblastos de pacientes
com SCADD (Pedersen et al., 2010; Zolkipli et al., 2011). Além disso, foi
observado um déficit na meméria espacial na tarefa do labirinto aquéatico de

Morris em ratos injetados cronicamente com EMA (Schuck et al., 2009).

Finalmente, num estudo recente, nosso grupo demonstrou que o EMA
diminui o consumo de oxigénio e o potencial de membrana em preparacfes
mitocondriais de cérebro de ratos a partir de sucinato e malato provavelmente
por competir com o transporte desses substratos pelo translocador

mitocondrial de dicarboxilatos (Amaral et al., 2012).
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.2 OBJETIVOS:

[.2.1. Objetivo Geral:

O objetivo do presente estudo foi investigar o efeito da administracao
intraestriatal de EMA sobre importantes parametros da bioenergética em
cérebro de ratos jovens, visando uma melhor compreensdo da fisiopatologia

das doencas em que o EMA se acumula.

1.2.2. Objetivos Especificos

- Estudar se a administrag&o intraestriatal de EMA provoca altera¢des no
metabolismo energético, através da determinacdo dos seguintes parametros:
producdo de *CO, a partir de glicose (oxidagdo aerdbica, ciclo de Krebs),
atividades das enzimas citrato sintase, a-cetoglutarato desidrogenase, sucinato
desidrogenase e malato desidrogenase, dos complexos I, lI-1ll, IV da cadeia

respiratéria, bem como da creatina quinase e da NaK.

- Avaliar se a administracéo intraestriatal de EMA modifica os niveis de

glutationa (GSH), um importante antioxidante ndo-enzimatico intracelular.

- Estudar o possivel papel protetor da N-acetilcisteina sobre os efeitos

causados pelo EMA.
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Abstract

High concentrations of ethylmalonic acid (EMA) have been observed in various
metabolic disorders with neurological disease manifestation, as short acyl-CoA
dehydrogenase deficiency activity (SCAD) and ethylmalonic encephalopathy
(EE). In the present study we evaluate the ex vivo effects of intraestriatal
administration of EMA, on striatal energy metabolism in order to better
understand the pathophysiology of diseases in which EMA accumulates. We
also tested the effect of EMA on reduced glutatione (GSH) levels (non-
enzymatic antioxidant defenses). Our results show that EMA significantly
reduced CO, production from glucose 2 and 24 hours after its injection, implying
that this compound compromises the glycolytic pathway and/or citric acid cycle
activity. Furthermore, EMA diminished the activities of complex Il and II-11I of the
respiratory chain, as well as the activity of citrate synthase, only 24 hours after
administration and synaptic membrane NaK activity in both times. EMA also
decreased the levels of reduced glutathione (GSH). Pre-treatment of rats with
N-acetylcysteine for 3 days prevented the reduction of GSH levels caused by
EMA, without modifying the inhibition of NaK activity. Considering the
importance of the citric acid cycle and the glycolytic pathway, the electron flow
through the respiratory chain for brain energy production and the NaK for the
maintenance of the cell membrane potential, the present data indicate that EMA
compromises mitochondrial energy homeostasis and neurotransmission in
striatum. We presumed that these pathomecanisms are involved in the

neurological damage found in patients affected by SCAD and EE.
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Introduction

Increased levels of etilmalonic acid (EMA) has been observed tissue and
body fluids of patients with various metabolic disorders with neurological
disease manifestation, e.g, ethylmalonic encephalopathy (OMIM 602473) and
short-chain acyl-CoA dehydrogenation deficiency (MADD; OMIM 231680)
(Pedersen et al, 2010). Short acil-CoA dehydrogenase (SCAD) is a nuclear-
encoded enzyme involved in degradation of short-chain fatty acids in the
mitochondrial B-oxidation pathway (Pedersen et al, 2010). Deficiency of SCAD
activity leads to the accumulation of butyryl-CoA, which is converted to EMA
that is responsible for a toxic effect on neuronal and muscular tissue (Jiang et
al, 2012). Clinically, these patients present developmental delay, ketotic
hypoglycemia, epilepsy, behavioral disorders (Gallant et al, 2012), hypotonia
and seizures (Pedersen et al, 2010). Ethylmalonic encephalopathy (EE) is a
monogenic disorder caused by mutation in the ETHE1 gene and caracterized
by the early onset of neurological deterioration, chronic diarrhea, recurrent
petechiae and orthostatic acrocyanosis leading to the death in the first years of
life (Dweikat et al, 2012). During acute encephalopathic crises, patients
acumulate and excrete large amounts of lactic acid suggesting mithocondrial
dysfunction. The main consequence of ETHE1 loss is the accumulation of
hydrogen sulfide (H,S), which blocks short chain fatty acids causing

accumulation of EMA.

In vitro studies demonstrated that EMA inhibits creative kinase activity in
cerebral cortex of rats (Schuck et al, 2002; Leipnitz et al 2003), and activities of
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creatine kinase and complexes of the respiratory chain in human skeletal
muscle (Barchak et al, 2006), as well as induces lipid and protein oxidative
damage in cerebral cortex of rats (Schuck et al, 2010) and fibroblasts of
patients with SCAD (Pedersen et al., 2010; Zolkipli et al., 2011). Despite these
in vitro observations regarding EMA toxicity, to our knowledge, the in vivo

effects of increased concentrations of EMA remains unknown.

Thus, in the present study we evaluate the ex vivo effects of EMA on
striatal energy metabolism in order to better understand the pathophysiology of
diseases in which EMA accumulates. We tested the influence of in vivo
intraestriatal administration of EMA on parameters of aerobic glycolysis (CO2
production from [U-14C] glucose), the enzyme activities of the citric acid cycle,
electron transfer flow through the respiratory chain (complex II-IV activities), as
well as on intracellular ATP transfer (creatine kinase activity) and the activity of
NaK, an important enzyme necessary for normal neurotransmission, in striatum
from young rats. We also tested the effect of EMA administration on levels of
reduced gluthathione (GSH), an important intracellular non-enzymatic

antioxidant defense.
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Experimental Procedures

Animals

We used 30-day-old Wistar rats obtained from the Central Animal House of
the Department of Biochemistry, ICBS, UFRGS, in the assays. The animals had
free acess to water and to a standard commercial chow and were mainteined
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 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.

Intrastriatal Administration of Ethylmalonic Acid (EMA)

The rats were deeply anesthetized with ketamine plus xylazine and
placed on stereotaxic apparatus. Two small roles were drilled in the skull for
microinjection, and a dose of 1.5 umol of EMA (pH ajusted with NaOH) or NaCl
(controls) at the same volume and concentration, was slowly injected bilaterally
over 3 min via needles connected by a polyethylene tube to a 25 pyl Hamilton
syringe. The needles (one in each striatum) were left in place for another 1 min
before softly removed. The coordinates for injections were as follows: 0.6 mm
posterior to bregma, £ 2.6 mm lateral to midline and 4.5 mm ventral from dura
(Paxinos e Watson, 1986), and were confirmed by injection of methylene blue
and histological analysis.
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In some experiments, animals were pre-treated i.p. with N-acetylcysteine
(NAC; 150 mg kg—1) for 3 days, one injection per day (Farbiszewski et al. 2000)
Control animals received the same volumes of saline solution (0.9 %). After pre-

treatment, animals received intrastriatal injection of EMA or NaCl.

Striatal preparation

Animals (male rats) were killed by decapitation 2 or 24 hours after
intrastriatal injection of EMA or NaCl, and the brain was immediately removed,
the vessels and blood removed and kept on ice plate. The striatum was
dissected, weighed and kept chilled until homogenization. For the CO;
production, the striatum was cut in 400 um slices in incubated in Krebs-Ringer
bicarbonate buffer, pH 7.4. For the determination of the activities of the
respiratory chain complexes Il, 1l-lll and 1V, striatum was homogenized (1:20,
w/v) in SETH buffer, pH 7,4 (250mM sucrose, 2.0mM EDTA, 10mM Trizma
base and 50Ul mI™* heparin). The homogenate was centrifuged at 800xg for 10
min and the supernatant was kept at -70 °C until being used for enzymatic
activity determination. For the determination of citric acid cycle enzyme
activities, mitochondria were isolated from striatum of 30-day-old rats as
described by Rosenthal and coworkers [18], with slight modifications. Animals
were killed by decapitation, had their brains rapidly removed, the striatum
dissected, and placed in ice-cold isolation buffer containing 225 mM mannitol,
75 mM sucrose, 1 mM EGTA, 0.1 % bovine serum albumin (BSA; fatty acid
free), and 10 mM HEPES, pH 7.2. The striatum was cut into small pieces using
surgical scissors, extensively washed to remove blood and homogenized 1:10

in a glass homogenizer using both a loose-fitting and a tight-fitting pestle. The
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homogenate was centrifuged for 3 min at 2,000xg. After centrifugation, the
supernatant was centrifuged for 8 min at 12,000xg. The pellet-containing
mitochondria was suspended in 20 mL of isolation buffer containing 20 pL of 10
% digitonin and centrifuged for 8 min at 12,000xg. The supernatant was
discarded and the final pellet gently washed and suspended in isolation buffer
devoid of EGTA, at an approximate protein concentration of 4 mg/mL. For
creatine kinase activity determination, the striatum was homogenized (1:10 w/v)
in isosmotic saline solution. The period between tissue preparation and
measurement of the various parameters was always less than 5 days, except
CO, production assays, whose experiments were performed on the same day

of the preparations.

Preparation of Synaptic Membrane from Rat Striatum

Striatum was homogenized in 10 vol of 0.32 mM sucrose solution
containing 5.0 mM HEPES and 1.0 mM EDTA. Synaptical plasma membranes
were prepared afterward according to the method of Jones and Matus (1974)
modified by Wyse et al (2001) using a discontinuous sucrose density gradient
consisting of successive layers of 0.3, 0.8 and 1.0 mM. After centrifugation at
69,000 Xg for 2 h, the fraction at the 0.8-1.0 mM sucrose interface was taken as

the membrane enzyme preparation.
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CO; production

For CO, production, 50 mg of striatal slices were added to small flasks
(11 cm?®), which were pre-warmed in a metabolic shaker at 37 °C for 10 min.
After pre-warming, [U-*C] glucose (0.055 pCi) plus 5.0 mM of unlabeled
glucose were added to the incubation medium in a final incubation volume of
500 pL. The flasks were gassed with O,:CO; (95:5) mixture and sealed with
rubber stoppers and parafilm. Glass center wells containing a folded 65 mm/5
mm piece of filter paper were hung from the stoppers. After 60 min of incubation
at 37 °C, 200uL of 50% trichloroacetic acid were added to the medium and 100
ML of benzethonium hydroxide were added to the center wells with needles
introduced introduced through the rubber stopper. The flasks were left to stand
for 30 min to complete **CO2 trapping and then opened. The filter papers were
removed and added to vials containing scintillation fluid, and radioactivity was
measured (Dutra-Filho et al, 1995). Results correspond to pmol glucose

oxidized h™ mg protein™,

Citric Acid Cycle (CAC) Enzyme Activities

Citrate synthase activity was measured according to Srere (1969), by
determining DTNB reduction at A = 412 nm. The activity of a-ketoglutarate
dehydrogenase complex was evaluated according to Viegas et al. (2009), at
wavelengths of excitation and emission of 340 and 466 nm, respectively. The
activity of succinate dehydrogenase was determined as described by Fischer et
al. (1985). Malate dehydrogenase activity was measured according to Kitto
(1969) by following the reduction of NADH at wavelengths of excitation and

emission of 340 and 466 nm, respectively. The activities of the CAC enzymes
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were calculated as nmol/min/mg protein, mmol/min/mg protein or pmol/min/mg

protein.

Electron Transfer Chain Complexes II-IV Activities

The activities of succinate-2,6-dichloroindophenol (DCIP)-oxidoreductase
(complex 1) and succinate:cytochrome c¢ oxidoreductase (complex II-1ll) were
determined in homogenates from striatum according to Fischer et al. (1985) and
that of cytochrome c oxidase (complex IV) according to Rustin et al. (1994).

The activity of the respiratory chain enzyme complex succinate:DCIP
oxireductase (complex IlI) was determined by following the decrease in
absorbance because of the reduction of 2,6-DCIP at 600 nm with 700 nm as
reference wavelength (= 19.1 mM™ cm). The reaction medium consisting of 40
mM potassium phosphate buffer, pH 7.4, 16.0 mM sodium succinate and 8 yM
DCIP was preincubated with 40-80 ug homogenate protein at 30 °C for 30 min.
Subsequently, 4 mM sodium azide and 7 yuM rotenone were added, and the
reaction was initiated by addition of 40 uM DCIP and was monitored for 5 min.
Results were expressed as nmol of reduced DCIP per min per mg protein.

Complex II-lll (succinate: cytochrome c oxireductase) activity was
measured by following the increase in absorbance because of the reduction of
cytochrome ¢ at 550 nm as the reference wavelength (e= 19.1 mM™ cm). The
reaction medium consisting of 40mM potassium phosphate buffer, pH 7.4, and
16 mM sodium succinate was preincubated with 40-80 ug homogenate protein
at 30 °C for 30min. Subsequently, 4 mM sodium azide and 7 uM rotenone were
added and reaction was initiated by addition of 0.6 ug mi™* cytochrome c and

monitored for 5 min.
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The activity of cytochrome ¢ oxidase (complex IV, COX) was measured
by following the decrease in absorbance because of the oxidation of previously
reduced cytochrome c at 550 nm with 580 nm as reference wavelength (= 19.1
mM™ cm). The reaction mixture contained 10 mM potassium phosphate buffer,
pH 7.0, 0.6 mM n- dodecil-B-D-maltoside, 2-4ug homogenate protein and the
reaction was initiated with addition of 0.7ug reduced cytochrome c. The activity

of complex IV was measured at 25 °C for 10 min.

Creatine Kinase Activity

Creatine kinase (CK) activity was measured in total homogenates
according to Hughes (1962) with slight modifications (da Silva et al, 2004). In
brief, the reaction mixture consisted of 50mM Tris buffer, pH 7.5, containing 7.0
mM phosphocreatine, 7.5 mM MgSO,4, and striatal homogenates in a final
volume of 0.1 ml. The reaction was then started by addition of 4.0 mM ADP and
stopped after 10 min by addition of 0.02 ml of 50 mM p-hydroxy-mercuribenzoic
acid. The creatine formed was estimated according to the colorimetric method
of Hughes (1962). The color was developed by the addition of 0.1 ml 20%
diacetyl in a final volume of 1.0 ml and read after 20 min at A= 540 nm. Results

were calculated as umol of creatine min ™ mg protein .

Na'K*- ATPase Activity (NaK)

The NaK activity was determined according to Wyse et al (2001), in a
medium containing 5 mM MgCl,;, 80 mM NaCl, 20 mM KCI, 40 mM Tris-HCI
buffer, pH 7.4, and purified striatal synaptic membranes (approximately 20 ug

protein) in a final volume of 200ul. The enzymatic assay occured at 37 °C
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during 5 min and started by the addition of ATP (disodium salt, vanadium free)
to a final concentratiom of 3 mM. The reaction was stopped by the addition of
200 pl of 10% trichloroacetic acid. Mg*%- ATPase ouabain-insensitive was
assayed under the same conditions with the addition of 1 mM ouabain. NaK
activity was calculated by the difference between the two assays (Tsakiris and
Deliconstantinos, 1984). Released inorganic phophate (Pi) was measured by
the method of Chan et al. (1986). Enzyme-specific activities were calculated as

nmol Pi released ™ min™ mg protein™.

Determination of reduced glutathione (GSH) levels

GSH levels were evaluated according to Browne and Armstrong (1998).
Striatal supernatants were diluted in 20 volumes (1:20, v/v) of 100 mM sodium
phosphate buffer pH 8.0, containing 5 mM EDTA. One hundred microlitres of
this preparation was incubated with an equal volume of o-phthaldialdehyde (1
mg/mL methanol) at room temperature for 15 min. Fluorescence was measured
using excitation and emission wavelengths of 350 nm and 420 nm, respectively.
Calibration curve was performed with standard GSH (0.001-0.1 mM), and GSH

concentrations were calculated as nmol/mg protein.

Protein Determination

Protein content of samples was measured by the method of Lowry et al

(1951) using bovine serum albumin as standard.

39



Statical Analysis

Unless otherwise stated, results are presented as mean * standard error
of the mean (SEM). Assays were performed in duplicated 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. Differences between groups were rated
significant at P< 0.05. All analyses were carried out in IBM-compatible PC

computer using the Statistical for the Social Sciences (SPSS) software.

Results

We first investigated the ex vivo effects of EMA on CO; production from
glucose in striatum of young rats to evaluate whether this compound could
affect the citric acid cycle (CAC) function. We verified that glucose oxidation
was significant decresed by EMA, in both 2 and 24 hours after injection [up to
30% respectively, F= 8.66, p<0.05] (Fig.1), suggesting a blockage of the CAC
that may occur caused by a blockage of the electron transfer flow through the

respiratory chain.

We also evaluated the effect of EMA administration on the activities of
some CAC enzymes in mitochondrial preparations. We found a significant
reduction (22%, p< 0.05, Figure 3A) in citrate synthase activity only 24 hours
after EMA injection. The activity of a-ketoglutarate dehydrogenase was
increased (40%, p < 0.01, Figure 3B) at short period after EMA injection (2

hours), and 24 hours after EMA injection this enzymatic activity returned to

40



control levels. The activity of succinate dehydrogenase and malate

dehydrogenase were not changed by EMA injection (Figure 3C and 3D).

The next experiments were performed to evaluate the effect of EMA on
various respiratory chain complex activities in an attempt to elucidate whether
EMA could reduce the activity of the electron transfer chain. Figure 2A shows
that EMA significantly inhibited the activity of complex Il [up to 30% F= 3.98
p<0.05] 24 hours after injection and the activity of complex II-lll of the
respiratory chain [up to 20%, F= 3.54, p<0.05 , respectively] (Fig. 2B) 2 and 24

hours after injection without affecting complex IV activity (Fig. 2C).

Next, we evaluated the effects of EMA on creatine kinase (CK) activity in
homogenates from rat striatum. This enzyme activity was not modified by EMA
injection. Since CK plays a role in intracellular ATP transfer and buffering, it is
possible that intracellular energy transfer is not mainly altered by EMA (data not

shown).

We also evaluated the effects of EMA on synaptic NaK activity, a critical
enzyme for maintenance of the membrane potential necessary for
neurotransmission. Figure 4 shows that intrastriatal injection of EMA
significantly inhibited NaK activity measured in purified synaptic membranes

[Fig 4, up to 30%, F=5.48, p<0.05].

Striatal GSH levels measured 2 or 24 hours after EMA administration
revealed that EMA significantly decreased GSH levels in 24 hours [up to 20%,

F=4.26, p< 0.05] (Fig 5).
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We then investigated the effects of N-acetylcysteine (NAC) on EMA-
induced decrease of the activity of NaK and GSH levels in striatum 24 hours
after EMA injection. NAC totally prevented the reduction of GSH levels (Fig. 6A)

and NaK activity (Fig 6B).

Discussion

The patogenesis of the neurological dysfunction observed in patients
affected by ethylmalonic encephalopathy and short-chain acyl-CoA
dehydrogenase deficiency in which EMA accumulates and is excreted in high
amounts remains unknown. High amounts of butyryl-CoA and its derivative
EMA produced in the liver of SCAD-deficient patients and launched in the
circulation could reach the brain because short-chain fatty acids easily cross the
blood-brain barrier (Oldendorf, 1973). In this context, some evidences indicate
that EMA provokes in vitro alterations of bioenergetics and induces oxidative
damage in cerebral cortex and hippocampus of young rats (Schuck et al, 2002;

Leipnitz et al, 2003; Schuck et al, 2010, Schuck et al, 2009).

Most patients diagnosed at the neonatal period with this condition are
asymptomatic. We believe that EMA accumulation, especially during episodes
of metabolic decompensation characterized by intense fatty acid catabolism,
may act sinergistically with other environmental factors provoking neurological
damage. The clinical variability is normal in metabolic disorders such EE and
SCADD and the neuroradiological investigations (Grosso et al, 2002) in patients

with EE showed increasing hyperintensities of the basal ganglia on T2-weighted
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Images suggesting an impairment of the striatum. The hyperintensities have
been considered result of infarcts, possibly related to the toxicity of
accumulating organic acids such as EMA, or secondary to the vascular changes
commonly observed in this disorder (Grosso et al, 2002). In this context, we
showed for the first time that ex vivo intrastriatal administration of EMA

compromises energy metabolism in striatum of rats.

EMA intraestriatal administration decreased CO, production from glucose
in striatum, suggesting a disruption in the aerobic glycolytic pathway and/or the
CAC. Although we did not measure the activities of the enzymes of the
glycolytic pathway, we demonstrated that the activities of citrate synthase and
complex 1l and II-1ll of electron transfer chain were significantly inhibited by
EMA in striatum that may possibly explain the reduction of CO, generation
caused by this organic acid. We observed an increase in a-KGDH activity (up to
40%) in mitochondrial preparations from striatum of rats 2 hours after EMA
injection. This could be explained as a mechanism to compensate the reduction
in CAC flux. In this context, Graf et al (2013) recently demonstrated an up-
regulation in a-KGDH activity as a stress response, suggesting that post-
translational modifications in this enzyme would be the primary and immediative

measure to alleviate the metabolic stress.

We also tested the influence of EMA intraestriatal injection on electron
transfer chain function by measuring the activities of complexes I-IV. EMA
inhibited the activity of complex Il and complex II-lll of the electron transfer
chain (Fig. 2A and 2B) only 24 hours after EMA injection. In this context, it was

also observed that chronic subcutaneous administration of EMA to young rats
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does not modify the activities of critical enzymes of energy metabolism (Ferreira
et al, 2006). Furthermore, it has been sugested an inhibitory effect of EMA on
mitochondrial succinate oxidation probably due to a competition between
succinate and EMA for the same mitochondrial membrane carrier (Amaral et al,
2012). Considering that reduction of the electron transport chain flow (impaired
oxidative phosphorylation) results in lower ATP synthesis, our present data
suggest that energy production is compromised in vivo by EMA in striatum of

young rats.

We also found that the activity of creatine kinase, a crucial enzyme for
intracellular ATP transfer and buffering, was not affected 2 or 24 hours after
intrastriatal administration of EMA. Previous in vitro studies demonstrated
alterations in this activity in different cerebral structures (Schuck et al, 2002.,
Schuck et al, 2009., Leipnitz et al, 2009). Our data suggest that the energy
transfer is not mainly altered in striatum by EMA in vivo administration.
However, other factors are involved in this system and should be further

investigated to clarify this matter.

Intrastriatal injection of EMA reduced NaK activity, which is necessary for
neuronal excitability and celular volume control. This enzyme is present in high
concentration in the brain, consuming about 40-50% of the ATP generated in
this tissue, highlighting its importance for normal brain functioning. It was
recently reported that acute EMA administration (three subcutaneous injections)
increased brain NaK activity in cerebral cortex (Schuck et al, 2013). Another
study intrastriatal administration of methylmalonic acid (MMA), structurally

similar to EMA, induced a local persistent decrease in NaK activity in striatum
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and an increase in cerebral cortex (Malfatti et al, 2003). One interesting
possibility that explain these data is the differential expression of NaK
isoenzymes, which have different sensitivity to the reactive oxygen species
between cerebral structures. In this context, Schuck et al demonstrated a
decrease in MRNA expression of cerebral cortex NaK subunits (al and a3) in

EMA-treated animals (Schuck et al, 2013).

We also found that EMA reduced the total content of GSH in rat striatum
24 h after intraestriatal injection, implying a decrease of non-enzymatic
antioxidant defenses in the striatum. Endogenous GSH is the main naturally-
occurring antioxidant in the brain and is used to evaluate the non-enzymatic
antioxidant capacity of a tissue to prevent the damage associated to free radical
processes (Halliwell and Gutteridge, 2007). Considering that, it can be
presumed that the rat striatum non-enzymatic antioxidant defenses were
compromised by EMA administration. It is conceivable that the reduction of
GSH levels may reflect increased reactive species generation elicited by EMA.
This is in accordance with previous studies demonstrating that EMA increases
lipid and protein damages in vitro in cerebral cortex of rats (Schuck et al, 2010).
On the other hand, the mitochondrial dicarboxylate carrier inhibition caused by
EMA, proposed by Amaral et al, (Amaral et al, 2012) may also inhibit GSH

transport into the brain mitochondria, promoting redox imbalance.

Regarding to the decrease of NaK activity caused by EMA intrastriatal
administration, we verified that pre-treatment with the antioxidant NAC, besides
restoring GSH striatal levels (Figure 6A), was not able to prevent EMA-elicited

reduction of this important enzyme activity (Figure 6B). Although NakK is
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vulnerable to oxidative damage, particularly through oxidation of essential
sulthydryl groups of the enzyme (Abeywardena et al, 1983; Carfagna and
Muhoberac, 1993), the present data suggest that this inhibition is not caused by
oxidation of these essential sulfhydryl groups. Our findings suggest that the
reduced activity may be possibly be caused by oxidation of membrane lipids

leading indirectly to inhibition of NaK activity.

In conclusion, we reported for the first time that in vivo intrastriatal
administration of EMA causes disturbance in brain energy homeostasis in the
striatum suggesting that this pathomecanism may be involved in the
neurological dysfunction presented by the disorders in which this organic acid

accumulates.
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Legends of figures:

Figure 1. Effect of EMA on CO, production from [1-'*C] glucose in rat striatum.
Values are mean +- SEM for four to five independent experiments (animals) per
group and expressed as pmol CO, h™* g tissue™. *P<0.05 compared to control
(ANOVA followed by Duncan multiple range test).

Figure 2. Effect of EMA on the activities of the respiratory chain complexes II-1V
in rat striatum. Values are mean +- SEM for five to nine independent
experiments (animals) per group. The activity of complex 1l (a) as nmol DCIP
reduced min ™ mg protein ™. The activities of complexes -1l (B) and IV (C) are
expressed respectively, as nmol cytochorome ¢ reduced min ™ mg protein™ and
nmol cytochrome ¢ oxidized min™ mg protein™. *P<0.05 compared to control
(ANOVA followed by Duncan multiple range test).

Figure 3. Effect of EMA on citric acid cycle enzyme citrate synthase (CS, A), a-
ketoglutarate dehydrogenase (a-KGDH, B), succinate dehydrogenase (SDH, C)
and malate dehydrogenase (MDH, D) activities in rat striatum. Values are mean
+- SEM for four to six independent experiments (animals) and are expressed as
expressed as nmol TNB/min/mg protein (CS), nmol NADH/min/mg protein—-1 (a-
KDGH and MDH), and nmol DCIP/min/mg protein (SDH). *P<0.05 compared to
control (ANOVA followed by Duncan multiple range test)

Figure 4. Effect of EMA on Na® K* ATPase activity from purified synaptic
plasma membranes from rat striatum. Values are mean +- SEM for four
independent experiments (animals) and are expressed as nmol Pi min™ mg
protein™. *P<0.05 compared to control (ANOVA followed by Duncan multiple
range test).

Figure 5. Effect of EMA on GSH levels in rat striatum. Values are mean +-
SEM for five to six independent experiments (animals) and are expressed as
nmol mg protein™. *P<0.05 compared to control (ANOVA followed by Duncan
multiple range test).
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Figure 6. Effect of N-acetylcysteine (NAC) on levels of glutathione (A) reduction
and Na',K*-ATPase activity (B) inhibition caused by EMA intrastriatal injection.
Animals were intraperitoneally pre-treated with saline or NAC (3 days, one
injection per day). Rats were killed 24 hours after EMA administration. Data are
represented as mean £ SEM for four to six independent experiments (animals)
performed in triplicate. *P<0.05 (ANOVA followed by Duncan’s multiple range
test)
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PARTE III:

Discussao e Conclusodes
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I1l. 1 Discussao:

A patogénese da disfuncédo neuronal observada nos pacientes afetados
pela encefalopatia etilmalonica e pela deficiéncia da desidrogenase das acilas-
CoA de cadeia curta, doencas nas quais o acido etilmalénico se acumula e é
excretado em grandes quantidades, permanece desconhecida. Sabe-se que
altas quantidades de butiril-CoA e seu derivado, o &cido -etilmaldnico,
produzidos no figado de pacientes afetados pela deficiéncia da SCAD e,
lancados na circulagdo podem chegar ao cérebro. Isso ocorre porque 0s acidos
graxos de cadeia curta podem ultrapassar facilmente a barreira hemato-
encefélica (Oldendorf, 1973). Dessa forma, algumas evidéncias in vitro indicam
que o EMA provoca alteracdes na bioenergética e induzem dano oxidativo em
cortex cerebral e hipocampo de ratos jovens (Schuck et al, 2002; Leipnitz et al,

2003; Schuck et al, 2010, Schuck et al, 2009).

Uma vez que muitos pacientes dignosticados no periodo neonatal séo
assintoméaticos, nds acreditamos que o acumulo de EMA, especialmente
durante os episodios de descompensacdo metabdlica caracterizados por
intenso catabolismo de acidos graxos, podem atuar sinergisticamente com
outros fatores ambientais provocando o dano neuronal. Investigacdes
neuroradiolégicas em pacientes com EE demonstraram um aumento na
hipersensibilidade dos ganglios da base, sugerindo também um
comprometimento do estriado. Essa hipersensibilidade é considerada
resultados de infartos, possivelmente relacionados a toxicidade dos acidos
organicos acumulados, como o EMA, ou secundéario a mudancas vasculares

comumente observadas nessa desordem (Grosso et al, 2002). Nesse contexto,
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demonstramos pela primeira vez que a administracdo intraestriatal de EMA

causa alteracdes em parametros de metabolismo energético.

No6s verificamos inicialmente que a oxidacdo de glicose foi
significativamente diminuida pelo EMA, 2 e 24 horas ap0s a administracao,
sugerindo um bloqueio no ciclo do &cido citrico que pode ocorrer devido a uma
inibicdo de uma ou mais atividades de enzimas do ciclo ou, alternativamente,
secundaria a um bloqueio do transporte de elétrons através da cadeia
respiratoria. Nesse sentido, nds demonstramos que o EMA diminuiu
significativamente a atividade do complexo Il e do complexo Il-lll da cadeia
respiratéria (fig. 2A e 2B), bem como da enzima citrato sintase (Figura 3A).
Estudos relacionados verificaram que administracdo crbnica subcutanea de
EMA em ratos jovens n&o modificou as atividades de enzimas importantes do
metabolismo (Ferreira et al, 2006). Além disso, sugere-se que o efeito inibitério
do EMA na oxidacdo mitocondrial de succinato é devido, provavelmente, a
competicdo entre o EMA e o succinato pelo mesmo transportador de
membrana mitocondrial (Amaral et al, 2012). Assim, considerando que a
reducdo do fluxo na cadeia de transporte de elétrons resulta em reduzida
sintese de ATP, nossos dados sugerem que a producdo energética é

comprometida in vivo pelo EMA em estriado de ratos.

A enzima creatina quinase, crucial para a transferéncia e o
tamponamento intracelular de ATP, n&o teve sua atividade afetada pela
administragao intraestriatal de EMA in vivo apos 2 e 24 horas. No entanto,
estudos prévios in vitro demonstraram alteracbes na sua atividade em

diferentes estruturas cerebrais (hipocampo e cortex cerebral) (Schuck et al
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2002, Schuck et al 2009, Leipnitz et al, 2009). Dessa forma, nossos achados
sugerem que a transferéncia de energia ndo é alterada no estriado pela
administracéo in vivo. Outros fatores, envolvidos nesse sistema, sdo passiveis

de investigacgao.

A injecdo intraestriatal de EMA reduz a atividade da Nak, enzima
necesséria para a excitabilidade neuronal e controle do volume celular e,
presente em altas concentracdes no cérebro consumindo por volta de 40-50%
do ATP gerado nesse tecido. Demonstrou-se recentemente que a
administracdo aguda de EMA (trés injecbes subcutaneas) aumentou a
atividade da NaK em cortex cerebral (Schuck et al, 2013). Outro estudo que
utiizou uma injecdo intraestriatal de &cido metilmalénico (MMA),
estruturalmente similar ao EMA, induziu uma diminuicdo persistente na
atividade da NaK em estriado e uma aumento em cortex de ratos (Malfatti et al,
2003). Uma possibilidade interessante que explica esses achados é
relacionada a expressao diferencial das isoenzimas da NakK, as quais possuem
sensibilidades diferentes a espécies reativas de oxigénio entre as estruturas
cerebrais. Nesse contexto, Schuck e colaboradores demonstraram uma
diminuicdo na expressdo de RNAm das diferentes subunidades da NaK (al e

a3) em cortex cerebral de animais tratados com EMA (Schuck et al, 2013).

Outros estudos mostraram que o EMA aumenta o dano lipidico e
proteico in vitro em cortex cerebral de ratos (Schuck et al, 2010). Considerando
gue a NaK é particularmente sensivel ao dano induzido pelos radicais livres,
nés observamos nesse trabalho, o declinio das defesas antioxidantes nao

enzimaticas cerebrais (GSH) provavelmente refletindo o rapido consumo de
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espécies reativas. Por outro lado, a inibicdo do transportador mitocondrial de
dicarboxilatos causado pelo EMA, proposto por Amaral e colaboradores,
(Amaral et al, 2012), também pode estar envolvido na inibicdo do transporte de

GSH para a mitocéndria cerebral, promovendo um desbalanco redox.

Demonstramos também que o pré-tratamento dos animais com o agente
antioxidante N-acetilcisteina foi capaz de prevenir a reducdo dos niveis
estriatais de GSH causada pela injecdo de EMA. Visto que a enzima NaK é
vulneravel ao dano oxidativo, particularmente via oxidacdo de grupamentos
sulfidrila essenciais (Abeywardena et al, 1983; Carfagna e Muhoberac, 1993), e
que nossos dados demonstram que o pré-tratamento com o NAC, um agente
protetor de grupamentos sulfidrila, néo foi capaz de prevenir a redugéo de sua
atividade, sugere-se que tal efeito inibitério ndo € devido a oxidacdo desses
grupamentos sulfidrila. E possivel, no entanto, que a reducdo da atividade da
NaK causada pelo EMA possa ser devida a oxidacao de lipidios de membrana

onde esta enzima esta inserida.

Concluimos que nossos achados demonstram, pela primeira vez, que a
injecdo intraestriatal de EMA causa uma alteracdo na homeostase energética
cerebral sugerindo um possivel mecanismo fisiopatolégico envolvido nos varios

distarbios em que o EMA se acumula.
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I11.2 Conclusodes:

- O EMA inibiu a producéo de CO; a partir de glicose (2 e 24 hr), sugerindo um

prejuizo da atividade do ciclo do &cido citrico;

- O EMA diminuiu significativamente a atividade do complexo Il e II-lll (24hr),
sem alterar a atividade do complexo IV, o que indica que esse metabdlito pode
estar comprometendo o fluxo de elétrons pela CTE, levando a uma possivel

diminuicao de ATP;

- O EMA nao alterou a atividade da enzima CK, sugerindo que esse metabdlito
ndo esta envolvido no comprometimento da transferéncia intracelular de

energia;

- O EMA diminuiu a atividade da enzima NaK (2 e 24 hr), indicando que esse
metabdlito pode alterar o potencial de membrana necessario para a
manutenc¢ao da excitabilidade neuronal e a neurotransmissao. O EMA diminuiu
0os niveis de GSH e o pré tratamento com NAC, um agente protetor de
grupamentos sulfidrila, preveniu a reducdo dos niveis estriatais de GSH
causada pela injecdo de EMA mas néo foi capaz de prevenir a reducao da
atividade da enzima NakK, sugerindo que tal efeito inibitério ndo é devido a

oxidacdo desses grupamentos sulfidrilas.
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[11.3 Perspectivas:

Estudar o potencial neuroprotetor de outros agentes, tais como creatina
e L-carnitina, sobre os efeitos deletérios causados pela injecao

intraestriatal de EMA.

Avaliar o efeito da administragao intraestriatal de EMA sobre outros

parametros de estresse oxidativo.

Avaliar morfologia, viabilidade e morte celular em estriado de ratos por

imunoistoquimicas apds a administracdo de EMA.
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