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sendo apresentada na forma de capitulos constituidos por artigos cientificos
publicados/submetidos em revistas internacionais indexadas. O capitulo 1 refere-se ao artigo
intitulado “Prevention of DNA damage by L-carnitine induced by metabolites accumulated in
maple syrup urine disease in human peripheral leukocytes in vitro”. O capitulo 2 trata do
artigo intitulado “L-carnitine supplementation decreases DNA damage in treated MSUD
patients”. O capitulo 3 refere-se ao artigo “Investigation of inflammatory profile in MSUD
patients: benefit of L-carnitine supplementation”. O capitulo 4 reporta-se ao artigo intitulado
“Urinary biomarkers of oxidative damage in Maple Syrup Urine Disease: the L-carnitine
role” e por fim, o capitulo 5 refere-se ao artigo intitulado “L-carnitine prevents oxidative
stress in the brains of rats subjected to a chemically induced chronic model of MSUD .

A parte 3 constitui-se da interpretacdo dos resultados (Discussdo), Conclusodes,
Perspectivas e Referéncias.

As sessoes de Introdugdo, Discussdo e Conclusdo encontradas nesta tese apresentam
interpretagdes e comentarios gerais sobre os resultados presentes nos artigos cientificos. As
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RESUMO

A doenca da urina do xarope do bordo (MSUD) ¢ causada pela deficiéncia na
atividade do complexo da desidrogenase dos a-cetoacidos de cadeia ramificada (BCKAD),
promovendo o acimulo dos aminodcidos de cadeia ramificada (BCAA) leucina (Leu),
isoleucina (Ile) e valina (Val) e seus a-cetodcidos correspondentes (BCKA). A MSUD
caracteriza-se por cetoacidose, ataxia, coma, retardo mental e psicomotor. Estudos em animais
demonstraram que BCAA e BCKA estimulam a lipoperoxidacdo e reduzem capacidade
antioxidante cerebral em ratos. Também hé evidéncias de que o estresse oxidativo ocorra em
pacientes com MSUD no diagndstico e durante o tratamento e que devido a terapia com dieta
restrita e hipoproteica eles possuam deficiéncia de L-carnitina (L-car), um importante
composto para o metabolismo energético. Recentemente, estudos demonstraram o papel
antioxidante e anti-inflamatorio da L-car, através de sua ag¢do antiperoxidativa, sequestradora
de espécies reativas e efeito estabilizador de danos as membranas celulares. Considerando que
a fisiopatologia da MSUD ainda ¢ pouco compreendida e que existe um crescente nimero de
estudos enfatizando o envolvimento do estresse oxidativo na doenga, neste trabalho foi
investigado o efeito in vitro e in vivo da L-car sobre o estresse oxidativo e o dano inflamatdrio
na MSUD tendo como objetivos: A) estudar a indu¢do ao dano oxidativo pelos metabolitos
acumulados na MSUD, verificando o possivel papel antioxidante da L-car sobre o dano ao
DNA in vitro; B) avaliar o efeito in vivo da suplementacdo de 50 mg/kg/dia de L-car sobre:
b.1) a indugdo do dano ao DNA em leucécitos de pacientes com a MSUD tratados com dieta
de restricdo proteica, correlacionando as concentragdes dos principais metabolitos
acumulados nesta doenca e verificando o possivel papel antioxidante da suplementagao da L-
car; b.2) a concentragdo de citocinas pro-inflamatérias em plasma de pacientes com MSUD
tratados com dieta de restricdo proteica e a correlagdo com o estresse oxidativo; b.3) os
parametros de dano oxidativo a biomoléculas em urina de pacientes com MSUD sob dieta de
restricdo proteica; C) avaliar o efeito da L-car sobre o estresse oxidativo causado pelos
metabolitos acumulados na MSUD em cortex cerebral e cerebelo de ratos Wistar, através de
um modelo crénico de indu¢do quimica da doenga. Verificou-se que a Leu e o seu o-
cetoacido correspondente, o 4acido a-cetoisocaproico (KIC), causaram danos ao DNA in vitro
e L-car foi capaz de diminuir significativamente essas alteragdes, principalmente as causadas
pelo KIC. Quando testado o efeito da suplementacdo de L-car sobre o dano ao DNA em
pacientes MSUD, observou-se um aumento significativo de lesdes ao DNA em pacientes com
dieta de restricdo proteica quando comparados aos controles e a terapia com L-car foi capaz
de diminuir significativamente os niveis desses danos. Também foram verificadas correlagdes
do tipo negativa entre as concentracdes de L-car e os indices de dano ao DNA e do tipo
positiva entre as lesdes a0 DNA e niveis de MDA, marcador de lipoperoxidacao, explicitando
uma relagdo entre o dano ao DNA observado nos pacientes com MSUD, estresse oxidativo e
o beneficio da suplementa¢do de L-car. Também averiguou-se o efeito da terapia de L-car
sobre as citocinas pro-inflamatorias interleucina 1f (IL-1B), interleucina 6 (IL-6) e interferon
gama (INF-y). Constatou-se aumentos significativos de IL-1pB, IL-6 e INF-y no plasma de
pacientes com MSUD antes da suplementacdo de L-car e uma reversdo completa desses
valores aos niveis dos controles para IL-1p e INF-y ap6s a administracdo de L-car. Ainda,
verificou-se que a L-car pode auxiliar na defesa celular contra a inflamagdo e o estresse
oxidativo, observando-se uma correlagdo negativa entre todas citocinas testadas e as
concentragdes de L-car, e uma correlagdo positiva entre o conteido de MDA e niveis de IL-1p3
e IL-6. Constatou-se também que as medidas de di-tirosina (dano oxidativo a proteinas) e
isoprostanos (dano de lipoperoxidacao) estavam aumentadas e a capacidade antioxidante total
diminuida na urina de pacientes com MSUD sem terapia com L-car e a suplementagdo deste



composto induziu efeitos benéficos sobre estes pardmetros, reduzindo os niveis de di-tirosina
e isoprostanos e aumentando a capacidade antioxidante medida em urina. Foi também
observado um aumento de KIC urindrio apds dois meses de tratamento com L-car, quando
comparado com o grupo controle, demonstrando um incremento da excrecdo deste metabolito
toxico. Desta forma, esses resultados sugerem um efeito de reversdao de dano oxidativo pela
L-car e que a urina pode ser utilizada para monitorar este tipo de lesdo em pacientes afetados
pela MSUD. Por fim, foram analisados em cortex cerebral e cerebelo de ratos Wistar
submetidos ao modelo cronico de MSUD: espécies reativas ao acido tiobarbitirico (TBA-
RS), para avaliar lipoperoxidacdo, conteudo de carbonilas (dano oxidativo proteico), oxidagao
de diclorofluoresceina (DCF), para quantificar producdo de espécies reativas teciduais,
contetido de glutationa reduzida (GSH) que ¢ um importante antioxidante ndo enzimatico e a
atividade das enzimas antioxidantes catalase (CAT), superoxido dismutase (SOD), glutationa
peroxidase (GPx) e glicose-6-fosfato-desidrogenase (G6PD). Os resultados mostraram que a
administracdo cronica de BCAA estimulou a lipoperoxidag¢do, o dano oxidativo proteico,
aumento de espécies reativas e diminuicdo das defesas antioxidantes enzimadticas e nao
enzimaticas, especialmente em cortex cerebral e o tratamento com L-car foi capaz de prevenir
estes efeitos, exceto o dano oxidativo a proteinas. Em conjunto, estes resultados demonstram
que os metabolitos acumulados na MSUD induzem dano oxidativo a biomoléculas (lipidios,
proteinas ¢ DNA), diminuem o status antioxidante e promovem aumento de processos
inflamatorios. Ainda, estes dados podem contribuir para a compreensdo dos mecanismos de
acao dos efeitos citotoxicos dos metabolitos acumulados na MSUD e evidenciar o papel do
estresse oxidativo e da inflamagdo na neuropatofiosiologia desta doenga, além do efeito
protetor da L-car sobre este processo. O estudo de antioxidantes, como a L-car, pode propor
uma abordagem terapéutica adicional ao que ¢ empregado atualmente para pacientes com
MSUD, que ¢ essencialmente dietética e, portanto, de dificil manejo.

Palavras-chave: Doenca da Urina do Xarope do Bordo, L-Carnitina, Estresse Oxidativo,

Inflamacao.



ABSTRACT

Maple syrup urine disease (MSUD) is caused by deficiency of the activity of the
mitochondrial enzyme complex branched-chain o-ketoacid dehydrogenase (BCKAD). The
metabolic defect leads to accumulation of the branched chain amino acids (BCAA) leucine
(Leu), isoleucine (Ile) and valine (Val) and the corresponding branched-chain a-keto acids.
The clinical features of MSUD include ketoacidosis, seizures, coma, psychomotor delay and
mental retardation. Treatment consists in Leu, Val and Ile restricted diet. Studies in animals
have demonstrated that lipid peroxidation is stimulated by BCAA and BCKA in brain of rats
and these metabolites reduce in vitro and in vivo the cerebral capacity to modulate the damage
associated to increased free radical production. Also, there is evidence that oxidative stress
occurs in MSUD patients at diagnosis and during treatment and that due to terapy with protein
restricted diet they present L-carnitine (L-car) deficiency, an important compound for energy
metabolism. Recent studies have demonstrated the antioxidant and anti-inflammatory role of
L-carnitine (L-car), through its action against peroxidation in different tissues by various
mechanisms, a scavenger of reactive oxygen species and the stabilizing effect of damage to
cell membranes. Considering that the pathophysiology of MSUD is still poorly understood,
and that there is an increasing number of studies emphasizing the oxidative stress
involvement in the disease, this study investigated the in vitro and in vivo effect of L-car on
oxidative stress and inflammatory damage in MSUD with the following purposes: A) to study
the induction of damage by accumulated metabolites in MSUD, analyzing the possible
antioxidant role of L-car on DNA damage in vitro; B) to evaluate the in vivo effect of 50
mg/kg/day of L-car supplementation about: b.1) the induction of DNA damage in leukocytes
of MSUD patients treated with protein-restricted diet, correlating this damage with the
concentrations of the major metabolites accumulated in this disorder and checking the
possible antioxidant role of L-car supplementation; b.2) plasma inflammatory cytokines in
treated MSUD patients with protein-restricted diet and the correlation with oxidative stress;
b.3) oxidative damage parameters in urine of MSUD patients with protein-restricted diet
supplemented with L-car; C) to investigate the BCAA effect on some oxidative stress
parameters and evaluate the L-car efficacy against these possible pro-oxidant effects in
cerebral cortex and cerebellum of rats submitted to a chronic chemically-induced model of
MSUD. DNA damage index (DI) showed that Leu and a-ketoisocaproic acid (KIC) groups
was significantly higher than that of the control group, and that L-car was able to significantly
prevent this damage, especially that due to KIC. Accordingly, DNA DI in MSUD patients
under BCAA-restricted diet was significantly increased as compared to controls and L-car
supplementation was able to significantly decrease this parameter. It was also verified a
significant positive correlation between DNA DI and MDA content, a marker of lipid
peroxidation. Furthermore, we found an inverse significant correlation between DI and L-car
levels. These results strengthen a relationship between DNA damage observed in MSUD
patients, oxidative stress and the L-car supplementation benefit. The role of L-car on plasma
inflammatory cytokines interleukin-1B (IL-1pB), interleukin-6 (IL-6) and interferon-gamma
(INF-y) was also evaluated in these patients. Significant increases of IL-1p, IL-6, and INF-y
were observed before the treatment with L-car. Moreover, there is a negative correlation
between all cytokines tested and L-car concentrations and a positive correlation among the
MDA content and IL-1p and IL-6 values after L-car supplementation. It was also
demonstrated that the oxidative stress parameters di-tyrosine (oxidative protein damage) and
isoprostanes (lipid peroxidation assay) were increased and the antioxidant capacity was
reduced in urine of MSUD patients without L-car therapy and that the supplementation of this
compound induced beneficial effects on these parameters, so reducing the di-tyrosine and



isoprostanes levels and increasing the antioxidant capacity. It was also showed a significant
increase in urinary KIC after 2 months of L-car treatment compared to control group,
demonstrating an increased excretion of this toxic metabolite. In conclusion, these results
suggest a reversion effect of the oxidative damage by L-car and that urine can be used to
monitorize oxidative damage in patients affected by this disease. The following parameters
were analysed in cerebral cortex and cerebellum of Wistar rats submitted to MSUD
chemically-induced chronic model: thiobarbituric acid reactive species (TBA-RS), to
evaluate lipid peroxidation, carbonyl content to evaluate protein oxidative damage, DCF
oxidation to quantify reactive species production, reduced glutathione (GSH), an important
non-enzymatic antioxidant and the activities of antioxidant enzymes catalase (CAT),
superoxide dismutase (SOD), glutathione peroxidase (GPx) and glucose-6-phosphate
dehydrogenase (G6PD). The results showed that the chronic administration of BCAA was
able to promote both lipid and protein oxidation, increase of reactive species production and
decreased brain antioxidant defenses, especially in cerebral cortex and that L-car was able to
prevent these effects, except for oxidative damage to proteins. Taken together, these results
demonstrate that the metabolites accumulated in MSUD cause oxidative damage to
biomolecules (lipids, proteins and DNA), decrease antioxidant status and promote increased
inflammatory processes. These results may contribute to the understanding of the mechanism
of action of the cytotoxic effect of the metabolites accumulated in MSUD and the role of
oxidative stress and inflammation in the MSUD neuropathophysiology besides the protective
effect of L-car on this process. The study of antioxidants like L-car can opens an additional
therapeutic approach to that currently employed for MSUD patients, which is primarily
dietary and therefore difficult to handle.

Keywords: Maple Syrup Urine Disease, L-Carnitine, Oxidative Stress, Inflammation.



LISTA DE ABREVIATURAS E SIGLAS
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INTRODUCAO

1.1) Erros Inatos do Metabolismo

Os erros inatos do metabolismo (EIM) sdo distirbios genéticos que correspondem a
um defeito parcial ou total de uma proteina, normalmente uma enzima, capaz de acarretar a
interrupgdo de vias metabolicas. A auséncia ou deficiéncia grave da atividade enzimatica pode
causar falhas na sintese, degradacdo, armazenamento ou transporte de moléculas no
organismo, com auséncia de um produto esperado, acumulo de substratos da etapa anterior a
interrompida ou, entdo, o desvio para rota(s) metabdlica(s) alternativa(s) que pode
comprometer processos celulares. Dependendo da importancia da via afetada, este bloqueio
repercute de forma clinica varidvel, geralmente provocando sintomatologia grave, que na
maioria das vezes afeta o sistema nervoso central (Scriver et al., 2001).

O grande nimero de alteragdes genéticas acarreta quadros clinicos extremamente
diversos, desde assintomaticos até os tdo graves que implicam em morte neonatal. De uma
maneira geral, os EIM possuem sintomatologia severa que se manifesta ainda durante a
infancia (Giugliani, 1998).

De acordo com o fenétipo clinico dos pacientes, Saudubray e Charpentier (2001)
classificaram os EIM em trés grandes grupos:

Grupo I: distarbios de sintese ou catabolismo de moléculas complexas, como as
doengas lisossomicas de depdsito (doenga de Fabry, doenga de Gaucher, etc.);

Grupo II: doengas do metabolismo intermediario, como as aminoacidopatias (doenga
da urina do xarope do bordo, fenilcetonuria, etc.), as acidemias organicas (acidemia
metilmaldnica, acidemia propidnica, etc.), defeitos do ciclo da wuréia (citrulinemia,

argininemia, etc.), intolerancia a agucares (galactosemia, etc.);



Grupo III: disturbios na utilizacdo e produg¢do de energia, como as doencgas

mitocondriais da cadeia respiratoria.

Os erros inatos do metabolismo representam cerca de 10% de todos os disturbios
genéticos (Sanseverino et al., 2000). A incidéncia isolada de cada uma destas doencas
metabodlicas ¢ pequena. No entanto, se forem contabilizados os cerca de 600 distirbios
conhecidos (Scriver et al., 2001) a frequéncia se torna mais expressiva, de aproximadamente
1/5000 nascidos vivos (Giugliani, 1998). Para a maioria dessas doengas, a prevengdo da morte
ou de sequelas neuroldgicas permanentes nos pacientes ¢ dependente de um diagndstico

precoce e instituicdo de uma terapia adequada (Jimenez-Sanchez et al., 2001; Burton, 1998).

1.2) Doenca da Urina do Xarope do Bordo

Menkes e colaboradores, em 1954, reportaram quatro casos de uma doenga
neurodegenerativa caracterizada por edema cerebral, espasticidade, dificuldade respiratéria e
convulsdes, com o aparecimento dos sintomas na primeira semana de vida e falecimento antes
dos trés meses de idade. Estes pacientes possuiam niveis aumentados dos aminoacidos de
cadeia ramificada nos liquidos corporeos e a urina apresentava um forte odor de xarope de
bordo, cheiro adocicado, parecido com aglicar queimado ou caramelo. Esta nova sindrome foi
chamada, entdo, de Doen¢a de Urina do Xarope do Bordo (“Maple Syrup Urine Disease” -
MSUD). Em 1959, Dancis e colaboradores identificaram que os compostos acumulados na
MSUD eram os aminodcidos de cadeia ramificada e os seus correspondentes a-cetoacidos, e,
portanto, a doenca também foi denominada cetoacidiria de cadeia ramificada. O mesmo
grupo de pesquisa, em 1960, demonstrou em estudos enzimaticos em leucocitos e fibroblastos

de pacientes afetados que o bloqueio metabolico na MSUD ocorria na descarboxilagdo dos a-



cetoacidos de cadeia ramificada. O primeiro tratamento proposto foi em 1964 por Snyderman
e colaboradores, que sugeriram uma dieta restrita em aminoacidos de cadeia ramificada.

Portanto, MSUD ou cetoaciduria de cadeia ramificada ¢ um EIM causado por uma
deficiéncia grave na atividade do complexo da desidrogenase dos a-cetoacidos de cadeia
ramificada (“Branched-Chain a-Keto Acid Dehydrogenase”- BCKAD), como ilustrado na
Figura 1.

A inabilidade deste complexo enziméatico em descarboxilar os a-cetodcidos de cadeia
ramificada (“Branched-Chain a-Keto Acids”- BCKA) a-cetoisocaproico (“a-Ketoisocaproic
Acid”’- KIC), a-ceto-f-metilvalérico (“a-Keto-B-Methylvaleric Acid” - KMV) e a-
cetoisovalérico (“a-Keto-B-Methylvaleric Acid”- KIV) leva ao actimulo tecidual desses
metabolitos e de seus aminoacidos precursores de cadeia ramificada (“Branched Chain Amino
Acids”- BCAA) leucina (Leu), isoleucina (Ile) e valina (Val) (Chuang e Shih, 2001; Treacy et
al.,1992). Os derivados hidroxilados a-hidroxi-isocapréico, a-hidroxi-p-metilvalérico e o-
hidroxivalérico, produzidos pela reducdo dos seus a-cetodcidos também se acumulam, mas

em menor extensdo (Treacy et al.,1992).
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Figura 1. Rota metabdlica dos aminoacidos de cadeia ramificada leucina (leucine), isoleucina (isoleucine) e
valina (valine), indicando o bloqueio metabélico que ocorre na Doenga da Urina do Xarope do Bordo (MSUD),

situado no complexo da desidrogenase dos a-cetoacidos de cadeia ramificada (Mitochondrial BCKD complex)
(Adaptado de Scriver et al., 2001).
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A MSUD ¢ uma doenga metabdlica de cardter autossdmico recessivo com uma
frequéncia mundial estimada em aproximadamente 1 para cada 185.000 recém-nascidos vivos
(Chuang e Shih, 2001). Embora a MSUD seja uma desordem rara, em alguns povos
menonitas assentados na Pensilvania e em algumas cidades dos Estados Unidos, a incidéncia
estimada ¢ de 1:200 nascidos vivos (Morton et al., 2002). No Brasil, a frequéncia da MSUD
pode ser maior do que a literatura internacional comenta. Em um levantamento realizado em
recém-nascidos brasileiros, foi estimada uma frequéncia aproximada de 1:84.000 (Jardim et
al.,1995).

Quanto aos aspectos genéticos, a BCKAD humana ¢ codificada por seis locus (Ela,
E1p, E2, E3, BCKAD quinase e BCKAD fosfatase), sendo que mais de 90 mutacdes ja foram
descritas nas subunidades cataliticas deste complexo enzimatico. A MSUD pode ser
classificada em trés subtipos, de acordo com o locus afetado: tipo TA (OMIM#608348) para
mutagdes do gene BCKDHA (subunidade Ela); tipo IB (OMIM#248611) para as mutagdes
observadas no gene BCKDHB (subunidade E1p) e o tipo II (OMIM#248610) para mutagdes
no gene DBT da subunidade E2 (Quental et al., 2008 a,b). As alteragdes genéticas que causam
a deficiéncia enzimatica do BCKAD podem ocorrer em qualquer um dos 3 genes, e como nao
ha relato de uma mutagdo prevalente entre os pacientes MSUD, exceto em isolados genéticos
em comunidades especificas, a abordagem molecular geralmente envolve a andlise completa
dos genes BCKDHA, BCKDHB e DBT.

Baseada na apresentagdo clinica, na atividade enzimadtica residual e na resposta
bioquimica a administracdo de tiamina, os pacientes com MSUD podem ser divididos
basicamente em cinco fendtipos clinicos e/ou bioquimicos: classico, intermedidrio,
intermitente, tiamina-responsivo e deficiente em lipoamida desidrogenase (E3). Para
classificar a forma da doenca ¢ levada em consideragao, principalmente, a idade do inicio dos

sintomas e a gravidade clinica, como mostrado na Tabela 1 (Chuang e Shih, 2001).

11



Tabela 1 — Classificagdo fenotipica da Doenca da Urina do Xarope do Bordo.

Fenotipo Idade de Principais Caracteristicas Leucina Atividade
Clinico inicio sintomas Bioquimicas plasmatica de descar-
clinicos (nmol/L) boxilagao
(* % do
normal)
Classico Neonatal Dificuldade Presenga de 1000-5000 0-2
até o 1° de proteinas do
ano alimentagao, BCKAD e
letargia, aloisoleucina
hipotonia,
cetoacidose,
convulsdes,
apnéia e
hipoglicemia
Intermediario | Infancia a Ataxia Presenga de 400-2000 3-30
vida progressiva, proteinas do
adulta RDPM, BCKAD ¢
retardo de aloisoleucina
crescimento e
cetoacidose
pouco
frequente
Intermitente Infancia a Inicio do Proteinas do 50-4000 5-20
vida desenvolvi- BCKAD
adulta mento normal. presentes.
Ataxia e Normal BCAA
cetoacidose quando
intermitentes  assintomaticos
Tiamina- Infanciaa  Mais leve do Aumento da 50-5000 2-40
responsiva vida que a forma atividade do
adulta classica, BCKAD com
similar a administracao
forma de tiamina
intermediaria
Deficiente em | Neonatal Hipotonia Moderado 400-600 0-25
lipoamida com lesdo aumento de
desidrogenase progressiva do BCAA e
(E3) SNC. BCKA.
Usualmente =~ Aumento de a-
sem sintomas  cetoglutarato e
neonatais piruvato.

* Medido em leucécitos periféricos intactos, cultura de fibroblastos ou linfoblastos com [1-"*C]- marcado e
BCAA e BCKA como substrato. RDPM: retardo no desenvolvimento psicomotor (Adaptado de Jardim et

al.,1995 e Chuang e Shih, 2001).
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Os pacientes com a forma classica, que representam cerca de 80% dos casos de
MSUD, apresentam os primeiros sinais clinicos da doenga entre o 4° ¢ o 7° dia de vida
(dependendo do grau de deficiéncia do complexo enzimatico BCKAD e da quantidade de
proteina ingerida), com odor de agucar queimado na urina, cetacidose, hipoglicemia,
opistotono, dificuldade de alimentagdo, apnéia, ataxia, convulsdes, coma, letargia,
deterioragdo neuroldgica, e geralmente morrem nos primeiros meses de vida se o tratamento
ndo ¢ instituido prontamente. (Chuang e Shih, 2001). Achados neuropatologicos
caracteristicos desta doenga incluem edema e atrofia dos hemisférios cerebrais, degeneracao
espongiforme da substancia branca e desmielinizagdo, principalmente durante as crises de
descompensac¢do metabodlica (Chuang e Shih, 2001; Ogier de Baulny e Saudubray, 2002). Um
aumento significativo na concentracdo dos BCAA e de seus correspondentes oa-cetoacidos e
a-hidroxiacidos no plasma, liquor e urina dos pacientes ¢ uma caracteristica bioquimica
marcante desta doenga, além da presenca do aminoacido aloisoleucina. O odor caracteristico
de xarope do bordo inicia a partir de 12 horas de vida, e embora seja dificil a sua identificagdo
nos primeiros dias, torna-se mais aparente quando a urina seca na fralda ou roupa do paciente
e também nas crises de descompensaciao metabolica. A atividade do BCKAD em fibroblastos
ou cultura de linfocitos € usualmente menor que 2%, resultando em concentragdes de Leu
superiores a 2000 umol/L. A maioria dos pacientes classicos, quando ndo tratados, morrem
nos primeiros meses de vida devido a deterioracdo neuroldgica e crises metabdlicas agudas
(Chuang e Shih, 2001; Morton et al., 2002).

As outras variantes sdo caracterizadas por um fendtipo mais brando, normalmente sem
manifestagdes agudas no periodo neonatal e com um menor acimulo dos metabolitos
caracteristicos. Entretanto, os pacientes afetados usualmente exibem variados graus de atraso

neuropsicomotor e retardo mental (Chuang e Shih, 2001).
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Os pacientes com a forma intermediria ndo apresentam sintomas no periodo neonatal,
porém, possuem concentracdes elevadas de BCAA (menores que na forma cléssica),
comprometimento neurologico e descompensagdo metabolica que pode levar ao 6bito. A
atividade residual do BCKAD ¢ um pouco maior que na sintomatologia classica, variando de
3 a 30%. Pelo fato de muitos pacientes ndo apresentarem crises de descompensagdo
metabodlica aguda, normalmente sdo diagnosticados entre 5 meses ¢ 7 anos de idade em
decorréncia do atraso no desenvolvimento neuropsicomotor acompanhado de cetoacidose e
rara encefalopatia aguda (Chuang e Shih, 2001).

A forma intermitente ndo apresenta desenvolvimento psicomotor afetado e
normalmente os pacientes sdo diagnosticados entre 5 meses e 2 anos de idade apds crises de
descompensagdes metabolicas ocasionadas por situacdes de estresse e/ou infecgdes, o que
pode acarretar o desenvolvimento de caracteristicas clinicas e bioquimicas semelhantes a
forma classica. A atividade do BCKAD varia de 5 a 20% e os pacientes assintomaticos
possuem valores de BCAA dentro da faixa da normalidade ou com discretas elevagdes
(Chuang e Shih, 2001).

Os pacientes com fendtipo responsivo a tiamina ndo exibem doenca neonatal aguda e
as manifestagoes clinicas se assemelham as da forma intermediaria, com atraso no
desenvolvimento psicomotor. As concentragdes dos BCAA chegam a ser 5 vezes maiores que
o normal e podem ser reduzidas drasticamente com doses de 10 a 1000 mg/dia de tiamina e
dieta hipoproteica. A atividade do complexo varia de 2 a 40% comparada a normal (Chuang e
Shih, 2001).

A deficiéncia de lipoamida desidrogenase (E3-deficiente) ¢ a forma mais rara, com
sintomatologia clinica semelhante & da forma intermedidria, além de atraso no
desenvolvimento psicomotor e acidose latica. Os pacientes apresentam uma deficiéncia

residual na atividade do BCKAD de 0 a 25% comparada ao normal, concomitantemente com
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um aumento de piruvato, a-cetoglutarato e BCAA. Os pacientes com este fenotipo sao
diagnosticados entre 8 semanas e 2 anos de idade com acidose latica persistente,
acompanhada de hipotonia e deterioragdo neuroldgica progressiva. O tratamento consiste de
dieta com restricao proteica e lipidica adicionada de doses farmacoldgicas de biotina, tiamina
e acido lipoico (Chuang e Shih, 2001).

A atividade do BCKAD ¢ o passo-chave irreversivel da via catabolica dos BCAA e
regula o fluxo destes aminodcidos para producdo de energia. O BCKAD esta localizado na
membrana interna mitocondrial das células de mamiferos e se divide em trés sitios cataliticos,
ilustrados na Figura 2: El, uma descarboxilase de a-cetodcidos de cadeia ramificada
heterotetramérica (a2p2); E2, uma dihidrolipoil transacilase com 24 subunidades idénticas; e
E3, uma di-hidrolipoamida desidrogenase homodimérica. Os sitios cataliticos E1 e E2 sao
especificos para BCKAD, enquanto que o componente E3 faz parte dos complexos a-
cetoglutarato e piruvato desidrogenase. Além disso, este complexo possui duas enzimas
reguladoras: uma quinase da desidrogenase dos o-cetodcidos de cadeia ramificada, que
através de fosforilacdo de uma subunidade do complexo E1 ¢é capaz de inativar o BCKD e
uma fosfatase dos a-cetoacidos de cadeia ramificada, apta para defosforilagdo da proteina E1l
e ativacdo do complexo enzimatico (Peinemann e Danner, 1994; Chuang, 1998; Chuang e
Shih, 2001).

O catabolismo dos BCAA inicia-se pela acdo de uma aminotransferase de cadeia
ramificada que os transamina reversivelmente em a-cetodcidos de cadeia ramificada, que por
sua vez, sdo translocados por um sistema L de transporte ndo dependente de sédio para o
interior da mitocondria. Nesta organela, os BCKA sdo descarboxilados oxidativamente de
forma irreversivel pelo complexo multienziméatico BCKAD. Esta reacdo produz, por fim, acil
CoAs de cadeia ramificada respectivos a cada aminoécido: acetil-CoA e acetoacetato

resultantes do catabolismo da leucina; acetil-CoA e succinil-CoA da isoleucina e succinil-
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CoA respectivo do metabolismo da valina, além de CO, e NADH (nicotinamida adenina
dinucleotideo) na propor¢ao de 1:1:1 (Chuang e Shih, 2001; Danner et al., 1979). Desta
forma, os BCAA sao considerados tanto cetogénicos quanto glicogénicos, pois seus produtos
catabolicos sdo utilizados como substratos para a sintese de colesterol e acidos graxos e para

producdo energética, via succinil-CoA e acetoacetato (Chuang e Shih, 2001).

Fosfatase da CDCR 33 E3 desidrogenase

(D

Quinase da CDCR E1l
Descarboxilase

E2 Dominio do
Acido Lip6ico E2 Dominio de
Ligacao

Figura 2. Subunidades do complexo da desidrogenase dos a-cetoacidos de cadeia ramificada (BCKAD), que se
divide em trés sitios cataliticos: E1, descarboxilase de a-cetoacidos de cadeia ramificada; E2, di-hidrolipoil
transacilase; E3, di-hidrolipoamida desidrogenase. Os sitios ativos ou de ligagdo ao cofator em cada componente
da enzima estéo circulados em branco (Adaptado de Chuang, 1998).

O diagnéstico ¢ feito pela dosagem dos BCAA em plasma por cromatografia liquida
de alta eficiéncia e/ou por cromatografia gasosa acoplada a espectrometria de massa para a
determinagdo na urina de altos niveis de BCKA. Outro achado caracteristico da doenga,
principalmente em pacientes com a forma cléssica que sofreram crises metabolicas severas, ¢
a presenca do aminodcido aloisoleucina, que possui uma metabolizacdo lenta, o qual ¢

decorrente da racemizagdo da isoleucina. Este aminoédcido, embora ndo esteja apenas
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correlacionado com a MSUD, ¢ patognomoémico da doenca, ja que ¢ indetectavel no plasma
de individuos saudaveis devido a presenca de interferentes e a sua baixa concentragdo. Altos
niveis plasmaticos de aloisoleucina persistem por varios dias apds episodios de crises de
descompensa¢do metabdlica, sendo permanentemente detectavel nos pacientes com a forma
classica da doenga (Chuang e Shih, 2001).

Enquanto os aminoacidos Val e Ile encontram-se em concentragdes plasmaticas de até
I mM no momento do diagnostico, o aminoacido Leu pode alcangar concentragdes
plasmaticas de at¢ 5 mM, sendo a sua dosagem quantitativa fundamental para o diagndstico e
acompanhamento do tratamento (Bremer et al., 1981). Além disso, foi observado que estes
metabodlitos podem chegar a concentragdes de 1 mM no liquido cefalorraquidiano
(Shigematsu et al., 1983). A espectrometria de massa em 7andem em sangue total
impregnado em papel filtro tem sido cada vez mais utilizada na triagem da doenga no periodo
neonatal, permitindo o diagndstico da MSUD ja nos primeiros dias de nascimento, quando os
pacientes ainda sdo assintomaticos ou apresentam poucas manifestacdes clinicas. Este método
possui alta sensibilidade e especificidade, contudo, apresenta um custo mais elevado e ¢
bastante empregado em paises desenvolvidos, onde se realiza a triagem neonatal expandida
(Simon et al.,2006).

O diagndstico confirmatdério da MSUD ¢ realizado através da medida da atividade da
BCKAD em leucocitos periféricos, cultura de linfoblastos ou fibroblastos dos pacientes e
bidpsia hepdtica (Peinemann e Danner, 1994; Chuang e Shih, 2001).

O teste do pezinho para MSUD nio é fornecido pelo Sistema Unico de Saade (SUS).
Além disso, os testes para confirmacdo do diagnostico e monitoramento dos niveis de BCAA
sdo realizados por laboratorios privados, ou em poucos hospitais universitarios com verbas de
projeto de pesquisa. O Laboratdrio para Diagndstico de Erros Inatos do Metabolismo do

Servico de Genética Médica do Hospital de Clinicas de Porto Alegre constitui um centro de
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referéncia nacional para o diagndstico da MSUD, disponibilizando a analise quantitativa de
aminoacidos por HPLC ou auto-analisador, e por cromatografia gasosa acoplada a
espectrometria de massa (CG-MS) (Herber et al., 2014).

Exames complementares sdo necessdrios para definir o grau de envolvimento
neuroldgico e definicdo do prognodstico. Estas pesquisas sdo realizadas caso a caso, mas
geralmente incluem: ressonancia magnética nuclear do encéfalo, tomografia do cranio,
eletroencefalograma, avaliagcdo oftalmoldgica e auditiva, além de exames laboratoriais gerais
(Herber et al., 2014).

O tratamento preconizado para a doenga ¢ para toda a vida e consiste em uma dieta
hipercalorica com restricao na ingestdo de proteinas, utilizando formulas especificas contendo
aminodcidos essenciais, exceto aqueles acumulados na MSUD, além de vitaminas e minerais.
Essencialmente, a terapéutica da MSUD visa restaurar a homeostase do metabolismo
intermediario e evitar a descompensacdo metabolica através da manutengdo da sintese
proteica normal e prevencdao do catabolismo proteico, da prevencdo de desequilibrios ou
deficiéncias de aminoacidos e intermedidrios metabolicos, da atenuacdo da disfungdo celular,
da restauragdo da homeostase energética e da promogao do anabolismo. O tratamento deve ser
iniciado o mais cedo possivel, ainda no periodo neonatal. Dessa forma, objetiva-se normalizar
as concentragdes de BCAA, sem prejudicar o desenvolvimento dos pacientes, principalmente
o neuronal (Chuang e Shih, 2001; Snyderman et al., 1964). Para detec¢do dos pacientes
pertencentes ao fenotipo responsivo a tiamina, ¢ administrada tiamina (50-300 mg/dia) nas
trés primeiras semanas de inicio do tratamento. E importante ressaltar que uma intoxicagio
metabolica aguda e deterioracdo neuroldgica podem se desenvolver em qualquer idade, com
riscos de graves complicacdes ao sistema nervoso central. Portanto, um diagnéstico precoce,
antes dos 15 dias de vida, e um tratamento efetivo sdo cruciais para o desenvolvimento e a

sobrevida destes pacientes, j4 que os danos neurolégicos causados pelo acumulo dos
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metabolitos envolvidos na MSUD sdo irreversiveis e podem levar a morte nos primeiros
meses de vida (Chuang e Shih, 2001). Outra opgdo terapéutica proposta recentemente € o
transplante hepatico, no entanto a experiéncia pratica ¢ muito limitada e necessita de maiores
estudos.

A expectativa de vida dos pacientes MSUD vem melhorando ao longo dos anos, no
entanto o diagndstico precoce e a aderéncia a um tratamento adequado sdo determinantes,
principalmente em crises de descompensacao metabolica. Dados da literatura relatam que um
terco dos pacientes diagnosticados tem desenvolvimento psicomotor normal. Destes, a
maioria iniciou o tratamento antes dos 10 dias de vida (Serra et al., 2010).

Quanto aos achados neuropatoldgicos, na maioria dos pacientes MSUD observa-se
encefalopatia com edema cerebral generalizado, formacdo de intumescéncia envolvendo o
tronco cerebral dorsal, os pedinculos cerebrais e a capsula interna. Estudos relatam também a
ocorréncia de hipodensidade difusa no globo palido e tdlamo afetando a substincia branca
destas regides, o que ¢ um indicativo de hipomielinizagdo (Treacy et al., 1992). Paralela a
deficiéncia de mielina, observa-se reducdo de oligodendrocitos e nos nucleos da base e
substancia negra verifica-se perda neuronal consideravel (Chuang e Shih, 2001).

Alteragdes comportamentais também sdo atribuidas ao acumulo de BCAA e BCKA.
Foi demonstrado que ocorrem distirbios no perfil neurocognitivo de pacientes com MSUD,
com déficit no raciocinio ndo-verbal e visual-espacial. Além das alteragdes neurocognitivas,
estudos constataram que pacientes MSUD na idade adulta apresentam uma elevada taxa de
distarbios neuropsiquiatricos, como transtorno de déficit de atencdo, depressdo e ansiedade
(Walsh e Scott, 2010). Muelly e colaboradores (2013) evidenciaram que as deficiéncias
neuroquimicas previamente demonstradas em pacientes com MSUD e em modelos animais
podem persistir no estado cronico, embora em menor grau, € cumulativamente, contribuir

para a morbidade neuropsiquiatrica.
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Os mecanismos neurotoxicos responsaveis pelas sequelas neuroldgicas na MSUD
ainda ndo estdo completamente esclarecidos. Tashian (1961) demonstrou que o KIC, KIV e
Leu inibem competitivamente a atividade da enzima glutamato descarboxilase em
homogeneizado de cérebro de ratos. Além disso, foi evidenciado que um excesso de KIC
ocasiona uma diminui¢do de 50% do contetido de glutamato em astrécitos, aumentando sua
velocidade de oxidacdo através da transferéncia do grupamento amino do glutamato para o
KIC levando a formacao de Leu e a-cetoglutarato que ¢ posteriormente oxidado no ciclo de
Krebs (Zielke et al., 1997). Além do aumento da velocidade de oxidag¢do do glutamato, niveis
elevados de KIC e BCAA sdo capazes de diminuir a captacdo de glutamato por vesiculas
sindpticas em cérebro de ratos (Tavares et al., 2000) e também aumentam a oxidagdo e
diminuem a sintese de glutamina em cultura de astrécitos (Youdkoff et al., 1994). Outros
estudos demonstram que a elevacdo sérica de Leu e KIC no espago extracelular altera a
concentragdo cerebral dos aminoacidos transferidos pelo transportador de aminoéacidos
neutros de cadeia longa (sistema L), afetando a biossintese de neutransmissores como a
serotonina e as catecolaminas (Wajner et al., 2000; Tavares at al., 2000; Zielke et al., 1997).
Jouvet et al. (2000) verificaram um aumento de apoptose em fibroblastos de pacientes com
MSUD pela presenca de elevados niveis de BCAA e BCKA. Outros estudos revelaram um
efeito inibitério dos metabolitos acumulados na doenca sobre a cadeia respiratdria com
consequente déficit energético no tecido neuronal (Chuang e Shih, 2001; Sgaravatti et al.,
2003; Ribeiro et al., 2008). Scaini et al. (2013a) demonstraram que a administra¢do cronica de
BCAA prejudica a memoria espacial e aumenta o fator neurotréfico cerebral em modelo
animal de MSUD. Além disso, o mesmo grupo de pesquisa evidenciou que a administragdo de
BCAA em ratos diminui o fator de crescimento nervoso em hipocampo (Scaini et al., 2013b)
¢ aumenta a razdo Pro-BDNF/BDNF-Total cerebral (Scaini et al., 2015). Desta forma, Leu

e/ou seu cetoacido (KIC) sao considerados os principais metabdlitos neurotéxicos na MSUD,
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j& que o aumento da concentragdo plasmatica destes compostos estd associado com o

aparecimento de sintomas neuroldgicos (Chuang e Shih, 2001; Snyderman et al., 1964).

1.3) Radicais Livres

Um radical livre € qualquer espécie quimica capaz de existéncia independente
contendo um ou mais elétrons desemparelhados em sua ultima camada eletronica. Este
desemparelhamento eletronico confere uma situacdo energeticamente instavel, o que
caracteriza a alta reatividade dessas espécies. Os radicais livres podem ser formados pela
perda ou pelo ganho de um elétron por um nao-radical ou entdo por processos de fissdo
homolitica (Halliwell e Gutteridge, 2007).

Em condigdes fisiologicas do metabolismo celular aerdbio, pelo menos 95% do
oxigénio molecular (O, ) sofre redugdo tetravalente, com aceitacdo de 4 elétrons, resultando
na formagdo de duas moléculas de 4gua ( H,O ). Porém, durante esse processo sdo produzidos
intermediarios reativos na respiragdo mitocondrial, como o radical superéxido (O,~), o radical
hidroxila (OH') e o peréxido de hidrogénio (H,O,) (Figura 3). Outras fontes importantes de
espécies reativas de oxigénio (ROS) sdo as membranas nucleares e plasmaticas, o reticulo
endoplasmatico e algumas substancias encontradas no citosol (Halliwell e Gutteridge, 2007).
E importante enfatizar que em processos patologicos a formagao destas espécies reativas pode

ser exacerbada (Zablocka e Janusz, 2008).

0,+e"2> 0, radical superoxido
O,/ ¢+ H,0 - HO,’e + OH radical hidroperoxil
HO,® + ¢ + H = HO, peroxido de hidrogénio
H,0,+e¢ > eOH+ OH ~ radical hidroxila

Figura 3. Espécies reativas de oxigénio: radical superoxido (O,-), o radical hidroperoxil (HO,-), o perdxido de

hidrogénio (H,0,) e o radical hidroxila (OH).
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O O, (formado durante a respiragdo celular, em reagdes de auto-oxidagdo e por certas
enzimas) ¢ bastante reativo. Apesar de o O~ contribuir para a eliminagdo de microorganismos
e ndo gerar diretamente danos a biomoléculas, outras ROS sdo geradas rapidamente a partir
deste precursor. Duas moléculas de O, sdo reduzidas a H,O; por dismutacdo espontanea e/ou
acdo catalitica da enzima superoxido dismutase. O OH', o mais reativo, ¢ gerado pela reagao
de H,0, com fons Cu” ou Fe*". O O, pode, por sua vez, ser eletronicamente excitado a
oxigénio singlet ('O,), o qual é também gerado a partir dos radicais O>- ¢ OH-. O 'O, é uma
forma especialmente reativa do oxigénio capaz de oxidar diversas moléculas, incluindo os
lipidios de membrana (Halliwell, 2004).

Assim, as ROS incluem ndo apenas os radicais formados pela reducdo do O, (O~ e
OH'), mas também alguns ndo-radicais derivados do oxigénio, como o H»0,, o 4acido
hipocloroso (HOCI) e o 0zbnio (O3) (Halliwell e Gutteridge, 2007).

As ROS sdo produzidas em processos fisiologicos, como na defesa do hospedeiro
contra uma infec¢do, na destruicdo de microorganismos pelos fagdcitos e na liberagdo de
espécies toxicas oxidantes por neutrofilos. O desequilibrio entre os sistemas de produgdo e os
de remocdo dessas espécies € que pode resultar em conseqiiéncias patoldogicas, como a

oxidagao de moléculas bioldgicas incluindo proteinas, lipidios e DNA (Maxwell, 1995).

1.4) Defesas Antioxidantes

Em condicdes saudaveis, a produ¢do de espécies reativas, além de outros oxidantes, ¢
eficientemente balanceada pelos sistemas de defesa antioxidantes do organismo. Assim, 0s
sistemas de reparo s3o essenciais para prevenir o acimulo de biomoléculas danificadas
oxidativamente (Halliwell e Gutteridge, 2007). Os seres vivos dispdem desses mecanismos

protetores, que agem de maneira tanto independente quanto cooperativa, para retardar e/ou
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prevenir o acimulo e a atuacdo de espécies reativas e seus efeitos deletérios. Embora
diferindo de tecido para tecido em sua composicao, as defesas antioxidantes compreendem:
e agentes que removem cataliticamente os radicais livres, como as enzimas
superoxido dismutase, catalase, glutationa peroxidase, entre outras;
e proteinas que minimizam a disponibilidade de pro-oxidantes (ions de ferro e cobre,
por exemplo), como as transferrinas e haptoglobinas;
o agentes de baixo peso molecular, tanto lipofilicos (bioflavonodides, tocoferdis,
carotendides) quanto hidrofilicos (glutationa, acido ascorbico, carnitina) que

sequestram espécies reativas (Halliwell, 2006, 2007).

1.4.1) Defesas antioxidantes enzimaticas

1.4.1.1) Superoxido Dismutase (SOD)

A SOD catalisa a dismutacdo de dois radicais O~ a HO;, e O, (Figura 4), atuando,
desta forma, como scavenger (sequestradora) de ions O,- (Fridovich, 1995; Halliwell e
Gutteridge, 2007). A SOD exerce uma defesa primdria ao estresse oxidativo, ja que o Oy~ €

um forte iniciador de reagdes em cadeia.

SOD
Oy + 0y +2H" < H,0,+ O,  (estado fundamental)

Figura 4. Reagdo de dismutagdo do ion superdxido (O,") (Adaptado de Halliwell e Gutteridge, 2007).

Existem trés tipos de superdxido dismutase: SOD contendo cobre e zinco (CuZnSOD)
presente em praticamente todas as células eucarioticas; SOD contendo manganés (MnSOD),
localizada principalmente nas mitocondrias de tecidos animais; e a SOD contendo ferro

(FeSOD), encontrada em procariotos (Fridovich, 1975).
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1.4.1.2) Catalase (CAT)

A CAT ¢ uma hemeproteina que catalisa diretamente a decomposicdo do H,O, ao
oxigénio no estado fundamental (Figura 5). O mecanismo de reacdo da CAT ¢,
essencialmente uma decomposi¢ao; duas moléculas de H,O; sdo reduzidas a duas moléculas

de H,O e a uma de O, (Chance, 1979; Halliwell e Gutteridge, 2007).

CAT

2 H,0O, = 2 H,O0+ 0O, (estado fundamental)

Figura 5. Reagdo de decomposi¢do do peroxido de hidrogénio (H,0,) a oxigénio no estado fundamental (O,),

catalisada pela CAT (Adaptado de Halliwell e Gutteridge, 2007).

A atividade da CAT de tecidos animais e vegetais esta principalmente localizada em
peroxissomas, mas também sdo encontradas em menor quantidade no citosol e nas fragdes

mitocondriais das células (Chance, 1979).

1.4.1.3) Glutationa Peroxidase (GPx)

Esta enzima remove o H,O, e peroxidos organicos (LOOH) para seus alcoois
correspondentes (LOH) pelo acoplamento de sua redu¢do a H,O com a oxidagao da glutationa
reduzida (GSH). O grupo sulfidrila da GSH atua como doador de elétrons e ¢ oxidado para a
forma glutationa oxidada (GSSG) (Wendel, 1981) (Figura 6).

A GPx estd presente em animais, plantas e muitas bactérias aerdbias, em
concentragdes intracelulares que estdo freqiientemente na faixa de milimolar (Halliwell e
Gutteridge, 2007). Existem dois tipos de GPx: uma que utiliza selénio como cofator

(observada no citosol e na mitocondria); e outra que nao ¢ dependente de selénio (encontrada
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no citosol, responsavel pela metabolizacdo de hidroperdxidos organicos) (Wendel, 1981;

Halliwell e Gutteridge, 2007).

GPx
LOOH + 2GSH = GSSG + H,0O + LOH

Figura 6. Reagdo de redugdo de peroxidos (LOOH) a alcodis (LOH), catalisada pela GPx (Adaptado de
Halliwell e Gutteridge 2007).

1.4.2).Defesas antioxidantes nio-enzimaticas

1.4.2.1) Glutationa (GSH)

A GSH, um tripeptidio formado por residuos de glutamato, cisteina e glicina, ¢ o
principal tiol intracelular de baixo peso molecular presente nas células. E um antioxidante
endogeno que atua sinergicamente com o o-tocoferol e o 4cido ascorbico, sendo fundamental
para manté-los nas suas formas reduzidas, e que desempenha um papel de cofator enzimatico,
particularmente importante na reagdo catalisada pela GPx. Além disso, executa outras fungdes
como a protecdo de grupos sulfidrilicos (-SH) de proteinas contra oxidacdo e a manutencao da
comunicagdo intercelular, além de servir como uma forma atoxica de depdsito e

armazenamento de cisteina (Rani e Panneerselvam, 2002).

1.4.2.2) L-Carnitina (L-car)

A L-car [L-3-hidroxi-4-N,N,N-trimethilaminobutirato] (Figura 7) ¢ uma pequena
amina primaria altamente polar, de fonte essencialmente exdgena (oriunda de alimentos como
carnes, ovos, peixes e leite), com importante papel fisiologico por facilitar o transporte
mitocondrial de acidos graxos de cadeia longa para a -oxidagao e posterior sintese de energia

a partir de ATP (Agarwal e Said, 2004).
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H30"""‘N+

Figura 7. Estrutura quimica da L-carnitina (L-car).

Esta substancia ¢ também capaz de se conjugar e aumentar a excre¢do dos acidos
organicos acumulados em algumas doengas metabdlicas, através da a¢do da enzima carnitina
aciltransferase, que catalisa a formacgdo de ésteres de carnitina. Devido a sua interagdo em
diversos processos bioenergéticos, a L-car assume especial importdncia em doencas
associadas com comprometimento metabolico e a deficiéncia desse composto pode provocar
efeitos deletérios sobre o sistema nervoso central (Hoppel, 2003). Nos ultimos anos muitos
estudos tém demonstrado o papel antioxidante e antiradicais deste composto, através da sua
acdo contra peroxidagdo, pelo efeito “scavenger” em ROS e pelo efeito estabilizador de
danos em membranas celulares (Izgut-Uysal et al., 2001; Gulcin, 2006; Lee et al., 2014; Wu
et al., 2014). Sitta e colaboradores (2009) sugeriram que o estresse oxidativo observado em
pacientes fenilcetontiricos tratados com dieta hipoproteica pode estar associado ao decréscimo
nas concentragdes de L-car nos mesmos, sendo portanto, interessante a suplementagdo
dietética deste composto. Da mesma forma, Ribas et al., (2010 a e b) verificaram efeitos
benéficos do tratamento com L-car sobre o dano a lipidios, a proteinas ¢ ao DNA em
pacientes com desordens do metabolismo do propionato. Em um modelo de indu¢dao quimica
aguda da MSUD, Mescka et al. (2011) observaram um aumento do status antioxidante com a
administracdo de L-car em cortex cerebral de ratos jovens. Além disso, Mescka et al. (2013)

demonstraram que pacientes MSUD possuem deficiéncia de L-car e que apds dois meses de
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suplementag¢do (50 mg/kg/dia) houve o restabelecimento desses niveis a valores normais e
uma diminui¢do dos valores de lipoperoxidagdo no plasma dos pacientes suplementados com

este composto.

1.5) Estresse Oxidativo

Em condi¢des saudaveis, a produ¢do de ROS além de outras espécies reativas, ¢
eficientemente balanceada pelos sistemas de defesa antioxidantes do organismo. Assim, 0s
sistemas de reparo s3o essenciais para prevenir o acimulo de biomoléculas danificadas

oxidativamente (Halliwell, 2007).

\

Assim, o termo “Estresse Oxidativo” ¢ usado para referir-se a situacdo de
desequilibrio entre a producdo de oxidantes e a defesa antioxidante, tanto por uma diminui¢ao
das defesas antioxidantes quanto de uma produ¢do aumentada de fatores oxidantes. O estresse
oxidativo pode resultar em adaptacdo das células por up regulation, injuria celular e morte por
apoptose ou necrose (Halliwell, 2006). A seguir serdo destacados processos de dano as

biomoléculas:

1.5.1) Dano a lipidios

A lipoperoxidacao trata-se de um processo no qual ocorre a oxidagdo das cadeias
de 4cidos graxos poliinsaturados, incluindo aquelas que compdem a membrana das células ou
organelas, devido a acdo dos radicais livres. Como consequéncia, suscedem-se transtornos nas
funcdes exercidas pela membrana plasmatica, extravasamento do conteido de certas
organelas (como as enzimas lisossomais) e a formacdo de produtos citotoxicos (como o
malondialdeido e o 4-hidroxinonenal), culminando em morte celular (Ferreira e Matsubara,

1997).
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A lipoperoxidagdo ¢ representada pelas etapas de iniciagdo, propagacao e terminacao e
pode ser catalisada, por exemplo, por ions ferro (Figura 8).
Os efeitos da lipoperoxidacdo sobre as membranas podem ser divididos em trés tipos:
* Mudangas no microambiente lipidico;
* Alteracdo da permeabilidade, por formagao de novos canais de membrana;
* Inativacdo irreversivel de proteinas e lipidios por formagdo de ligagdes
cruzadas.
Ainda, pode ocorrer a perda de propriedades funcionais da membrana por oxidagdo de

grupamentos sulfidrilas nos sitios ativos de enzimas (Halliwell e Gutteridge, 2007).

- Iniciacdo
H S .

le ——= o LOOe

LOOe ~ Propagacédo

LH LL) Le + LOOH |
H

&‘ :

LOOQe —=— |OOH

2 LOOe ™ >[LOO-00L] | Terminacio

Produtos ndo
radicalar

[LOO-00L] —>

Figura 8. Reagdes de iniciagdo, propagacdo e terminagdo da lipoperoxidagao (Adaptado de Ferreira e Matsubara,
1997).

1.5.2) Dano a Proteinas

As cadeias laterais de residuos de aminoacidos das proteinas, em particular residuos de

cisteina e metionina sdo sensiveis a oxidacao pela acdo da ROS (Stadtman, 2004). O uso de
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biomarcadores de estresse oxidativo em proteinas, como a medida de grupamentos sulfidrilas
e de carbonilas, tem algumas vantagens em comparagcdo a dosagem de outros produtos de
oxidacdo proteica em funcdo da rapida deteccdo e formagdo, e, no caso das proteinas
carboniladas, sua relativa estabilidade. A maioria dos ensaios para deteccdo de grupos de
proteinas carboniladas, metodologia mais empregada para andlise deste tipo de dano, envolve
derivatizacdo do grupo carbonila com 2,4-dinitrofenilhidrazina (DNPH), levando a formagao
de uma dinitrofenil-hidrazona correspondente. Assim, os grupamentos carbonila podem ser
detectados por varios meios, como o espectrofotométrico, o enzima imunoensaio (ELISA) e a
eletroforese unidimensional ou bidimensional seguida por Western blot (Dalle-Donne et al.,

2006).

1.5.3) Dano ao acido desoxirribonucléico (DNA)

Espécies reativas de oxigénio e nitrogénio podem levar ao dano ao DNA por ataque

quimico direto a esta biomolécula ou por mecanismos indiretos, como a ativacdo de
2+ A e 2+ - .

endonucleases Ca”" dependentes como consequéncia do aumento de Ca™ livre intracelular, e

interferéncias em enzimas de replicacdo e de reparo ao DNA. O OH: ¢ conhecido por reagir

com todos os componentes da molécula de DNA, danificando tanto bases purinicas e
pirimidinicas e também o esqueleto de desoxirribose. O DNA ¢ particularmente suscetivel a
oxida¢do, com consequentes quebras em sua estrutura (simples ou duplas), danos alcali-
labeis, crosslinks e quebras resultantes de reparo por excisdo. Assim, danos ao DNA sdo
frequentemente observados em células submetidas ao estresse oxidativo que podem ser
provocado pelos seguintes métodos:

a) exposicdo a radiacdo ionizante, elevadas concentracdes de O, células fagociticas

ativadas, fumaca de cigarro e 0zonio;

b) adicdo de H,O,, peroxinitrito, acido nitroso, hidroperdxidos organicos;
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c) exposicdo a agentes quimicos auto-oxidantes: dopamina, L-DOPA, noradrenalina,
adrenalina;
d) exposicdo a xantina oxidase e seus substratos;

e) adicdo de fator de necrose tumoral alfa (TNF-q).

Os produtos decorrentes destas reagdes podem provocar mutagdes, microsatélites
instdveis, perda de heterozigosidade, aberragdes cromossomicas, citotoxicidade e
crescimentos neoplasicos. Modificagdes permanentes no material genético resultante destes
incidentes oxidativos representam o primeiro passo envolvido na mutagénese, carcinogénese

e envelhecimento (Halliwell e Gutteridge, 2007).

1.6) Estresse Oxidativo e Doencas Neurodegenerativas

Todos os organismos aerdbios estdo expostos ao dano oxidativo. O sistema nervoso &,
entretanto, mais suscetivel em relagdo aos outros tecidos, devido ao alto consumo de oxigénio
(ja que utiliza uma grande quantidade de O, em uma massa relativamente pequena), a elevada
concentragdo de lipidios poliinsaturados na sua composicdo, a deficiéncia de mecanismos de
protecdo contra as ROS e ao grande conteudo de ferro que favorecem a lipoperoxidagdo em
determinadas areas cerebrais (Halliwell e Gutteridge, 2007). Além disso, a morte celular ou a
alteracdo do gradiente i6nico normal podem elevar consideravelmente a liberacdo de
glutamato, levando ao aumento excessivo de Ca®" livre intracelular ¢ Na" em neurdnios

adjacentes resultando em alta producdo de ROS (Reznick e Packer, 1993).

Os radicais livres e o estresse oxidativo estdo sendo gradativamente mais reconhecidos
como fatores importantes na fisiopatologia de muitas doengas humanas e tém sido

relacionados a patogénese de varias desordens que afetam o sistema nervoso como doengas
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cerebrovasculares, epilepsia, esclerose lateral amiotrofica, desordens neurodegenerativas
(doengas de Huntington, Alzheimer e Parkinson), desmielinizacdo e deméncia, entre outras
(Halliwell e Gutteridge, 2007; Delanty e Dichter, 1998; Salminen e Paul, 2014; Mena et al.,
2015). Como varias disfungdes neurologicas observadas nestas desordens também estdo
presentes em pacientes com EIM, pode-se supor que haja uma relagdo entre o estresse
oxidativo e os danos cerebrais observados nestas doencas. Neste sentido, diversos estudos ja
revelaram que estresse oxidativo estd aumentado em EIM como acidemias organicas,
aminoacidopatias, defeitos peroxissomais e de oxida¢do de 4cidos graxos mitocondriais
(Wajner et al., 2004; Sitta et al.. 2006; Pederzolli et al., 2010) e este incremento de espécies
reativas pode ser incentivado pelo acumulo de metabolitos toxicos e/ou pelas dietas restritas a
que estes pacientes sdo submetidos, com o consequente compromentimento do status
antioxidante (Sierra et al., 1998). Em conjunto, estas pesquisas sugerem que o estresse
oxidativo possa contribuir, a0 menos em parte, com 0s sintomas neuroldgicos observados em
pacientes com EIM e que as terapias antioxidantes possam, assim, ser benéficas a estes

pacientes.

1.7) Estresse Oxidativo e MSUD

Foi demonstrado in vitro que os BCAA, BCKA e o-hidroxidcidos derivados
estimulam a lipoperoxidagdo em cérebro de ratos de 7 e 30 dias (Fontella et al., 2002).
Verificou-se também que a Leu, a Ile e a Val estimulam in vitro a lipoperoxidagao e reduzem
a capacidade cerebral de ratos de modular eficientemente o dano associado ao aumento na
producdo de radicais livres (Bridi et al., 2003). A literatura descreve poucos estudos que
abordem especificamente aspectos relacionados a MSUD e os radicais livres em seres

humanos. Barschak e colaboradores verificaram que ocorre estresse oxidativo em pacientes
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portadores de MSUD antes e durante o tratamento dietético preconizado para esta doenca
(Barschak et al., 2006; Barschak et al., 2008). Quando foram avaliados parametros de estresse
oxidativo em plasma de pacientes com MSUD obtidos antes do tratamento (diagnéstico) e de
dois grupos de pacientes de MSUD com tratamento dietético com niveis plasmaticos baixos e
altos de Leu, verificou-se um aumento significativo de lipoperoxida¢cdo e uma diminui¢do da
capacidade em modular uma produ¢do aumentada de radicais livres, sendo esta ultima mais
pronunciada em pacientes com baixos niveis de Leu, o que pode ser explicado pela
deficiéncia de micronutrientes na dieta a que estes pacientes estdo submetidos. Além disso,
nao foi observada neste estudo uma correlagdo entre os niveis dos BCAA ¢ BCKA com os
parametros de estresse oxidativo (Barschak et al., 2008). Este mesmo grupo de pesquisa
estudou os niveis de selénio no plasma de pacientes com MSUD antes e durante o tratamento
dietético, bem como a atividade de enzimas antioxidantes em eritrocitos nestes pacientes. Foi
verificado que os pacientes com MSUD apresentam uma deficiéncia moderada de selénio no
momento do diagndstico da doenca e que esta deficiéncia se agrava com o tratamento
dietético. Foi observado também que a atividade da enzima GPx esta diminuida em eritrocitos
de pacientes em tratamento (Barschak et al., 2007). Estes resultados sugerem que hd um
aumento na produgdo de radicais livres e uma diminuicdo das defesas antioxidantes nos
pacientes com MSUD ndo tratados e em tratamento, € que estes processos nao estao
correlacionados com niveis plasmaticos dos aminoéacidos Leu, Ile e Val acumulados na
doenga. Além disso, a deficiéncia de selénio e a concomitante diminuicdo da atividade da
enzima GPx podem estar associados ao desenvolvimento do estresse oxidativo na doenga.
Neste contexto, faz-se necessario o estudo do possivel efeito protetor de antioxidantes na

MSUD.
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OBJETIVOS

2.1) Objetivo Geral

Pacientes MSUD apresentam extensos danos cerebrais com variaveis graus de retardo
mental e outros sintomas neurologicos, porém até o momento ndo existe uma explicacao
completamente satisfatoria que elucide a fisiopatologia destas alteragdes. Desta forma,
considerando que relatos de estudos anteriores indicam o envolvimento do estresse oxidativo
como mecanismo neurotoxico na MSUD e que a L-car tem se demonstrado um interessante
composto com agdes antioxidantes e anti-inflamatérias em diversas doengas
neurometabdlicas, o objetivo deste trabalho foi investigar o efeito in vitro e vivo da L-car
sobre o estresse oxidativo € o dano inflamatorio na MSUD, a fim de avaliar se a
administracdo deste composto ¢ capaz de proteger dos efeitos deletérios dos metabolitos

acumulados na doenga.

2.2) Objetivos Especificos

a) Estudar a inducdo ao dano oxidativo pelos metabolitos acumulados na MSUD, verificando
o possivel papel antioxidante da L-car sobre o dano ao DNA in vitro em leucécitos periféricos

humanos;

b) Avaliar o efeito in vivo da indugdo ao dano ao DNA em leucécitos de pacientes com a

MSUD e verificar o possivel papel antioxidante da suplementagdo de L-car por um periodo

de dois meses nesses pacientes;

c¢) Analisar o efeito in vivo de dois meses de suplementacdo de L-car sobre a concentracao de

citocinas pro-inflamatérias em plasma de pacientes com MSUD;
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d) Verificar parametros de dano oxidativo in vivo em urina de pacientes com MSUD sob dieta

de restrigdo protéica e suplementados ou ndo com L-car por um periodo de dois meses;

e) Investigar o efeito in vivo e o possivel papel neuroprotetor da L-car sobre o estresse
oxidativo em cortex cerebral e cerebelo de ratos submetidos a um modelo cronico de indugao
quimica da MSUD através da avaliagdo de varios pardmetros de estresse oxidativo, no que

tange dano a lipidios e proteinas, bem como a agdo antioxidante enzimatica e ndo enzimatica.
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Maple syrup urine disease (MSUD) is an inherited aminoacidopathy caused by a deficiency in branched-
chain o-keto acid dehydrogenase complex activity that leads to the accumulation of the branched-chain
amino acids (BCAAs) leudne (Leu), isoleucine, and valine and their respective c-keto-acids, at-ketoisocaproic
acid (KIC), o keto--methylvaleric acid, and co-ketoisovaleric acid. The major clinical features presented by
MSUD patients include ketoacidosis, failure to thrive, poor feeding, apnea, ataxia, seizures, coma, psychomotor
delay, and mental retard ation; however, the pathophysiology of this disease is poorly understood. MSUD treat-

Keywords:
M;:e syrup urine disease ment consists of a low protein diet supplemented with a mixture containing micronutrients and essential amino
1-Camitine acids but excluding BCAAs. Studies have shown that oxidative stress may be involved in the neuropathology of

MSUD, with the existence of lipid and protein oxidative damage in affected patients. In recent years, studies
have demonstrated the antioxidant role of .-carnitine (L-Car), which plays a central function in cellular energy
metabolism and for which MSUD patients have a deficiency. In this work, we investigated the in vitro effect of
Leu and KIC in the presence or absence of L-Car on DNA damage in peripheral whole blood leukocytes using
the alkaline comet assay with silver staining and visual scoring. Leu and KIC resulted in a DNA damage index
that was significantly higher than that of the control group, and L-Car was able to significantly prevent this dam-
age, mainly that due to KIC.

Oxidative stress
Antioxidant-DNA damage

© 2014 Elsevier BV. All rights reserved.

1. Introduction Patients affected by this disease can be divided into five phenotypes

ranging from the classical form with a neonatal onset to milder variants

Maple syrup urine disease (MSUD), or branched-chain a-keto
aciduria, is a classical inbormn error of amino acid metabolism caused
by a mutation in the gene encoding the mitochondrial enzyme complex
branched-chain «-keto acid dehydrogenase. This metabolic blockage
leads to the tissue and body fluid accumulation of the branched chain
amino acids (BCAAs) leucine (Leu), isoleucine, and valine and the corre-
sponding branched chain «-keto acids (BCKAs), a-ketoisocaproic acid
(KIC), c-keto43 methylvaleric acid, and w-ketoisovaleric acid in addi-
tion to the corresponding a-hydroxy acids (Chuang and Shih, 2001;
Strauss et al., 2006).

Abbreviations: ANOVA, one-way analysis of variance; BCAAs, branched-c hain amino
adds; BCKAs, branched chain ce-keto acids; DI, damage index; 1-Car, --@mitine; Leu, leu-
cine; KIC, a-ketoiso@proic acid; MSUD, maple syrup urine disease; SPSS, statistical pack=
age for the social sciences.

* Comesponding author at: CP. Mescka, Servigo de Genétia Médica, HCPA, Rua Ramiro
Barcelos, 2350, CEP 90035-503, Porto Alegre, RS, Brazil
E-mail address: carolmescka@yahoo.com.br (CP. Mescka ).

http://dx.doiorg/ 10.1016/.gene2014.07.051
0378-1115/D 2014 Hsevier BV. All rights reserved.

with a later onset (Chuang and Shih, 2001; Strauss and Morton, 2003).
Acutely sick MSUD children or adults with metabolic decompensation
suffer from muscle fatigue, vomiting, anorexia, dystonia, ataxia, stupor,
and acute neurologic dysfunction manifested as decreased cognitive abil-
ity, hyperactivity, sleep disturbances, and hallucinations (Schénberger
et al,2004). In this context, damage has been shown to be associated
with cerebral energy deficit (Amaral et al., 2010), neurotransmitter dis-
turbances (Tawvares et al., 2000), essential amino acid deficiency in the
brain (Arafjo et al, 2001), and oxidative stress. Recent studies have dem-
onstrated that MSUD metabolites stimulate lipid peroxidation and pro-
tein oxidative damage and reduce the capacity to modulate the damage
associated with increased free radical production, thereby causing cell
damage and malfunction (Barschak et al, 2006, 2008; Bridi et al., 2003,
2005ab; Fontella et al., 2002; Scaini et al., 2012; Sitta et al, 2013).

The recommended therapy for MSUD patients consists of a protein-
restricted diet with a low BCAA content combined with a semi-synthetic
formula of essential amino acids, vitamins, and minerals without
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t-camitine (L-Car) (Chuang and Shih, 2001; Treacy et al., 1992). It
was recently verified that MSUD patients have a deficiency of 1-Car
(Mescka et al., 2013), a highly polar quaternary amine that plays impor-
tant metabolic functions, including transport of long-chain fatty acids
across the inner mitochondrial membrane for utilization in 3-oxidation
participation, transesterification, and the excretion of acyl-CoA esters
(Derin et al,, 2004; Gulcin, 2006). In addition, 1-Car has demonstrated an-
tioxidant activity by reducing and scavenging free radical formation and
by enhancing the activity of enzymes involved in the defense against ox-
idative damage (Derin et al., 2004; Gulcin, 2006; Muthuswamy et al.,
2006). Moreover, L-Car was able to prevent oxidative damage in the cere-
bral cortex of young rats inan induced acute MSUD model, and 1-Car sup-
plementation increased the antoxidant status in patients with inborn
errors of metabolism (Mescka et al., 2011, 2013; Ribas et al., 2010a;
Sittaet al., 2011).

In the present work, we extended the investigations of the damage
to biomolecules in MSUD analyzing the in vitro effect of different con-
centrations of Leu and KIC on DNA damage in white blood cells from
normal individuals using the comet assay, as well as evaluating whether
L-Car is protective under such possible damage.

2. Materials and methods
2.1. Blood sample and in vitro studies

Venous blood samples were collected into heparinized vials under
sterile conditions from three healthy volunteers and used for the control
group and for the tested metabolite addition. Leukocytes from each con-
trol subject were pre-treated with various concentrations of Leu (100,
250, 500, 1000, 2500, and 3000 uM ) and KIC (30, 60, 150, 600, 1200,
and 2000 pM) for 6 h at 37 °C. These metabolite concentrations are sim-
ilar to those found in the blood of MSUD patients.

22 Invitro effect of L-camitine on DNA damage

Leukocytes from healthy volunteers were co-incubated with 250,
500, and 3000 pM of Leu or 60, 150, and 2000 pM of KIC with an 1-Car
concentration curve (30, 60, 90, 120, and 150 uM) for 6 hat 37 °C The
final concentrations of t-Car in the assays were based on previous find-
ings obtained for patients with MSUD, showing that the plasma levels of
this compound can vary from 30 uM at diagnosis to almost 100 uM
under supplementation (Mescka et al, 2013).

23. Single-cell gel electrophoresis (comet assay)

An alkaline comet assay was performed as described by Singh et al.
(1988) and was performed in accordance with the general guidelines
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(Tice et al., 2000). Isolated human leukocytes were suspended in aga-
rose and spread onto a glass microscope slide pre-coated with agarose;
the agarose was allowed to setat 4 °C for 5 min. The slides were incu-
bated in ice-cold lysis solution to remove the cellular proteins, leaving
the DNA as nucleoids. After lysis, the slides were placed on a horizontal
electrophoresis unit and covered with fresh buffer (300 mM NaOH and
1 mM EDTA, pH > 13) for 20 min at 4 °C to allow DNA unwinding and
the expression of alkali-labile sites. Electrophoresis was performed for
20 min (25 V; 300 mA; 0.9 V/cm). The slides were then neutralized,
washed in bi-distilled water, and stained using a silver staining protocol
(Nadin et al., 2001). After drying at room temperature overnight, the
gels were analyzed using an optical microscope. One hundred cells
(50 cells from each of the two replicate slides) were selected and ana-
lyzed. The cells were visually scored according to the tail length and re-
ceived scores from 0 (no migration) to 4 (maximal migration) according
to the tail intensity. Therefore, the damage index (DI) for the cells
ranged from 0 (all cells with no migration) to 400 (all cells with maxi-
mal migration). The slides were analyzed under blind conditions by at
least two different individuals.

24. Statistical analysis

The data were analyzed using a one-way analysis of variance
(ANOVA), followed by a Bonferroni test when the F value was signifi-
cant A p value of less than 0.05 was considered to be significant. The
values are presented as the mean =+ S.D. All of the analyses were per-
formed using the Statistical Package for the Social Sciences (SPSS) soft-
ware with a PC-compatible computer.

3. Results

Fig. 1A and B shows the in vitro effects of Leu and KIC, respectively,
on DNA damage in healthy human white blood cells. All of the tested
concentrations of Leu and KIC resulted in a DNA damage index (DI)
that was significantly higher than that of the control [F(6,12) = 4104
and F{6,12) = 1264, (p < 0.05)], respectively. No significant difference
was found with regard to the DNA damage between the Leu concentra-
tions of 500 to 3000 uM (Fig. 1A) and between the KIC concentrations of
150 to 2000 uM (Fig. 1B). We then analyzed the in vitro effect of 1-Car
(30, 60, 90, 120, and 150 uM) on the DNA damage induced by 250,
500, and 3000 pM Leu and 60, 150, and 2000 pM KIC (Figs. 2 and 3, re-
spectively). i-Car in concentrations higher than 90 uM and 120 uM
reduced the DI induced by Leu [Fig. 2A: F(6,12) = 56.88; Fig. 2B:
F(6,12) = 267.5; Fig. 2C: F(6,12) = 1174, (p < 0.05)] and KIC [Fig. 3A:
F(6,12) = 149.5; Fig. 3B: F(6,12) = 187.5; Fig. 3C: F(6,12) = 280.9,
(p < 0.05)], respectively, at all of the tested concentrations of this
amino acid and alpha keto acid. A particularly large inhibitory effect
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Fig. 1. In vitro effect of leucine (Leu) [A] and c-ketmisocaproic add (KIC) [B] on DMA damage (comet assay) in leu kncytes from w hole blood. The data represent the mean + 5.D. of three
independent experiments. [A]: (a) p < 0.05 compared to the control group; (b) p < 0,05 compared to 100 M Leu; (c) p=< 0.05 compared to 250 uM Lew. [B]: (a) p < 0.05 compared tothe
control group; (b) p < 0.05 compared to 30 uM KIC; (c) p < 0.05 compared t 60uM KIC (one-way analysis of variance [ ANOVA) test, followed by a Bonferroni test).
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Fig. 2. In vitro effect of 1-carnitine (1-Car) (30, 60, 90, 120, and 150 uM) on the DMNA d am-
age (comet assay) induced by 250 uM [A], 500 uM [B], and 3000 uM leudne (Leu) [2C] in
leukocytes from whole blood. The data represent the mean + 5.D. of three independent
experiments. [A]: (a) p = 0.05 compared to the control group; (b) p < 005 compared to
250 uM Leu; (c) p= 0.05 compared to 30 uM 1-Car; (d) p < 0.05 compared to 60 uM
1-Car; (e) p < 0.05 compared to 90 uM v-Car; (f) p=<0.05 compared to 120 uM 1-Car.
[B]: (a) p< 0.05 compared to the control group; (b) p <0.05 compared to 500 uM
Leu; (c) p = 0.05 compared to 30 uM 1-Car; (d) p < 0.05 compared to 60 uM 1-Car;
(&) p < 0.05 compared to 90 uM 1-Car; (f) p < 0.05 compared to 120 uM 1-Car. [C]:
(a) p =0.05 compared to the control group; (b) p =0.05 compared to 3000 pM
Leu; (c) p < 0.05 compared to 30 pM 1-Car; (d) p < 0.05 compared to 60 uM v-Car;
(e) p = 0.05 compared to 90 uM 1-Car; (f) p = 0.05 compared to 120 uM 1-Car
(one-way analysis of variance (ANOVA) test, followed by a Bonferroni test).
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Fig. 3. In vitro effect of L-@mitine (1-Car) (30, 60, 20, 120, and 150 pM) on the DNA dam-
age (comet assay ) induced by 60 uM [A], 150 uM [B], and 2000 pM KIC [C] in leukocytes
from whole blood. The datarepresent the mean + 5.0.of three independent experiments.
[A): (a) p =0.05 compared to the control group; (b) p <0.05 compared to 60 uM KIC;
(c) p= 005 compared to 30 pM 1-Car; (d) p = 0.05 compared to 60 uM 1-Car; (e} p = 005
compared to 90 uM 1-Car. [B]: (a) p < 0.05 compared to the control group; (b) p < 0.05
compared to 150 uM KIC; (c) p = 0.05 compared to 30 uM 1-Car; (d) p = 0.05 compared
to 60 uM 1-Car; (&) p < 0.05 compared to 90 uM 1=Car. [C]: (a) p < 0.05 compared to the
control group: (b) p< 005 compared to 2000 uM KIC: (c) p = 0.05 compared to 30 pM
1-Car; (d) p = 0.05 compared to 60 pM 1-Car; (e) p < 0.05 compared to 50 uM 1-Car;
(f) p=0.05 compared to 120 M 1-Car (one-way analysis of variance (ANOVA) test,
followed by a Bonferroni test).
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was found for KIC because the highest concentration of 1-Car tested
(150 puM) was able to revert the DNA damage index to the control
level at all of the analyzed KIC concentrations.

4. Discussion

MSUD is an inborn error of metabolism that is biochemically charac-
terized by elevated levels of the BCAAs Leu, isoleucine, and valine and
their corresponding BCKAs. Leu and its keto acid KIC are considered to
be the main neurotoxic metabolites in MSUD, as an increase in the plas-
ma concentration of these compounds is associated with the onset of ce-
rebral symptoms (Chuang and Shih, 2001).

Free radicals and oxidative stress appear to be involved in a large
number of human diseases. Indeed, there is evidence that the damage
generated by free radicals is important in neurodegenerative disorders,
chronic-inflammatory and vascular diseases, and cancer (Halliwell and
Gutteridge, 2007) and that oxidative stress occurs in some inbormn er-
rors of metabolism, such as phenylketonuria (Sittaet al., 2011) and
methylmalonic and propionic acidemias (Ribas et al, 2010b).

An imbalance between the production and removal of free radicals
can result in pathological consequences, such as oxidative damage to
cellular membrane phospholipids, proteins, and DNA, eventually lead-
ing to cell death (Halliwell and Gutteridge, 2007). In vitro studies have
shown that lipid peroxidation is stimulated by BCAAs and BCKAs in rat
brain, reducing the cerebral capacity to modulate the damage associated
with increased free radical production (Bridi et al., 2003, 20053,b;
Fontella et al., 2002). Moreover, it is known that MSUD patients present
oxidative stress at diagnosis and during treatment { protein-restricted
diet supplemented with a semisynthetic formula of essential amino
acids without BCAAs and without L-Car). Because L-Car levels are mark-
edly deficient in MSUD treated patients, it has been proposed that die-
tary t-Car supplementation should be incorporated into the therapy
(Barschak et al, 2006, 2007, 2008; Mescka et al., 2013).

In MSUD, L-Car appears to be efficient in reducing oxidative process,
as supplementation can reverse the lipid oxidative damage found in the
plasma of patients affected by this disease (Mescka et al, 2013). Fur-
thermore, 1-Car prevented lipoperoxidation, protein damage, and alter-
ations in catalase and glutathione peroxidase activities in rat cortexina
chemically induced model of MSUD (Mescka et al, 2011). These results
indicate a possible neuroprotective role for 1-Car as a potential adjuvant
therapy in MSUD. DNA damage can include chemical and structural
modifications to purine and pyrimidine bases, and 2'-deoxyribose and
can lead to the formation of single and double strand breaks, inter/
intra-strand cross-links, and DNA-protein cross-links. These products
can elicit mutations, microsatellite instability, and loss of heterozygosi-
ty, chromosomal aberrations, cytotoxicity, neoplastic growth, and aging
(Halliwell and Gutteridge, 2007).

The alkaline comet assay (Singh et al., 1988), a relatively simple,
rapid, low-cost, and sensitive technigue for the analysis of DNA damage
inall cell types (Liao et al, 2009), was used in this work to assess the ef-
fects of 1-Car on the DNA damage induced by Leu and KIC in healthy
human leukocytes in vitro, In this technique, increased DNA migration
can be associated with incomplete excision repair sites (Tice et al.,
2000), which are generated as an intermediate step during the action
of different DNA repair systems (Speit and Hartmann, 1995). Because
the DNA damage caused by oxidative stress is a crucial factor in the in-
vestigation of MSUD pathoge nesis, the present study was aimed at in-
vestigating whether L-Car could offer protection against DNA injury
through an alkaline comet assay analysis.

We verified a significantly greater levels of DNA migration and
therefore DNA damage in the leukocytes treated with Leu or KIC com-
pared to the control group. As shown in Figs. 1 and 2, we observed
that the DNA damage induced by Leu appears to be higher than that in-
duced by KIC, although the DNA damage profiles are very similar. Thus,
we cannot rule out a possible in vitro interconversion between these
metabolites. We then evaluated the effect of L-Car on the DNA damage

caused by Leu and KIC; Fig. 2 illustrates the in vitro effect of t-Car with
treatments of 250 and 500 pM Leu (Fig. 2A and B, respectively), concen-
trations that can be found in the blood of well-treated MSUD patients.
Fig. 2C shows the effect of 1-Car on 3000 uM Leu, a concentration that
can be observed at MSUD patient diagnosis and during severe metabolic
crisis. We found that 90, 120, and 150 uM -Car were able to partially
prevent the DNA damage level produced relative to the control group.

Fig. 3A and B demonstrates the effect of an 1-Car concentration curve
on 60 and 150 uM of KIC, respectively. These concentrations can be
found in the blood of well-treated MSUD patients, Fig. 3C shows the
in vitro effect of L-Car on 2000 pM KIC, a concentration that can be ob-
served in MSUD patients at diagnosis and during severe metabolic crisis.
Atallofthese concentrations, from 120 uM, 1-Car is able to reverse to the
control level the damage caused by KIC, also demonstrating that the
ai-keto acid appears to be less toxic to DNA than Leu.

Recent reports have suggested that t-Car has additional pleiotropic
functions in tissues, as it reduces the level of apoptosis induced by an
apoptotic inducer and decreases the antiproliferative effect promoted
by the presence of an interleukin, such as TNF-a (Haripriya et al, 2004).
Furthermore, Boerighter et al (1993) have demonstrated an L-carnitine-
dependent reduction of DNA single-strand breaks after in vitro treatment
with an oxygen radical-generating system in isolated human lympho-
cytes, possibly by accelerating the repair action of poly(ADP ribosyl) poly-
merase and/or other related repair mechanisms.

The comet assay is unable to discriminate among the causes of DNA
damage. Nonetheless, we propose that the main metabolites in MSUD,
Leu and KIC, are capable of promoting DNA damage via increased free
radical production, which is in agreement with other studies showing
oxidative damage to other biomolecules in MSUD. Based on our results,
we suggest that the antioxidant L-Car prevents DNA damage, contribut-
ing to cell-protective functions and reinforcing the involvernent of oxi-
dative stress in this injury. These findings could represent a tool for
further research on the possible pharmacological applications of 1-Car
in MSUD therapy.
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ARTICLE INFO ABSTRACT

Amd_f‘himﬂf? Maple syrup urine disease (MSUD) is an inherited disorder caused by severe deficient activity of
Received 18 November 2014 the branched-chain a-keto acid dehydrogenase complex involved in the degradation pathway of
Received in revised form 19 March 2015 branched-chain amino acids (BCAAs) and their a-ketoacid derivatives. MSUD patients generally present
Accepted 20 March 2015

ketoacidosis, poor feeding, ataxia, coma, psychomotor delay, mental retardation and brain abnormalites.
Treatment consists of dietary restriction of the BCAA (low protein intake) supplemented by a BCAA-free
amino acid mixture. Although the mechanisms of brain damage in MSUD are poorly known, previous

Available online 28 March 2015

Keywords: - studies have shown that oxidative stress may be involved in the neuropathology of this disorder. In this
Maple syrup urine disease . . X ol
L-Carnitine regard, it was recently reported that MSUD patients have deficiency of L-carnitine (L-car), a compound
DNA damage with antioxidant properties that is used as adjuvant therapy in various inborn errors of metabolism. In
Antioxidant this work, we investigated DNA damage determined by the alkaline comet assay in peripheral whole
Oxidative stress blood leukocytes of MSUD patients submitted to a BCAA-restricted diet supplemented or not with L-car.
We observed a significant increase of DNA damage index (DI) in leukocytes from MSUD patients under
BCAA-restricted diet as compared to controls and that t-car supplementation significantly decreased
DNA DI levels. It was also found a positive correlation between DI and MDA content, a marker of lipid
peroxidation, and an inverse correlation between DI and L-car levels. Taken together, our present results
suggest a role for reactive species and the involvement of oxidative stress in DNA damage in this disorder.
Since t-car reduced DNA damage, it is presumed that dietary supplementation of this compound may
serve as an adjuvant therapeutic strategy for MSUD patients in addition to other therapies.
© 2015 Elsevier B.V. All rights reserved.
1. Introduction mutations leading to deficient activity of in the mitochondrial

branched-chain «-keto acid dehydrogenase (BCKDH) enzyme

Maple syrup urine disease (MSUD; branched-chain complex (E.C.1.2.4.4). This complex catalyses the irreversible
ketoaciduria) is an inherited metabolic disorder caused by oxidative decarboxylation of the branched-chain o-keto acids
(BCKA) a-ketoisocaproate (KIC), o-keto-B-methylvalerate and

o-ketoisovalerate, being also involved in the metabolism of the

" Abbreviations: MSUD, maple syrup urine disease; BCAAs, branched-chain branched-chain amino acids (BCAA) leucine (Leu), isoleucine (1le),
amino acids; L-car, L-carnitine; DI, damage index; MDA, malondialdehyde; BCKDH, and valine (Val). The metabolic blockage at this step results in the
branched-chain o-keto acid dehydrogenase; BCKA, branched-chain a-keto acids; accumulation of BCKA and BCAA in tissues and body fluids of the

KIC, a-ketoisocaproate; Leu, leucine; Ile, isoleucine; Val, valine. affected individuals [1-3].

* Corresponding author at: Servico de Genética Médica, HCPA, Rua Ramiro Barce- Patients affected by classical MSUD usually present poor feed-
los, 2350, CEP 90035-903, Porto Alegre, RS, Brazil. Tel.: +55 51 33598011; ine. ketoacidosi h I . Isi taxi
Fae 455 51 33508010, g, idosis, apnea, hypoglycemia, convulsions, coma, ataxia,

E-mail address: carolmescka@yahoo.com.br (C.P. Mescka). failure to thrive, psychomotor delay and mental retardation.
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0027-5107/© 2015 Elsevier B.V. All rights reserved.
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Central nervous system images reveal spongy degeneration of the
white matter, reflecting hypomyelination/demyelination, edema
and cerebral atrophy [1,4].

Although severe neurological damage occurs in most M5UD
patients, the mechanisms involved in the neurotoxicity of this
disease are still poorly understood. However, Leu and KIC have
been considered the main neurotoxic metabolites in MSUD, since
increasing concentrations of these metabolites are associated with
the appearance and worsening of neurological symptoms [1,5].

Clinical management of MSUD comprises a lifelong strict and
carefully adjusted semi-synthetic diet with restricted amounts
of protein supplemented by vitamins, minerals and a mixture of
essential amino acids [6]. Although patients improve significantly
by the implementations of this therapy, protein restricted diet may
lead to important nutritional deficiency and compromise of the
antioxidant defense system [7,8].

t-Carnitine (L-car), a small quaternary amine highly polar and
water soluble molecule obtained from dietary supply [9,10] has
been used in the treatment of various organic acidurias [ 11,12]. Fur-
thermore, L-car deficiency has been previously reported in treated
MSUD patients with protein-restricted diet supplemented by a
semisynthetic formula of essential amino acids without BCAAs [13].
Recent studies have observed that L-car has antioxidant properties
and may protect cells from toxic reactive oxygen species in some
metabolic disorders [14-17]. In this context, it was found that L-
car administration prevents lipoperoxidation, protein damage and
alterations on catalase and glutathione peroxidase activities in rat
cerebral cortex in a chemically-induced acute model of MSUD [18].
Likewise, patients under BCAA-restricted diet plus L-car supple-
mentation presentamarked reduction of malondialdehyde content
(lipid peroxidation) in relation to controls [ 13].In vitro studies per-
formed with human peripheral leukocytes have shown that L-car
prevents DNA damage induced by the metabolites accumulating in
MSUD [19]. However, to the best of our knowledge there are no
reports in literature investigating DNA damage in MSUD patients
and the role of antioxidant therapy in this process.

Thus, the aim of the present study was to evaluate DNA dam-
age in leukocytes from MSUD patients and the role of dietary L-car
dietary supplementation on this damage. The relationship between
DNA damage, MDA levels and Leu concentrations in plasma from
MSUD patients was also studied.

2. Material and methods
2.1. Patients and controls

Six MSUD patients (classic form) admitted at the Hospital de
Clinicas de Porto Alegre, aged 5-12 years old (mean age 8.28 +2.87
years) were included in this study. The main clinical symptoms and
laboratorial signals at diagnosis were seizures, convulsions, hypo-
tonia, hypoglycemia, poor feeding, ketoacidosis and psychomotor
delay. The length of treatment ranged from 15 days to 9.83 years
and consisted of a natural protein restricted diet with low BCAA,
supplemented with a semi-synthetic formula of essential amino
acids, vitamins and minerals and not containing L-car (MSUD 2-
Milupa). These patients were also supplemented for 2 months
with dietary L-car (50mgkg 'day ') not exceeding 1.5gday .
The control group was composed by six age-matched healthy indi-
viduals (mean age 6.0+ 3.12 years). The comet assay, as well as
malondialdehyde (MDA), Leu and free 1-car concentrations were
determined in blood of MSUD patients before (Group A) and after 1
month (Group B) or 2 months (Group C) of L-car supplementation
and compared to control group. Blood Leu levels, expressed in p.M,
were measured by HPLC according to Joseph and Marsden [20]
with slight modifications [21]. MDA was measured according to

C.P. Mescka et al. / Mutation Research 775 (2015) 43-47

Karatepe [22] and expressed as M of MDA. Free L-car levels were
determined in blood spots by liquid chromatography electrospray
tandem mass spectrometry (LC/MS/MS), using the multiple reac-
tion monitoring (MRM) mode [23] and the results were reported
as M. The present study was approved by the Ethical Committee
of Hospital de Clinicas de Porto Alegre, RS, Brazil. Parents from all
patients included in the present study gave informed consent. Data
are represented as mean +SD for the various measurements. For
the statistical analysis, comparison between means was analyzed
by repeated measures of ANOVA followed by the Tukey's multiple
range test when the F value was significant (p <0.05). Correlations
were carried out using the Pearson correlation coefficient.

2.2. Single-cell gel electrophoresis (comet assay)

The alkaline comet assay was performed as described by Singh
et al. [24] in accordance with the general guidelines [25]. Isolated
human leukocytes were suspended in agarose and spread onto a
glass microscope slide pre-coated with agarose; the agarose was
allowed to set at4 =C for 5 min. The slides were incubated in ice-cold
lysis solution (2.5M NaCl, 100mM EDTA, 10 mM TRIS, 1% Triton
X-100 and 10% DMSO, pH 10) to remove the cellular proteins, leav-
ing the DNA as histone-free nucleoids. After lysis, the slides were
placed on a horizontal electrophoresis unit and covered with fresh
electrophoresis solution (300 mM NaOH and 1 mM EDTA, pH>13)
for 20 min at 4°C to allow DNA unwinding and the expression of
alkali-labile sites. Electrophoresis was performed for 20 min (25V;
300mA; 0.9V/cm). The slides were then neutralized, washed in bi-
distilled water, and stained using a silver staining protocol [26].
After drying at room temperature overnight, the gels were analyzed
using an optical microscope. One hundred cells (50 cells from each
of the two replicate slides) were selected and analyzed. The cells
were visually scored and received scores from 0 (no migration) to
4 (maximal migration) according to the tail intensity. Therefore,
the damage index (DI) of the cells ranged from 0 (all cells with no
migration)to 400 (all cells with maximal migration). All slides were
analyzed under blind conditions by two different individuals and
the average scores were used for the calculations.

3. Results

Data (represented as mean=SD) from MSUD patients are
divided into Group A (without L-car supplementation), Group B (1
month of L-car therapy) and Group C (2 months of L-car supple-
mentation). Leu levels were measured in plasma from controls
and MSUD patients before and after treatment. We found the
following values expressed as p.M: controls=130.8 £27.2, Group
A=178.2+58.6, Group B=264.6+136.7, Group C=278.0+105.6.
There were no significant differences between the groups.

On the other hand, patients from Group A had significantly
decreased levels of L-car (20.9+6.6 uM) as compared to the
controls (43.8 +£8.9 wM) that normalized after L-car supplemen-
tation [Group B (48.1+9.1uM) and Group C (54.8+12.6 nM)]
[F(3,21)=6.253, p<0.05]. Moreover, MDA levels were significantly
elevated in Group A (0.087+0.06 pM) as compared to the con-
trol group (0.029+0.003 M), indicating lipid peroxidation, that
was reversed after 2 months (Group C) (0.036 £0.003 pM) of L-car
therapy [F(3,21)=19.541, p<0.05]. With regard to DNA damage, we
observed that only Group A had damage classes three and four (the
highest damage class) before L-car supplementation and already
in the first month of L-car administration this high damage was
not more verified, being observed just zero, one and two damage
classes (data not shown).

Fig. 1 shows a significantly higher DNA migration (damage
class index=DI) in Groups A (DI=723+45), B (DI=36.2+5) and
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Fig. 1. DNA damage index (DI) of peripheral blood leukocytes from MSUD patients
and controls. Group A: patients before supplementation with L-car. Group B: patients
after 1 month of 1-car supplementation. Group C: patients after 2 months of -
car supplementation. Data represent the mean + 5D (controls: n- 6; Group A: n-6;
Group B: n-6; Group C: n=5). (a) p<0.05, compared to controls. (b) p < 0.05, com-
pared to Group A (ANOVA, followed by the Tukey multiple range test).

C (DI=38.3 £4.8) of MSUD patients, when compared to the con-
trol group (D1=15.8 & 3.1). Besides, L-car supplemented by 1 and 2
months was able to reduce DNA damage relatively to patients not
treated with r-car [F(3,21)= 168, p<0.05]. Moreover, a significant
inverse correlation was observed between DNA damage and free
plasma r-car levels (r=—0.82; p<0.05) in treated MSUD patients
(Fig. 2A).
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Fig. 2. (A) Correlation between DNA damage index (DI) and v-car levels in MSUD
patients. (B) Correlation between DNA damage index (DI) and MDA levels in MSUD
patients. Graphs show the Pearson correlation coefficient and probabilities.
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Finally, significant positive correlation between MDA content
and DNA damage were highly correlated (r=0.93; p<0.05)in these
patients (Fig. 2B).

4. Discussion

Cellular DNA is constantly exposed to endogenous and exoge-
nous deleterious conditions that may affect its integrity. Thus,
accumulated evidence have demonstrated that an incrementin the
generation of reactive oxygen and nitrogen species is a major pro-
cess provoking DNA lesions, including single- and double-strand
breaks, DNA-proteins cross-links, inter/intra-strand cross-links,
and sugar fragmentation products. These alterations may induce
mutations, chromosomal aberrations, microsatellite instability,
loss of heterozygosity and cytotoxicity [27]. The comet assay is
a rapid, simple, sensitive and versatile tool for detecting DNA
strand breaks and alkali-labile sites in individual cells [28,29]. This
assay is widely accepted as a standard method to investigate DNA
damage and repair in different cell types and mainly reflects the
pro-oxidant/antioxidant effects of various compounds [25 30].

In this study, we investigated DNA damage in erythrocytes from
MSUD patients and also whether L-car dietary administration could
protect against this damage in the same groups of patients treated
with protein restricted diet supplemented by L-car for a period of
up to 2 months. We also correlated DNA damage with L-car con-
centrations, MDA values (oxidative lipid damage) and Leu levels
(the major metabolite accumulated in this disease) in order to get
a better insight on the possible causes of this damage.

We first observed that MSUD patients treated only with protein
restriction diet without supplementation of L-car have significantly
higher DI when compared with the control group, indicating DNA
damage. Damage classes 3 and 4 were observed in patients before
L-car treatment (data not shown). Furthermore, 1-car supplemen-
tation (50 mg kg day—1)for 1 and 2 months provoked a significant
decrease of Dl when compared to Group A, but did not restore DNA
damage at the level of the control group (healthy individuals). It
was also verified a decrease in DNA damage classes 3 and 4 and
an increase in DNA damage classes 0, 1 and 2 in Groups B and C of
MSUD patients, indicating a decrease in the severity of this damage
after L-car supplementation (data not shown). A significant inverse
correlation between free L-car levels and DI was also found, rein-
forcing the role of 1-car as a protective factor against DNA damage.

As regards to the mechanisms underlying the protective effect
of L-car, we observed a significant positive correlation between
DNA DI and the content of MDA in MSUD patients, indicating
that DNA damage may be associated with the lipid peroxidation
observed, and that probably there is an oxidative DNA damage
in these patients. More recently, studies showed that L-car treat-
ment (50 mg kg day—!) reduced plasma MDA concentrations in
patients with MSUD under treatment with protein-restricted diet
[12]. Therefore, the protective role of L-car could be attributed to its
antioxidant functions scavenging free radicals and metal-chelating
properties decreasing cytosolic iron, which has a vital role in free
radical production [31,32]. L-Car has also been reported to decrease
lipid peroxidation and protect tissues from damage by repairing
oxidized membrane lipids and decreasing MDA levels, besides facil-
itating fatty acid transport and therefore lowering the availability
of lipids for peroxidation [33]. Still, it is important to note thatin our
study L-car supplementation was held for a relatively short period
oftime, so that the evaluation of the use of this antioxidant in MSUD
treatment for a longer period may be interesting in order to check
for other benefits.

Itis also of note that previous animal data have shown that accu-
mulation of the major metabolite in MSUD induces DNA damage in
the hippocampus and striatum of rats [34]. Furthermore, Mescka
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et al. [19] evidenced that Leu and KIC induced DNA damage in
peripheral whole blood leukocytes, which was prevented by L-car.
Taken together, it is presumed that DNA damage may be caused by
the metabolites accumulating in this disorder.

On the other hand, an important function of L-car, a small water-
soluble molecule, is to act as acarrier for translocation of long-chain
fatty acids from the cytosol into mitochondria for B-oxidation,
therefore helping to keep energy supply in tissues that use fatty
acids. Thus, although we cannot precise the causes of DNA damage
prevention by L-car, one of the possible mechanisms involved on
DNA protection after L-car administration in MSUD patients might
be its ATP promotion action, which may induce protein phosphory-
lation involved in the synthesis and processing of nucleic acid [35].
In this scenario, it was reported that L-car may regulate DNA repair
and also enhances the annealing effects by activation of DNA repair
enzyme poly (ADP ribosyl) polymerase, a nuclear protein that is
intimately linked with the occurrence of DNA strand breaks and
also other related repair mechanisms [36]. Finally, we cannot rule
out the possibility that L-car may decrease DNA damage due to its
property of binding to the toxic metabolites accumulated in MSUD
helping their urinary excretion that were shown to cause directly
or indirectly DNA damage [16,37].

To the best of our knowledge, this is the first report demon-
strating that DNA damage occurs in MSUD patients possibly as a
result of oxidative stress, although other causes cannot be excluded.
In this context, reactive oxygen and nitrogen species can provoke
DNA damage by direct chemical attack on DNA, as well as by indi-
rect mechanisms, such as activation of Ca*-endonucleases and by
interfering with enzymes of DNA replication and repair. Further-
more, oxidative damage can also lead to mutations whose pattern
depends on the conformation of the bases of the genes, as well as
on the repair efficiency, the type of polymerase and the conforma-
tion of the surrounding DNA affecting the accuracy of copying by
polymerases [27].

In conclusion, L-carnitine supplementation to MSUD patients
may represent a new therapeutic approach and a possible adjuvant
to the current treatment of this disease.
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Abstract Maple Symup Unne Disense (MSUD) 15 2 meta-
bolic disorder caused by a severe deficiency of the
branched-chain ac-keto acid dehydropenase complex activity
which laads to the accumulation of branched-chamn amino
acids (BCAA) leucine (Leu), isolewcine and wvaline and
their respective o-keto-acids in body Muids. The main
symptomatology presented by MSUD patients ncludes
ketoacidosis, folure to thrive, poor fesding, apnea, alaxia,
seteures, comi, psychomotor dday and mental retardation,
but, the newrological pathophysiologic mechanisms are
poody understood The treatment consists of a low protem
diet and a semi-swnthetic formula resmicted in BCAA and
supplemented with essential ammo acids. It was verified
that MSUD patients present L-camiting (L-car) deficiency
and this compound has demonstrated an antioxidant and
anti-nflammatory wle m metabolic diseases. Smoe them
ame no studiess in the literature reporting the inflammatory
profile of MSUD patients and the L-car role on the mflam-
matory response in this disonler, the present study evaluates
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the effect of L-air supplementation on plasma inflammatory
evtokmes interleukin-15 (IL-1§), mterleukin-6 (IL-&),
interferon-gamma (INF- ), and a correlation with
malondialdehyde (MDA}, as a marker of oxudative damage,
and with free L-car plasma levels in treated MSUD pa-
tients. Significant incresses of [L-15, 1L-6, and TNF- were
observed before the treatment with L-car, Moreover, there
15 o negative correlation between all cytokines tested and L-
car concentmtions and a positive comelation among the
MDA content and L-15 and IL-6 values Onwr data show
that L-car supplementation can improve cellular defense
against inflammation and oxidative stess in MSUD pa-
tients and may represent an additional therapeutic approach
to the patients affected by this dissase.

Kevwords Maplke syrup uring disease - Lcarniting -
Infllammation - Oxadative stress - Antioxd dant

Abbreviations

MSUD  Maple syrup urine dissase
BCKAD  Branched chain o-keto acid dehwlmgenase
BCAA Branched-chain amino acid
Leu Leucing

BCKA Branched chain a-keto acids
KIC oi-ketoisocapmic acid

L-car L-carmtine

IL-1B Intedeukin-15

IL6 Intedeukin-6

IFN - Inteferon-gamma

MDA Malondialdehyde

ROS Reactive oxypen species
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Introduction

Maple symup uring disese (MSUD) is an nherited disorder
caused by mutation in any of the 4 subunits (Eleg EIR, E2,
E3) of the branched chain o-keto acid dshydrogenase
(BCE AD) enayme complex. Due to BCKAD deficiency high
concentrations of the banched-chain amino acids (BCAA)
leusing (Lew), valing and isoleucine as well as the respective
branched chain o-keto acids (BCKA) a-keloisocaproic
(KIC), o-keto-f-methylvaleric and o-keto acids oo-
ketoisovalenc acids accumulale in patients on an unrestricted
diet and during emsodes of metabolic decompensation crisis
(Chuang and Shih 2000 ; Chuang 1998). The worddwide fre-
quency 15 approximately 1in 180,000 newboms and patients
can be divided into five phenotypes mnging from the classical
form with a neonatal onset to milder variants with later onset
(Chuang and Shih 20017,

The clinical features of classic MSUD meluds poor feed-
ing, comvulsions, filure to thrive, ketoacidosis, apnea, hypo-
glyeemia, coma, alaxia, seimures, psychomotor delay and
mental retardation. n addition, severe generalized braim ede-
ma cershral arophy and hypomyelination are wsually seen in
MSUD patients, the mechanisms undedying brain damage is
poorly known and needs to be exploited funher explomed
(Chuang and Shih 2001 ; Schinbenzer et al. 2004). Liemiune
has shown that Leu and 1ts tmmsarmnation product (KRC) ans
considerad the main toxic metabolites o the central nervous
swstem once their mereased concentrations have been assoct-
ated to the appeannee ofneunlogcal symptoms (Chuang and
Shih 2001; Hoffmarn et al. 2006). Also, it has been damon-
strated that the metabolites accumulatad in MSUD can de-
crease neurotransmitter metabohsm (Zielke et al. 1997;
Tavares et al. 2000), leads to nevronal apoptosis {Jouvet
etal 20000, alter enenry metabolism in mt brin (Sgaravatti
etal. 2003; Ribam etal 2008, Amaral et al. 2000), reduce the
uptake of essential amine acids by bmin tissue (Amijo et al
2001} and can reduce the ability to also modulate the damags
associated o mosased fee radical production (Bridi et al.
2003, 20054; b; Fortella et al. 2002).

Therapy for MSUD comprises a hfelong strict and
carefully adjusted semi-synthetic diet with widely re-
stneted amounts of protein, with low BCAA supplement-
ed with a formula of essential amino acids, vitamins and
mingrals (Fraxier et al. 2004). The goal of treatment 15 to
protect the brain fom functional disturbances and struc-
tural damage by keeping the plasma bmnched-cham me-
tabolites continually close to normal range (Strauss et al.
2010). However, it has been already verfied that MSUD
patients under treatment present a marked deficiency in
antioxidants compounds and this may possibly be sec-
ondary to the protein mestricled diet that implies in small-
er amounts of these micronutrients (Barschak et al. 2007;
Sitta et al. 2014). In this context, recently it was

g Sflrh:glr

demonstrated that treated MSUD patients have L-
carniting deficiency, which can be obtamed manly from
dietary protein supply (Mescka et al. 20013).

L-camitme (L-car) or 3-hydroxy-4-methylommoniobulimoate
regulates the flux substrate and energy balance across cell
membrames by modulating both the mnsport of long-chain
fatty acids mto mitochondria and the subsequent f-oxidation.
Foods of animal origin contain substantial amounts of L-car,
but this compound is produced endogenously also in lesser
amount using the amino acids bysing and methionine (Foster
2004). It has been demonstrated that L-car shows antiosadant
capacity by reducing hipad perocidation with a degree compa-
rable 1o that observed with adocopheml and also an antioxi-
dant protective role by scavenzing reactive 0xygen Species as
supemxide anion, hvdmgen peroxide and by inhibiting hy-
droxyl radical formation m the Fenton reaction system
(Gulcin 2006; Remick et al. 1992), Thers has been an in-
cremed number of studies reporting interssting effects of L-
car on celk of the immune system (Egit-Uysal et al. 2003;
Pertosa etal. 2005; Szefel et al. 201 2) and there are no data in
the litemature reporting the miammatory profile of MSUD
patients, much less the L-car role on the mflammatory re-
sporse in this disonder. Hence, the present study was designed
to mvestigate the effects of L-ar supplanentation on plasma
inflammatory cvtokings interleukin-15 (IL-15), intedeukin-6
(IL-6), interferon-gamma (IFN - ), and malondialdehyde
(MDA), as a marker of oxidative stress, in treated MSUD
patients, as well as o establish a possible relation between this
PARLTIELETS.

Materials and methods
Paticnts and controls

The study wis approwved by the Ethics Committee of Hospital
de Clinicas de Porto Alegre, RS, Brazil (project n® 140191).
Infommed consent was obtaimed acoording 1o the guidshnes of
our committes. Classical MSUD patients were recruited from
the Medical Genetic Servics of Hospital de Clinicas de Porto
Alegre, Brazil. Plasma samples wen obtained fom seven
MSUD patients under protem mestricted diet protocol (mean
ape B28+2.87 vears) and six healthy individuals (control
group) with comparable age and sex (mean age 6.0+
3.12 years). The main features of patients with MSUD at
diagmosis wene convulsions, ketoacidosis, poor Eeding, hypo-
glyeemia and psychomotor delay. Dietary treatment (median
0,95 year —mmpe 15 days to 9,83 year ) consisted of a protein-
restricted diet supplementsd with a semi-synthetic formula of
essential amino acids, vitamins and minemls and not contain-
ing L-car (MSUD | or MSUD 2 Milupal ). Furthemmore, for
this study, MSU D patients were supplamented with L-car cap-
sules, at a dose of 50 mgkg/day, not excesding 1.5 giday for
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2 months. Inflammatory cytokings, MDA and fee L-car
levels were analyaed in blood of MSUD patients before (No
L-car) and after one (L-car 1) and 2 months (L-car 2) of L-car
supplementation.

Biological sample collection and preparation

Blood samples from patients and controls were processed and
stored by the same procedure. Blood samples from soc age-
and gender-matched controls (mem age 6,023,012 vears) wene
recruitad anomymously from the laboratory of Faculdade de
Farmdeia da UFRGS, RS, Brazl. A fler venous pundure and
collection in heparinized vials, plasma and cells were separat-
ed by centrifugation at 3,000 g for 10 min at 4 °C. Plasma was
removed by aspiration and stored at —80 °C until further
analysis.

Inflammatory cytokines meas urement: IL-1 3, TL-6 TFN -

Plasma IL-18, IL-6 and IFN- were measumed by eneyme-
linked immunosorbent assay (ELISA) kits (Mabtech AB,
Sweden). The assay utiliees ELISA strip plates pre-coated
with a capture monoclonal antibody (mAb), to which samples
are added. Captured evtokine is detected by adding a biotinyl-
ated mAb followal by steptavidinchomemdish peroxidase
Addition of the enzvme substrate TMB results in a colored
substmate product. ntensity ofthe color is dirsctly proportional
toy the concentration of cytokine in the sample, which s deter-
mined by comparison with a serial dilution of recombinant
cytokine standard analyzed in parallel. The results were
expressed as pgiml.

MDA content

MDA was measured by following method described by
Karatepe (2004). Briefly, 100 pL of plasma was miced with
100 pL of 0.1 M perchlonic acid and 1 mL of distillal water,
The samples then were centrifiigatad at 1,500 g for 5 mmn and
used for HPLC analysis. The column used was Supeloosil C18
(5 pm) 15 cm=4.6 mm, the mobile phase was 82.5:17.5 (w'v)
30 mM monohasic potassivm phosphate (pH 3 6)-methanol
and the fow mate was 1.2 mLmin, The detection was moni-
tored at 250 nm. The system was calibrated with a standard
solution of MDA, which was used for quantification. Results
were expressed in pmol/L of MDA

Free L-car determination

Free Lcar levels wene determined in blood spots by liquid
chromatography electrospray tandem mass spectrometry
(LC/MS/MS), using the multiple reaction monitoring
(MEM) mode (Chace et al. 1997). Results were reported in
wmol/L.
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Statistical anabvsis

Data were expressed as meantstandard deviation.
Companson between means was analyveed for repeated mea-
sures of AMOVA followed by the Tukey multiple mnge test
when the F value was significant. Correlations were camied
out using the Pearson correlation coefficient. A p value lower
than 0L05 was considered significant.

Results

In thisstudy we evaluated the L-car supplementation effect on
the inflammatory response i phsma from MSUD patients
treatad with a protem-restricted diet. The MSUD patients were
divided nto three groups: before supplementation with L-car
(Group No L-car), afler | month of L-car supplementation (L-
car 1) and after 2 months of treatment with this compound (L-
car 2). The MSUD patients inder treatment (Group o L-car)
have L-car deficiency compared to control group. Afler
| month of L-car supplementation (L-car 1), the concentra-
tions of this micronutrient have reached levels comparable o
the contral group (Control Group: 43,8548 89 umol/L;
Group No L-car: 24.28+10.83 pmolL; Group L-car 1:
4901 +8.60 pmolL; L-car 2: 53.18+£10.79 pmolL) [F (3,
22)=6.253, p<0.05]. The lipid peroxdation levels (measuread
a5 plasma malondialdehyde) were sigmificantly elevated com-
pared to controls and a reversal of lipid peroxidation to control
levels occurned n 2 months of L-car thempy (Group L-car 2}
(Control Group: 0.027+0.003 pmolL; Group No L-car
0.087+0.006 pmol'L; Group L-car 1: (0038 £0.003 pmol/L:
L-car 2: 00350003 pmolL) [F (329)=19.541, p=<0.05]
(Mescka et al. 2013).

Thereafler, we examined the L-car supplementation influ-
ence on the mflammatory profile in MSUD patients, It was
found that MSUD patients {Group Mo L-car) have significant-
by mcreased pro-mflammatory oytokines levels compared 1o
the control group. L-car supplementation (Group L-car | and
Group L-car 2) induced a revesion of IL-15 [F (3,22)=6.032,
p=005] and TFN- [F (3,24)= 10,84, p<0.05] concentrations
to control levels (Fig 1a and b, respectively) and a reduction
of IL-6 close o control levels [F (3,24)=37.69, p<0.05]
(Fig. lc).

As it cin be seen i Fig 2, stomgly significant mverse cor-
relations between free L-car levels and IL-18 (r=—0.7505;
P05, Fig. 2a), IL-6 (r=—0.8235; p<0.05, Fig 2h), and
IFN- (r=—0.6279; p<0.05, Fig. 2¢) concentmtions were ob-
served, ndicating a possible L-car mti-n flarmmatory role i the
plsma of patients MSUD.

Lastly, we found significant positive correlations between
MDA values and IL-1 § (r=06645; p<0.05, Fig. 3a), IL-6 (r=
0.5197; p=0.05, Fig. 3h) amd IFN- did not show significant
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Fig. 1 a inferleukin-1p {IL-1B), b intedeukin-6 (IL-6), ¢ interferon-
gamma {[FN- ) memumements in plasma of MSUD patients and
controk. Group No L-car: patients before supplementation with L-car,
Ciroup L-car 1) patients after | month of Lcar supplementation Grouy
L-car 2: patients after 2 months of L-car supplementation. Data represent
the mean+30. Number of MSU D patients =57, Number of controk=6.
* p=005 compared to controls, # p<0005 companed & Group Mo L-car, #
P compared to Group L-car 1 {Tukey multiple mnge st

comelation with MDA concentrations (r=0.1616; p>0.05,
Fig. 3c).

Discussion

Inflammation oceurs in response o any allemtion of tssue
mtegrity, in onder o restors bssue homesstasis though the
induction of various repair mechanisms (Muriach et al.
2004). During this dysregulation of physiological fimetions,
occurs @ local and finally a svstemic inflammation that is
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{IL-6), ¢ interferon-gamma (IFN-) \ messurement va free L-camitine
{L-car) levels in plasma of MSUD patients (Number of MSLUD patients
samples=14-18). Graphs show the Pearson comelation coefficient and
protabilities

chamcterioad by production ofhigh levels of reactive oxyzen
species (ROS) and can leads 1o oxidative stress and damage of
biomolecules, such as proteins, lipids and DMA (Brine
et al, 2003).

There are few studies that corre e mflammatory processss
with MSUD. It has been shown that BC AAs are able toinflu-
ence the immunol ogical properties of microgha cell culture by
changing the responsiveness o pro-nflammatory sigrals (De
Simone et al. 2013). Furthermore, Scaini et al. (2004) sugpsst
that this mflammatory process associated with high leves of
BCAA may contibute 1o a blood brain barrier breakdown in
patients MSUD and its can be rdated to the neurological dys-
function observed in this disonder. Clinically is well described
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that inflammatory process, such as infection, may oflen pre-
cipitate acute maabolic decompensation with complications
in MSUD patients (Chuang and Shik 2001, bt in the best of
our knowledge there are no studies in the literature reporting
the mflammatory profile of MSUD patients, much less the
possible L-car role on the inflammatory response in this
disowrder.

Therefore, i our study, it was observed that MSUD pa-
tients in treatment with restricted protein diet and without L-
car supplementation have high levels of pro-inflammatory cy-
tokines IL- 15, IL-6 and IFN- i relation to the control group.
Afler the begmning of L-car treatment, there was a significant
decrease in the levels of these cyviokines o concentrations
similar to the control group, demonstrating that L-car was able
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to reverse the imflammatory process modulaled by these cyto-
kiness. These pro-inflammatory cvtokines ane mereased dunng
immune activation and inflummation and can induce the pro-
duction of oxidants, prostaglanding, and mitochondrial ROS
by macrophages, thus contributing o inflammatory responses
(Muralidharan and Mandrekar 2013). Macrophages and
monocyies are the major source of [L-18, moleauls able w
induce inflammatory and proapoptotic responses mediated by
factors such as pmostaglandins, ROS, inducible WO synthase,
and WO, TL-6 is a pleotropic cytoking that aflfects immune
responses and antigen-specific mfmmatory reactions beng
o major mediator of the acute phase inflammation and can be
prodduced by several cell types, mehding Tand B cells, mono-
cyles, macrophagess, fibmoblasts and endothelial cells. The cy-
toking IFN- i mainly produced by T helper cell type 1 (Thl)
lymphocytes, natural killer (WE) cells, B cells and NET eells.
Durmg Thi-type response, IFN- 15 probably the most impor-
tant trigger for high ROS production in macrophages by
phagocytic NADPH oxidase (NOX).

Ther: was also an inverse significant cornelation betwesn
the inflmmatory markers analyeed and the Lo concentra-
tions, showing a possible anti-inflammatory effect of this
compound, smce L-car supplementation signi ficantly de-
creased the inflaimmatory markers tested. Moreover, thers
wis a positive sigmificant comrelation in plasma of MSUD
patients betwesn pro-inflammatory eytokines IL-18 and 1L-
6 and MDA values, the main marker of lipid pemoxidation.
These results evidence a possible drect relatonship between
inflammation and increased oxidative stress m MSUD
patients.

Patients with inflammatory disenses usually exhibit antiox-
idants reduced levels, which might be due to insufficient mu-
tritinal intake or caused by an to increased antioxidant de-
mand for oxidation dug o continuous high levels ROS pro-
duction by the activation of immune competent cadls (Mufioz
ind Costa 2013, Mangpee et al. 20014). Thus, the finding of an
inverse cormslation between L-car concentrations and inflam-
matory cvtokings could be related o an insufficient dietetic
supply of this compound and an increased requirement for
antioxidant molecules during inflarmmatory episodes and this
may contibule to decompens ation metabolic crisis in MSUD
patients.

L-car is considersd nowadays one of the nutraceuticals that
has plewtropic crucial biologe effects. Lcar deficiency may
canse damaps o cellular metabolism, which can be primary,
a5 a result of defects in the spea fic transpont of L-car into the
cells, or secondary, as reportad in some inborn ermors of me-
tabolism and acquired medical conditions such as organic
aciduria, mitochondrial respiratory chain defects and methy-
lenetetrahydrofolate raductase defcency (Famularo and De
Simone 1995; Shakeri et al. 20010; Ribas et al. 2014),
Various pathologeal disorders including epilepsy, cirrhosis,
malabsorption have been also assocmted with secondary L-
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car deficency and oml dosage forms are nowadays approved
by the US Food and Drug Administration for primary and
secondary systemic L-car deficiency. Some unlabeled uses
of this compound are for the treatment or prophylaxis of
valproate toxicity, Aleheimer’s disease, muscle disonders, car-
diovascular diseases, HIV infection, and male infertility
(Hatumkhani et al. 200 3).

The most important recognized imetions of the L-car ane
transpon of long-chain fatty acid across the mner mitochon-
drial membrane, where f-oxidation occurs, and the removal
from the mitochondria of potentially toxic end-products of
fatty acid metabolism However, a series of studies have been
performed to determine L-car effect on cells of the immune
system. Several data indicate that L-car deficiency 15 a con-
tributing factor to the progression of mfection in patients with
human immunodeficiency vims, and that Lcar thempy in
those patients could counteract the wnregulated process of
Iyvmphocyte apoptosis and improve CD4 counts (Famularo
et al. 2004). Lrghit-Uysal and colleagues (2003) demonsimts
that L-car is capable to restons the ape-related changes n the
nflarmmatory cdlls functions and play a protective role in the
tissue destruction in inflammation by decreasing the supemx-
ide amion production. Other studies have shown that L-car has
a thempeutic eflect on morbidity and hipid metabolism n ca-
chexia and septic shock mt models, and that these effects
could be the result of down-regulation of cytoking production
andior increased ckarance of cytokines (Winter et al. 1995),
Regular L-car supplementation in hemodialysis patients dem-
onstrated w incremse cellular defense against chronic nflam-
mation and oxidative stress, most likely by modulating the
specific signal tansduction cascade activated by an overpro-
duction of pro-mflammatory cytokmes and free radical s action
(Pertosa et al, 2005),

Although the L-car actions in the brain are not vet fully
established, in the last vears smdies in animals and cells have
demonsirated numerous neuroprotective, neummaodulatory
and neurotrophic properties of this compound (Ribas et al.
2014). However, there are no data in the literature showing
an improvement in the clinical conditon of MSUD patients
supplemented with L-car, but there are few and recent reports
of clinical improvement in other disorders. For instance,
Cutunic et al. (2003) observed in Huntinglon's disease, that
the patients with low serum L-car levels who recaved low-
dose of levocamiting supplementation, during a mean period
of 7.3 munths, showed mmprovement in motor, cognitive and
behavioral measures. They speculated that the observed clin-
ical mmprovemnent 15 related with the resolution of reversible
metabolic encephalopathy and myopathy associated with sec-
ondary carniting defciency. In 2 mndomized, doubleblind,
placebo-controlled study, it was venfied an improvement of
cognitive deficits, the raluction of ammonia, and the modifi-
catiem of electroencephalogram analysis in treated L-car pa-
tients with severs hepatic encephalopathy {Malaguamera et al

ﬂ Springer
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200 la). The same research group ako showed that acend-1-
carmiting reduces depression and improves Dife quality in pa-
tients with minimal hepatic encephalopathy (Malaguarnera
etal. 200 Ib).

L-car supplementation has been wsually considersd safe
and with low ik ofadverse effects, which makes it a prom-
ising candidate for the prevention and treatment of oxidative
alterations in mary dissases. Is impontant o emphasies that
supplementation with L-car in MSUD patients of our shdy,
who were deficient in L-car, was held fora period of 2 months,
and perhaps the clinical improvement effects of the adminis-
tration would be better evaluated in a long-erm treatment.
Moreover, it was verified ahigher excretion of KIC, the major
neurotoxic acid accumulated in this dsorder, in the urine of
MSUD patients treated with L-car, what ranforess the impor-
tance of this compound in the elimination of the toxic metab-
olites in these patients (Guermreiro et al. 2005), These fmdings
may represent a new perspective for the use of L-car as a
pssible antioxidant adjunct treatment. For this purpose, we
interded to do in a future a translational and chrical study w
fully explore this potential.

Evidence accumulated over the past decades has pomnted to
significant connections betwesn inflammation and oxidative
stress, both processes contributing to fugl the other one, there-
by establishing a vicious cycle able o parpetuate and propa-
gate the inflammatory response (Lugrin et al. 2004). Taken
together, these data highlight that the maintenance of normal
L-car concentrations in MSUD patients could have an impor-
tant wole in inflammatory process. The L-car sysiem seems 10
be a relevant endogenous physiologic mediator o protect
against damapge during the inflammatory response and the
urrggulated production of ROS can act as a major factor n
triggering cell injury. This study showed a possible beneficial
influence of L-car supplementation on immune system fune-
tions in MSUD patients. Furthermore, we suggest thal L-car
could be useful in MSUD therapy representing a new ap-
proach o the cumrent treatment, which consists of protein re-
strict diet. Future studies will examine the mechanism of the
reduction of cyvtokine levels by L-car detemmining whether L-
car lowers its levels by increasing clearance, or by reducing

prodduction of cytokings in MSUD.
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ARTICLE INFO ABSTRACT
Article history: Maple syrup urine disease (MSUD) is a disorder of branched-chain amino acids (BCAA). The defect in
Received 9 November 2014 the branched-chain a-keto acid dehydrogenase complex activity leads to an accumulation of these com-
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pounds and their corresponding a-keto-acids and a-hydroxy-acids. Studies have shown that oxidarive
stress may be involved inneuropathology of MSUD. L-carnitine (L-car), which has demonstrated an impor-
tant role as antioxidant by reducing and scavenging free radicals formation and by enhancing the activity
of antioxidant enzymes, have been used in the treatment of some metabolic rare disorders. This study

;?:‘I’:rstr'up urine disease evaluated thc? oxidative stress parameters, di_—tyrosine, isoprostanes and_antioxidanr capacity, in urine
L-Carnitine of MSUD patients under protein-restricted diet supplemented or not with t-car capsules at a dose of
Oxidative stress 50mgkg ! day . It was also determined urinary ci-keto isocaproic acid levels as well as blood free L-car
Antioxidant concentrations in blood. It was found a deficiency of carnitine in patients before the 1-car supplementa-
Urine tion. Significant increases of di-tyrosine and isoprostanes, as well as reduced antioxidant capacity, were

observed before the treatment with L-car. The L-car supplementation induced beneficial effects on these
parameters reducing the di-tyrosine and isoprostanes levels and increasing the antioxidant capacity. It
was also showed a significant increase in urinary of a-ketoisocaproic acid after 2 months of L-car treat-
ment, compared to control group. In conclusion, our results suggest that L-car may have beneficial effects
in the treatment of MSUD by preventing oxidative damage to the cells and that urine can be used to
monitorize oxidative damage in patients affected by this disease.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction genase complex (BCKAD) activity. The blockage of this pathway
leads to the accumulation in tissues and body fluids of branched-
Maple syrup urine disease (MSUD)is a metabolic disease caused chain amino acids (BCAA) leucine (Leu), isoleucine and valine
by a severe deficiency of the branched-chain «-keto acid dehydro- and their respective a-keto-acids, a-ketoisocaproic acid (KIC), a-
keto-B-methylvaleric acid and a-ketoisovaleric acid, as well as
the corresponding «-hydroxy acids, the a-hydroxyisocaproate, -
hydroxy-B-methylvalerate and the o-hydroxyisovalerate (Treacy

Abbreviations:  ABTS, 2,2'-azino-di-3-ethylbenzthiazoline sulfonate; BCAA, et al., 1992; Chuang and Shih, 2001; Harris et al., 2004).
branched-chain amino acids; BCKAD, branched-chain a-keto acid dehydro- Based on the clinical presentation and biochemical responses
genase; Di-tyr, di-tyrosine; ELISA, enzyme-linked immunoassay; GC/MS, gas g thiamine administration, MSUD patients can be divided into

chromatography-mass spectrometry; HPLC, high-pressure liquid chromatogra- . R . . N . .
phy; HRP, horseradish peroxidase; KIC, a-ketoisocaproic acid; Leu, leucine; L-car, five phenotypes: classic, intermediate, intermittent, thiamine-

L-carnitine; LC/MS/MS, liquid chromatography electrospray tandem mass spec- responsive and dihydrolipoyl dehydrogenase (E3) deficient
trometry; MRM, multiple reaction monitoring; MSUD, Maple syrup urine disease. (Chuang and Shih, 2001). The main signs and symptoms pre-

* Corresponding author at: Servigo de Genética Médica, HCPA, Rua Ramiro Barce- sented by MSUD patients include psychomotor delay and mental
los, 2350, CEP 90035-903 Porto Alegre, RS, Brazil. Tel.: +55 51 33508011; retardation, coma, convulsions, poor feeding, apnea, ataxia,

fax: +55 51 33598010,

£-mail address: carolmesckayahoo.com br (C.P. Mescka). ketoacidosis, hypoglycemia, as well as generalized edema and

http:/{dx.doi.org(10.1016/).ijdevnew.2015.02.003
0736-5748/© 2015 Elsevier Lrd. All rights reserved.
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hypomyelination/demyelination evidenced by magnetic resonance
imaging studies of the central nervous system. The MSUD treat-
ment consists of a low protein diet and a semi-synthetic formula
poor in BCAA and supplemented by essential amino acids, vita-
mins and minerals (Chuang and Shih, 2001; Sitta et al., 2014) and
the aim of the MSUD treatment is to keep the BCAA plasma con-
centrations in appropriate levels in order to minimize the brain
damage found in MSUD patients without treatment or in metabolic
crisis (Chuang and Shih, 2001; Wendel and Ogier de Baulny, 2006).
The mechanisms involved in the neurological symptoms presented
by MSUD patients are still poorly understood. However, several
studies have demonstrated that Leu and/or KIC are the main neu-
rotoxic metabolites in MSUD, and that high concentrations of these
metabolites can be associated with the appearance of neurological
symptoms (Chuang and Shih, 2001). The metabolites accumulated
in this disease provoke convulsions (Coitinho et al., 2001}, neuronal
apoptosis (Jouvet et al., 2000), impairment of neurotransmitter
synthesis (Zielke et al., 1997; Tavares et al., 2000), myelin alter-
ation (Treacy et al., 1992) and affect energy metabolism in rat brain
(Sgaravatti et al., 2003).

L-carnitine (L-car) is a highly polar quaternary amine that plays
important metabolic functions in the organism, like transport of
long-chain fatty acids across the inner mitochondrial membrane
for utilization in B-oxidation. Furthermore, this compound has
demonstrated antioxidant activity by reducing and scavenging free
radicals and by enhancing the activity of enzymes involved in
the defense against reactive species (Gulcin, 2008). It was verified
that MSUD patients have L-car deficiency, since this compound is
obtained mainly from protein food (Mescka et al., 2013; Sittaetal,,
2014),which cancause antioxidant defenses impairment (Borglund
et al., 1989; Barschak et al,, 2006, 2007, 2008). Recent studies have
demonstrated an increase of plasma antioxidant status in patients
with inborn errors of metabolism supplemented with L-car (Ribas
et al., 2010; Mescka et al., 2011, 2013; Sitta et al., 2011). There are
no studies in literature focusing urinary amino acids, c-keto acids,
a-hydroxy acids and oxidative stress parameters in MSUD treated
patients. It is important to emphasize that BCAA metabolites are
highly excreted in urine in this disease.

Thus, in this study, we extend our previous publication concern-
ing the L-car effect in plasma from MSUD individuals (Mescka et al.,
2013), evaluating oxidative stress parameters, as well as a-keto
isocaproic acid concentration in urine of treated MSUD patients,
supplemented or not with L-car. Our objective was to investigate
a possible association between L-car and oxidative stress in urine,
since this biological fluid could be used for monitoring oxidative
biomarkers in this disease.

2. Material and methods
2.1. Patients, controls and biological samples

In this study it was studied seven patients (mean age, at the time
of blood collection, 8.28 + 2.87 years) with late diagnosis of classical
MSUD under protein restricted diet following the treatment pro-
tocol from Medical Genetic Service of Hospital de Clinicas de Porto
Alegre (HCPA), Brazil, which were diagnosed by elevated plasma
BCAA levels. Whole blood on filter paper was used to evaluate free
L-car levels, plasma was used to quantify amino acid and urine sam-
ples were used to determine oxidative stress the parameters and
to measure KIC concentration.

Dietary treatment (median duration 0.95 year - range from
15 days to 9.83 years) consisted of protein-restricted diet supple-
mented with a semi-synthetic formula of essential amino acids
(except leucine, isoleucine and wvaline), vitamins and minerals
not containing L-car (MSUD 2-Milupa®). The diet contained the

following amounts of Leu ( before 12 months of age: 40-80mg kg !
day~'; after 1 year of age: 275-535mg day '), lle (before
12 months of age: 20-50mgkg—' day!; after 1 year of
age: 165-325mg day-!) and Val (before 12 months of age:
20-60mgkg—" day—'; after 1 year of age: 190-375mg day—'). In
addition, MSUD patients were supplemented for 2 months with
L-car capsules, fractionated and mixed with the formula of amino
acids, at a dose of 50mgkg—! day—', not exceeding 1.5g day—'.
Oxidative stress parameters, amino acids, KIC and free L-car levels
were analyzed in MSUD patients before (Group A) and after one
(Group B) and 2 months (Group C) of L-car supplementation. The
control group consisted of samples from six aged-matched healthy
children (mean age at the time of blood collection, 6.0 & 3.12 years).
The study was approved by the Ethics Committee of HCPA, RS,
Brazil. All parents of the patients included in the present study gave
informed consent.

2.2, Amino acids determination

Amino acids were determined in plasma by high-pressure liquid
chromatography (HPLC) method according to (Joseph and Marsden,
1986). The quantification was performed by relating the chromato-
graphic peak area of each amino acid to those obtained from a
known standard solution and to the peak area of the internal stan-
dard (homocysteic acid) with known concentration. Results were
expressed in p.mol/L.

2.3. Alfa-keto isocaproic acid determination

Alfa-keto isocaproic acid (KIC) was determined in urine by
gas chromatography-mass spectrometry (GC/MS) according to
(Sweetmann, 1995), using hexadecane and heptadecanoic acid as
internal standards. The quantification was performed by relating
the metabolites chromatographic peak area to those obtained from
a known standard solution for each metabolite and to that of inter-
nal standard peak area. Results were expressed in pmol/L. The
correction by creatinine was performed at the beginning of analy-
sis, and the volume used for the quantification varied according to
creafinine of each sample.

24. Free 1-carnitine determination

Free 1-car levels were determined in blood spots by liquid chro-
matography electrospray tandem mass spectrometry (LC/MS/MS)
using the multiple reaction monitoring (MRM) mode (Chace et al.,
1997) and the results were reported in jLmol/L.

2.5, 15-F2t-isoprostane determination

15-F2t-isoprostane, a product of arachidonic acid metabolism
and a biomarker of lipid peroxidation, was measured by a compet-
itive enzyme-linked immunoassay (ELISA) (Oxford Biomed, EA 85),
according the kit's instructions. First, the urine samples were mixed
with dilution buffer. In this assay, the 15-F2t-isoprostane in the
urine samples competes with the 15-F2t-isoprostane conjugated to
horseradish peroxidase (HRP) for the binding to a specific antibody
fixed on the microplate. The concentration of 15-F2t-isoprostane
was determined by the intensity of color developed after addition
of substrate (wavelength at 630nm). Results were expressed as
nanograms of isoprostanes per mg of urinary creatinine.

2.6. Di-tyrosine autofluorescence determination
Di-tyrosine (di-tyr) content, used to analyze in urine the levels

of protein oxidation, was measured by autofluorescence, according
to Kirschbaum (2002). For di-tyr fluorescence determination, 50 L
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Fig. 1. Free L-carnitine measurement in blood spots from MSUD patients and
controls by liquid chromatography electrospray tandem mass spectrometry
(LC/MS/MS). Group A represents MSUD patients before treatment with L-car. Group
B and C represent MSUD patients after 1 and 2 months of L-car supplementation,
respectively. Data represent the mean £+ 5D. Number of MSUD patients=7-4. Num-
ber of controls=6. * P<0.05 compared to controls, # FP<0.05 compared to Group A,
§ P<0.05 compared to Group B.

of thawed urine was added to 950 p.L of 6 mol/L urea in 20 mmol/L
sodium phosphate buffer pH 7.4. After 30 min, the concentration
was measured using a fluorometer (excitation 315nm, emission
410 nm). Results were expressed as fluorescence units per mg urine
creatinine (Kirschbaum, 2002).

2.7. Antioxidant capacity determination

The urinary antioxidant capacity was determined using a chem-
ical assay (Antioxidant Assay Kit Cayman Chemical, 709001).
This assay measures the capacity of antioxidants in the urine to
inhibit the oxidation of 2,2'-azino-di-3-ethylbenzthiazoline sul-
fonate (ABTS) by metmyglobin. This reaction can be monitored by
detecting the absorbance at 750 nm and the inhibition of the oxi-
dation is proportional to antioxidants concentration. A standard
curve using Trolox, a water-soluble tocopherol analogue, is used to
calculate the capacity of the antioxidants in preventing the ABTS
oxidation. Urinay antioxidant status was expressed as micromolar
trolox equivalents.

2.8. Statistical analyzes

Comparison between means was analyzed by repeated mea-
sures ANOVA followed by the Tukey multiple range test for
parametric data and Friedman test followed by Dunn's multiple
comparison test for nonparametric values when the Fvalue was sig-
nificant (P< 0.05). Correlations were carried out using the Pearson
correlation coefficient.

3. Results

Fig. 1 shows the measurement of free |-car in blood spots from
MSUD patients, before and after the supplementation, and controls.
The results demonstrated that MSUD patients had significantly
reduced free r-car levels before the treatment (Group A) com-
pared to control group. The supplementation with L-car was able to
reverse this deficiency once it was observed a significant increase of
L-car levels after 1 (Group B) and 2 (Group C) months of treatment
[F(3,19)=6.253, P<0.05].

It were measured the levels of Leu in plasma from MSUD
patients, before and after the treatment, and controls. We found
the follow values, expressed in pumol/L: controls=130.75 +27.16,
Group A=178.18+58.59, Group B=264.57+136.74, Group
C=278 £ 105.55. Data are represented as mean + SD. There was no
significant difference between groups.
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Fig. 2. (A) Di-tyrosine (di-tyr), (B) isoprostanes and (C) antioxidant capacity mea-
surements in urine from MSUD patients and controls. Group A represents MSUD
patients before treatment with L-car. Group B and C represent MSUD patients after 1
and 2 months of L-car supplementation, respectively. Data represent the mean 4 SD.
Number of MSUD patients =7-4. Number of controls=6. * P<0.05 compared to
controls, # P<0.05 compared to Group A, § P<0.05 compared to Group B.

Fig. 2 shows the evaluation of oxidative stress in urine from
MSUD patients. The Fig. 2A exhibits di-tyrosine levels, a biomarker
of oxidative damage to proteins. It was verified that di-tyr levels
before the supplementation with r-car (Group A) was markedly
increased compared to control group, as well as after 1 month of
treatment (Group B). L-car therapy was able to reduce the di-tyr
levels, only after 2 months of treatment (Group C). Group Cwas sig-
nificantly different from groups A and B [F (3,15)=18.45, P< 0.05].
It was found a weak significant negative correlation between free
L-car levels and di-tyr levels (r=—0.557, P< 0.05) (Fig. 3).

Fig. 2B shows the isoprostanes levels, an end product of arachi-
donic acid peroxidation. It was observed a significant increase in
isoprostanes levels before the treatment (Group A) compared to
the control group and the supplementation with L-car was able to
reduce the lipid peroxidation. Groups B and C show a significant
decrease in the isoprostanes levels compared to the Group A [F
(3,16)=4.184, P<0.05].

Fig. 2C shows the results of urinary antioxidant capacity in the
groups. It was found that before the treatment (Group A) and after
one month (Group B) with L-car supplementation, the patients had
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Parson r =-0.557
P value = 0.0395
p<0.05
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Fig. 3. Correlation between di-tyrosine vs. free L-carnitine levels in MSUD patients.
Graphs show the Pearson correlation coefficient and probabilities.

a significant lower urinary antioxidant capacity compared to con-
trol group. However, 2 months of the L-car supplementation (Group
C) was able to revert this process to control levels [F(3,15)=15.02,
P<0.05].

It was measured the urinary KIC levels before and after
the treatment in order to evaluate the effects of 1-car on this
ketoacid. Increased levels of KIC were found, mainly after 2
months of L-car supplementation (Group C) compared to control
group. It was found the follow values, expressed in pmol/L: con-
trols=0.00 +0.00, Group A=8.1+8.1, Group B=1.7 +2.5, Group
C=78 +53. Data are represented as mean £ SD. Group C was differ-
ent from control and Group B (P<0.05) [F(3,18)=1.018, P<0.05].

4. Discussion

In our study, we demonstrated that the levels of free L-car in
MUSD patients before the treatment were significantly reduced and
the supplementation with r-car during 1 and 2 months was able
to restore to normal levels. Our results corroborate other studies,
demonstrating that patients affected by inherited metabolic dis-
orders and treated with protein restrict diet could have carnitine
deficiency (Sitta et al., 2011, 2014).

Several studies have shown that some accumulated metabolites
in inborn errors of metabolism induce excessive free radical pro-
duction and reduce the tissue antioxidant defenses (Colome et al.,
2000; Barschak et al., 2008; Wajner et al., 2004). In this context,
in vitroand in vivo studies have been developed in MSUD (Bridietal.,
2005, 2006; Barschak et al.,, 2006, 2007, 2008; Mescka et al,, 2011,
2013), but oxidative stress parameters in urine of MSUD patients
have not been studied. In other hand, these parameters in urine
have been investigated in some metabolic diseases. It has been
reported that patients with propionic and methylmalonic acidurias
had high urinary isoprostanes levels, which were reversed after
the treatment with r-car. Furthermore, patients affected by these
acidurias had low urinary antioxidant capacity (Ribas et al., 2012).

In this study, we demonstrated that MSUD patients treated
with protein restricted diet, but without L-car supplementation,
had significantly increased urinary di-tyr levels compared to con-
trol group. After 2 months of L-car supplementation, these patients
presented di-tyr concentrations at normal levels. Furthermore, we
found a weak significant negative correlation between urinary di-
tyrand blood free L-car concentrations in MSUD patients, indicating
that L-car treatment can be involved in the prevention of protein
oxidative damage. Di-tyr is formed by the oxidation of adjacent
protein tyrosine residues leading to the formation of a highly sta-
ble inter-phenolic bond that does undergo further metabolism
(Kirschbaum, 2002).
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Protein oxidation by reactive species can lead enzymes, recep-
tors and transport proteins to malfunction and, eventually, induce
alterations of cellular metabolism (Halliwell and Gutteridge, 2007).
Our results are in agreement with other studies. It was demon-
strated that MSUD patients present higher protein oxidative
damage in plasma, measured by protein carbonylation (Mescka
et al., 2013). Furthermore, studies in cortex of rats, evaluating
carbonyls and sulfhydryl content as markers of protein damage,
demonstrated that carbonyls content was significantly enhanced
in cerebral cortex in MSUD group while sulfhydryl content was sig-
nificantly reduced, indicating the occurrence of oxidized proteins.
Treatment with L-car in this animal model prevented these effects,
reducing this damage to control levels (Mescka et al., 2011). It is
known that for other inborn errors of metabolism protein dam-
age has already been verified since the patients with propionic and
methylmalonic acidurias presented high levels of di-tyr in urine
and the treatment with L-car was able to reduce this damage to
control levels (Ribas et al., 2011).

We also demonstrated that treatment with L-car was able to
reduce the isoprostanes levels progressively after 1 and 2 months
of supplementation, indicating a decrease in the lipid oxidation.
Recently, studies showed that L-car proved to be effective in reduc-
ing the lipid oxidation since malondialdehyde (Mescka et al., 2013)
and thiobarbituric acid-reactive substances (Barschak et al., 2006,
2007) were markedly increased in MSUD patients and the ther-
apy with r-car reversed oxidative damage to lipids in plasma of
MSUD patients (Mescka et al., 2013). Furthermore, L-car prevented
lipid peroxidation in cerebral cortex of rats in a chemically-induced
acute model of MSUD (Mescka et al, 2011). r-car have been
described in other studies as an antioxidant able to combat the
lipid peroxidation (Abdul and Butterfield, 2007; Miguel-Carrasco
et al., 2010).

Altered antioxidant capacity in plasma from MSUD patients was
observed in other studies, as demonstrated by a decrease of the
total antioxidant status, which represents the quantity of tissue
antioxidants, and of the total antioxidant reactivity, which reflects
the tissue capacity to react with free radicals (Barschak et al., 2006,
2008). Ourresults are also in agreement, showing a reduction of uri-
nary antioxidant capacity in patients before L-car supplementation.
Possibly, these alterations can occur because of the BCAA restrict
diet, normally used in the MSUD therapy, is poor in micronutri-
ents necessary for the antioxidant status (Barschak et al., 2007).
Decreased urinary antioxidant capacity may reflect a reduction of
antioxidants in the blood, such as wuric acid and dietary antioxi-
dants. Otherwise, it was verified in our study that after 2 months
of L-car administration this process was reversed to control lev-
els, reinforcing an important antioxidant effect of L-car in MSUD
patients.

In this study, we quantified the major accumulated metabolite
in urine from MSUD patients. We found an increase in KIC levels,
compared to control group after 2 months of treatment. Leu and
KIC are considered the main neurotoxic agents in MSUD (Chuang
and Shih, 2001). The appearance of KIC in significantly higher
concentrations after 2 months of L-car treatment suggests that
this supplementation may influence the urinary excretion of this
metabolite, decreasing its concentration in the blood and tissues. It
should be emphasized that due to because the toxic effects of the
accumulating metabolites in MSUD patients, the beneficial effects
of L-car supplementation, such as correction of carnitine deficiency
and restoration of intramitochondrial acyl-CoA/CoA ratios, may
improve the metabolic status of these patients (Ribas et al., 2014).
All these factors can be contributing to lower the levels of oxidative
damage observed in MSUD patients during treatment with L-car.

Itisimportant to emphasize that di-tyr and antioxidant capacity
were reversed only 2 months after L-car treatment. Carnitine sup-
plementation is frequently used in patients with organic acidemias,
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as for example, propionic, methylmalonic, isovaleric, 3-hydroxy-3-
methylglutaric and glutaric type 1 acidemias and beneficial effects
are well described in these patients (Hoffmann, 1996; Bykov, 2004;
Kdlker, 2011; Ribas et al., 2014). In these diseases, therapy with
L-car is used to promote the reduction of the acyl coenzyme A
toxic accumulation, releasing coenzyme A for other essential oxida-
tive pathways and restoring normal concentrations in cases where
there is a deficiency (Chalmers et al., 1984).

In conclusion, our results demonstrated that there is damage
to proteins and lipids in urine from MSUD patients, corroborating
the findings published previously in plasma (Mescka et al., 2013),
as well as a deficient antioxidant capacity in these patients. The
supplementation with r-car could be involved in the prevention of
oxidative damage to proteins and lipids in this disease since it was
verified a decrease of di-tyrosine and isoprostanes levels in urine
from patients treated with r-car, as well as an improvement on
the urinary antioxidant capacity. Furthermore, we suggest that L-
car could be useful in MSUD therapy representing a new approach
to the current treatment, which consists of protein restrict diet.
In addition, the use of urine, easily collected, can be an option for
monitoring such patients by evaluating the parameters of oxidative
stress.
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ABSTRACT

Maple syrup urine disease (MSUD), or branched-chain a-keto aciduria. is an inherited
disorder that is caused by a deficiency in branched-chain a-keto acid dehydrogenase
complex (BCKAD) activity. Blockade of this pathway leads to the accumulation of the
branched-chain amino acids (BCAAs) leucine. isoleucine and valine and their respective
ketoacids i tissues. The main clinical symptoms presented by MSUD patients include
ketoacidosis. hypoglycemia. opisthotonos. poor feeding. apnea. ataxia. convulsions.
coma. psychomotor delay and mental retardation. Although increasing evidence indicates
that oxidative stress is involved in the pathophysiology of this disease, the mechanisms of
the brain damage caused by this disorder remain poorly understood. L-carnitine (L-car) is
considered an efficient antioxidant and may be involved in the reduction of oxidative
damage observed in some inherited neurometabolic diseases. In the present study, we
investigated the effect of BCAAs on some oxidative stress parameters and evaluated the
efficacy of L-car against these possible pro-oxidant effects in the cerebral cortex and
cerebellum of rats in a chronic MSUD chemical induction model. Our results showed that
chronic BCAA administration was able to promote both lipid and protein oxidation,
impair brain antioxidant defenses and increase reactive species production, particularly in
the cerebral cortex. and that L-car was able to prevent these effects. Taken together. the
present data indicate that chronic BCAA administration significantly increased oxidative
damage in the brains of rats subjected to a chronic model of MSUD and that L-car may
be an efficient antioxidant in this disorder.

Keywords: Maple Syrup Urine Disease — L-carnitine - Branched-Chain Amino Acids -

Oxidative Stress — Neuroprotection — Antioxidant.
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INTRODUCTION

Maple syrup urine disease (MSUD) is an inborn error of metabolism associated with
acute and chronic brain dysfunction that is caused by severe deficiency in the activity of
the branched-chain o-keto acid dehydrogenase complex (E.C. 1.2.4.4). a mitochondrial
enzyme involved in the branched-chain amino acid (BCAA) degradation pathway. Due to
this blockage. high concentrations of the BCAAs leucine (Leu), valine (Val) and
isoleucine (Ile) as well as the respective branched-chain a-keto acids (BCKASs)
accumulate in patients when on an unrestricted diet and during episodes of metabolic

decompensation during intercurrent illness [1, 2].

MSUD usually presents with a heterogeneous clinical phenotype, ranging from
the severe classical form to mild variants, possibly due to distinct residual enzyme
activity. Patients affected by the classical form of this disorder present encephalopathy
characterized by episodes of ketoacidosis, hypoglycemia, apnea. convulsions and coma.
The chronic clinical features include failure to thrive, poor feeding, ataxia, psychomotor
delay and mental retardation [3]. Newborns with classic MSUD are asymptomatic at birth
but may develop lethargy and poor feeding within days. Untreated patients fall into a
coma within the first 10 d of life [4]. Alterations in magnetic resonance imaging show. in
addition to generalized cerebral edema. a characteristic pattern of localized intense edema
involving the cerebellar white matter (hypomyelination). the dorsal part of the brainstem,
the cerebral peduncles. the posterior limb of the internal capsule. and the posterior aspect

of the centrum semiovale, areas which are already myelinated at birth [3.5].
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In spite of the predominance of severe neurological sequelae in MSUD, the
mechanisms underlying the brain damage are still poorly understood. In addition.
metabolite accumulation in MSUD has been demonstrated to affect brain uptake of
essential amino acids [6]. brain energy metabolism [7.8], the induction of apoptosis [9].
and demyelination [10], which also contribute to brain injury. Indeed, oxidative stress has
been demonstrated to be an underlying pathophysiological process in animal models and
in MSUD patients [11-16], which makes it attractive for the study of antioxidants as an
additional therapeutic approach to those currently employed for MSUD patients.

Therapy for MSUD consists of a protein-restricted diet with a low BCAAs
content, supplemented with a BCAA-free amino acid mixture enriched with vitamins and
minerals [1]. Although the benefits of dietary treatment for MSUD patients are
undeniable. natural protein restriction may increase the risk of nutritional deficiencies and
may result in a low total antioxidant status that can predispose and/or contribute to
oxidative stress [12,17.18]. In this context. treated MSUD patients were recently
observed to have reduced levels of L-carnitine (L-car), a quaternary amine that is
primarily supplied by the diet, particularly by red meat and milk. and is indispensable for
the transport of fatty acids across the inner mitochondrial membrane for subsequent p-
oxidation [19.20]. Furthermore. studies have reported that L-car may protect cells against
oxidative damage in important neurodegenerative disorders, such as Alzheimer's disease
and some inherited neurometabolic disorders [21-23]. Moreover. Mescka et al. [24]
showed that acute intraperitoneal injection of L-car reduces lipid and protein oxidation
and increases the activity of antioxidant enzymes in the cerebral cortex in chemically

induced MSUD rats. Therefore, in the present study we extended this work, evaluating
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the possible neuroprotective effects of L-car against the pro-oxidative effects of BCAA in
the cerebral cortex and cerebellum of rats in a chemically induced chronic model of
MSUD to examine whether these compounds could be involved in the oxidative stress

present in this disorder.

MATERIALS AND METHODS
Materials and equipment

All of the chemicals were purchased from Sigma (St. Louis, MO, USA). A
spectrofluorometer (SpectraMax Gemini XPS: Molecular Devices) and a Wallac 1409
Scintillation Counter were used for the measurements. An Eppendorf 5417R and

Eppendorf 5403 were used for centrifugation procedures.

Animals

Five-day-old Wistar rats bred in the Central Animal House of the Department of
Biochemistry. ICBS. UFRGS were used. Rats were kept with dams until they were
sacrificed. The dams had free access to water and to a 20% (w/w) protein commercial
chow (Supra, Porto Alegre. RS, Brazil). They were maintained on a 12:12 h light/dark
cycle (lights on 07:00-19:00 h) in an air-conditioned colony room maintained at a
constant temperature (22 = 1 °C). The ““Principles of Laboratory Animal Care™ (NIH

publication number 80-23, revised 1996) were followed throughout the experiments.

Chronic administration of BCAA pool with or without L-car treatment

A chemically induced chronic model of MSUD was adapted according to Bridi et

al. [25]. Five-day-old Wistar rats received three subcutaneous administrations (at 1 h
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intervals from each other) of BCAA pool (15.8 pL/g body weight) containing 190
mmol/L Leu, 59 mmol/L Ile, and 69 mmol/L of Val for a period of fifteen days. On the
day of the experiment, the BCAA solufion was prepared in saline solution (0.85% NaCl)
and 20 mM sodium phosphate buffer, pH 7.4, containing 140 mM KCIl. L-car was
administered intraperitoneally (100 mg/kg body weight) concomitantly until the last
injection of the BCAA pool. Animals were divided into four groups: a control group
(saline solution): MSUD group (BCAA pool); L-car group (L-car) and MSUD+L-car

group (L-car and BCAA pool).

Tissue preparation

Sixty minutes after the last injection, the rats were killed by decapitation without
anesthesia, and the brain was rapidly removed and kept on an ice-plate. The olfactory
bulb, pons and medulla were discarded, and the cerebral cortex and cerebellum were
dissected, weighed and kept chilled until homogenization. These procedures lasted up to
3 min. The cerebral cortex and cerebellum were homogenized in 10 volumes (1:10. w/v)
of 20 mM sodium phosphate buffer, pH 7.4, containing 140 mM KCI1. Homogenates were
centrifuged at 750 g for 10 min at 4°C to discard nuclei and cell debris. The pellet was
discarded. and the supernatant was immediately separated and used for the

measurements.

Thiobarbituric acid-reactive substances (TBA-RS)

TBA-RS were measured according to Ohkawa et al. [26]. Briefly, samples and

reagents were added to glass tubes in the following order: 500 uL of tissue supernatant:
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50 pL of 8.1% SDS: 1500 nL of 20% acetic acid in aqueous solution (v/v), pH 3.5: 1500
HL of 0.8% thiobarbituric acid; and 700 pL of distilled water. The mixfure was vortexed,
and the reaction was carried out in a boiling water bath for 1 h. After cooling, the mixture
was centrifuged at 1000 g for 10 min. The resulting pink-stained TBA-RS were
quantitied in a spectrophotometer at 532 nm. The results are presented as nmol of TBA-

RS/mg protein.

Protein carbonyl content

Protein carbonyl formation, a marker of protein oxidative damage. was measured
spectrophotometrically according to Reznick and Packer [27]. Two-hundred microliters
of the aliquots of the pre-treated supernatants (containing approximately 0.3 mg of
protein) was treated with 400 pL of 10 mM 2.4-dinitrophenylhydrazine (DNPH)
dissolved in 2 M HCI, left in the dark for 1 h, and vortexed every 15 min. Samples were
then precipitated with 500 pL 20% trichloroacetic acid and centrifuged at 20,000 g for 3
min. The supernatant was discarded, and the pellet was re-suspended in 600 pL of 6 M
guanidine (prepared in a 20 mM potassium phosphate solution, pH 2.3). The sample was
vortexed and incubated at 60°C for 15 min. Subsequently. it was centrifuged at 20.000 g
for 3 min, and the absorbance was measured at 370 nm (UV) in a quartz cuvette using a
Hitachi U-2001 double-beam spectrophotometer with temperature control (Hitachi High
Technologies America, Inc., Life Sciences Division, Pleasanton. CA. USA). The results

are presented as protein carbonyl content (nmol/mg protein).

Reduced glutathione (GSH) content
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This method is based on the reaction of GSH with the fluorophore o-
phthalaldehyde (OPT) after deproteinizing the samples, and GSH levels were measured
according to Browne and Armstrong [28]. Initially. metaphosphoric acid was used to
deproteinize the samples. which were then centrifuged at 1000 g for 10 min. Briefly. 2
mL of sodium phosphate buffer (pH 8.0) and 100 pL 1 mg/mL OPT (prepared in
methanol) were added to 100 pL of each supernatant. The mixture was vortexed and
allowed to stand in the dark for exactly 15 min. After that. the fluorescence was measured
at emission = 420 nm and excifation = 350 nm using an F-2500 Hitachi (Hitachi High
Technologies America. Inc.. Life Sciences Division, Pleasanton, CA, USA). A
calibration curve was also performed with a commercial GSH solution, and the results are

expressed as imol GSH/mg protein.

2"7"-dichlorofluorescein oxidation assay (DCF)

Reactive oxygen/nitrogen species production was measured following the method
of Lebel et al. [29] based on 2'7'-dichlorofluorescein (H,DCF) oxidation. Samples (30
IL) were incubated with 30 pL of 20 mM sodium phosphate buffer (pH 7.4 with 140 mM
KCl1) and 240 pL of 100 uM 2'7'-dichlorofluorescein diacetate (H2DCF-DA) solution in a
96-well plate for 30 min at 37 °C in the dark. H.DCF-DA is cleaved by cellular esterases,
and the HoDCF formed is eventually oxidized by reactive species present in the samples.
The last reaction produces the fluorescent compound DCF, which was measured at 488

nm excitation and 525 nm emission. The results are presented as nmol DCF/mg protein.

Catalase (CAT) activity
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CAT activity was assayed using a SpectraMax MS5/MS Microplate Reader
(Molecular Devices, MDS Analytical Technologies, Sunnyvale, CA, USA). The method
used is based on the disappearance of H»O: at 240 nm in a reaction medium containing
20 mM H>0-. 0.1% Triton X-100, 10 mM potassium phosphate buffer (pH 7.0), and 0.1-
0.3 mg protein/mL [30]. One CAT unit is defined as 1 pmol of H>O, consumed per

minute, and the specific activity is calculated as CAT units/mg protein.

Superoxide dismutase (SOD) activity

SOD activity was assayed according to the method of Marklund [31]. which is
based on the capacity of pyrogallol to auto-oxidize, a process highly dependent on
superoxide radical. Inhibition of the autoxidation of this compound occurs in the presence
of SOD. the activity of which can be then indirectly assayed spectrophotometrically at
420 nm using a SpectraMax MS/MS5 Microplate Reader (Molecular Devices, MDS
Analytical Technologies, Sunnyvale, CA, USA). The reaction medium contained 50 mM
Tris buffer/1 mM EDTA (pH 8.2). 80 U/mL catalase, 0.38 mM pyrogallol and
approximately 1 pig of protein. A calibration curve was performed with purified SOD as
the standard to calculate the activity of SOD present in the samples. The results were

calculated as U/mg protein.

Glutathione peroxidase (GPx) activity
GPx activity was measured according to Wendel [32] wusing tert-
butylhydroperoxide as the substrate. The enzyme activity was determined by monitoring

the disappearance of NADPH at 340 nm in a medium containing 100 mM potassium
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phosphate buffer/1 mM ethylenediaminetetraacetic acid (pH 7.7). 2 mM GSH. 0.1 U/mL
GR, 0.4 mM azide, 0.5 mM tert-butyl-hydroperoxide. and 0.1 mM NADPH using a
SpectraMax MS5/MS5  Microplate Reader (Molecular Devices, MDS Analytical
Technologies. Sunnyvale, CA, USA). One GPx unit (U) is defined as 1 umol of NADPH

consumed per minute. The specific activity was calculated as U/mg protein.

Glucose 6-phosphate dehydrogenase (G6PD) assay

G6PD activity was measured according to Leong and Clark [33] using a
SpectraMax M5/ MS Microplate Reader (Molecular Devices, MDS Analytical
Technologies. Sunnyvale, CA, USA). The method is based on the formation of NADPH
at 340 nm in a reaction medium containing 100 mM Tris—HC1 buffer (pH 7.5). 10 mM
magnesium chloride, 0.1% Triton X-100, 0.5 mM NADPH, 1 mM glucose 6-phosphate,
and 0.1-0.3 mg protein/ml. One G6PD unit is defined as 1 pmol of NADPH produced

per minute, and the specific activity is expressed as G6PD units/mg protein.

BCAA quantification

The concentrations of BCAAs in plasma and in the cerebral cortex and
cerebellum were determined by HPLC according to the method of Joseph and Marsden
[34]. The analysis was performed using a reverse-phase column (ODS 25 cm»*4.6 mm»=5
pm) and fluorescent detection after pre-column derivatization with OPA (5.4 mg OPA in
1 mIL 0.2 M sodium borate. pH 9.5) plus 4% mercaptoethanol. The flow rate was adjusted
to 1.4 mI/min in a gradient of the mobile phase of methanol and 0.5 M sodium phosphate

buffer. pH 5.5 (buffer A, 80% methanol: buffer B, 20% methanol). Each sample run
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lasted 45 min. Amino acids were identified by their retention time and were
quantitatively determined by correlating their chromatographic peak area with the peak
area of the internal standard (homocysteic acid). A known amino acid standard mixture

was used for calibration.

L-car quantification

Cerebral cortex and cerebellum free L-car levels were determined based on the
method of De Sousa et al. [35]. Initially, 50 uL of potassium hydroxide 0.20 mol/L was
added to 50 pL of sample, and the mixture was incubated at 37°C for 45 min. The
solution to be assayed was added to 50 uL of HEPES 0.5 mol/L. 20 uL of N-
ethylmaleimide 40 mmol/L. and 100 uL of [1-14C] acetyl coenzyme A 10 umol/L. Then.
30 uLl of L-carnitine acyltransferase (0.5 mg/ml) was added. and the mixture was passed
down through a column of Dowex. The total column effluent was collected, the
scintillation fluid was added, and the isotope content was determined using a liquid
scintillation counter. Free L-car was determined by the same protocol. but without

incubation with potassium hydroxide. Results were expressed as umol/L.

Protein determination
Proten concentration was determined in the cerebral cortex and cerebellum

supernatants using bovine serum albumin as a standard [36].

Statistical analysis
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The results are presented as the mean + standard deviation. Assays were
performed in duplicate, and the mean was used for statistical analysis. Data were
analyzed using one-way analysis of variance (ANOVA). followed by Tukey’s post-hoc
test for multiple comparisons when the F value was significant. A value of P<0.05 was
considered to be significant. All of the analyses were performed using the Statistical

Package for the Social Sciences (SPSS) software on a PC-compatible computer.

RESULTS

Initially, we measured plasma and cortical levels of BCAA after subcutaneous
injection of BCAA pool (15.8 pL/g body weight) for a period of fifteen days. Average
BCAA levels (reported for plasma and brain, respectively) determined by HPLC were
592 pnmol/L and 135 pmol/L for Leu. 235 pmol/L and 78 pmol/L for Ile and 378 pmol/L
and 96 pmol/L for Val. data of five animals. Control Wistar rats that received an equal
volume of saline showed plasma levels of 111 pmol/L Leu, 65 pmol/L Ile and 109
pmol/L Val, whereas concentrations in the brain were 62 pmol/L Leu, 45 pmol/L Ile and
57 pmol/L Val.

Table 1 lists the free L-car concentrations in the cerebral cortex and cerebellum
supernatants of the four studied groups: the control group (saline solution): MSUD group
(BCAA pool): L-car group (L-car) and MSUD+L-car group (L-car and BCAA pool). The
results show that L-car levels were significantly higher in the L-car group and MSUD+L-
car group compared with the control and MSUD groups. indicating that atter
intraperitoneal injection., L-carnitine was able to cross the blood-brain barrier for

subsequent analysis of its action in the central nervous tissue.
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Figure 1 (a and b) shows that chronic administration of BCAA pool significantly
increased TBA-RS levels in the cerebral cortex and cerebellum compared with the
confrols and that these effects were prevented by L-car treatment ([F(3.27) = 8.136:
P<0.05] and [F(3.25) = 27.82; P<0.05] for the cerebral cortex and cerebellum,
respectively). Chronic administration of BCAA did not induce protein damage in the
cerebral cortex, as shown by the absence of significant alterations in carbonyl content
(Fig. lc) [F (3.39) = 1.837; P=0.05]. However, this treatment significantly increased
carbonyl levels in the cerebellum (Fig. 1d) of MSUD rats, and these levels were
significantly decreased by L-car injections [F(3.29) = 11.32: P<0.05]. Next, our results
showed that L-car treatment also prevented the decrease of GSH confent caused by
BCAA accumulation in the cerebral cortex [F(3.29) = 11.68: P<0.05] (Figure le). and no
changes were observed in GSH content in the cerebellum in any of the tested groups
(Figure 11) [F(3.28) = 2.92: P>0.05]. Compared to control group. DCF production in the
cerebral cortex (Figure 1g) was also increased by BCAA administration [F(3.24)=30.48,
P<0.05]. and L-car was able to reduce the reactive species produced by the MSUD model
back to the control level. However, no effect was observed in the cerebellum using this
assay (Figure 1h) [F(3.28) = 1.74: P=0.05].

Last, we studied the effect of chronic BCAA administration on enzymatic
antioxidant defenses in the brain. The activity of the antioxidant enzymes CAT, SOD and
GPx were assayed. as well as the activity of G6PD. The chronic chemical induction of
MSUD significantly increased the activity of CAT in the cerebral cortex (Fig. 2a), and L-
car prevented the enhancement of CAT activity due to BCAA administration [F(3.32) =

39.07; P<0.05]. However, the MSUD induction had no effect on the activity of this
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enzyme in the cerebellum [F(3.33) = 1.970: P>0.05] (Fig. 2b). In the cerebral cortex. L-
car also prevented the inhibition of SOD activity caused by the chronic model of MSUD
(Fig. 2c) [F(3.32) = 8.09; P<0.05]: however, this activity was not altered in the
cerebellum [F(3.27) = 0.96: P=0.05] (Fig. 2d). Likewise, the activity of GPx (Fig. 2e)
was also inhibited by BCAA and restored by L-car in the cerebral cortex [F(3.35) = 4.88:
P<0.05] but not in the cerebellum (Fig. 2f) [F(3.29) = 1.12: P>0.05]. The activity of
G6PD was inhibited in the MSUD model only in the cerebral cortex. and this effect was
prevented by L-car administration [F(3.34) = 3.26: P<0.05] (Fig. 2g). No alterations were

observed in the cerebellum [F(3,32) = 0.26: P>0.05] (Fig. 2h).

DISCUSSION

Free radicals are physiologically produced in organisms, but an excess of these
compounds due to their overproduction and/or by diminished antioxidant defenses leads
to damage of cellular constituents or of important biomolecules. such as DNA. proteins
and lipids [37]. Moreover. the crucial role of reactive species in inducing oxidative stress
has been extensively demonstrated in many neurological disorders, including inborn
errors of metabolism [38-40].

The pathophysiology of the neurological symptoms and brain damage of MSUD
patients seems to involve multiple mechanisms and remains poorly known. but it has
been postulated that high concentrations of Leu and its transamination product (o-
ketoisocaproic acid) produce direct and/or indirect effects and seem to be the main
neurotoxic metabolites in the disease [1.41]. Furthermore. several studies have

demonstrated that oxidative stress contributes to this damage. showing that the main
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metabolites accumulated in the disease induce morphological alterations in glial cells
through the generation of reactive species [42, 43]. Additionally, markers of lipid, protein
and DNA oxidative damage and reduced anfioxidant status have been reported in
experimental models and patients with MSUD [11,12,14.15.45.46]. probably secondary
to the high production of free radicals. In addition, the protein-restricted diet used to treat
MSUD has been postulated to possibly contribute to the compromised antioxidant status
of these patients [11. 20. 40]. thereby highlighting the need for concomitant antioxidant
strategies in addition fo the restricted dietary treatment.

In this respect, Mescka et al. [24] showed that L-car may be an efficient
antioxidant, protecting against the oxidative stress promoted by BCAAs in acute,
chemically induced models of MSUD. To continue the work already underway, in this
study. we evaluated the possible protective role of L-car against the chronic toxicity of
BCAAs by analyzing a wide range of oxidative stress parameters in the cerebral cortex
and cerebellum of rats, to evaluate L-car efficacy against BCAA pro-oxidative effects in
the central nervous system.

We first observed that a chemically induced chronic model of MSUD
significantly increased plasma and brain Leu. Ile and Val concentrations compared with
the controls and that these levels were similar to the concentrations reported in MSUD
patients in the literature [1. 46], ensuring that our chronic model could be further used to
study the long-term effects of BCAAs on oxidative stress parameters. Additionally. it is
well known that L-car is actively transported through the blood-brain barrier by the
organic cation transporter OCTN2 and accumulates in neural cells, especially as acetyl-L-

carnitine [23]. Further, as shown in Table 1, we observed that the L-car intraperitoneal
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injections were effective in significantly increasing the concentration of this compound in
the rat brain.

Subsequently. the influence of BCAA pool chronic administration on lipid
peroxidation in cerebral cortex and cerebellum of rats was investigated. Considering that
TBA-RS reflects mainly the content of malondialdehyde formation. an end product of
membrane fatty acid peroxidation [26]. we observed that BCAA adminisfration
significantly enhanced TBA-RS levels in cerebral cortex and cerebellum compared with
the control group, indicating that BCAA pool promotes lipid oxidative damage in these
tissues in the MSUD chronic model and that L-car treatment prevented the lipid
peroxidation elicited by these metabolites. These results corroborate with previous
findings showing that BCAA increases TBA-RS levels in the brains of rats [13-16] and in
the plasma of MSUD patients [11.12]. In our experiment. the generation of non-specific
reactive species was measured by DCF oxidation assay. DCF levels in the cerebral cortex
were significantly increased in the MSUD group compared with the controls, and chronic
L-car treatiment decreased these levels. In addition, DCF levels in the cerebellum did not
differ significantly between the studied groups. Furthermore. previous studies have
shown that L-car supplementation causes a dramatic reduction in malondialdehyde
formation and increases overall antioxidant enzyme status, thus decreasing the levels of
free radicals available for lipid peroxidation in the brains of old rats [47]. Additionally. L-
car directly scavenges free radicals and chelates metal ions that participate in reactive
species reactions [19, 23] therefore. it is plausible that L-car can inhibit the lipid
peroxidation and DCF oxidation that are triggered by reactive species.

Therefore, the level of protein oxidation expressed as carbonyl content was
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determined in the brain areas studied. Interestingly. BCAA administration did not
significantly alter cerebral cortex carbonyl content. but increased the measurement of this
parameter in the cerebellum: L-car was not able to prevent this damage. These results
corroborate with previous findings in the plasma of MSUD patients. as carbonyl content
was significantly enhanced in MSUD patients. and the treatment with L-car was not able
to change carbonyl content [20]. Carbonyl groups are mainly produced by the oxidation
of protein side chains (Pro. Arg, Lys, and Thr) by the oxidative cleavage of proteins.
Carbonyl groups can also be produced from the reduction of sugars or their oxidation
products with lysine residues in proteins [48.49]. Although protein carbonyls are usually
caused by ROS-mediated protein damage. we also cannot exclude the possibility that
aldehydes resulting from lipid peroxidation may also induce carbonyl generation [48.49].
Although the exact mechanisms by which BCAAs cause protein oxidative damage are
currently unknown. it is reasonable to speculate that these metabolites-induced reactive
species may interact directly or indirectly with protein groups. leading to protein

oxidation in the cerebellum.

GSH. the major non-enzymatic antioxidant defense in organisms. was also
evaluated. Its well-known functions of scavenging reactive species and acting as a
cofactor of antioxidant enzymes protect cells against oxidative damage [37]. Statistically
significant differences in GSH levels were not observed in the cerebellar tissue; however,
the chronic administration of BCAAs reduced GSH levels in the cerebral cortex,
suggesting that this powertul antioxidant was used in the scavenging of the increased
production of free radicals elicited by the high levels of DCFH oxidation in the MSUD

group. The prevention of the decrease of GSH by the co-administration of L-car plus
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BCAA pool reinforces this interpretation. The reduction of GSH levels may compromise
reactive species detoxification and may exacerbate the inhibition of GPx activity by
BCAAs because this enzyme uses GSH as a cofactor [37].

We also evaluated the activity of the anfioxidant enzymes CAT, SOD and GPx.
CAT converts H,O, into water and molecular oxygen. SOD is the enzyme responsible for
removing superoxide anion by accelerating the rate of its dismutation to H,O, and water,
and GPx removes H;O, and organic hydroperoxide by coupling its reduction to water to
the oxidation of GSH [37]. In the cerebral cortex, CAT activity increased after BCAA
administration, possibly as a consequence of increased production of H,0,[50,51]. On
the other hand, SOD and GPx activities were inhibited. possibly caused by H,0,
accumulation [50.52]. H>O:; accumulation and SOD inhibition can favor the
Fenton/Haber—Weiss reaction. which generates hydroxyl radical (OH®), the most toxic
reactive species [53]. In this context. it should be emphasized that hydroxyl radical
readily initiate the process of lipid peroxidation [54]. Therefore, it may be presumed that
the increased levels of superoxide, H2O: and other reactive species caused by BCAA-
mediated SOD and GPx inhibition could lead to the lipid peroxidation and GSH
reduction found in the cerebral cortex in the MSUD group. However. further experiments
should be carried out to clarify this matter. Previous results have already shown that
BCAAs inhibit GPx [24] and that erythrocyte GPx activity is reduced in MSUD patients
during treatment [18]. In addition, investigators have demonstrated that L-car has the
ability to increase the levels of GSH [21]. which is an essential cofactor of GPx. On the
other hand, because MSUD patients under treatment may present selenium deficiency

[L8]. it may be presumed that the restoration of GPx activity by L-car may be very
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important for their treatment. We demonstrated that chronic L-car administration restores
CAT, SOD and GPx activity to the levels found in the control group. and these results
agree with previous data from our research group [24]. It has been shown that L-car is an
effective scavenger of reactive species such as H.Oz and superoxide anion [55,56], which
could help return the activity of these enzymes to normal levels. On the other hand, we
did not observe alterations in the activity of these enzymes in the cerebellum in any of the
tested groups.

The last antioxidant enzyme evaluated in the cerebral cortex and cerebellum
supernatants from rats subjected to the chronic administration of BCAAs in this study
was G6PD. the key regulatory enzyme of the pentose phosphate pathway. As such, G6PD
controls the flow of carbon through the oxidative phase of this pathway and produces
reducing equivalents in the form of NADPH to meet cellular needs for reductive
biosynthesis and maintenance of the cellular redox state [57]. In the present study, we
observed that chronic BCAA administration was able to inhibit G6PD activity in the
cerebral cortex of MSUD rats. which could promote impairment of the production of
NADPH and a disruption of the cellular redox balance. This observation is likely in line
with the observed inhibition of activity because the activity of GPx depends on the
regeneration of GSH by glutathione reductase, which in turn relies on NADPH, which is
dependent on normal G6PD activity [58]. It has also been reported that G6PD is strongly
inactivated by 4-hydroxy-2-nonenal. a toxic product of membrane lipid peroxidation [59].
We also demonstrated that L-car treatment was able to return G6PD activity to normal
levels. Therefore. the preservation of G6PD activity by L-car may be an important factor

in the maintenance of proper enzymatic and non-enzymatic functioning of the GSH
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antioxidant system. Moreover, the reduction of G6PD activity in the MSUD group could
elicit a deficit in the production of NADPH. which is used to produce GSH from GSSG.

It should be emphasized that compared with other tissues, the brain has relatively
low antioxidant defenses, a high levels of peroxidizable unsaturated fatty acids. high
levels of key ingredients for lipid peroxidation (iron and ascorbate). lower activity of
antioxidant enzymes, reduced levels of non-enzymatic antioxidants and high oxygen
consumption relative to tissue weight, making it extremely susceptible to oxidative stress
[37]. However. the present study showed more important alterations of oxidative stress
parameters in the cerebral cortex than in the cerebellum, suggesting that the cerebral
cortex may be more susceptible to oxidative stress. This hypothesis is strengthened by
reports showing higher reductive potential (calculated as NADPH/NADP+ and
GSH/GSSG ratios) [60] and greater antioxidant enzyme activity [61] in the cerebellum
compared with the cerebral cortex. which suggests a greater resistance of the cerebellum
to oxidative stress [58]. Oxidant factors that directly or indirectly induce reactive species
generation also differ among brain structures. For instance, the levels of iron, which
catalyzes OH® formation from H,O, through the Fenton reaction, are higher in the
cerebral cortex than in the cerebellum [62]. Therefore, the higher iron levels along with
increased H>O; content may contribute to the higher susceptibility of the cerebral cortex
to the oxidative stress promoted by BCAAs.

L-car and acylcarnitine supplementation have resulted in beneficial effects in the
treatment of various neurological diseases. Recent data indicate new, multifactorial roles
for L-car and acylcamitine in neuroprotection. Brain camnitines can function in the

synthesis of lipids, by altering and stabilizing membrane composition, by modulating
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genes and proteins, by improving mitochondrial function. by increasing antioxidant
activity, and by enhancing cholinergic neurotransmission. In summary, L-car is not
merely a cofactor in P-oxidation: rather, it has many known and yet-to-be-discovered
functions in physiology [63].

The chemically induced chronic model of MSUD used in this study demonstrated
that BCAAs induce oxidative stress in the brains of Wistar rats, corroborating previous
reports of an involvement of oxidative damage in the neuropathophysiology of this
disease. Because treatment with L-car was effective in improving the activity of
antioxidant enzymes, increasing the non-enzymatic antioxidant defenses and diminishing
the lipid and protein damage and reactive species production, an antioxidant treatment
might be useful in avoiding the oxidative stress promoted by the main metabolites that
accumulate in this disease. Considering that the current treatment of MSUD involves a
BCAA-restricted diet. which is low in antioxidants and L-car [18.20,40], supplementation
with antioxidants, especially L-car, may be considered a suitable adjuvant therapy for

these patients because it can improve their redox homeostasis.
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TABLEI

Free L-carnitine (L-car) concentrations in the cerebral cortex and cerebellum supernatants

of rats subjected to a chemically induced chronic model of MSUD.

Control MSUD L-car MSUD + L-car
Cerebral 54.42 + 8.45 47.11+£852 7185+4327 6578+ 7247
cortex
(umol/L)
Cerebellum | 55.68 = 2.78 5427 +7.68 75.21+7.50°  92.07+7.35°
(umol/L)

Data represent the mean + SD (n = 5). *P < 0.05, compared with controls: # compared

with the MSUD group (Tukey’s multiple-range test).
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FIGURE LEGENDS

Figure 1. Effect of the chronic administration of BCAA pool (MSUD), with or without L-
carnitine (L-car) treatment. on thiobarbituric acid-reactive species (TBA-RS) (A and B).
carbonyl content (C and D), reduced glutathione (E and F) and DCF oxidation (G and H).
The results are the mean + SD (n=7-12) of independent experiments performed in
duplicate. * P<0.05 compared with control: # compared with the MSUD group: §

compared with the L-car group (Tukey’s multiple-range test).

Figure 2. Effect of the chronic administration of BCAA pool (MSUD), with or without L-
carnitine (L-car) treatment. on catalase (CAT) activity (A and B). superoxide dismutase
(SOD) activity (C and D). glutathione peroxidase (GPx) activity (E and F). and glucose
6-phosphate dehydrogenase (GGPD) activity (G and H). The results are the mean + SD
(n=7-12) of independent experiments performed in duplicate. * P<0.05 compared with

the control group: # compared with the MSUD group (Tukey’s multiple-range test).
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DISCUSSAO

A MSUD ¢ considerada uma das mais graves doengas genéticas do metabolismo dos
aminoacidos, caracterizada bioquimicamente por um acumulo nos tecidos e liquidos
bioldgicos dos aminoacidos de cadeia ramificada, dos a-cetodcidos de cadeia ramificada
(principalmente de KIC, correspondente a Leu) e, em menor extensdo, dos a-hidroxidcidos de
cadeia ramificada. A elevada concentragdo destes metabolitos resulta em numerosos € sérios
efeitos neuroldgicos, como atraso no desenvolvimento psicomotor e retardo mental, além de
hipomieliniza¢do/desmielinizacdo evidenciadas por estudos de imagem do sistema nervoso
central (Chuang e Shih, 2001).

Mesmo ap6s quase cinquenta anos da publicacdo do primeiro tratamento proposto para
MSUD, ainda ndo foi descoberto um manejo terapéutico ideal para melhorar a qualidade de
vida destes pacientes, apesar dos avangos ja alcancados. Igualmente, depois de décadas de
estudos in vitro, em modelos animais e também em pacientes (Sgaravatti et al., 2003; Ribeiro
et al., 2008; Pilla et al., 2003; Jouvet et al., 2000; Coitinho et al., 2001; Zielke et al., 1996;
Tavares et al., 2000; Treacy et al., 1992; Tribble e Shapira, 1983; Amaral et al.; 2010; Aragjo
et al.,, 2001), os mecanismos responsaveis pela neurotoxicidade observada na doencga ainda
precisam ser melhor elucidados, embora esteja bem estabelecido que a Leu e o KIC sejam os
principais metabolitos toxicos ao tecido cerebral, j4 que o aumento da concentragdo
plasmatica destes compostos esta associado com o aparecimento de sintomas neuroldgicos na
MSUD (Chuang e Shih, 2001; Snyderman et al. 1964). Além disso, a disfun¢do neurologica
(que ¢ irreversivel) estd essencialmente relacionada com a idade do inicio da terapia, a
quantidade e a duragdo dos periodos de descompensagdo metabdlica e ao estrito cumprimento
de um tratamento adequado (Chuang e Shih, 2001).

Estudos em animais e em pacientes ja demonstraram o envolvimento do estresse

oxidativo na MSUD, sugerindo um aumento na producdo de radicais livres e/ou uma
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diminui¢do das defesas antioxidantes na doenca (Bridi et al., 2005a,b; Barschak et al., 2006,
2007, 2008). Assim, o estudo do possivel efeito protetor de uma terapia antioxidante na
MSUD pode levar a resultados promissores na terapéutica de portadores desta patologia.
Neste intuito, Mescka e colaboradores (2013) verificaram que pacientes MSUD tratados com
dieta de restri¢@o protéica possuem deficiéncia de L-car, um composto amplamente conhecido
por sua acdo no metabolismo energético e com descoberta recente de um interessante papel
antioxidante e anti-inflamatorio em diversas patologias (Gulcin, 2006; Hoppel, 2003). A
suplementag¢do deste composto por um periodo de dois meses (50 mg/kg/dia) foi capaz de
suprir sua deficiéncia e de reverter a niveis de controle os danos oxidativos lipidicos
observados nesses pacientes. Ainda, a L-car preveniu a inibi¢do da atividade de importantes
enzimas detoxificadoras de espécies reativas e impediu a atuagdo de radicais livres que
causam danos a membranas lipidicas e estruturas protéicas em um modelo animal agudo da
MSUD (Mescka et al., 2011). Estes resultados prévios mostram que a L-car pode
desempenhar um possivel papel neuroprotetor como adjuvante na terapia de pacientes
afetados pela MSUD, tornando interessante o estudo da L-car sobre o dano a outras
biomoléculas, sua a¢do anti-inflamatoria e protetora a longo prazo em modelo animal e em

pacientes com esta doenca.

Desta forma, esse trabalho teve por objetivo ampliar a investigacdo sobre o possivel
efeito sobre o estresse oxidativo, bem como avaliar o papel antioxidante e anti-inflamatdrio da
L-car na fisiopatologia e neurotoxicidade da MSUD a fim de estimar o envolvimento de
radicais livres e do processo inflamatério nos mecanismos responsaveis pela disfungdo

neurologica observada nos pacientes com esta desordem.

Assim, uma vez que ja foi demonstrado que o acimulo de BCAA e BCKA pode estimular

a oxidagdo protéica e lipidica in vitro e in vivo (Fontella et al., 2002; Bridi et al., 2003;
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Mescka et al., 2013), nos objetivamos no Artigo 1 deste trabalho, complementar um estudo
realizado anteriormente de indu¢do ao dano oxidativo a biomoléculas pelos metabolitos
acumulados na MSUD, verificando o possivel papel antioxidante da L-car sobre dano ao
DNA in vitro, através da metodologia do ensaio cometa.

O Ensaio Cometa ¢ uma técnica eletroforética sensivel, reprodutivel, simples e rapida para
quantificar as lesdes e detectar os efeitos do reparo no DNA em células individualizadas in
vitro e in vivo (Singh et al., 1988). Essa metodologia apresenta algumas vantagens sobre os
testes bioquimicos e citogenéticos, entre as quais a utilizacdo de um pequeno nimero de
células que ndo necessariamente estejam em divisdo. As células, englobadas em gel e
espalhadas sobre uma lamina, sdo submetidas a uma corrente elétrica que proporciona a
migracdo dos segmentos de DNA livres, resultantes de quebras, para fora do ntcleo. Apds a
eletroforese, as células que apresentam um nucleo redondo sdo identificadas como normais,
sem dano detectavel ao DNA e as células lesadas sdo classificadas visualmente por uma
espécie de cauda, similar a um cometa, formada pelos fragmentos de DNA. As lesdes ao
DNA mais comumente detectadas sdo as quebras de fitas simples e duplas, crosslinks, danos
alcali-labeis e os fragmentos resultantes de reparo por excisdo (Collins, 2014). Assim, esta
técnica ¢ utilizada amplamente na genética médica, na genética toxicoldgica, em diagnosticos
e tratamentos médicos, na medicina ocupacional, no biomonitoramento ambiental, além de
outras aplicagdes para verificacdo de compostos genotoxicos (Tice et al., 2000).

Assim, inicialmente incubamos leucocitos de individuos saudaveis tratados com uma
curva de valores de Leu (100, 250, 500, 1000, 2500 e 3000 uM) e de KIC (30, 60, 150, 600,
1200 e 2000 puM), considerados os principais metabodlitos neurotoxicos na MSUD. As
concentragdes foram escolhidas com o objetivo de englobar desde valores observados em
pacientes MSUD bem tratados e aderentes a terapia dietética, até niveis mais elevados,

encontrados em crises de descompensa¢do metabolica na doenca. Constatamos que em todas
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as concentragdes analisadas de Leu e KIC houve um aumento do indice de dano (DI) ao DNA
quando comparados ao grupo controle, ¢ com uma tendéncia maior de lesio ao DNA com o
aminodcido Leu. Nao podemos excluir a possibilidade de uma interconversdo entre a Leu e
seu a-cetoacido correspondente (KIC) durante a incubagdo in vitro, uma vez que os resultados
demonstram um perfil de dano ao DNA bem semelhante entre os dois metabolitos, com um
platé de DI ao DNA a partir da concentracao de 500 uM até 3000 uM para Leu e um efeito
semelhante de 150 uM a 2000 uM com KIC. Nosso resultados estdo de acordo com Scaini et
al. (2012) que verificaram lesdes ao DNA em hipocampo e estriado de ratos submetidos a um
modelo cronico de inducdo a MSUD e prevencao deste dano por uma terapia antioxidante
com N-acetilcisteina e deferoxamina. Nos avaliamos também o efeito da L-car (30, 60, 90,
120 e 150 uM) sobre danos ao DNA nas concentragdes de 250 e 500 uM (concentragdes
plasmaticas observadas em pacientes MSUD com boa adesdo terapéutica) e de 3000 uM de
Leu (valor alcangado no diagndstico e em crises de descompensacdo metabdlica). Foi
observado que as concentragdes de 90, 120 e 150 uM foram capazes de prevenir parcialmente
os niveis de DI ao DNA em todas as concentragdes testadas quando comparadas com o grupo
controle. Quando analisada a mesma curva de valores de L-car para os danos ao DNA
observados com o KIC (60 e 150 uM (pacientes MSUD bem-tratados)) e 2000 uM
(diagnostico e em crises metabodlicas graves), a partir de 120 pM houve uma prevengdo total
ao nivel de controle do DI ao DNA. A partir da avaliagdo destes resultados, pode-se concluir
que a Leu parece ser mais genotdxica no modelo in vitro de MSUD e que estas lesdes sdo
parcial ou totalmente prevenidas pela L-car.

O tratamento convencional dos pacientes com MSUD (formula¢ao semi-sintética de
aminoacidos isenta de BCAA, hipercaldrica e com restricdo protéica) objetiva a manutengao
da Leu plasmatica em niveis aceitaveis clinicamente (100 a 300 uM) com o proposito de

evitar os graves danos neuroldgicos da doenga (Chuang e Shih, 2001; Snyderman et al.,
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1964). Entretanto, conforme observado no ensaio cometa in vitro, mesmo dentro do limite
plasmatico de Leu preconizado, os pacientes ja estariam sofrendo maiores lesdes ao DNA
comparativamente a individuos controles. Ainda, ¢ importante ressaltar que a concentracdo de
30 uM de L-car, comumente observada em pacientes MSUD em tratamento e sem
suplementagdo deste composto, ndo causou alteragcdes na diminui¢do do DI ao DNA in vitro
pelos metabdlitos Leu e KIC, demonstrando que se o dano ao DNA também estiver presente
nos pacientes MSUD, a suplementagdo com L-car como adjuvante no tratamento preconizado
pode ser relevante.

Desta maneira, apds a constatagdo de um possivel efeito dos principais metabdlitos
acumulados na MSUD sobre o dano ao DNA in vitro e sabendo que ndo existiam dados na
literatura verificando a existéncia de lesdes ao DNA em pacientes MSUD, avaliamos no
segundo artigo cientifico do presente trabalho a indugdo ao dano ao DNA em leucoécitos de
pacientes MSUD, suplementados ou nao com a L-car e a correlagdo com estresse oxidativo.
Averiguamos que os pacientes MSUD tratados com dieta de restrigdo protéica apresentam
deficiéncia de L-car, possuem altos niveis de lipoperoxidacdo plasmatica e exibem DI ao
DNA estatisticamente elevados comparados ao grupo controle. Apdés 1 e 2 meses de
suplementag¢do de L-car (50 mg/kg/dia), as concentragdes plasmaticas deste composto foram
reestabelecidas a valores normais, assim como os niveis de dano oxidativo a lipidios nestes
pacientes. Além disso, a L-car foi capaz de diminuir o dano ao DNA comparativamente aos
pacientes sem suplementagdo antioxidante, mas ndo estatisticamente igual aos controles.
Também, foi observada uma correlagdo negativa estatisticamente significativa entre o dano ao
DNA e as concentragdes de L-car e uma correlagdo positiva entre o dano ao DNA e a
lipoperoxidagdo, representada pelo contetido de MDA.

Através da técnica de ensaio cometa ndo € possivel discriminar quais sdo as causas do

dano ao DNA. Entretanto, existe uma série de relatos na literatura demonstrando que
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processos oxidativos podem lesar esta biomolécula (Ravanat et al., 2012; Collins 2014), e
pelos resultados obtidos, € provavel que as lesdes ao DNA observadas nos pacientes MSUD
possam ser causadas direta ou indiretamente pelos principais metabolitos acumulados na
doenga (Leu e KIC) via aumento da producdo de radicais livres, como verificado pela
correlacdo entre DI ao DNA e dosagem de MDA. Estes dados estdo de acordo também com
outros estudos que mostram que o dano oxidativo a outras biomoléculas, como lipidios e
proteinas (Barschak et al., 2008; Mescka et al., 2013) sdo igualmente verificados em pacientes

com esta doenga metabodlica.

Neste particular, a lesdo oxidativa ao DNA ¢ considerada o dano mais significativo
oriundo do metabolismo, representando, portanto, um fator determinante de disfuncdo e morte
celular. Estima-se que aproximadamente 2x10* lesdes oxidativas ao DNA ocorram no genoma
humano por dia (Ames e Shigenaga, 1992). Desta maneira, acredita-se que o reparo destes
danos possua um papel central na prevencao do aumento de muta¢des nos organismos vivos
(Fontes et al., 2015). Muitas evidéncias sugerem que os danos cumulativos ao DNA causados
por espécies reativas contribuam para diversas situagdes clinicas como o cancer (Dizdaroglu,
2015), a esquizofrenia (Okusaga, 2013) e a doenga de Alzheimer (Chakrabarti et al., 2013).
Baseados nestes resultados, nos reforgamos o envolvimento do estresse oxidativo na MSUD ¢
sugerimos que a L-car é capaz de prevenir e/ou remediar o dano ao DNA, lesdo que pode ser
secundaria a um desequilibrio redox na doenca. Os nossos estudos estdo em conformidade
com o de outros autores que apontam que a L-car reduz o dano oxidativo ao DNA por
mecanismos como o sequestro de ROS, por quelar metais de transicao (capazes de catalisar as
reacdes de Fenton/Haber-Weiss), por impulsionar a producdo energética celular e a
fosforilagdo de proteinas envolvidas na sintese e processamento de acidos nucleicos e por
estimular mecanismos de reparo ao DNA, como a enzima poli (ADP ribosil) polimerase

(Boerighter et al., 1993; Gulcin 2006; Thangasamy et al., 2009).
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No terceiro artigo cientifico do nosso estudo, avaliamos o perfil inflamatério preliminar
dos pacientes MSUD em tratamento submetidos ou ndo a suplementacdo com L-car (50
mg/kg/dia) por um periodo de dois meses, através da dosagem das citocinas pro-inflamatorias
interleucina 1B (IL-1pB), interleucina 6 (IL-6) e interferon gama (INF-y), além da correlagdo
destes marcadores com niveis de MDA, para avaliar dano oxidativo a lipidios. Foi verificado
um aumento significativo nas concentra¢des de IL-1B, IL-6 e INF-y nos pacientes MSUD
apenas com a dieta de restricdo protéica, sem a administragdo de L-car. A terapia com L-car
reverteu os valores de IL-1p e INF-y a niveis de controle e de IL-6 proximos a esse. Além
disso, foi constatada uma correlagdo negativa entre todas as citocinas testadas e as
concentragdes de L-car e uma correlagdo positiva entre os niveis de MDA e os valores de IL-
1B e IL-6. Estes resultados demonstram pela primeira vez na literatura um perfil inflamatério
de pacientes MSUD em tratamento e que a suplementacdo com L-car pode auxiliar as defesas
celulares contra inflamacgao e o estresse oxidativo nesses pacientes.

A inflamacdo pode ocorrer em resposta a qualquer alteracdo da integridade tissular, com o
objetivo de restaurar a homeostase através de mecanismos de reparo (Muriach et al., 2014).
Durante esse processo, ocorre uma producdo aumentada de espécies reativas com um papel
fundamental para o desenvolvimento e perpetuacao da inflamacao (Briine et al., 2013; Lugrin
et al,, 2014) e que pode contribuir para a fisiopatologia de diversas doengas, inclusive
degenerativas (Urrutia et al., 2014). O estresse oxidativo também ¢ capaz de gerar
modificagcdes em genes nucleares, potencializando a indu¢do da resposta inflamatoria por
alterar a sintese de citocinas pro-inflamatorias (como as interleucinas IL-1p, IL-6 e IFN-y,
testadas nesse trabalho), prostaglandinas, tromboxanos, leucotrienos e moléculas de adesao
(Janmey et al., 2013).

Sabe-se que processos inflamatdrios, como infec¢des, podem resultar em crises de

descompensagcdo metabdlica em erros inatos do metabolismo. Pacientes com MSUD
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apresentam reduzidos niveis de antioxidantes, como de L-car e de selénio (Barschak et al.,
2007; Mescka et al., 2013) devido a uma ingesta nutricional deficiente em consequéncia ao
tratamento preconizado ou por um aumento da demanda antioxidante em fun¢do da ativagao
de células imunocompetentes, tal como também relatado em pacientes com doengas
inflamatorias cronicas (Mufioz e Costa, 2013; Mangge et al., 2014). Estes dados sao
reforcados pelas correlagdes inversas entre as concentragdes de L-car e as citocinas pro-
inflamatorias observadas nos pacientes MSUD neste trabalho.

Neste sentido, uma série de estudos tem verificado um papel anti-inflamatério da L-
car, como uma diminui¢do do progresso de infeccdes em pacientes com o virus da
imunodeficiéncia humana com a suplementacdo deste composto (Famularo et al., 2004),
restauragdo de modificacdes celulares inflamatérias relacionadas ao envelhecimento por sua
acdo antioxidante a producdo de radicais superdxido (Izgiit-Uysal et al., 2003) e uma
atividade terapéutica na morbidade e no metabolismo lipidico em modelos animais de
caquexia e choque séptico, com efeitos resultantes de uma regulacdo negativa na producdo de
citocinas e/ou um aumento na depuragdo das mesmas (Winter et al., 1995).

Considerando que ndo existem evidéncias na literatura demonstrando dano oxidativo
urindrio em pacientes com MSUD, muito menos a atuagdo de antioxidantes, como a L-car,
sobre este processo, objetivamos no artigo cientifico 4 desta tese avaliar biomarcadores
urinarios de dano oxidativo a proteinas (dosagem de di-tirosina, formada a partir de residuos
de tirosina adjacentes de proteinas) e a lipidios (pelos niveis de isoprostanos, produzidos pela
oxida¢do do 4cido araquiddnico), assim como a capacidade antioxidante de pacientes MSUD
antes a apds a suplementacdao de L-car (50 mg/kg/dia) por um periodo de dois meses.
Observamos que a terapia com L-car foi capaz de reduzir os niveis de di-tirosina e
isoprostanos além de aumentar a capacidade de reag¢@o urindria frente a produgdo exacerbada

de radicais livres nestes pacientes quando comparados ao inicio da suplementacdo deste
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composto. Estes dados corroboram com outros resultados descritos na literatura, que
demonstram um aumento de lipoperoxidagdo, de dano oxidativo a proteinas e uma diminui¢ao
da capacidade antioxidante no plasma de pacientes MSUD durante o tratamento preconizado
(dieta restrita em proteinas) e que a suplementacdo com L-car foi capaz de reverter a niveis de
controle os valores de MDA (principal produto da cascata de peroxidag¢ao lipidica) no plasma
desses pacientes (Barschak et al., 2008; Mescka et el., 2013). Igualmente, a baixa defesa
antioxidante observada nos pacientes MSUD ¢ constatada também em outros erros inatos do
metabolismo, como na Fenilcetonuria, e pode ser devida a dieta altamente restritiva e com
déficit de micronutrientes importantes a que estes pacientes sao submetidos (Sitta et al., 2006;
Barschak et al., 2007; Sitta et al., 2014). Além disso, Ribas et al. (2012) observaram que a L-
car reverteu a valores de individuos saudéaveis a baixa capacidade antioxidante e os altos
niveis de isoprostanos e de di-tirosina na urina de pacientes com acidemia propidnica e
metilmaldnica. Outro dado interessante encontrado no nosso estudo foi o aumento da
excrecdo de KIC apo6s dois meses de suplementagdo de L-car, sugerindo um decréscimo
plasmatico e em outros tecidos deste metabdlito neurotoxico. E importante enfatizar que
devido aos efeitos toxicos do acimulo de BCKA em pacientes MSUD, os efeitos benéficos da
suplementa¢do da L-car, como a correcdo da sua deficiéncia e a restauragdo das razdes
intramitocondriais de acil-CoA/CoA, podem auxiliar na melhora do status metabodlico e
diminuic¢do dos niveis de dano oxidativo observado nos pacientes durante o tratamento. Estes
resultados enfatizam um possivel papel protetor da L-car sobre o estresse oxidativo observado
nos pacientes MSUD e demonstram que a urina pode ser uma op¢do menos invasiva €
eficiente para o monitoramento de dano oxidativo em pacientes afetados por esta doenca.
Modelos animais de indugdo quimica de desordens metabdlicas ndo mimetizam
completamente doengas humanas em toda a sua complexidade, entretanto, tém sido

amplamente utilizados pela vantagem de poder isolar cada substincia conhecidamente
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acumulada em determinada disfun¢do para estudo dos seus efeitos comparados a controles
adequados. Ainda, modelos animais sdo essenciais para a investigagdo de mecanismos
fisiopatologicos de doengas, especialmente no que tange o metabolismo cerebral, auxiliando
na sugestdo de medidas preventivas e/ou novas estratégias de tratamento (Skvorak, 2009; de
Andrade et al., 2012).

Neste sentido, a fim de avaliar o efeito neuroprotetor da L-car contra efeitos pro-
oxidativos cronicos dos metabolitos acumulados na MSUD, no artigo cientifico 5 desta tese
utilizamos um modelo cronico de inducdo quimica da doenga em cortex e cerebelo de ratos
jovens.

Tendo em vista que o cérebro ¢ particularmente suscetivel ao dano oxidativo lipidico, seja
pela sua baixa defesa antioxidante, alto consumo de oxigénio aliado a elevadas concentragdes
de lipidios poliinsaturados, avaliamos este tipo de dano através da medida de TBA-RS.
Verificou-se que a L-car foi capaz de reverter o aumento significativo deste parametro
comparado ao grupo controle, em cortex cerebral e cerebelo dos ratos do grupo MSUD,
indicando, entdo, uma possivel producao exacerbada de radicais livres. O aumento de MDA,
produto final da peroxidacdo de lipidios de membrana medido pelo TBA-RS, foi detectado
anteriormente tanto in vitro (Fontella et al. 2002; Bridi et al. 2003; 2005b), quanto no plasma
de pacientes com MSUD (Barschak et al. 2006; 2008; Mescka et al., 2013).

Observamos uma reversao total da diminui¢do no conteudo de GSH, da atividade das
enzimas SOD, GPx e G6PD e do aumento da atividade da enzima CAT, assim como uma
reversdo parcial do aumento de espécies reativas (dosado pela técnica da oxidagdo de DCF)
pela L-car em cortex cerebral de ratos MSUD em comparacdo ao grupo controle. Alteragdes
oxidativas foram menos observadas em cerebelo, com a indu¢do aumento do conteudo de
carbonilas pelos BCAA, porém sem reversdo total do dano protéico pela L-car. Este achado

reitera hipoteses de outros estudos que demonstram que o cerebelo detém um maior conteudo

105



de enzimas antioxidantes e de potencial redutor (estimado pelas razdes NADPH/ NADP+ e
GSH/GSSG) em comparagdo ao cortex cerebral (Yang et al., 2006; Campese et al., 2007)
sugerindo uma maior resisténcia do cerebelo ao estresse oxidativo.

Estudos prévios mostraram que a suplementagao de L-car causou redug¢do na formacao
de MDA e um aumento do status antioxidante, com a consequente diminui¢cdo de radicais
livres disponiveis para lipoperoxidagdo em cérebro de ratos idosos (Rani e Panneerselvam,
2002) e com um efeito semelhante em cortex cerebral de ratos submetidos a um modelo
agudo de MSUD (Mescka et al., 2011). Adicionalmente, j& foi verificado que a L-car possui
propriedade scavenger de radicais livres e quelante de ions metalicos participantes das
reacdes de iniciacdo e propagacdo do estresse oxidativo (Muthuswamy et al. 2006; Gulcin,
2006). Entdo, ¢ possivel que a L-car tenha auxiliado na inibicdo da lipoperoxidacdo e da
oxidac¢ao de DCF causadas por espécies reativas como constatado no nosso trabalho.

Verificamos, como dito anteriormente, que a L-car ndo foi capaz de inibir o aumento
da formagdo de carbonilas em cerebelo de ratos MSUD. Este achado foi semelhante ao
encontrado em pacientes MSUD suplementados com este composto (Mescka et al., 2013), em
que a L-car ndo reverteu o aumento de dano oxidativo proteico, dosado pelo conteudo de
carbonilas. Danos proteicos podem alterar de forma significativa o metabolismo celular por
inativar irreversivelmente enzimas, transportadores e receptores. Os grupamentos carbonilas
sdo formados por uma ampla variedade de processos, principalmente por reagdes catalisadas
por ions metalicos em residuos especificos de aminoacidos e por adugdo de lipidios oxidados
(Requena et al., 2003), sendo um indice de comprometimento da viabilidade protéica de mais
dificil reversdo, em fun¢do da formagdo de agregados de alto peso molecular (Dalle-Donne et
al., 2003; Dalle-Donne et al., 2006). Embora a formagdo de carbonilas normalmente seja
causada por danos a proteinas induzidos por espécies reativas, ndo podemos excluir a

possibilidade de que aldeidos resultantes da peroxidagdo lipidica também possam induzir sua
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producdo (Dalle-Done et al., 2003; Dalle-Done et al., 2006), potencializando o efeito
observado no nosso modelo cronico de MSUD.

A GSH, o antioxidante ndo enzimatico mais abundante, também teve seus niveis
diminuidos ap6s a administragdo cronica de BCAA em cortex cerebral de ratos Wistar. Esta
alteracdo pode estar correlacionada com a sua conhecida acdo scavenger de espécies reativas,
que estdo aumentadas no grupo MSUD, conforme demonstrado pela medida de oxidagao de
DCF. O tratamento com L-car no nosso trabalho foi capaz de aumentar o conteudo de GSH,
em concordancia com o que ja foi descrito anteriormente na literatura (Rani e Panneerselvam,
2002; Abdul e Butterfield, 2007).

Nos também demonstramos que a administragdo de L-car restaurou as atividades das
enzimas CAT, SOD e GPx em cortex cerebral de ratos com MSUD. Esses achados estdo
consoantes com resultados prévios do nosso grupo de pesquisa em um modelo agudo de
inducdo da MSUD (Mescka et al., 2011). J& foi sugerido que a L-car possui um efeito
sequestrador de espécies reativas como o H,O; e radical superoxido (Li et al. 2012; Ye et al.
2010; Derin et al., 2006; Gulcin, 2004) e esta acdo scavenger pode ter auxiliado para o
retorno das atividades enzimaticas testadas a niveis normais. Também, tanto o acumulo de
H,0, como a inibi¢do da SOD podem favorecer as reacdes de Fenton/Haber-Weiss com a
consequente geracdo de radical hidroxila, considerado a ROS mais toxica (Lushchak, 2014) e
que pode rapidamente desencadear processos de lipoperoxidacio (Lipinski, 2012). Com isso,
presume-se que o aumento da producdo de espécies reativas mediado pela administracao
cronica dos aminoacidos de cadeia ramificada, assim como a inibi¢do das atividades das
enzimas SOD e GPx pode contribuir para os altos niveis de peroxida¢ao lipidica e reducdo de
GSH observada no cortex cerebral dos ratos MSUD.

J& foi relatado também que a L-car é capaz de aumentar a atividade enzimatica da

glicose-6-fosfato desidrogenase, como foi observado no nosso estudo, e que esta enzima pode
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ser inativada por 4-hidroxi-2-nonenal, produto toxico formado pela peroxidagdo de lipidios de
membrana (Muthuswamy et al. 2006; Ninfali et al. 2001). Os presentes resultados também
mostraram que o modelo cronico de MSUD inibe a atividade da GPx, responsavel por
degradar o perdxido de hidrogénio e outros peroxidos utilizando selénio e GSH como
cofatores e, novamente, a L-car foi capaz de impedir esta inibi¢do. Além disso, o decréscimo
dos niveis de GSH pode comprometer a detoxificacdo de espécies reativas por exacerbar a
inibicdo da atividade da GPx, j& que o mesmo ¢ um cofator dessa enzima (Halliwell e
Gutteridge, 2007). Foi demonstrado que os BCAA, in vitro ¢ em modelo agudo de MSUD,
sdo capazes de inibir a atividade da GPx em cortex cerebral de ratos (Bridi et al. 2005b;
Mescka et al., 2011) e que pacientes MSUD sob tratamento dietético possuem deficiéncia de
selénio, e consequente diminui¢do da atividade eritrocitaria da GPx (Barschak et al., 2007).
Portanto, a agdo restauradora da L-car sobre a atividade da GPx pode ser muito importante
para a manutenc¢ao do status antioxidante dos pacientes portadores de MSUD.

Através da utilizagdo de um modelo cronico de indugdo quimica da doenga MSUD, os
resultados por nds obtidos corroboram os dados anteriores da literatura demonstrando que o
estresse oxidativo contribui, a0 menos em parte, para a disfungdo neurologica observada na
doenca (Scaini et al., 2012; Mescka et al., 2011, 2013). De forma eficiente, a L-car atuou
como um potente antioxidante neste modelo animal, prevenindo a inibi¢do da atividade de
importantes enzimas detoxificadoras de espécies reativas, além de impedir a atuagdo de
radicais livres que causam danos a membranas lipidicas. Estes resultados em conjunto
mostram que a L-car pode desempenhar um papel neuroprotetor como um potente adjuvante
na terapia de pacientes afetados pela MSUD. Além disso, estes dados contribuem para a
compreensdo dos mecanismos responsaveis pela neurotoxicidade decorrente do acimulo dos

metabolitos envolvidos na doenca.
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Para manter a Leu dentro dos niveis considerados seguros, ¢ recomendado aos
pacientes MSUD o seguimento de uma dieta especial, com baixa quantidade de proteinas, o
que exclui quase que completamente produtos de origem animal e inclui por¢des controladas
de cereais, frutas e vegetais. A baixa ingestdo de proteinas com alto valor biologico, diminui,
consequentemente, a biodisponibilidade de diversos nutrientes, dentre eles substancias com
acdo antioxidante, como selénio (Barschak et al., 2007) e a L-car (Mescka et al., 2013), cuja
principal fonte ¢ essencialmente dietética (cerca de 75%), proveniente de alimentos como
leite, derivados e carne vermelha (Agarval e Said 2004; Derin et al., 2004; Gulcin, 2006).
Cabe salientar que pacientes fenilcetonuricos, bem como os portadores de acidemia
propidnica e metilmalonica também apresentam deficiéncia nos niveis de carnitina livre e que
a administracdo deste composto teve um efeito protetor sobre o dano oxidativo a lipidios, a
proteinas e ao DNA (Sitta et al., 2011; Ribas et al., 2010 a,b).

Nos ultimos anos, diversos estudos tém investigado o papel da L-car no organismo,
sendo que diversas e importantes func¢des ja foram atribuidas a ela (Figura 9). A L-car ¢ uma
substancia altamente polar e hidrofilica, cujo papel mais conhecido no metabolismo ¢ o
transporte de acidos graxos de cadeia longa para dentro da matriz mitocondrial e consequente
oxida¢do para a produgdo de energia (Bahl e Bressler, 1987). Além disso, a L-car possui um
papel modulatorio da fun¢ao neural por mediar a transferéncia de grupamentos acetila para a
sintese de acetilcolina, bem como influenciar vias de transducdo de sinal e expressdo génica
(Binienda e Ali, 2001). Ela também atua como cofator na oxidag¢do peroxissomal de 4cidos
graxos de cadeia muito longa, estimulando a respirag¢do celular e ¢ frequentemente utilizada
como um suplemento alimentar por, supostamente, aumentar o desempenho fisico e
promover a perda de peso. Também tem sido atribuido a L-car um papel na melhora das
fungdes imunologicas e ela tem sido sugerida como um agente terapéutico para diversas

desordens neurodegenerativas (Solarska et al., 2010).
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Os efeitos benéficos da L-car parecem ser mediados, pelo menos em parte, por suas
propriedades antioxidantes. A L-car tem sido descrita como um sequestrador de radicais
superdxido (Gulcin, 2006). Por sua vez os radicais superoxido desempenham um importante
papel na formagdo de outros ROS, como o peréxido de hidrogénio e o radical hidroxila, os
quais induzem dano oxidativo a lipidios , proteinas e DNA (Pietta, 2000). Também tem sido
descrito que a L-car seria capaz de sequestrar o perdxido de hidrogénio e o radical hidroxila
(considerados os mais deletérios ao organismo) e também inibir a produ¢do dos mesmos
(Derin et al., 2004; Gulcin, 2006). Além disso, a L-car apresenta um efeito antiperoxidativo
que estd relacionado a sua agdo como quelante de metais que leva a uma diminuicdo na
concentragdo de ions metdlicos e, consequentemente, na geracdo de radicais livres
(Muthuswamy et al., 2006).

A atividade antioxidante da L-car também se relaciona ao seu papel de protecdo aos
antioxidantes teciduais, tanto enzimaticos quanto ndo enzimaticos. Esse papel inclui a
regulacdo dos niveis de GSH e a elevacdo na atividade das enzimas antioxidantes
(Tanghasamy et al., 2009; Calabrese et al., 2006). Assim, os efeitos in vivo da L-car podem
ser mediados pela acdo direta da L-car ou, entdo, pela biossintese de enzimas antioxidantes e
outras proteinas (Solarska et al., 2010).

Por outro lado, ¢ importante considerar a possibilidade de que este efeito pode também
ser devido a fun¢do da L-car em promover a excrecdo de metabolitos secundarios tdxicos
acumulados na MSUD, como o 4cido a-cetoisocaproico, acido a-ceto-f-metilvalérico e acido
a-ceto isovalérico. A L-car normalmente estd presente no plasma na forma de carnitina livre.
Entretanto, nas doengas em que ocorre acimulo de 4cidos organicos (como na MSUD), a L-
car se conjuga com estes acidos formando ésteres de carnitina (acilcarnitinas), aumentando a
excrecdo desses metabolitos e consequentemente, diminuindo sua toxicidade (Hoppel, 2003).

Desta forma, a diminuicao da oxidagdo de biomoléculas observada no nosso estudo pode estar
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relacionada, ao menos em parte, com a redugdo das concentracdes intracelulares dos BCAA e
seus derivados. A L-car também pode reduzir os niveis de MDA por facilitar o transporte de
acidos graxos diminuindo assim a disponibilidade dos mesmos para a peroxidagdo (Rajasekov

et al., 2005).

TERAPIA COM DIETA HIPOPROTEICA
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Figura 9. Possiveis atividades da L-carnitina em desordens neurometabdlicas com terapias baseadas em
restri¢do protéica (Adaptado de Ribas et al., 2014).

E necessario comentar que estes resultados foram obtidos com uma suplementagéo de
L-car por um periodo de dois meses e que talvez com um tratamento de longo prazo, outros
efeitos antioxidantes poderiam fortalecer os encontrados neste estudo. Ainda, cabe salientar
que estes sdo os primeiros resultados de que temos conhecimento de que a administragdo de
um antioxidante, como a L-car, modulou eficientemente o estresse oxidativo em pacientes
com MSUD, abrindo novas perspectivas a abordagem terapéutica realizada atualmente, que ¢

essencialmente dietética, e, portanto, de dificil manejo.
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CONCLUSOES

Os resultados permitem concluir que:

* ARTIGO N°1:

- Verificou-se pela técnica de ensaio cometa in vitro que a Leu (100, 250, 500, 1000,
2500 e 3000 uM) e o seu a-cetoacido correspondente, o KIC (30, 60, 150, 600, 1200 e 2000
uM), considerados os principais metabolitos neurotoxicos na MSUD, sdo capazes de causar
danos ao DNA em leucdécitos humanos saudaveis quando comparados a controles, € com uma
tendéncia maior de dano ao DNA pelo aminoacido Leu.

- A L-car, nas concentragdes de 90, 120 e 150 uM, foi capaz de diminuir as lesdes
causadas pela Leu, quando comparada com o grupo controle;

- A partir de 120 uM de L-car houve uma prevengao total dos indices de dano ao DNA

causados pelo KIC.

* ARTIGO N°2:

- Os pacientes MSUD tratados com dieta de restrigdo protéica e com deficiéncia de L-
car, possuem altos niveis de lipoperoxidacdo plasmatica e apresentam indices de dano ao
DNA estatisticamente elevados comparados ao grupo controle.

- Apds 1 e 2 meses de suplementacdo de L-car (50 mg/kg/dia), as concentragdes
plasmaticas deste composto foram reestabelecidas aos valores normais, assim como os niveis
de dano oxidativo a lipidios nestes pacientes.

-A L-car foi capaz de diminuir o dano ao DNA comparativamente aos pacientes sem

suplementag¢do antioxidante.
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- Foi observada uma correlacdo negativa estatisticamente significativa entre o dano ao
DNA e as concentragdes de L-car e uma correlagcdo positiva entre o dano ao DNA e a

lipoperoxidagdo, representado pelo conteudo de MDA.

* ARTIGO N°3:

- Foi verificado um aumento significativo nas concentragdes de IL-1B3, IL-6 e INF-y nos
pacientes MSUD apenas com a dieta de restricdo protéica, sem a suplementacdo de L-
carnitina.

- A terapia com L-car (50 mg/kg/dia) reverteu os valores de IL-1B e INF-y aos niveis do
controle e de IL-6 proximos a estes.

- Foi verificada uma correlagdo negativa entre todas as citocinas testadas e as
concentragdes de L-car e uma correlagdo positiva entre os niveis de MDA e os valores de IL-

1B e IL-6.

* ARTIGO N° 4:

- Constatou-se que os parametros di-tirosina (dano oxidativo a proteinas) e
isoprostanos (dano de lipoperoxidagdo) estavam aumentados e a capacidade antioxidante total

diminuida na urina de pacientes MSUD sem terapia com L-car;

- A suplementacdo de L-car (50 mg/kg/dia) reduziu os niveis de di-tirosina e

isoprostanos e aumentou a capacidade antioxidante urindria.

- Foi também observado um aumento de KIC urinario apds dois meses de tratamento
com L-car, quando comparado com o grupo controle, demonstrando um incremento da

excrecao deste metabolito toxico.
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* ARTIGO N°S:

- A administracdo cronica de BCAA estimulou a lipoperoxidacdo, o dano oxidativo
protéico, o aumento de espécies reativas e a diminuicao das defesas antioxidantes enzimaticas
e ndo enzimaticas, especialmente em cortex cerebral de ratos Wistar submetidos ao modelo
cronico de MSUD. O tratamento com L-car foi capaz de prevenir esses efeitos, com exce¢ao

do dano oxidativo a proteinas.

z.

E importante enfatizar que os resultados apresentados neste trabalho devem ser
interpretados com cautela e devem ser confirmados em outros estudos, mas é possivel sugerir
que a suplementacdo com L-carnitina possa ser usada como um eficiente adjuvante na terapia

dos pacientes MSUD.
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PERSPECTIVAS

Como perspectivas deste trabalho, pretende-se:

Dosar as concentragdes plasmaticas de aloisoleucina em pacientes MSUD no
momento do diagndstico e durante o tratamento e correlacionar com os niveis
dos principais metabolitos acumulados na doenga;

Avaliar o dano oxidativo ao DNA (bases oxidadas) em leucocitos dos
pacientes, correlacionando com os niveis de aloisoleucina e com os principais
metabolitos acumulados na doenga;

Avaliar os efeitos in vitro da aloisoleucina, na presenca ou na auséncia de L-
carnitina, sobre o dano ao DNA em leucocitos periféricos através do ensaio de
cometa, bem como investigar o possivel reparo do dano ao DNA.

Realizar o estudo molecular da MSUD em pacientes com diagnostico dessa
doenca. Identificar a mutacdo no gene BCKAD associada a8 MSUD nesses
pacientes, correlacionando com marcadores de estresse oxidativo e niveis de

aloisoleucina.
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ANEXOS

ANEXO 1 - PARECER DO COMITE DE ETICA EM PESQUISA DO HOSPITAL DE
CLINICAS DE PORTO ALEGRE

HCPA - HOSPITAL DE CLINICAS DE PORTO ALEGRE
GRUPO DE PESQUISA E POS-GRADUAGAO

COMISSAO CIENTIFICA

A Comiss8o Cientlfica do Hospital de Clinicas de Parto Alegre analisou o projeto:

Projeto: 140191
Data da Vers@o do Projeto:

Pesguisadores:

CARMEN REGLA VARGAS

MARION DEQON

GAROLINE PAULA MESCKA

GILIAN BATISTA BALBUEND GUERREIRD
BRUNA DONIDA

Titulo:  Papel da L-carnitina e do fator de transcrigéo nuclear kappa B na medulagéo do
estresse oxidativo na Doenga da Urina do Xarope do Bordo

Este projeto fol APROVADO em seus aspectos éticos, metodolégicos, lagisticos & financeiros para
ser realizado ne Hospital de Clinicas de Porto Alegre.

Esta aprovagio estd baseada nos pareceres dos respectivos Comités de Etica e do Servigo de Gestdo
em Pesquisa.

- Os pesquisadores vinculados ao projeto ndo participaram de qualquer etapa do processo de avaligao
de seus projeles.

- O pesquisador deverd apresentar relatdrios semastrais de acompanhamento e refatdrio final ao Grupo
de Pesquisa e Pds-Graduagio (GPPG)

1

Porto Alegre, 22 de abril de 2014,

\
\;
Prof. Eduardo -l%@lﬁ Passos

Coordenador GPPG/HCPA
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ANEXO 2 - SOLICITAGAO DE INVESTIGAGAO LABORATORIAL DIRIGIDA PARA
PACIENTES:

Nome completo do Paciente:

Data de Nascimento: / / (DD/MM/AAAA)
Sexo: () masc. () fem () obs.

Nome do médico solicitante:

Nome de outro médico ou pessoa para contato:
Servigo de origem:

Data da solicitagao: / / (DD/MM/AAAA)

Amostras Enviadas:

() urina

() plasma

() sangue heparinizado
() sangue em papel filtro
() outra (descrever)

Exames Solicitados:
Motivo principal da solicitagao:
Resumo da histoéria clinica:

Sinais e sintomas selecionados:

hepatomegalia () nao () sim
retardo de crescimento () nao () sim
retardo neuropsicomotor () nao () sim
deficit cognitivo () nao () sim
regressao neurologica () nao () sim
vomitos () nao () sim
dificuldade alimentacao () nao () sim
dismorfias () nao () sim
convulsdes () nao () sim
hipotonia () nao () sim
coma () nao () sim
macrocefalia () nao () sim
outro: () nao () sim
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Principais resultados de exames relevantes anteriores:

Dados laboratoriais selecionados:

hiperamoniemia ()nao () sim:
hipoglicemia ()nao () sim:
acidose metabdlica ()ndo ()sim
cetonuria ()ndo ()sim
acidemia latica ()ndo ()sim
Neuroimagem:
tomografia computadorizada ()ndo ()sim
() normal (') anormal
ressonéncia magnética ()ndo ()sim

() normal (') anormal

Medicamentos em uso: ()ndo ()sim
Dieta especial? ()ndo ()sim
Consanguinidade entre os pais: ()ndo ()sim
Outros casos na familia? ()nao ()sim

Hipoteses diagnésticas:
Alguma informacgao relevante adicional?
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ANEXO 3 - FICHA DE DADOS DE INDIVIDUOS CONTROLE

1. Data da coleta:

2. Nome completo:

3. Data de nascimento: / / (DD/MM/AAAA)

4. Idade:

5. Sexo: () masc. () fem.

6. Motivo da solicitagao do exame:

7. Apresenta doencgas ja diagnosticadas?

diabete melito

hipotireoidismo

hipertireoidismo

hipertenséao arterial sistémica (HAS)
acidente vascular cerebral (AVC)
cardiopatia isquémica

insuficiéncia cardiaca

insuficiéncia hepatica

insuficiéncia renal

outras:

8. Esta usando medicamento? ( ) n&o () sim:

9. Doencgas na familia biolégica:
dislipidemia

hipertensé&o arterial sistémica (HAS)
cardiopatia isquémica

acidente vascular cerebral (AVC)
diabete melito

outra doenca crénica:

00N oo

an Qe A Ax O A A A Qe
® e
3333

AN AN AN AN AN AN AN SN
N N N N N N N N N
O O0OO0OO0OO0OO0OO0OO0Oo
AN AN AN AN AN AN AN S N
S N N N SN N N N N

3333333 33

sim

10. Fuma?
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ANEXO 4 - TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO PACIENTES
MSUD

Projeto de Pesquisa: Papel da L-carnitina e do fator de transcrigdo nuclear kappa B na modulagao do
estresse oxidativo na Doencga da Urina do Xarope do Bordo

Investigador Responsavel: Carmen Regla Vargas
Colaboradores: Caroline Paula Mescka, Bruna Donida, Desiree Padilha Marchetti, Gilian Batista
Balbueno Guerreiro, Marion Deon.

O menor pelo qual vocé é responsavel esta sendo convidado(a) a participar de um estudo realizado
pelo Grupo de Pesquisa de Erros Inatos do Metabolismo e Estresse Oxidativo do Servico de Genética
do Hospital de Clinicas de Porto Alegre (SGM-HCPA). A participagao neste projeto deve-se ao fato do
paciente ter altos niveis plasmaticos dos aminoacidos leucina, isoleucina e valina. Esta caracteristica
esta associada a uma doenga genética chamada Doenca da Urina do Xarope do Bordo (MSUD).
Recentemente foi demonstrado que pessoas com esta doencga apresentam um aumento do estresse
oxidativo. Esta é uma caracteristica metabdlica relacionada a um aumento na quantidade dos radicais
livres produzidos que podem causar alguns danos ao nosso organismo e participar de outras
doengas. Além disso, também foi descoberto que os pacientes MSUD possuem deficiéncia de um
antioxidante chamado L-carnitina, que pode ser capaz de diminuir a atuagao dos radicais livres.

Esta pesquisa tem por objetivo avaliar o efeito da substancia antioxidante L-carnitina sobre o estresse
oxidativo encontrado em individuos com MSUD mutagdes em comparagdo com individuos sem esta
doencga. Ja é bem entendido que a L-carnitina esta pode corrigir e diminuir a quantidade dos radicais
livres e essa substdncia é hoje utilizada para tratamento em diferentes situagdes clinicas. A
participagdo nessa pesquisa € voluntaria. Se vocé aceitar que o menor participe, o paciente MSUD
vai receber gratuitamente a suplementacdo de L-carnitina na dose 50 mg/kg/dia, ndo excedendo
1,5g/dia por 60 dias. Cabe salientar que ndo esta previsto nenhum tipo de pagamento pela
participagdo no estudo e o participante ndo tera nenhum custo com os procedimentos envolvidos.
Além da administracdo de L-carnitina, sera coletado sangue periférico e urina em trés momentos
diferentes em frascos especificos (total de 10 ml, equivalente a duas colheres de cha) de cada fluido.
A primeira coleta sera realizada antes do inicio do tratamento, a segunda coleta apés um més de
tratamento com L-carnitina e a terceira apos dois meses. No momento da coleta de sangue podera
haver alguma dor em decorréncia da pungéo da pele. Complica¢des de coleta de sangue séo raras e
geralmente s&o de pequeno porte. Se houver extravasamento de sangue da veia no local da pungéo
geralmente ha uma mancha roxa (hematoma) e um pequeno desconforto que desaparece em poucos
dias. As coletas de sangue serdo realizadas por profissionais especialmente treinados para este fim,
o que diminui as chances de complicagdes. As coletas de urina serao feitas pelo préprio paciente ou
com o auxilio de profissionais treinados. Potenciais efeitos adversos relacionados a medicagéo séo
sintomas gastrointestinais como diarréia, célicas ou vOmitos, no entanto estes ndo séo frequentes.
Nao sado esperados casos de hipersensibilidade. Esta medicagao é de livre comércio e aprovada por
agéncias reguladoras nacionais e internacionais. Apds o término do estudo os materiais biolégicos

(sangue periférico e urina) que ainda estiverem armazenados poderédo ser descartados ou mantidos
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para futuras pesquisas dentro do mesmo objetivo deste estudo, de acordo com a sua decisdo de
autorizar o uso futuro. Se autorizado, o material somente sera utilizado para novas pesquisas

mediante seu consentimento por escrito.

Com relagéo ao uso dos materiais bioldgicos, ao final do estudo, vocé (marque com um X):
( ) autoriza o armazenamento.

( ) n&o autoriza o armazenamento, solicitando que sejam descartados.

Vocé tem direito a privacidade. Os resultados deste estudo poderdo ser publicados em revistas
cientificas, mas o seu nome e do paciente pelo qual vocé é responsavel ndo serdo revelados. Por
meio deste termo, vocé autoriza que os pesquisadores envolvidos neste estudo pesquisem os
registros médicos do paciente a fim de obter as informagdes clinicas necessarias para a realizagéo
desta pesquisa.

Sua participagdo no estudo é voluntaria. Se vocé decidir ndo participar do estudo, isto ndo
afetara em nada o tratamento do paciente que vocé é responsavel no hospital. A participacédo
pode também ser interrompida a qualquer momento por vocé mesmo (a). Em qualquer caso, néo tera
penalizagéo (a).

Cabe salientar que os resultados desta pesquisa provavelmente ndo terdo nenhum impacto sobre o
tratamento e/ou acompanhamento médico do paciente no qual vocé é responsavel. Este estudo pode,
entretanto, contribuir no futuro, para um tratamento mais efetivo para os pacientes MSUD e melhor
entendimento das consequéncias do estresse oxidativo.

Nao existe um prazo exato ou estipulado para que vocé receba os resultados do estudo, mas estes

Ihes serao informados assim que estiverem disponiveis.

Se vocé tiver alguma divida em relagdo a pesquisa, deve contatar o pesquisador responsavel, no
Servico de Genética Médica do Hospital de Clinicas de Porto Alegre pelo telefone (51) 3359-8011 ou
podera contatar o Grupo de Pesquisa e Pés-Graduagao do Hospital de Clinicas de Porto Alegre pelo
telefone (51) 3359-7640 de segunda a sexta, das 8 as 17h.

Pelo presente termo, vocé declara que foi informado(a), de forma clara e detalhada, sobre a presente
pesquisa, e que teve suas duvidas esclarecidas por

. Declara ter sido esclarecido que ndo recebera

nenhuma remuneracgéo financeira pela participagdo no estudo. Declara que foi informado da garantia
de receber resposta ou esclarecimento sobre a pesquisa a ser realizada, bem como da liberdade de
deciséo sobre participar ou ndo do estudo e da possibilidade de desistir, em qualquer momento, da
participacdo. Além disso, declara que recebeu cépia deste termo de consentimento.

Data: I

Nome do Paciente: Assinatura:

Nome do responsavel legal: Assinatura:
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Eu expliquei a

0s objetivos, riscos, beneficios e

procedimentos necessarios para esta pesquisa, e entreguei copia deste termo de consentimento para

O mesmo.

Data: / /

Pesquisador que aplica o termo:

Assinatura:
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ANEXO 5 - TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO
PACIENTES CONTROLES

Projeto de Pesquisa: Papel da L-carnitina e do fator de transcrigdo nuclear kappa B na modulagao do
estresse oxidativo na Doenga da Urina do Xarope do Bordo

Investigador Responsavel: Carmen Regla Vargas.

Colaboradores: Caroline Paula Mescka, Bruna Donida, Desiree Padilha Marchetti, Gilian Batista
Balbueno Guerreiro, Marion Deon.

O menor pelo qual vocé é responsavel estda sendo convidado(a) a participar de um estudo
realizado pelo Grupo de Pesquisa de Erros Inatos do Metabolismo e Estresse Oxidativo do Servigo de
Genética do Hospital de Clinicas de Porto Alegre (SGM-HCPA). Este projeto procura investigar uma
doenga genética chamada de Doenga da Urina do Xarope do Bordo (MSUD). Recentemente foi
demonstrado que pessoas com esta doenga apresentam um aumento do estresse oxidativo. Esta é
uma caracteristica metabdlica relacionada a um aumento na quantidade dos radicais livres
produzidos que podem causar alguns danos ao nosso organismo e participar de outras doencas.
Além disso, também foi descoberto que os pacientes MSUD possuem deficiéncia de um antioxidante
chamado L-carnitina, que pode ser capaz de diminuir a atuagao dos radicais livres. Essa substancia é
hoje utilizada para tratamento em diferentes situagées clinicas

Para que este estudo seja realizado, € necessaria uma comparagdo entre um grupo de
pacientes que apresentam a doenga MSUD com um grupo de pacientes que n&o apresentam. A
participagdo neste projeto deve-se ao fato de que a crianga que vocé é responsavel legal pode
participar do grupo controle, ou seja, como néo portador de MSUD. A participacdo nessa pesquisa &
voluntaria. Se vocé aceitar que 0 menor participe, ele ira coletar sangue periférico e urina uma Unica
vez (total de 10 ml, equivalente a duas colheres de cha) de cada fluido, juntamente com as coletas
solicitadas rotineiramente pelo médico realizadas no Laboratério de Analises Clinicas da Faculdade
de Farmacia da UFRGS (LAC- FacFar). Cabe salientar que nao esta previsto nenhum tipo de
pagamento pela participagdo no estudo e o participante ndo terda nenhum custo com os
procedimentos envolvidos. Os dados necessarios para a realizagdo do projeto serdao obtidos através
de um questionario realizado com vocé a respeito da crianga que vocé é responsavel legal e da
coleta de sangue periférico e de urina que serao realizadas. No momento da coleta de sangue podera
haver alguma dor em decorréncia da pungéo da pele. Complica¢des de coleta de sangue séo raras e
geralmente s&o de pequeno porte. Se houver extravasamento de sangue da veia no local da pungéo
geralmente ha uma mancha roxa (hematoma) e um pequeno desconforto que desaparece em poucos
dias. As coletas de sangue serdo realizadas por profissionais especialmente treinados para este fim,
o que diminui as chances de complicagdes. As coletas de urina serao feitas pelo préprio paciente ou
com o auxilio de profissionais treinados. Apds o término do estudo os materiais bioldgicos (sangue
periférico e urina) que ainda estiverem armazenados poderdo ser descartados ou mantidos para
futuras pesquisas dentro do mesmo objetivo deste estudo, de acordo com a sua decisdo de autorizar
o uso futuro. Se autorizado, o material somente sera utilizado para novas pesquisas mediante seu

consentimento por escrito.
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Com relagéo ao uso dos materiais bioldgicos, ao final do estudo, vocé (marque com um X):
( ) autoriza o armazenamento.

( ) n&o autoriza o armazenamento, solicitando que sejam descartados.

A participacao neste estudo ndo trara beneficio direto ao menor, porém, os dados advindos
com a doacdo sado de importancia cientifica relevante para o estabelecimento de novos tratamentos

para esta doenga, bem como para o melhor entendimento desta patologia.

Nao existe um prazo exato ou estipulado para que vocé receba os resultados do estudo, mas

estes lhes serdo informados assim que estiverem disponiveis.

Vocé tem direito a privacidade. Os resultados deste estudo poderdo ser publicados em
revistas cientificas, mas o seu nome e do paciente pelo qual vocé é responsavel legal ndo seréo
revelados. Por meio deste termo, vocé autoriza que os pesquisadores envolvidos neste estudo
pesquisem os registros médicos do paciente a fim de obter as informacgdes clinicas necessarias para

a realizacao desta pesquisa.

Sua participagao no estudo é voluntaria. Se vocé decidir nao participar do estudo, isto nao
afetara em nada o tratamento do paciente que vocé é responsavel. A participagdo pode também

ser interrompida a qualquer momento por vocé mesmo (a). Em qualquer caso, n&o tera penalizagao

(a).

Se vocé tiver alguma divida em relagdo a pesquisa, deve contatar o pesquisador responsavel, no
Servico de Genética Médica do Hospital de Clinicas de Porto Alegre pelo telefone (51) 3359-8011 ou
podera contatar o Grupo de Pesquisa e Pés-Graduagao do Hospital de Clinicas de Porto Alegre pelo
telefone (51) 3359-7640 de segunda a sexta, das 8 as 17h.

Pelo presente termo, vocé declara que foi informado(a), de forma clara e detalhada, sobre a presente
pesquisa, e que teve suas duvidas esclarecidas por
. Declara ter sido esclarecido que ndo recebera

nenhuma remuneracgéao financeira pela participagdo no estudo. Declara que foi informado da garantia
de receber resposta ou esclarecimento sobre a pesquisa a ser realizada, bem como da liberdade de
deciséo sobre participar ou ndo do estudo e da possibilidade de desistir, em qualquer momento, da
participacdo. Além disso, declara que recebeu cépia deste termo de consentimento.

Data: I

Nome do Paciente: Assinatura:

Nome do responsavel legal: Assinatura:

134



Eu expliquei a

0s objetivos, riscos, beneficios e

procedimentos necessarios para esta pesquisa, e entreguei copia deste termo de consentimento para

O mesmo.

Data: / /

Pesquisador que aplica o termo:

Assinatura:
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ANEXO 6 - CARTA DE APROVACAO DO PROJETO DE DOUTORADO - PRO-
REITORIA DE PESQUISA DA UFRGS / COMISSAO DE ETICA NO USO DE

ANIMAIS

: SEESBES
UF R G S  PRO-REITORIA DE PESQUISA PROPE Y,

UNIVERSIDADE FEDERAL Comissdo De Etica No Uso De Animais
DO RIO GRANDE DO SUL

CARTA DE APROVAGAO

Comisséo De Etica No Uso De Animais analisou o projeto:

Namero: 23799

I Papel da L-carnitina e do fator de transcrigéo nuclear kappa B na modulagéo do estresse oxidativo

na Doenga da Urina do Xarope do Bordo

Pesquisadores:

Equipe UFRGS:

CARLOS SEVERO DUTRA FILHO - coordenador de 01/08/2013 até 31/07/2017
CARMEN REGLA VARGAS - coordenador de 01/08/2013 até 31/07/2017
Caroline Paula Mescka - Aluno de Doutorado de 01/08/2013 até 31/07/2017

Comisséo De Etica No Uso De Animais aprovou o mesmo em seus aspectos éticos e
metolodoldgicos, para a utilizagédo de 96 ratos Wistar de 15 dias e 120 ratos Wistarde 5a 7
dias (machos e fémeas), de acordo com as Diretrizes e Normas Nacionais e Internacionais,
especialmente a Lei 11.794 de 08 de novembro de 2008 que disciplina a criago e utilizagao
de animais em atividades de ensino e pesquisa.

Porto Alegre, Quarta-Feira, 8 de Maio de 2013
%@M =
STELA MARIS KUZE RATES
Coordenador da comissdo de ética
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