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RESUMO

A fenilcetonuria é um erro inato do metabolismo de aminoacidos, causada pela
deficiéncia severa ou auséncia na atividade da fenilalanina hidroxilase, enzima
que catalisa a hidroxilagdo da fenilalanina em tirosina na presenca do cofator
tetra-hidrobiopterina. Como consequéncia, ocorre 0 acumulo da fenilalanina e
seus metabdlitos nos tecidos e nos liquidos bioldgicos dos pacientes afetados.
O tratamento para a fenilcetondria consiste em uma dieta restrita em
fenilalanina e proteinas, suplementada com uma formula especial, contendo
aminoacidos (exceto a fenilalanina) e micronutrientes. A principal caracteristica
clinica dos pacientes fenilcetonuricos néo tratados € o retardo mental e outras
alteracdes neurologicas, cuja base bioquimica € ainda pouco compreendida.
Entretanto, nos ultimos anos evidéncias indicam que o estresse oxidativo esta
envolvido na fisiopatologia da doenca. Em estudos prévios, demonstramos que
pacientes fenilcetonuricos diagnosticados tardiamente apresentavam aumento
na peroxidacao lipidica e reducéo de antioxidantes no momento do diagndstico
e também durante o tratamento, e que esses parametros nao estavam
diretamente relacionados com o0s niveis sanguineos de fenilalanina. O objetivo
deste trabalho foi o de investigar o papel do dano oxidativo e também das
defesas antioxidantes na patogénese da fenilcetondria. Foi demonstrado que
pacientes fenilcetonuricos tratados apresentaram maior dano ao DNA, medido
através do ensaio cometa, em comparacdo aos controles, e que este dano
estava relacionado aos niveis sanguineos elevados de fenilalanina. Neste
particular, testes in vitro revelaram um efeito dose-dependente da fenilalanina
sobre o dano ao DNA, reforcando os achados in vivo e indicando que a
fenilalanina foi responsavel por esse dano. Também verificamos que o0s
pacientes fenilcetonuricos com diagndstico tardio apresentaram maior oxidacao
a lipidios (determinado através da técnica das espécies reativas ao acido
tiobarbitlrico) e a proteinas (medido através do conteddo de sulfidrilas e
carbonilas) em comparacédo aos pacientes diagnosticados no periodo neonatal
e aos controles. Portanto, o diagnostico precoce, além de prevenir o retardo
mental, como ja descrito na literatura cientifica, também previne o dano

oxidativo a biomoléculas. Por outro lado, foi observada uma reducdo nas



concentracfes de antioxidantes ndo enzimaticos (niveis de glutationa e
reatividade antioxidante total) e na atividade da enzima antioxidante glutationa
peroxidase em ambos 0s grupos de pacientes. A diminuigcdo nos antioxidantes é
comum em pacientes fenilcetonuricos, sendo atribuida principalmente a dieta
restrita. Neste trabalho também verificamos que os pacientes que aderiam
estritamente a dieta recomendada apresentavam reducdo nos niveis
sanguineos de L-carnitina, um composto com acao antioxidante. Além disso, 0s
niveis de L-carnitina nesses pacientes mostraram uma correlacdo negativa
significativa com a lipoperoxidacdo (medida pelas espécies reativas ao acido
tiobarbitdrico) e uma correlagdo positiva significativa com a reatividade
antioxidante total. Os dados sugerem que a deficiéncia em L-carnitina esta
relacionada com o estresse oxidativo em pacientes fenilcetonuricos e, portanto,
sua suplementacao deva ser considerada como uma terapia adjuvante. De fato,
a suplementacdo com L-carnitina e selénio (outro composto antioxidante
deficiente em pacientes fenilcetonuricos) foi capaz de corrigir a oxidacdo a
lipidios e proteinas (medida pelas espécies reativas ao acido tiobarbiturico e
pelo conteudo de sulfidrilas, respectivamente), além de normalizar a atividade
da enzima glutationa peroxidase. Adicionalmente, foi verificada uma correlacao
negativa significativa entre a peroxidacao lipidica e os niveis sanguineos de L-
carnitina, assim como uma correlacdo positiva significativa entre a atividade da
glutationa peroxidase e a concentracdo sanguinea de selénio. Em conjunto,
nossos resultados sugerem que 0 estresse oxidativo esta envolvido na
patogénese da fenilcetonuria. Considerando que nossos resultados possam ser
extrapolados para o cérebro, que possui menos defesas antioxidantes e varios
fatores que aumentam a producéo de radicais livres, pode ser proposto que o
dano oxidativo contribui, pelo menos em parte, com a disfuncdo neuroldgica na
fenilcetonuria, e, portanto, que a administracdo dos antioxidantes deficientes

nesta patologia deva ser considerada na terapia da doenca.



ABSTRACT

Phenylketonuria is an inborn error of amino acid metabolism, caused by severe
deficiency or absence of phenylalanine hydroxylase activity, enzyme that
catalyzes the hydroxylation of phenylalanine to tyrosine in the presence of the
cofactor tetrahydrobiopterin. As consequence, the accumulation of
phenylalanine and its metabolites in tissues and biologic fluids of affected
patients occurs. The treatment for phenylketonuria consists in a phenylalanine
and protein-restricted diet, supplemented with a special formula containing
amino acids (except phenylalanine) and micronutrients. The main clinical
characterization of untreated phenylketonuric patients is mental retardation and
other neurological features, whose biochemical basis is poorly understood.
However, in recent years evidences indicate that oxidative stress is involved in
the pathophysiology of the disease. In previous studies it was demonstrated that
phenylketonuric patients late diagnosed presented increased lipid peroxidation
and reduced antioxidants at the moment of diagnosis and also during the
treatment, and that these parameters were not directly related to the
phenylalanine blood levels. The objective of this work was to investigate the role
of the oxidative damage and of antioxidant defenses on pathogenesis of
phenylketonuria. It was demonstrated that phenylketonuric patients under
treatment presented increased DNA damage, measured by the comet assay,
compared to controls, which was related to phenylalanine blood levels. In this
particular, in vitro tests revealed a dose-dependent effect of phenylalanine on
DNA damage, reinforcing in vivo findings indicating that the phenylalanine was
responsible for this damage. We also verified that phenylketonuric patients late
diagnosed presented increased lipid (determined by thiobarbituric acid-reactive
species) and protein oxidation (measured by sulphydryl and carbonyl groups)
when compared to patients diagnosed in the neonatal period and to controls.
Therefore, early diagnosis besides to prevent mental retardation, as described in
the scientific literature, also prevents oxidative damage to biomolecules. On the
other hand, it was observed a reduction in the concentration of non-enzymatic
antioxidants (glutathione levels and total antioxidant reactivity) as well as in the
activity of glutathione peroxidase enzyme in both groups of patients. The

reduction in antioxidants is common in phenylketonuric patients being mainly



attributed to the restricted diet. In this work, we also verified that patients who
strictly adhered to the recommended diet present reduction in blood L-carnitine
levels, a compound with an antioxidant action. Also, the levels of L-carnitine in
these patients showed a significant negative correlation with lipid peroxidation
(measured by thiobarbituric acid-reactive species) and a significant positive
correlation with the total antioxidant reactivity. This suggests that L-carnitine
deficiency is related to oxidative stress in phenylketonuric patients and therefore
the supplementation should be considered as an adjuvant therapy. In fact, the
supplementation with L-carnitine and selenium (other antioxidant compound
deficient in phenylketonuric patients) was capable to correct the lipid and protein
oxidation (measured by thiobarbituric acid-reactive species and sulphydryl
content, respectively) besides to normalize the glutathione peroxidase activity. In
addiction, it was verified a significant inverse correlation between lipid
peroxidation and L-carnitine blood levels as well as a significant positive
correlation between glutathione peroxidase activity and blood selenium
concentration. Taken these results together, our results suggest that oxidative
stress is involved in the pathogenesis of phenylketonuria. Considering that our
results may be extrapolated to the brain, which has less antioxidant defenses
and several other factors that increase the production of free radicals, it may be
propose that the oxidative damage contributes, at least in part, to the
neurological dysfunction in phenylketonuria and, therefore, the administration of
deficient antioxidants in this pathology should be considered in the therapy of
the disease.
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INTRODUCAO

1. Erros Inatos do Metabolismo

A primeira mencao aos erros inatos do metabolismo (EIM) data de 1908,
quando Sir Archibald Garrod usou este termo para designar doengas como a
alcaptonuria, patologia na qual os pacientes afetados excretam grandes
quantidades do acido homogentisico na urina. Garrod observou uma maior
frequéncia desta alteracdo em individuos de uma mesma familia e maior
incidéncia de consanguinidade entre os pais dos pacientes afetados. Sabendo
disso e baseado nas leis de Mendel, Garrod propdés um modelo de heranca
autossdmica recessiva para este disturbio. Através da observacdo de que o
acido homogentisico, excretado em altas concentragcfes na urina dos pacientes
com alcaptondria, era um metabdlito normal da degradagdo protéica, ele
relacionou este distlrbio com um bloqueio na rota do catabolismo das proteinas
(Scriver et al., 2001).

Desde os estudos de Garrod, muitos pesquisadores tém detectado novas
doencas metabdlicas hereditarias e os EIM j& foram descritos em todas as
areas do metabolismo humano normal (aminoacidos, acidos organicos, lipidios,
carboidratos, etc.), compreendendo hoje mais de 500 defeitos genéticos
(Scriver et al., 2001). Embora individualmente raras, estas doencas em seu
conjunto afetam, aproximadamente, 1 a cada 500/2.000 nascimentos (Baric,
Furnic e Hoffmann, 2001).

Os EIM sao caracterizados pela sintese alterada de uma proteina,

geralmente uma enzima, com atividade parcial ou totalmente reduzida. Essa



alteracdo resulta no bloqueio da via metabdlica com consequente acumulo de
seus substratos e outros derivados deles, bem como diminuicdo da sintese dos
produtos. Tal bloqueio, dependendo da via afetada, repercute clinicamente de
maneira bastante varidvel no individuo, sendo geralmente de sintomatologia
grave e muitas vezes letal (Scriver et al., 2001).

Os EIM podem ser classificados de diversas maneiras. Saudubray e
Charpentier (2001) catalogaram os EIM em trés grandes grupos: disturbios de
sintese ou degradacdo de moléculas complexas, que incluem as doencas
lisossémicas de deposito e as doencas peroxissomais; doencas com déficit de
energia, que incluem as doencas de depdsito de glicogénio, defeitos de
gliconeogénese e defeitos de oxidacdo de &cidos graxos; e erros inatos do
metabolismo intermediario, que incluem as aminoacidopatias, as acidemias
organicas, os defeitos do ciclo da ureia e as intolerancias aos agucares.

Neste ultimo grupo de doencas pode ocorrer intoxicagdo aguda ou
cronica, causada pelo acumulo dos metabdlitos toxicos devido a um bloqueio
em suas vias metabolicas normais. Estudos revelam que aproximadamente um
terco dos EIM corresponde a aminoacidopatias, outro terco a acidemias

organicas e o terco final a todos os outros EIM (Hoffmann, 1994).

1.1 Hiperfenilalaninemia e Fenilcetonuria

Hiperfenilalaninemia (HPA) € o termo genérico que se designa a um
fendtipo bioguimico no qual existe um aumento persistente da concentragédo
plasmatica do aminoacido essencial fenilalanina (“phenylalanine” - Phe),

causado pela deficiéncia da hidroxilagdo hepatica deste amino&cido. A



hidroxilacdo da Phe a tirosina (“tyrosine” - Tyr) é catalisada pela enzima
fenilalanina hidroxilase (Phe-4-monooxigenase — PAH — EC 1.14.16.1) com a
participacdo da coenzima tetra-hidrobiopterina (BH4), que se reduz na reagao
de hidroxilagdo e deve ser regenerada por outra enzima, a di-hidropteridina

redutase (DHPR — EC 1.6.99.7) (Scriver e Kaufman, 2001), conforme ilustrado

na figura 1.
o, T
o, T O H20 AN
OGN HO oy H
HO CH, H 4]
" OH
L-Phe L-Tyr
\K
NAD* NADH + H*

Figura 1. Sistema de hidroxilacdo da L-Phe em L-Tyr em seres humanos. Sao mostradas as
enzimas, 0s substratos e cofatores. A PAH é capaz de hidroxilar a L-Phe utilizando oxigénio
molecular e o cofator BH4 como doador de elétrons. Em cada reacao, o cofator € oxidado a di-
hidrobiopterina (BH2). Os niveis de BH4 sdo mantidos no figado mediante a reducdo de BH2 a
BH4 pela enzima DHPR, utilizando como cofator o NADH.

Qualquer defeito que interfira no sistema de hidroxilacdo (deficiéncia da
PAH, da DHPR ou da biossintese de BH4) causara uma HPA persistente, ja
que este sistema é o principal determinante do metabolismo da Phe em seres
humanos. Nao obstante, a principal causa de HPA é o defeito na atividade da

PAH, que constitui 98% dos casos diagnosticados de HPA e & conhecida como




fenilcetonuria — (“phenylketonuria” — PKU) — (OMIM 261600) (Scriver e

Kaufman, 2001).

Com o bloqueio na rota de hidroxilacdo da Phe, além dela, outros

metabdlitos anormais como o fenilpiruvato (PPA), o fenilacetato (PA) e o fenil-

lactato (PLA) também se acumulam no sangue e tecidos dos pacientes

fenilcetonuricos e sao excretados em niveis elevados na urina desses pacientes

(figura 2). Cabe salientar que o nome da doenca deriva dos altos niveis de

fenilpiruvato, uma fenilcetona, encontrada na urina de criancas afetadas

(Cooper, 2000).
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Figura 2. Rotas alternativas para o catabolismo da Phe na PKU (adaptado de Lehninger, 2008).
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A PKU apresenta heranca autossOmica recessiva, possuindo uma
incidéncia global de 1:10.000 nascimentos, sendo, portanto, o mais frequente
erro inato do metabolismo dos aminoacidos, e, possivelmente, sendo também o
mais estudado (Scriver e Kaufman, 2001; Berg, Tymoczko e Stryer, 2010). A
incidéncia de portadores é estimada em 2% da populacdo em geral. O gene
que codifica a atividade da PAH esta localizado no cromossomo 12 (Woo et al.,
1983), sendo uma enfermidade muito heterogénea, com mais de 500 mutacgdes

ja descritas (Phenylalanine Hydroxylase Locus Knowledgebase).

1.1.1 Classificacao

A PKU apresenta um amplo espectro de fendtipos bioquimicos,
possivelmente devido a combinacdo mudultipla de um grande numero de
mutacdes alélicas. Nesse particular, as concentracdes plasmaticas de Phe ao
diagnostico variam  consideravelmente, havendo também diferencas
importantes na resposta a dieta restritiva (tolerancia) que mantém as
concentragdes plasmaticas do aminoacido dentro de uma faixa recomendada
(Scriver e Kaufman, 2001; Guttler e Lou, 1990).

A forma grave, também conhecida como PKU cléssica, é caracterizada
por concentragcfes plasméticas de Phe ao diagndstico superiores a 1.200 uM e
a tolerancia a Phe inferior a 350 mg/dia. A atividade residual da PAH é
praticamente indetectavel.

A variante moderada da PKU apresenta concentracdes plasméticas de
Phe entre 600 e 1.200 uM e os pacientes apresentam uma tolerancia de 350 a

400 mg/dia de Phe na dieta. A variante leve mostra uma Phe de 360 a 600 pM e
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uma tolerancia entre 400 e 600 mg/dia. A atividade enzimatica residual é inferior
a 10% nessas duas variantes e por isso também requerem tratamento.

Ainda existe uma forma benigna de HPA, caracterizada bioquimicamente
por concentragdes plasmaticas de Phe menores que 360 uM. E causada por
mutacdes leves de pouca repercussao na atividade da PAH (atividade residual
de 10 a 35% do normal), o que determina que n&o necessite de tratamento

(Campistol et al., 2006).

1.1.2. Manifestacg@es clinicas

Quando nao tratada, a forma grave, ou PKU classica, causa retardo
mental e motor graves, manifestando-se ja nos primeiros meses de vida. Essa é
a razao pela qual em um grande numero de paises existem programas de
deteccgdo precoce, no periodo neonatal, 0 que permite o tratamento precoce da
doenca, indispensavel para evitar o aparecimento dos sintomas. A PKU classica
nao tratada causa, portanto, retardo mental grave, bem como microcefalia,
epilepsia, eczema e hiperatividade (Scriver e Kaufman, 2001).

As criancas tratadas precocemente apresentam uma boa evolugéo, com
um quociente de inteligéncia (QI) dentro dos limites da normalidade, ainda que,
no geral, inferior ao de seus irmédos nado afetados, apresentando pequenas

dificuldades de aprendizagem (Weglage et al., 1995).
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1.1.3. Diagndstico

O diagnostico da PKU déa-se pela deteccdo de elevadas concentractes
de Phe no sangue dos pacientes afetados, bem como por concentragbes
elevadas de Phe e seus derivados (PPA, PA e PLA) na urina. Inicialmente, nos
anos 60 o diagndstico dessa doenca era realizado através dos métodos semi-
guantitativos como a cromatografia de aminoacidos em papel ou camada
delgada. No entanto, a quantificacdo exata da Phe no sangue € importante ndo
somente para diagnosticar, mas também para monitorar o tratamento dos
pacientes fenilcetonuricos.

Em 1963, Guthrie publicou um método de analise da Phe em sangue,
baseado no fato de a Phe em altas concentracdes, em sangue impregnado em
papel filtro (Guthrie card), bloquear a acao inibidora do crescimento bacteriano
de um composto adicionado ao meio de cultura, produzindo-se um halo de
crescimento ao redor do sangue dos pacientes afetados (Guthrie e Susi, 1963).

Os procedimentos atuais de deteccédo precoce da PKU baseiam-se no
método de Guthrie (ainda utilizado em alguns paises), em métodos
cromatograficos, fluorimétricos ou espectrofotométricos, este ultimo baseado na
reacdo especifica da PAH sobre a Phe. Ja a espectrometria de massas em
tandem tem sido o método de escolha para o diagnéstico neonatal. A
confirmacédo do defeito da atividade enzimatica da PAH sé é possivel na bidpsia
hepatica, ja que a enzima ndo se expressa em fibroblastos (Campistol et al.,

2006).

13



1.1.4. Tratamento

Nos anos 50, foi estabelecido o tratamento para a PKU, baseado na
restricdo de Phe e proteina na dieta, que continua sendo base para o
tratamento atual (Bickel, Gerrard e Hickmans, 1953). Com a detecc¢&o precoce
da enfermidade e o inicio da dieta foi possivel prevenir o retardo mental e os
outros sintomas associados a doenca, resultando em uma geracdo de
pacientes fenilcetondricos com boa qualidade de vida.

O tratamento da PKU é para toda a vida e baseia-se na reducédo do
aporte de alimentos que contém Phe, combinado com a administracdo de uma
formula especial que contém os demais aminoacidos e micronutrientes,
necessarios ao desenvolvimento normal do paciente (Burgard et al., 1999,
Wappner et al., 1999).

E sabido que o manejo dos pacientes é complexo, mas também que
guando seguem uma dieta estrita 0 progndstico é muito melhor. Neste contexto,
deve-se fazer uma restricdo de Phe que mantenha concentragfes plasmaticas
inferiores a 360 pM para criangas e 600 uM para o adulto, apesar de estes
valores ndo serem totalmente consensuais. A dieta do paciente fenilcetonudrico
deve ser individualizada, usualmente devendo conter entre 250 e 500 mg de
Phe/dia, quando a de um paciente nao-fenilcetonurico deve ser de cerca de
2.500mg de Phe/dia. A quantidade de proteinas totais na dieta também deve
ser individualizada e calculada de acordo com a faixa etaria do paciente,
ficando entre 2,5 e 3,0 g/kg/dia para criangas com menos de um ano de idade

(Levy, 1999).
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1.1.5. Fisiopatologia

Ainda que a PAH seja uma enzima hepatica, o principal efeito clinico
associado as HPAs é uma alteracdo do desenvolvimento e fungdes cerebrais,
sendo que h& varias hipoteses sobre o0s mecanismos causadores da
neurotoxicidade na PKU (Weglage et al., 1996).

Tem-se postulado que a neurotoxicidade da PKU poderia dever-se, em
parte, a elevada concentracdo de Phe, que utiliza o mesmo sistema de
transporte que outros aminodcidos neutros de cadeia longa ou ramificada, o
qgue dificulta a passagem dos mesmos através da barreira hematoenceféalica
(BHE), resultando em menor concentracdo no cérebro. Como resultado, ocorre
a diminuicdo na sintese de proteinas, causando proliferacdo dendritica e
mielinizagao defeituosas (Scriver e Kaufman, 2001 Hoeksma et al., 2009).

Por outro lado, tem-se especulado muito sobre a deficiéncia relativa de
Tyr, que se torna um aminoacido essencial nos pacientes, ja que sua sintese
esta bloqueada na doencga (Van Spronsen et al., 1996). Além disso, a Tyr e o
triptofano sdo aminoacidos neutros cujo transporte através da BHE é
prejudicado pelas altas concentragdes de Phe. Como a Tyr e o triptofano sao
precursores de neurotransmissores, a deficiéncia relativa destes aminoacidos
traduz-se em uma reducédo na sintese de serotonina, dopamina e norepinefrina
(Tam e Roth, 1997). Existe também a hipotese de que a neurotoxicidade nesta
doenca possa ser ocasionada pelo acumulo dos metabdlitos da Phe. Neste
sentido, 0 componente mais toxico parece ser o PA (Kaufman, 1989).

Ainda, também foi demonstrado que a atividade da Na*, K*-ATPase esta
reduzida na membrana singptica em um modelo animal quimicamente induzido

de PKU (Wyse et al, 1994), podendo contribuir com o dano neuroldgico
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encontrado na doenca. Adicionalmente, varios estudos tém sugerido que o
metabolismo energético em cérebro de ratos é prejudicado pela Phe in vivo e in
vitro. A Phe, em concentracdes usualmente encontradas no plasma de
pacientes com PKU, reduz as atividades dos complexos I-lll da cadeia
respiratéria e diminui a atividade da succinato desidrogenase em cérebro de
ratos submetidos a HPA quimicamente induzida (Rech et al., 2002). Também foi
verificado que a Phe inibe as atividades das enzimas piruvato quinase e
creatina quinase em cortex cerebral de ratos (Costabeber et al., 2003; Feksa et
al., 2002).

Nos ultimos anos tem sido também demonstrada a participacdo do
estresse oxidativo no dano neuronal na PKU, que seria provocado pelo acumulo
de metabdlitos, por uma alteracdo do sistema antioxidante nos pacientes ou
pela combinagcdo de ambos os fatores (Sierra et al., 1998; Artuch et al., 2004;
Sirtori et al., 2005; Sitta et al., 2006).

Estes estudos, em seu conjunto, sugerem que o dano neuronal na PKU é
multifatorial, podendo estar associado com as concentracfes plasmaticas e
cerebrais elevadas de Phe, com a reducdo nas concentracdes plasméticas e
cerebrais de Tyr e de neurotransmissores. Varios mecanismos de
neurotoxicidade foram propostos para esta doenca incluindo o acumulo de
radicais livres formados, associado a diminuicdo do sistema de defesa
antioxidante (Ormazabal et al., 2004). O presente estudo objetiva investigar

esse mecanismo em pacientes fenilcetonuricos tratados.
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2. Radicais livres e estresse oxidativo

Um radical livre (RL) € definido como uma estrutura quimica com um ou
mais elétrons desemparelhados no seu ultimo orbital, ou seja, ocupando um
orbital atdbmico ou molecular sozinho. Este elétron desemparelhado confere
uma reatividade extremamente alta a esta molécula, uma vez que ela tera uma
grande tendéncia em adquirir um segundo elétron para emparelhar o orbital
(Halliwell e Gutteridge, 2007).

Nos mamiferos, sdo produzidos radicais livres de oxigénio, carbono,

nitrogénio e enxofre, mas os de maior destaque sdo os de oxigénio, como 0s

radicais superéxido (O, ) e hidroxila (OH’), devido & sua grande reatividade e,

portanto, aos danos que podem causar. Entretanto, h4 compostos téo reativos
como os RL, mas que ndo possuem elétrons desemparelhados na sua ultima
camada, sendo estes classificados como espécies reativas. O termo espécies
reativas de oxigénio (ERO) é frequentemente usado para incluir compostos
derivados do oxigénio que ndo sao propriamente radicalares, mas que
produzem RL, como o peréxido de hidrogénio e o oxigénio singlet (Droge,
2002).

Diversas sdo as fontes geradoras de RL e ERO. Os sistemas biologicos
sdo expostos a estas moléculas continuamente, ja que elas sdo produzidas
endogenamente, por exemplo, na cadeia transportadora de elétrons
mitocondrial, na degradacédo de acidos graxos e nos processos de fagocitose
(Droge, 2002). Além disso, essas moléculas podem ser formadas por fatores
exdgenos, como a radiacdo ionizante e a exposicdo a solventes organicos

(Halliwell e Gutteridge, 2007).
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Em condicbes fisiolégicas do metabolismo celular aerdbio, o oxigénio
molecular (O;) sofre reducdo tetravalente, com a incorporacdo de quatro
elétrons, resultando na formacao de agua (H.O). No entanto, aproximadamente
5% do oxigénio utilizado na cadeia respiratéria mitocondrial ndo é

completamente reduzido a agua, podendo ser convertido a intermediarios

reativos, como os radicais superéxido (O, ) e hidroxila (OH) e também o

peréxido de hidrogénio (H.O,), processo que pode ser exacerbado em
condicOes patoldgicas (Boveris e Chance, 1973).

A reatividade quimica dos RL é determinada pela molécula que carrega o
elétron desemparelhado e, por isso, a reatividade varia muito entre um radical e
outro. Entretanto, em quantidades excessivas, 0os RL irdo causar dano oxidativo
aos componentes celulares como as proteinas, os lipidios e mesmo os acidos
nucléicos (Halliwell e Gutteridge, 2007).

No entanto, as células possuem defesas contra os efeitos danosos
produzidos pelos RL, as chamadas defesas antioxidantes que convertem as
espécies reativas em compostos inativos. Os antioxidantes podem ser
definidos, portanto, como qualquer substancia que, quando presente em baixas
concentragfes com relacdo ao substrato oxidavel, significativamente retarda ou
previne a oxidagcdo deste substrato. As defesas antioxidantes podem ser
enzimaticas ou ndo enziméticas (Halliwell e Gutteridge, 2007, Halliwell, 1994).

As enzimas antioxidantes agem impedindo a geracdo de espécies
reativas, bem como as removendo. Dentre o0s principais antioxidantes
enzimaticos, estdo a enzima superéxido dismutase (SOD), que catalisa a
dismutacdo de dois radicais superoxidos, formando H,O, e O, a enzima

catalase, que é responséavel pela degradagédo do H,O,, formando agua (H.0) e
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O, e a enzima glutationa peroxidase (GSH-Px), que catalisa a decomposicao de
hidroperdxidos, utilizando glutationa reduzida (GSH) como substrato para
formar glutationa oxidada (GSSG) e o produto de reducdo do hidroperoxido.
Fisiologicamente, a GSH-Px atua acoplada a enzima glutationa redutase (GR)
que, por sua vez, catalisa a reducao de GSSG, usando NADPH como coenzima
(Halliwell, 2001; Bonnefoy, Drai e Kostka, 2002; Salvador e Henrigques, 2004).
Na figura 3 € possivel observar-se a reducdo do O, a &gua, os sitios de

formacao de RLs e a acdo das enzimas antioxidantes.

2H.0 + O,

2H,0

Figura 3: Reducéo do oxigénio a agua (Adaptado de Lieberman e Marks, 2009).

Além das enzimas antioxidantes, o organismo tem a capacidade de
sintetizar compostos nao-enzimaticos que apresentam, direta ou indiretamente,

capacidade eficaz de defesa antioxidante, atuando a fim de manter o estado de
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equilibrio celular. Sdo exemplos deles a bilirrubina, o acido Urico, a melatonina,
0 estrogeno e a glutationa (Halliwell e Gutteridge, 2007). Alguns antioxidantes
nao podem ser sintetizados pelo organismo, devendo ser ingeridos na dieta.
Dentre estes antioxidantes nao-enzimaticos, podem-se citar vitaminas, como as
vitaminas A, C, E, a riboflavina e a tiamina, o selénio, a L-carnitina e 0s
polifendis (Salvador e Henriques, 2004). O modo de acdo dos antioxidantes
nao-enziméaticos é, de fato, bastante diverso, podendo abranger a remocao do
oxigénio presente no meio, 0 sequestro das ERO ou de seus precursores, bem
como a inibicdo da formacao das espécies reativas (Halliwell, 1994).

A L-carnitina (LC) é uma amina quaternaria e altamente polar que pode
ser sintetizada em seres humanos, ao contrario de outros organismos.
Entretanto, a maior parte da LC encontrada no homem € de origem exdgena,
devendo ser adquirida da dieta (Gulgin, 2006). Embora a sua principal funcao
Nno organismo seja garantir o transporte de acidos graxos de cadeia longa para
dentro da mitocondria para que possam ser oxidados, diversos estudos tém
demonstrado que a LC desempenha um papel de protecdo contra as ERO.
Esse papel é resultado principalmente do sequestro de radicais hidroxila e da
inibicdo da formagao destes radicais na reacdo de Fenton (Derin et al., 2004). O
selénio, por sua vez, € um elemento traco que deve ser adquirido na
alimentacao, principalmente a partir de alimentos com alto conteddo protéico.
Ele é considerado uma substancia antioxidante principalmente por estar
incorporado em enzimas que possuem atividade catalitica que impede a
formacdo de espécies reativas, sendo o exemplo mais comum a GSH-Px

(Steinbrenner e Sies, 2009).
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O organismo estd normalmente em equilibrio entre a producdo e a
degradacgédo de RL e ERO, que existem em baixas concentragcdes em todos o0s
tecidos (Droge, 2002). Entretanto, quando um desequilibrio ocorre entre a
capacidade antioxidante e as espécies reativas formadas, em favor das proé-
oxidantes, cria-se um estado denominado de estresse oxidativo (Halliwell e
Gutteridge, 2007). O estresse oxidativo pode resultar de uma situagdao em que
hd uma diminuicdo nos niveis das defesas antioxidantes, uma elevada
velocidade de producdo de espécies reativas ou uma combinacdo de ambos
(Salvador e Henriques, 2004).

Na vigéncia do estresse oxidativo, o organismo pode reagir de duas
formas: adaptando-se ou sofrendo dano celular. Em caso de estresse oxidativo
brando, as células suportam e respondem a essa situacdo com o aumento na
producdo de defesas antioxidantes, tentando com essa adaptacédo restabelecer
o equilibrio pré-oxidante/antioxidante. Entretanto, um estresse oxidativo muito
severo leva a danos irreversiveis podendo causar até mesmo a morte celular
(Halliwell e Gutteridge, 2007).

O desequilibrio  pro-oxidante/antioxidante pode causar danos
potencialmente a todos os tipos de moléculas, como os lipidios, as proteinas e
o DNA. Assim, as principais consequéncias secundarias ao estresse oxidativo
nos organismos biolégicos sdo a lipoperoxidacdo das membranas celulares,
podendo alterar sua fluidez e permeabilidade; a oxidagédo de proteinas, que leva
a alteracdo da atividade enzimatica e mesmo a desnaturacdo; e lesdo ao
DNA/RNA celular, podendo causar mutacdes, que, por sua vez, levam ao
aparecimento de doencas como cancer, doenca de Parkinson, entre outras

(Halliwell e Gutteridge, 2007).
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2.1 Estresse oxidativo em alteracdes do sistema ner  voso central

Esta bem descrito que o cérebro é um O6rgao extremamente suscetivel a
acdo dos RL e, portanto, ao estresse oxidativo. Isto é devido, entre outras
causas, ao seu baixo conteudo de defesas antioxidantes, ao alto conteldo
lipidico, ao alto consumo de oxigénio por unidade de massa de tecido e ao alto
conteudo de ferro em algumas areas particulares (Reznick e Packer, 1993;
Halliwell e Gutteridge, 2007). Desta forma, um crescente nimero de trabalhos
descrevem a participacdo do estresse oxidativo na fisiopatologia de varias
doencas neuroldgicas, incluindo a doenca de Parkinson, a doenca de
Alzheimer, e esclerose lateral amiotréfica e a esclerose mdltipla, por exemplo
(Reznick e Packer, 1993; Przedborski et al., 1996; Ben-Menachem, Killerman e
Markleind, 2000).

Cabe salientar que estas doencas podem ser tanto resultantes como
geradoras de um desequilibrio redox na produgdo e consumo de ERO ou de
espécies reativas de nitrogénio. Esta alteracdo redox pode ser detectada em
sangue total ou em um de seus constituintes, como eritrécitos, leucdcitos,
plasma ou soro. Estas amostras biologicas sdo fontes de marcadores in vivo de
estresse oxidativo, uma vez que através do sangue circulam antioxidantes,
substancias que sofreram a acdo de espécies reativas e mesmo produtos de
reacOes entre biomoléculas e os agentes oxidantes (Dalle-Donne et al., 2006;

Halliwell e Gutteridge, 2007).
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2.2 Estresse oxidativo nos erros inatos do metaboli smo

Nos ultimos anos, diversos estudos em modelos animais e em pacientes
vém demonstrando a participacdo do estresse oxidativo na fisiopatologia de
alguns EIM intermediéario, incluindo as acidemias organicas, as doencas
peroxissomais, os defeitos de oxidagdo mitocondrial de acidos graxos e as
aminoacidopatias (Barschak et al., 2006; Vargas et al., 2004; Ribas et al., 2010;
Wajner et al., 2004; Tonin et al., 2010, Schuck et al., 2009; Sgaravatti et al.,
2009). Acredita-se que o acumulo dos metabdlitos toxicos e/ou alteracbes no
status antioxidante nestas desordens possa levar a um desequilibrio redox,
contribuindo para o desenvolvimento dos sintomas, principalmente o0s
neuroldgicos, apesar de o mecanismo responsavel pelo estresse oxidativo nos
EIM ainda ndo estar completamente esclarecido.

Com relagdo a PKU, em modelos animais demonstrou-se o aumento de
marcadores de estresse oxidativo em cérebro e cerebelo de ratos
fenilcetonuricos, sendo que a melatonina e outros antioxidantes foram capazes
de reverter esse processo (Martinez-Cruz et al., 2002). Além disso, demonstrou-
se que a Phe induz lipoperoxidagéo e reduz o potencial antioxidante total, além
de reduzir a atividade da GSH-Px in vivo em ratos (Hagen et al., 2002). Um
estudo recente demonstrou que a Phe é capaz de induzir oxidag&o a lipidios e a
proteinas em hipocampo e cértex cerebral de ratos, sendo que esses efeitos
foram revertidos pela melatonina e pelo a-tocoferol (Fernandes et al., 2010).

Estudos também tém demonstrado que pacientes fenilcetonuricos
submetidos a dietas restritivas acabam por apresentar baixos niveis sanguineos
de defesas antioxidantes, entre elas o selénio e a ubiquinona-10 (Q10) (Van

Bakel et al., 2000; Lombeck, Jochum e Terwolbeck, 1996; Artuch et al., 2004;
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Hargreaves, 2007). Além disso, é frequente verificar-se nestes pacientes a
diminuicdo da atividade das enzimas antioxidantes, entre elas a GSH-PX,
dependente de selénio (Sierra et al., 1998: Reilly et al., 1990; Wilke et al.,
1992).

Finalmente, em estudos recentes realizados por nosso grupo de
pesquisa, foi demonstrado que pacientes fenilcetonuricos, seja no momento do
diagnostico, seja em vigéncia do tratamento dietético, apresentam indices
elevados de peroxidacgdo lipidica, diminuicdo da reatividade antioxidante total e
reducao na atividade da enzima GSH-Px (Sirtori et al., 2005; Sitta et al., 2006).

Este trabalho visa ampliar os conhecimentos no que se refere a
participacdo do estresse oxidativo na fisiopatologia da PKU, investigando para

tanto amostras de sangue de pacientes tratados.
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OBJETIVOS

Objetivo geral

Investigar a participacdo de alteragbes no equilibrio redox na

fisiopatologia da fenilcetonudria, avaliando dano oxidativo e alteracdes no

sistema antioxidante em sangue de pacientes portadores da doenca.

Objetivos especificos

Capitulo 1: Investigar em sangue total os efeitos in vivo e in vitro da fenilalanina

sobre o0 dano ao DNA, determinado pelo ensaio cometa.

Capitulo 2: Avaliar e comparar parametros de estresse oxidativo em sangue

obtido de dois grupos de pacientes fenilcetonuricos, um diagnosticado no

periodo neonatal e outro com diagnadstico tardio da doenca.

Capitulo 3: Investigar o papel da deficiéncia de L-carnitina sobre parametros de

estresse oxidativo em plasma de pacientes fenilcetonuricos.

Capitulo 4: Avaliar o efeito da suplementacdo com L-carnitina e selénio sobre

parametros de estresse oxidativo em sangue de pacientes fenilcetonuricos.
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RESULTADOS

Os resultados deste trabalho estdo apresentados na forma de artigos

cientificos.

Capitulo 1 — Artigo 1: Evidence that DNA damage is associated to
phenylalanine blood levels in leukocytes from phenylketonuric
patients

Periddico: Mutation Research

Status: Publicado
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Phenylketonuria (PKU)isaninbornerrorof phenylalanine (Phe) metabolism, biochemically characterized
by the accumulation of Phe and its metabolites in blood and tissues of affected patients. Treatment for
PKU consists of a protein restricted diet supplemented with a mixture containing essential amino acids
(other than Phe) and micronutrients, In recent years several authors have studied the pathomechanisms
of the disease and demonstrated the existence of lipid and protein oxidative damage in PKU patients.
In this work we investigated the in vivo and in vitro effects of Phe on DNA damage determined by the
alkaline comet assay using silver staining and visual scoring. We found a dose-dependent effect of Phe
on DNA damage in leukocytes from normal individuals incubated with different concentrations of Phe.
Additionally, by analyzing blood leukocytes from two groups of treated PKU patients based on their
blood Phe levels, we verified that the DNA damage index was significantly higher in PKU patients with
high Phe blood levels (D1= 68.2 + 12.3), compared to well-treated patients and the control group (healthy
individuals). Furthermore, well-treated PKU patients had greater DNA damage (DI=44.9 + 7.6) relatively
to controls (DI=12.7 & 4.1). Our present in vitro and in vivo findings indicate that DNA damage occurs in
peripheral blood from PKU patients and is associated to Phe blood levels.
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1. Introduction

Phenylketonuria (PKU) is an autosomal recessive disorder of
amino acid metabolism, which results from primary dysfunction
of phenylalanine hydroxylase, the hepatic enzyme responsible
for catalyzing the conversion of phenylalanine (Phe) to tyrosine.
Untreated PKU patients present elevated levels of Phe and its
metabolites phenylpyruvate, phenylacetate and phenyllactate in
body fluids. Retarded development and intellectual impairment are
the most important clinical features presented by untreated PKU
patients [1].

Treatment for patients with PKU consists of restriction of
Phe intake, achieved with natural-protein-restricted diets sup-
plemented with a Phe-free amino acid mixture enriched with
essential micronutrients, such as vitamins, minerals, and trace
elements [2]. Untreated PKU patients can develop severe neuro-

* Corresponding author at: Servico de Genética Médica, HCPA, Rua Ramiro Barce-
los, 2350, CEP 90035-903, Porto Alegre, RS, Brazil. Tel.: +55 51 33598011;
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logical symptoms, but despite numerous studies the pathogenetic
mechanisms involved in brain injury remain to be fully elucidated
[3].

In this context, it was demonstrated that high Phe levels
interfere with the production of the neurotransmitters dopamine
and noradrenaline, decreases the availability of tryptophan and
tyrosine, and causes serotonin and catecholamine depletion thus
influencing brain function [4,5]. Additionally, high Phe concentra-
tions were found to influence several mechanisms such as neural
excitability, axonal conduction and synaptic transmission velocity
[1,6,7].

In recent years, several works have revealed a role for oxidative
stress in the pathophysiology of PKU, so that free radicals elicited
by Phe could attack vital molecules, such as DNA, protein and lipids
causing cell damage and malfunction [8-10]. More recently, we
demonstrated lipid and protein oxidationin blood from treated and
non-treated PKU patients [11-13].

In the present work, we extended these investigations analyz-
ing DNA damage in leukocytes from treated PKU patients using the
comet assay. We also evaluated the in vitro effect of different con-
centrations of Phe on DNA oxidative damage in white blood cells
from normal individuals.
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2. Materials and methods
2.1. Blood sample

Venous blood was collected from PKU patients and contrels under sterile con-
ditions in heparinized vials. Whole blood was frozen at —80=C until analysis. The
present study was approved by the Ethical Committee of Hospital de Clinicas de
Porto Alegre, RS, Brazil. All parents of the patients included in the present study
gave informed consent.

2.2, Invitro studies

Venous blood sample was collected from 3 healthy velunteers. Leukocytes from
each control subject were pre-treated with various concentrations of phenylalanine
(100, 250, 500, 1000, and 2500 pmol/L) for 6h at 37 °C. These phenylalanine con-
centrations are similar to those found in blood from PKU patients that can vary from
100 pmol/L in well-treated patients to more than 2500 pwmol/L at diagnosis.

2.3. In vivo studies

A total of 18 treated PKU patients admitted at the Medical Genetic Service
of Hospital de Clinicas de Porto Alegre, aged between 3 and 25 years were stud-
ied. The patients were diagnosed by selective screening for PKU (age at diagnosis
25.44+23.1 menths). Treatment consisted of natural-protein-restricted diet supple-
mented with a Phe-free amino acid mixture enriched with vitamins and minerals,
without L-carnitine and selenium (length of treatment 11.7 £4.7 years). Patients
were divided into two groups according to their annual average Phe blood levels.
The first group consisted of 8 patients, who had good compliance with the special
diet (mean Phe 396.4 + 151.6 wmol/L). The second group included 10 PKU patients,
who did not strictly adhere to the diet resulting in high Phe blood levels (mean Phe
848.8 +150.8 pmol/L). Regarding to the optimal levels of blood Phe for PKU patients,
the most commonly reported blood Phe recommendations are 120-360 pmol/L,
although acceptable concentrations are considered below 600 pmol/L (normal
range 60-240 pumol/L). Age-matched healthy individuals (n=17) were used as the
control group (mean Phe 108.7 £38.1 pmol/L).

24. Determination of phenylalanine levels

Plasma Phe levels were measured spectrofluorometrically based on the method
of McCaman and Robins [14]. Phe reacts with ninhydrin in the presence of copper
ions to form a highly fluorescent complex, which is proportional to Phe plasma
concentration. The results were represented in wmol/L.

2.5. Single cell gel electrophoresis (comet assay)

The alkaline comet assay was performed as described by Singh et al. [15], in
accordance with general guidelines for use of the comet assay [16,17]. Isolated
human leukocytes were suspended in agarose and spread into a glass microscope
slide pre-coated with agarose. Agarose was allowed to set at 4°C for 5 min. Slides
were incubated in ice-cold lysis solution to remove cell proteins, leaving DNA as
“nucleoids”. After the lysis procedure, slides were placed on a horizontal elec-

trophoresis unit, 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 20min (25V; 300 mA; 0.9V/cm). Slides
were then neutralized, washed in bi-distilled water and stained using a silver stain-
ing protocal [18]. After drying at room temperature overnight, gels were analyzed
using an optical microscope. One hundred cells (50 cells from each of the two repli-
cate slides) were selected, and analyzed. Cells were visually scored according to tail
length and receive scores fram 0 (no migration) to 4 (maximal migration) accord-
ing to tail intensity. Therefore, the damage index (DI) for cells ranged from 0 (all
cells with no migration) to 400 (all cells with maximal migration). The slides were
analyzed under blind conditions at least by twa different individuals.

2.6. Statistical analysis

Data were analyzed using nonparametric Kruskal-wWallis test followed by
Mann-Whitney U-test. A p value lower than 0.05 was considered significant. The
values were presented as median £ S.E. All analyses were performed using the Sta-
tistical Package for the Social Sciences (SPSS) software in a PC-compatible computer.

3. Results

Tables 1 and 2 show individual DI values and the number of
cells found in each damage class for the treated PKU patients and
controls, respectively. Fig. 1 shows the in vitro effect of Phe on
DNA damage in white blood cells. We verified a concentration-
dependent effect of Phe and DI until the Phe concentration of
1000 pmol/L (p<0.01). No significantly difference was found on
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Fig. 1. In vitro effect of phenylalanine on DNA damage (comet assay) in leuko-
cytes from whole blood. Data represent median £ S.E. of 3 independent experiments
(individuals). (a) p<0.01 compared to the Phe 100umol/L group; (b) p<0.01 com-
pared to the 250 wmol/L group; (c) p< 0.01 compared to the Phe 500 pmol/L group
(Kruskal-wallis test followed by Mann-Whitney U-test).

Table 1
Age, Phe levels and individual DI values and number of cells found in each damage class in the PKU group.
PKU patient Average Phe levels (pmol/L) Age (years) DI Damage class
0 1 2 3 e

1 574.0 10 41 67 26 (5] 1 (i}
2 441.1 10 50 he 34 5 2 0
3 4109 12 48 61 30 9 0 0
4 1003.0 15 68 G5 10 18 6 1
5 507.6 15 56 57 33 7 3 [0}
6 7123 18 59 50 36 9 5 0
7 664.5 7 92 43 32 17 7 1
8 942.6 11 65 57 27 10 6 0
9 1087.6 9 48 70 17 8 5 0
10 638.8 15 62 67 12 14 6 il
11 199.4 9 51 68 20 5] 5 1
12 864.0 25 57 B5 19 11 4 1
13 277.9 13 42 74 16 5 4 1
14 555.9 10 38 75 15 7 3 0
15 749.2 24 65 62 20 11 5 2
16 779.2 25 80 43 40 11 6 0
17 997.0 18 76 48 35 11 5 1
18 2054 3 33 79 13 5 2 1
Z 1110 435 170 75 10

DI: damage index.
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Table 2
Age and individual DI values and number of cells found in each damage class in the control group.

Control subject Age (years) DI Damage class

0 1 2 3 4
1 15 12 920 7 3 o 0
2 20 o 53 5 2 o 0
3 21 i 92 o 3 o 0
4 11 8 23 6 1 0 0
5 14 7 a3 7 0 0 0
6 8 18 87 8 5 o 0
7 16 1:7 88 7 5 ] 0
8 12 18 84 14 2 a 0
9 12 10 90 10 0 0 0
10 18 13 89 9 2 ] 0
11 11 17 83 17 0 o 0
12 8 8 03 6 1 o 0
13 73 17 83 17 1] o 0
14 6 18 91 5 4 0 0
15 7 18 88 6 6 0 0
16 4 7 93 7 i} a [i]
17 o 12 89 10 1 a 0
D 1519 146 35 0 0

DI: damage index.

o
2
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504
40+
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DNA damage (arbitrary units)

o

Controls Phe < 600 pmol/L Phe = 600 umolfL

PKU patients

Fig.2. DNAdamage (comet assay) of peripheral blood leukocytes from two groups of
PKU patients, one with Phe <600 pmol/L(n=8) and the other with Phe >500 wmel/L
(n=10) and controls (n=17). Data represent median £ 5.E. (a) p<0.0001 compared
tothe control; (b) p<0.001 compared to the Phe <600 pmol/L group (Kruskal-wallis
test followed by Mann-Whitney U-test).

DNA damage between 1000 and 2500 pmol/L, both considered
extremely high Phe levels for PKU patients.

Fig. 2 shows that greater DNA migration was found in the well-
controlled group of PKU patients (DI=44.9 +7.6) when compared
to the control group (DI=12.7 +4.1). Additionally, patients who
did not adhere to the recommended diet and have high Phe levels
presented significantly increased damage index (DI=68.2+12.3)
when compared to the well-treated patients and controls.

4. Discussion

Oxidative stress has been demonstrated in PKU patients and in
experimental PKU animal models [8-10,19]. In this context, our lab-
oratory has shown that lipid and protein oxidative damage occurs
in PKU patients [11-13]. Considering that oxidative stress can pro-
voke DNA damage [20], our goal in this work was to evaluate DNA
damage in PKU patients, which are exposed for long periods to high
levels of Phe and its metabolites.

It should be emphasized that DNA is a particularly impor-
tant target for oxidation generating several classes of products
(single- and double-strand breaks), inter/intra-strand cross-links,
DNA-proteins cross-links, and sugar fragmentation products. These

products may elicit mutations, microsatellite instability, loss of het-
erozygosity, chromosomal aberrations, cytotoxicity, and neoplasic
growth [21].

We determined DNA damage in peripheral leukocytes by using
the alkaline comet assay that measures DNA strand breaks in single
cells. In the alkaline (pH> 13) version of the comet assay (single
cell gel electrophoresis) developed by Singh et al. [15], increased
DNA migration can be associated with incomplete excision repair
sites [16], which are generated as an intermediate step during the
action of different DNA-repair systems [22]. This assay possesses a
number of advantages as compared to other tests, being extremely
sensitive for detecting low levels of DNA damage, besides its low
cost and short time necessary to perform the assay [23].

We verified significantly greater levels of DNA migration, and
thus DNA damage, even in leukocytes from well-treated phenylke-
tonuric patients (Phe <600 pumol/L) when compared to the control
group. Additionally, the damage index was even greater in patients
who did not comply adequately with the diet (Phe >600 pumol/L),
when compared to the well-controlled PKU group. When com-
paring the distribution of damage class in the PKU groups, it is
possible to observe that the differences were primarily caused by
an increased number of cells in damage class 1 and 2, reflecting a
homogeneously distributed increase in the number of slightly dam-
age cells rather than a low number of highly damage cells, On the
other hand, a significant number of cells presented damage class 3
and 4 in PKU patients, which did not occur in the control group.

These results are inagreement with our in vitro findings showing
that the DNA damage index increased in parallel with the amount
of Phe added to the medium and that Phe effect was maximal at
1000 pmol/L. It should be stressed that concentrations of Phe of
250 and 500 pumol/L already provoked a significant increase of DNA
damage.

Taken these data together, we presume that DNA damage in
PKU is probably related to blood Phe levels. Furthermore, consid-
ering that lipid and protein oxidative damage has been previously
shown in PKU patients, it may be hypothesized that the present
results of DNA damage may have occurred due to an excessive
production of free radicals generating oxidative damage in cells
[20]. Free radicals may lead to DNA damage by direct attack on the
purine/pyrimidine bases and/or on the deoxyribose sugar, result-
ing in strand breaks and formation of DNA adducts and oxidized
bases [24]. It is important to emphasize that we cannot rule out
an oxidative DNA damage due to Phe metabolites (phenylpyru-
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vate, phenyllactate and phenylacetate) that also accumulate in PKU
patients.

In conclusion, the present work provides experimental evidence
that DNA damage occurs in PKU patients, possibly secondarily to
high tissue Phe levels. A previous study reported augmented lev-
els of 8-hydroxy-2-deoxyguanosine, a product of DNA oxidative
damage, in urine from PKU patients, which reinforces our present
findings [25]. Our present results should be however interpreted
with caution. In case DNA damage is also encountered in brain
from animal models of hyperphenylalaninemia, DNA alterations
may represent a further means to explain neurological dysfunc-
tion in this inherited metabolic disorder. In this context, it should
be emphasized that the brain has low DNA-repair capacity and
high vulnerability to oxidative damage [26,27], making this tissue
extremely vulnerable to oxidative DNA damage.
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ARTICLE INFO ABSTRACT

Article history: Phenylketonuria is the most frequent disturbance of amino acid metabolism. Treatment for
RECEINEd " Se.ptember 2008 phenylketonuric patients consists of phenylalanine intake restriction. However, there are patients
Received in revised form 18 December 2008 who do not adhere to treatment and/or are not submitted t neonatal screening. These individuals are

Accepted 13 |antiang 2000 more prone todevelop brain damage due to long-lasting toxic effects of high levels of phenylalanine and/

or its metabolites, Oxidative stress occurs in late-diagnosed phenylketonuric patients, probably
Keywords: ) contributing to the neurological damage in this disorder. In this work, we aimed to compare the
Fhenylketomiria influence of time exposition to high phenylalanine levels on oxidative stress parameters in
gr;s:;":r;:;s:m phenylketonuric patients who did not adhere o protein restricted diet. We evaluated a large spectrum

of oxidative stress parameters in plasma and erythrocytes from phenylketonuric patients with early and
late diagnosis and of age-matched healthy controls. Erythrocyte glutathione peroxidase activity and
glutathione levels, as well as plasma total antioxidant reactivity were significantly reduced in both
groups of patients when compared to the control group. Furthermore, protein oxidative damage,
measured by carbonyl formation and sulfhydryl oxidation, and lipid peroxidation, determined by
malondialdehyde levels, were significantly increased only in patients exposed for a long time to high
phenylalanine concentrations, compared to early diagnosed patients and controls. In conclusion,
exposition to high phenylalanine concentrations for a short or long time results in a reduction of non-
enzymatic and enzymatic antioxidant defenses, whereas protein and lipid oxidative damage only occurs
in patients with late diagnosis.

@ 2009 ISDN. Published by Elsevier Ltd. All rights reserved.

The only treatment currently available for PKU mainly involves a
lifelong Phe-restricted diet. The diet consists of restriction of
protein-rich foods, such as meat, fish, eggs and milk products, and a
supplementation with an amino acid formula that contains
micronutrients and the essential amino acids, except Phe (Start,
1998). The appropriate treatment to avoid mental retardation
depends on early detection, which can only be done by newborn
screening. Worldwide neonatal screening programs have expanded
over the years, aiming to detect metabolic orendocrine diseasesthat
are severe, frequent and treatable, and all programs include PKU
(Dhondt, 2007). However, there is still aconsiderable number o f PKU
patients, especially in developing countries who are not diagnosed

Phenylketonuria (PKU) is an autosomal recessive disorder
involving mutations in the phenylalanine hydroxylase gene
leading to a blockage in the conversion of phenylalanine (Phe)
to tyrosine (Tyr) (Scriver and Kaufiman, 2001). As a result, Phe
accumulates in the blood and other tissues of the affected patients.
Although severe brain damage is the hallmark on PKU untreated
patients the precise mechanisms of brain damage in this disorder
are still unclear (Van Spronsen et al., 2001 ). However, Phe seems to
be the major neurotoxin in PKU (Scriver and Kaufman, 2001).
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Barcelos, 2350 CEP 90.035-903, Porto Alegre, RS, Brazil. Tel: +55 51 21018011; in the newborn period and start treatment late (Trefz et al., 2000).
fax: +55 51 21018010, Furthermore, there are PKU patients that do not adhere strictly to
E-muail address; crvargas@hcpa.ufrgs.br (CR. Vargas), treatment.

Abbreviations: ANOVA, analysis of variance; GSH-Px, glutathione peroxidase; GSH, Oxi . . . - : . - S
. . : X xidative stress is commonly observed in some inborn errors
reduced glutathione; Phe, phenylalanine; PKU, phenylketonuria; ROS, reactive 4

cxXygen species; Se, selenium; TAR, total antioxidant reactivity; TBARS, thiobarbi of intermediary metabolism, participating of their pathophy-
turic acid-reactive species; Tyr, tyrosine. siology (Colome et al., 2000; Wajner et al., 2004). Although the
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mechanisms ofincreased oxidative stress in these diseases are not
completely understood, it may be due to the accumulation of toxic
metabolites that lead to excessive production of free radicals.
Furthermore, restricted diets may alsoalter the antioxidant status
(Artuch et al., 2004; Van Bakel et al., 2000).

In a recent study, we verified that oxidative stress is induced in
treated phenylketonuric patients with late diagnosis (Sitta et al,,
2006). In this work, we extended this investigation by analyzing
two groups of PKU patients who did not adhere to the diet, one
diagnosed late and other diagnosed in the neonatal period, in order
to evaluate whether time exposition to high Phe levels could affect
oxidative stress parameters in PKU.

1. Materials and methods
1.1. Patients and controls

Twenty patients with classical PKU under poor treatment control were studied.
They were classified into two groups, according to their ages at diagnosis. Group A
consisted of 10 patients diagnosed at the neonatal period {age at diagnosis 17 +6
days) and group B consisted of 10 patients diagnosed late (age at diagnosis 9.8 £ 7.4
months). Patients from the two groups had comparable age (group A: 8.9 + 2.1 years;
group B: 924 1.7 years). The average blood Phe levels calculated from the various
measurements obtained at every 2 months from the two groups of patients were also
comparable(group A: 551 + 245 pmol/(L; group B: 518 + 253). The patients’ blood Phe
levels at the moment of the tests were 874 £ 844 pmeol/l for group A and
835 £ 78.9 pmol/L for group B. Age-matched healthy children (n=10) were used as
the control group.

The dietary treatment consisted of a restricted protein diet supplemented with
an essential amino acid mixture, The diet contained 220-450 mgf(kg day) Phe and
2.55-4.00 g/ kg day) Tyr according to patients' age. There is no consensus
concerning optimal levels of blood Phe for PKU patients, However, the most
commonly reported blood Phe recommendations are 120-360 wmol(L. Therefore,
our sample consisted of patients who did not strictly adhere to the dietary
recommendation, presenting high blood Phe levels,

The study was approved by the Ethics Committee of the Hospital de Clinicas de
Porto Alegre,

12, Erythrocyte and plasma preparation

Erythrocytes and plasma were prepared from whole blood samples obtained
until 10:00 am. from fasting individuals {controls and PKU patients) by venous
puncture with heparinized vials. Whole blood was centrifuged at 1000 = g, plasma
was removed by aspiration and frozen at —80 °C until biochemical determinations.
Erythrocytes were washed three times with cold saline solution (0.153 moljL
sodium chloride). Lysates were prepared by the addition of 1 mL of distilled water
to 100 pL of washed erythrocytes and frozen at —80 °C until analysis.

13. Oxidative stress parameters

1.3.1. Thiobarbituric acid-reactive species {TBARS)

Thiobarbituric acid-reactive species (TBARS) were determined according to the
method described by Esterbauer and Cheeseman (1990). Briefly, 300 pL of 10%
trichloroacetic acid was added to 150 plL of plasma and centrifuged at 1000 = g for
10 min at 4 °C. Three hundred microlitre of the supernatant was transferred to a test
tube and incubated with 300 L 0.67% thiobarbituric acid (7.1% sodium sulfate) at
100°C for 1h. The resulting pink stained TBARS was determined at 535nm
wavelength in aspectrophotometer, Calibration curve was performed using 1,1,3,3
tetramethoxypropane subjected to the same treatment as that for the supematants,
TBARS were calculated as nmol TBARS/mg protein.

13.2. Total antioxidant reactivity ( TAR)

Total antioxidant reactivity (TAR) was determined by measuring the luminol
chemiluminescence intensity induced by 2,2-azo-bis<{ 2-amidinopropane) (ABAF)
according to the method of Lissiet al. {1995), The background chemiluminescence
was measured by adding 4 mLof2 mM ABAP (0.1 moljL glycine buffer, pH 86) into
a glass scintillation vial. Fifteen microlitre of luminol (4 mmol /L) was added to each
vial and the chemiluminescence was measured. This was considered to be the basal
value, Ten microlitre of 10pwmol/L Trolox or plasma were added and the
chemiluminescence was measured during 60s. The addition of Trolox or
supernatant reduces the chemiluminescence. The rapid reduction in luminol
intensity is considered the measure of the TAR capacity. TAR measurement was
calculated as nmol Trolox/mg protein.

13.3. Glutathione peroxidase { GSH-Px)
GSH-Px was measured using the RANSEL kit {(Randox Laboratories, UK). The
method is based on Paglia and Valentine (1967). Glutathione peroxidase catalyses

the oxidation of glutathione by cumene hydroperoxide, In the presence of
glutathione reductase and NADPH, oxidized glutathione is immediately converted
toits reduced form with a concomitant oxidation of NADPH to MADP'. The decrease
in absorbance at 340 nm is measured. One GSH-Px unit is defined as 1 pmol of
MADPH consumed per minute and the specific activity is represented as units per
mg protein.

1.34. Determination of protein carbonyl content

Protein carbonyl formation was measured spectrophotometrically according to
Reznick and Packer (1994). One hundred microlitre of plasma was treated with
1 mL of 10 mM 2 4-dinitrophenylhidrazine { DNPH) dissolved in 2.5N HCl or with
2.5N HCl (blank) and left in the dark for 90 min. Samples were then precipitated
with 500 L 20% TCA and centrifuged for 5 min at 10,000 = g. The pellet was then
washed with 1 mL ethanol:ethyl acetate (1:1, v{v) and dissolved in 200 pL 6 M
guanidine prepared in 2.5N HCl at 37 °C for 5 min. The difference between the
DMNPH-treated and HCl-treated samples (blank) was used to calculate the carbonyl
content determined at 370 nm. The results were calculated as nmol of carbonyl
groups/mg of protein.

135, Reduced glutathione [GSH) levels

GSH concentrations were measured according to Browne and Armstrong
(1998). One hundred microlitre of erythrocyte was incubated with an equal
volume of o-phthaldialdehyde {1 mg/mL methanol) at room temperature for
15 min, Fluorescence was measured using excitation and emission wavelengths
of 350 nm and 420 nm, respectively. Calibration curve was prepared with
standard GSH (1-100 uM) and the concentrations were calculated as nmolfmg
protein,

136. Sulfhydryl content

This assay is based on the reduction of 55 -dithio-bis (2-nitrobenzoic acid)
(DTNB) by thiols, generating a vyellow derivative [TNB) whose absorption is
measured spectrophotometrically at 412 nm (Aksenov and Markesbery, 2001).
Thirty microlitre of plasma was incubated with an equal volume of DTNB at room
temperature for 30min in a dark room. The sulfhydryl content is inversely
correlated to oxidative damage to proteins. Results were reported as nmol TNB/mg
protein.

13.7. Protein determination

Erythrocyte protein concentrations were determined by the method of Lowry
et al. {1951), using bovine serum albumin as standard. Plasmatic protein
concentrations were determined by the Biuret method using a diagnostic kit
( Labtest Diagnostica, MG, Brazil ).

1.4. Statistical analysis

Data were expressed as mean + standard deviation. Comparisons between means
were carried out by one-way ANOVA followed by the Duncan multiple range test when
the Fvalue was significant. A P value lower than 005 was considered significant. All
analyses were performed wsing the Statistical Package for Social Sciences (SPSS)
software in a PC-compatible computer.

2. Results

Fig. 1 shows the enzymatic {GSH-Px activity) and non-
enzymatic {GSH and TAR) antioxidant defenses in poor adherent
PKU patients, with early (group A) and late (group B) diagnosis. It
can be seen thaterythrocyte GSH-Px activity (A)[F 2, 27) = 3.369,
P <0.05] and GSH levels (B) [F(2, 27)=8.465, P< 0.01] were
significantly reduced in both groups of patients, compared to the
controls. Furthermore, plasma TAR measurement (C) [F2,
27)=40.516, P < 0.01] was similarly reduced in both groups of
patients relatively to the controls.

Next, we evaluated lipid ( TBARS) and protein (sulfhydryl content
and carbonyl formation) oxidative damage in PKU patients
diagnosed early and late (Fig. 2). TBARS, that reflects the amount
of malondialdehyde formation, an end product of membrane fatty
acid peroxidation was significantly increased only in the group of
patients with late diagnosis (group B)[F(2, 27) = 46.684, < 0.01],in
comparison to patients with neonatal diagnosis (group A) and
controls (A). In addition, plasma protein sulfhydryl groups was
significantly reduced (B) [F(2, 27)=45.707, P < 0.01], while plasma
carbonyl formation (C) was significantly increased [F2,27) =9.163,
P < 0.01] only in patients with late diagnosis.
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Fig. 1. Antioxidant measurements in two groups of poor adherent PKU patients and
controls{n =10}, Group A represents patients early diagnosed { 17 + & days); group B
represents patients with late diagnosis (9.8 + 7.4 months}, (A) Erythrocyte glutat hione
peroxidase activity {GSH-Px ) (B} Erythrocyte glutathione levels { G5H 1 (C) Plasma total
antioxidant reactivity {TAR)L Data represent mean £ S0, *F =005 and **P < 0.01,
different from controls (Duncan multiple range test).

3. Discussion

PKU treatment consists of a low-phenylalanine diet that must
be initiated in the neonatal period in order to prevent brain
damage and the appearance of neurological symptoms in the
affected patients {Scriver and Kaufman, 2001). However, some
patients are missed in the newborn period and start treatument late,
whereas other do not adhere to the diet,

Recently, it has been demonstrated that oxidative stress may
contribute, at least in part, to the severe neurological dysfunction
found in PKU (Sierra et al., 1998; Van Bakel et al., 2000; Colome
et al, 2003; Artuch et al,, 2004; Schulpis et al., 2005; Sirtori et al.,
2005; Sitta et al, 2006). Our goal in the present study was to
compare oxidative stress parameters in PKU patients who did not
adhere to the recommended diet and were diagnosed in the
neonatal period with those with late diagnosis. Both groups of
patients were biochemically characterized by high Phe levels,
implying that they did not follow the dietary therapy.

We found that the antioxidant status, measured by GSH levels
and GSH-Px activity in erythrocytes and TAR in plasma, was
significantly and similarly reduced in both groups of PKU patients.
The reduction of blood antioxidant defenses could be tentatively
attributed to dietary treatment, since the long-term administra-
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Fig. 2. Lipid and protein oxidative damage parameters in plasma from two groups of
pooradherent PEU patients and controls (n = 10), Group A represents patients early
diagnosed {17 + 6 days) and group B indicates patients with late diagnosis (9.8 + 7.4
months), (A} Thicbarbituric acid-reactive species { TBARS ), (B) Sulfhydryl content. (C)
Carbonyl content, Data represent mean + 5.0, **P = 0,01, different from controls and
from group A [Duncan multiple range test ).

tion of a protein restricted diet may result in deficiency of
micronutrient, such as minerals, antioxidants and wvitamins,
which are necessary for tissue antioxidant defenses (Longhi
etal., 1987).Itis important to emphasize that patients included in
this study were supplemented with a synthetic amino acids
formula that did not contain w-carnitine and selenium. However,
this is only a presumption that should be tested by including
another group of untreated PKU patients receiving a normal
protein diet.

In this context, some authors have already repoited impaired of
the antioxidant status in PKU as a consequence of the restricted
diet. Thus, selenium {Se), an essential cofactor for GSH-Px activity,
was found to be deficient in PKU patients and Se supplementation
to these patients normalized GSH-Px activity (Wilke et al,, 1992).
Also, ubiguinone-10 (Q10) deficiency, another natural antioxidant,
has been associated with a low protein dietary intake in human
PKU (Artuch et al, 1999; Artuch et al, 2001). Furthermore, L-
carnitine, a scavenger of free radicals, was also decreased in PKU
patients submitted to a protein restricted diet (Schulpis et al,
1990; Sittaet al,, in press). Alternatively, the low antioxidant status
in both groups of PKU patients could be tentatively attributed to a
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high production of reactive species, depleting therefore the major
antioxidant defenses that potentially scavenge these species
(Wajner et al., 2004 ).

We also observed that protein (carbonyl formation and
sulfhydryl oxidation) and lipid (TBARS) oxidative damage were
significantly increased only in the group of PKU patients with late
diagnosis, as compared to early diagnosed patients and controls.
Taken together, it is conceivable that tissue exposition to high
levels of Phe and/or its metabolites for relatively short periods of
time is not sufficient per se to cause oxidative damage, although
the antioxidant defenses are already low. Otherwise, the data
indicate that long time exposure to high Phe andfor its
metabolites is capable to provoke tissue oxidative damage,
besides reducing the antioxidant defenses, probably due to the
excessive production of free radicals. In this context, it is possible
that the antioxidant defenses can overcome free radical genera-
tion up to a certain extend (short reactive species exposition in
early diagnosed) after which they may become insufficient and
are not capable anymore to normalize these highly reactive
radicals increased in blood (late diagnosed) leading to lipid
peroxidation and protein oxidative damage. It should be also
emphasized that patients with late diagnosis probably were
submitted for a long time (since birth) to high concentrations of
Phe before being diagnosed and start treatment, and this should
also be taken into consideration in order to explain the damage
observed in the measured parameters.

On the other hand, it is widely established that various reactive
oxygen species (ROS) react with membrane lipids resulting in
altered cell membrane fluidity and in the formation of end
products which attack proteins and DNA bases, causing therefore
mutagenic lesions (Halliwell and Gutteridge, 2001; Andersenetal,,
2006). On the other hand, proteins can also be modified by direct
attack of ROS, given rise to carbonyl group formation into side-
chains or reduction of sulfhydryl groups of susceptible amino acids
(Draper and Hadley, 1990; Ischiropoulos, 1998; Halliwell and
Gutteridge, 2001; Levine, 2001).

In case the present findings showing a pro-oxidant status
(decreased antioxidant defenses allied to increased oxidative
damage) in blood of late diagnosed and poorly controlled PKU
patients also occur in the brain, it may be presumed that
irreversible cell oxidative injury may contribute, at least in part,
to the neurclogical damage and symptoms presented by PKU
patients who poorly adhere to treatment. At this point it should
be emphasized that the central nervous system is highly
sensitive to oxidative stress due to its high oxygen consumption,
its high iron and lipid content, especially polyunsaturated fatty
acids, and the low activity of antioxidant defenses (Halliwell,
1996).

Although the mechanisms underlying the increased oxidative
damage in PKU are not completely understoaod, it may be well due
to the accumulation of toxic metabolites such as phenylalanine,
considered the major neurotoxic agent in this disorder, andfor its
metabolites (Hagen et al,, 2002; Ercal et al., 2002; Martinez-Cruz
et al., 2002) that directly or indirectly induce excessive production
of free radicals and/or deplete the tissue antioxidant capacity
(Wajner et al., 2004 ).

In conclusion, to the best of our knowledge this is the first report
demonstrating that long exposition to high Phe concentrations is
determinant of tissue oxidative damage and reinforces previous in
vitro and in vivo findings showing that oxidative stress probably is
a pathomechanism of tissue damage in PKU.
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Abstract Aims 1-Carnitine exerts an important role
by facilitating the mitochondrial transport of fatty
acids, but is also a scavenger of free radicals,
protecting cells from oxidative damage. Phenylketon-
uria (PKU), an inborn error of phenylalanine (Phe)
metabolism, is currently treated with a special diet
consisting of severe restriction of protein-enriched
foods, therefore potentially leading to L-carnitine
depletion. The aim of this study was to determine
L-carnitine levels and oxidative stress parameters in
blood of two groups of PKU patients, with good and
poor adherence to treatment. Methods Treatment of
patients consisted of a low protein diet supplemented
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with a synthetic amino acids formula not containing
Phe, rL-carnitine, and selenium. L-Carnitine concen-
trations and the oxidative stress parameters
thiobarbituric acid reactive species (TBARS) and
total antioxidant reactivity (TAR) were measured in
blood of the two groups of treated PKU patients and
controls. Results We verified a significant decrease of
serum L-carnitine levels in patients who strictly
adhered to the diet, as compared to controls and
patients who did not comply with the diet. Further-
more, TBARS measurement was significantly
increased and TAR was significantly reduced in both
groups of phenylketonuric patients relatively to con-
trols. We also found a significant negative correlation
between TBARS and r-carnitine levels and a signif-
icant positive correlation between TAR and
L-carnitine levels in well-treated PKU patients.
Conclusions QOur results suggest that rL-carnitine
should be measured in plasma of treated PKU
patients, and when a decrease of this endogenous
component is detected in plasma, supplementation
should be considered as an adjuvant therapy.

Keywords Phenylketonuria - Oxidative stress -
L-carnitine levels

Introduction

Phenylketonuria (PKU) is an autosomal recessive
disorder involving mutations in the phenylalanine
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(Phe) hydroxylase gene. As a result, Phe cannot be
converted to tyrosine and accumulates in the blood
and other tissues of affected patients. Untreated PKU
is associated with severe mental retardation, seizures,
severe behavioral difficulties, and other symptoms
(Scriver and Kaufman 2001). The currently available
treatment consists of a lifelong Phe-restricted diet
with low consumption of meat, fish, dairy products,
nuts, beans, and other protein-containing foods (Start
1998).

L-Carnitine (4-N-trimethylammonium-3-hydroxy-
butyric acid) is a naturally endogenous compound
that plays an important physiological role shuttling
long-chain fatty acids from the cytoplasm across the
inner mitochondrial membrane for f-oxidation and
ATP production in peripheral tissues (Bahl and
Bressler 1987). In addition, L-carnitine participates
in the control of the mitochondrial acyl-CoA/CoA
ratio, peroxisomal oxidation of fatty acids, and the
production of ketone bodies. Due to its intrinsic
interaction with the bioenergetic processes, it plays
an important role in diseases associated with meta-
bolic compromise and a deficiency of L-carnitine is
known to have major deleterious effects on the CNS
(Virmani and Binienda 2004).

In humans, r-carnitine is derived from dietary
sources (75%) and endogenous biosynthesis (25%),
which occurs in the liver, brain, and kidney (Bremer
1983). Primary and secondary L-carnitine deficiencies
have been described, the latter being caused by
genetically determined metabolic errors, acquired
diseases, and iatrogenic factors (Pons and De Vivo
1995). Since the main dietary sources of L-carnitine
are milk and red meat, secondary L-carnitine defi-
ciency has been described in phenylketonuric
patients, who are submitted to a protein-restricted
diet (Schulpis et al. 1990), and inadequate iron
availability has been suggested as its possible cause
(Bohles et al. 1991).

In the last years, many studies have demonstrated
antioxidant and antiradical activities for L-carnitine.
Thus, L-carnitine was shown to have an antiperoxida-
tive effect in several tissues by different mechanisms
(Ferrari et al. 1988; Bertelli et al. 1994; Koudelova
et al. 1994; Di Giacomo et al. 1993; [zgut-Uysal et al.
2001; Giilgin 2006). It was also found that L-carnitine
has a scavenger effect on reactive oxygen species
(ROS) and a stabilizing effect on damaged cell
membranes (Fritz and Arrigoni-Martelli 1993).
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In a recent study, we verified that oxidative stress
is induced in treated phenylketonuric patients and
that this process is not directly related to Phe blood
levels (Sitta et al. 2006). In order to investigate the
possible relation between vL-carnitine levels and
oxidative stress in treated phenylketonuric patients,
in this study we determined total r-carnitine levels
and oxidative stress parameters in plasma from two
groups of patients with PKU under dietary treatment,
one group that strictly adhered to the diet and the
other group that did not comply with the recom-
mended diet. We also correlated plasma rL-carnitine
concentrations with the oxidative stress parameters
examined.

Methods
Patients and Controls

Twenty patients with classical PKU under dietary
treatment were studied (treatment duration of
7.07 & 2.85 years). Treatment consisted of a low
protein diet supplemented with a synthetic amino
acids formula that did not contain Phe, L-carnitine,
and selenium. All patients were diagnosed after the
neonatal period with high Phe blood levels and were
classified into two groups according to their blood
Phe levels. Group A consisted of 10 patients (mean
age 8.28 + 2.87 years), who had good compliance
with the special diet (mean Phe blood levels
396.9 £ 46.8 pmol/l). Group B included 10 patients
(mean age 9.59 4+ 3.96 years), who did not strictly
adhere to the diet (mean Phe blood levels
1,096.7 £ 78.3 umol/l). Healthy children (N = 10)
of comparable age (mean age 941 £ 3.50 years) and
sex were used as control group (mean blood Phe
levels 135.5 + 21.4 pmol/1).

The study was approved by the Ethics Commitiee
of the Hospital de Clinicas de Porto Alegre.

Plasma Preparation

Plasma was separated from whole blood samples
obtained from fasting individuals (controls and PKU
patients) by venous puncture with heparinized vials.
Whole blood was centrifuged at 1.000¢, and plasma
was removed by aspiration and frozen at —80°C until
analysis.
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Determination of Phenylalanine Levels

Plasma Phe levels were measured spectrofluoromet-
rically based on the method of McCaman and Robins
(1962). Phe reacts with ninhydrin in the presence of
copper ions to form a highly fluorescent complex,
which is proportional to Phe plasma concentration.
The results were represented as pmol/l.

Determination of Total L-carnitine Levels

Total plasma v-carnitine levels were determined
based on the method of De Sousa etal. (1990).
Initially, 100 pl of potassium hydroxide 1 mol/l was
added to 50 pl of plasma and the mixture incubated at
37°C for 30 min. The solution to be assayed was
added to 50 pul of HEPES 0.5 mol/l, 20 pl of
N-ethylmaleimide 40 mmol/l, and 100 pl of [1-14C]
acetyl coenzyme A 10 pmol/l. Then, 30 ul of
L-carnitine acyltransferase (0.5 mg/ml) was added
and the mixture was passed down 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.
The results were expressed as umol/L.

Thiobarbituric Acid Reactive Species (TBARS)

Thiobarbituric acid reactive species (TBARS) values
were determined according to the method described
by Esterbauer and Cheeseman (1990). Briefly, 300 ul
of 10% trichloroacetic acid was added to 150 pl of
plasma and centrifuged at 1,000g for 10 min at 4°C.
Then, 300 pl of the supernatant were transferred to a
test tube and incubated with 300 pl 0.67% thiobar-
bituric acid (7.1% sodium sulfate) at 100°C for 1 h.
The mixture was allowed to cool in water for 5 min.
The resulting pink-stained TBARS was determined
at 535 nm wavelength in a spectrophotometer.
Calibration curve was performed using 1,1,3,3-tetra-
methoxypropane subjected to the same treatment as
that for the supernatants. TBARS measurement was
calculated as nmol TBARS/mg protein.

Total Antioxidant Reactivity (TAR)
Total antioxidant reactivity (TAR), which represents

the quality of the tissue antioxidants, was determined
by measuring the luminol chemiluminescence

intensity induced by 2,2’-azo-bis-(2-amidinopropane)
(ABAP) according to the method of Lissi et al.
(1995). The background chemiluminescence was
measured by adding 4 ml of 2 mM ABAP (0.1 mol/I
glycine buffer, pH 8.6) into a glass scintillation vial.
About 15 pl of luminol (4 mmol/l) was added to each
vial and the chemiluminescence was measured. This
was considered to be the basal value. Then, 10 pl of
10 umol/l Trolox or plasma was added, and the
chemiluminescence was measured for 60 sec. The
addition of Trolox or supernatant reduces the chemi-
luminescence. The rapid reduction in luminol
intensity is considered the measure of the TAR
capacity. TAR measurement was calculated as nmol
Trolox/mg protein.

Protein Determination

Plasma protein concentrations were determined by
the Biuret method using the commercial kit of
Labtest (Labtest Diagndstica, MG, Brazil).

Statistical Analysis

Data were expressed as mean + standard deviation.
Comparisons between means were analyzed by one-
way ANOVA followed by the Duncan multiple range
test when the F value was significant. Correlations
between variables were calculated using the Pearson
correlation coefficient. A P value lower than 0.05 was
considered significant. All analyses were performed
using the Statistical Package for the Social Sciences
(SPSS) software in a PC-compatible computer.

Results

Figure la shows Phe concentrations in plasma from
the PKU patients studied and controls. We initially
determined the total L-carnitine levels in plasma from
two groups of treated phenylketonuric patients, one
with a good response to dietary treatment (Group A)
and the other with high plasma Phe levels (Group B)
(Fig. 1b). We wverified a significant decrease of
plasma total r-carnitine levels in group A (mean
L-carnitine42.7 £ 3.2 pmol/l; mean Phe 396.9 £ 46.8
umol/l), when compared to controls (mean L-carnitine
56.6 = 6.8 nmol/l; mean Phe 135.5 £+ 21.4 pmol/1)
and to group B (mean L-carnitine 59.3 4+ 2.2 umol/l;
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Fig. 1 Phenylalanine concentrations (a) and total L-carnitine
levels (b) in plasma from treated PKU patients and controls.
Data are mean + SD. Group A represents patients who
adhered to the diet, whereas patients from group B did no
comply with the low Phe diet (n = 10). "P < 0.01, different
from control (Duncan muliple range test). Cormelation
(Pearson correlation coefficient) between vL-carnitine levels
and Phe concentrations (¢)

mean Phe 1,096.7 4 78.3 pmol/l) [F(2,27) = 38.174,
P < 0.01]. We also found a significant positive
correlation between serum L-carnitine and Phe levels
(Fig. Ic) [r = 0.921, P < 0.01].

Next, we measured the oxidative stress parameters
TBARS and TAR in the same two groups of
phenylketonuric patients and in controls. Figure 2a
shows the results of TBARS measurement, a lipid
peroxidation parameter,

which was similarly
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Fig. 2 Thiobarbituric acid reactive species (TBARS) mea-
surement (a) and total antoxidant reactivity (TAR) (b) in
plasma from treated PKU patients and controls. Data are
mean £ SD. Group A represents patients with blood Phe levels
of 396.9 £+ 46.8 umol/l. Group B represents patients with
blood Phe levels of 1,096.7 £ 783 umol/l. (n = 10).
“P < 0.01, different from control {(Duncan multiple range test)

increased in both groups of treated patients in respect
to the controls (group A: mean TBARS 0.185 £ 0.068
nmol/mg protein; group B: mean TBARS 0.175 &+
0.024 nmol/mg protein; controls: mean TBARS
0.056 £ 0.015 nmol/mg protein) [F(2,27) = 27.330,
P < 0.01]. As shown in Fig. 2b, TAR wvalues, a
measure of the tissue capacity to react with free
radicals, were significantly reduced in both groups of
PKU patients, when compared to the control group
(group A: mean TAR 1.985 4+ 0.941 nmol Trolox/
mg protein; group B: mean TAR 2.044 £ 0.573 nmol
Trolox/mg protein; controls: mean TAR 3.858 £+ 0.777
nmol Trolox/mg protein) [F(2,27) = 10.751, P < 0.01].

In order to investigate whether blood L-carnitine
levels were associated to oxidative stress in PKU
patients, we correlated TBARS and TAR with total -
carnitine levels in treated PKU patients. We verified a
significant negative correlation between TBARS
values and r-carnitine concentrations (r = —0.577,
P < 0.05) (Fig. 3a) and a significant positive corre-
lation between TAR measurement and total
L-carnitine levels (r = 0.606, P < 0.05) (Fig. 3b) in
the group of patients presenting low blood L-carnitine
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Fig. 3 Correlation between oxidative stress parameters and
total L-carnitine levels in plasma from well-treated phenylke-
tonuric patients (mean blood Phe 396.9 X+ 46.8 umol/l).
Correlation between TBARS and v-camitine levels (a).
Correlation between TAR and r-carnitine levels (b). Graphs
show the Pearson correlation coefficient and probabilities

levels (group A). In contrast, no comrelation was
found between oxidative stress parameters (TBARS
and TAR) and L-carnitine concentrations in the group
of patients with high blood Phe levels and normal
plasma L-carnitine levels (group B).

Discussion

PKU is a common inborn error of metabolism with an
approximate incidence of 1:10,000 newborns (Scriver
and Kaufman 2001). Fortunately, it is a disorder in
which developments in science and medicine have
resulted in many advances in the last decades.

Currently, the phenotype of the untreated disorder
(severe mental retardation and epilepsy) can be
almost completely replaced by normal cognitive and
physical development by the use of a low-Phe dietary
treatment (Hendriksz and Walter 2004). On the other
hand, many studies have searched for the mecha-
nisms underlying mental retardation from non-well-
treated PKU, but no single factor has been identified
as being responsible for the central nervous system
related-problems in these patients (Ercal et al. 2002).

The importance of ROS and free radicals has
attracted increasing attention over the past decade,
since these molecules are exacerbating factors in
cellular injury and aging processes (Halliwell and
Gutteridge 2001; Giilgin 2006). In this context,
oxidative stress has been observed in some inborn
errors of intermediary metabolism and attributed to
the accumulation of toxic metabolites eliciting
excessive free radical production (Colome et al.
2000). Recent studies have shown that oxidative
stress occurs in treated and non-treated PKU patients
and that this pathologic process is not directly related
to blood Phe levels, implying that other causes should
be searched for (Sierra et al. 1998; Sirtori et al. 2005;
Sitta et al. 2006).

A semi-synthetic formula low in Phe and protein
sometimes associated with a mixture of essential
amino acids (Matalon et al. 2006) is currently used to
treat PKU patients. This diet is mainly made up
essentially of vegetables and fruits (poor in Phe) and
provides the minimal amounts of animal products
appropriate for normal development growth, while
keeping plasma Phe levels within normal (Giovanini
et al. 2007). Since approximately 75% of L-carnitine
content in human body is derived from the diet
mainly from products of animal origin, PKU patients
under dietary treatment are potentially prone to
develop L-carnitine deficiency (Schulpis et al. 1990;
Vilaseca et al. 1993). Moreover, some studies have
demonstrated that special restricted diets may lead to
a decrease of the antioxidant status in some inborn
errors of metabolism (Artuch et al. 2004; van Backel
et al. 2000). In this context, it should be stressed that
various antioxidant properties have been described
for L-carnitine (Ferrari et al. 1988; Bertelli et al.
1994: Koudelova et al. 1994: Di Giacomo et al.
1993; [zgut-Uysal et al. 2001; Gulgin 2006). There-
fore, in this work we first measured various oxidative
stress parameters and L-carnitine in blood of treated
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phenylketonuric patients, and thereafter investigated
the relationship between serum L-carnitine deficiency
and the oxidative stress process observed.

We first observed that serum L-carnitine levels were
significantly reduced in well-treated PKU patients
with normal plasma Phe levels, but not in patients with
poor compliance to the diet (with high Phe levels),
reinforcing previous findings of other investigators
(Schulpis et al. 1990; Vilaseca et al. 1993). Also, a
positive correlation between serum Phe levels and
serum L-carnitine levels was observed. Thus, it may be
presumed that L-carnitine deficiency may be due to a
very restricted diet in animal products.

We also observed a similar increase of lipid
peroxidation (TBARS measurement) and a decrease
of antioxidant defenses (TAR measurement) in plasma
of both groups of PKU patients, i.e., those who strictly
adhered to the diet and those who did not comply with
the diet. We also evaluated the association between the
decreased L-carnitine levels and the increased oxida-
tive stress parameters found in plasma of treated PKU
patients, and verified a significant negative correlation
between TBARS measurement and total L-carnitine
levels and a significant positive correlation between
TAR and blood total rL-carnitine levels in well-
controlled patients, but not in those who did not
adhere to the diet.

Some works have shown antiperoxidative effects
of v-carnitine (blocks the accumulation of end
products of lipid peroxidation) (Fariello and Cala-
brese 1988; Bertelli et al. 1994; Lowitt et al. 1995)
and that r-carnitine prevents the formation of ROS,
and regulates nitric oxide, cellular respiration, and the
activity of enzymes involved in defense against
oxidative damage (Brown 1999; Kremser et al.
1995). Therefore, it might be presumed that the lipid
peroxidation process and the reduction of TAR
reflecting oxidative stress in  well-treated PKU
patients can be, at least in part, due to lower levels
of L-carnitine, at least in those who strictly adhered to
the recommended diet. On the other hand, since lipid
peroxidation and diminution of plasma antioxidant
defenses also occurred to a similar extent in PKU
patients not complying with the diet, other factors
than r-carnitine and Phe levels (perhaps other
metabolites accumulating in this disorder, such as
phenyllactate, phenylpyruvate, and phenylacetate)
may be acting to explain the oxidative stress dem-
onstrated in these patients.
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It is also important to emphasize that other
antioxidants, such as selenium and coenzyme Q10
(Reilly et al. 1990; Artuch et al. 2004) have been
found to be deficient in treated PKU patients. We did
not measure coenzyme Q10 in our patients, but they
had lower serum selenium levels (data not shown).
However, we did not observe a correlation between
serum selenium levels and the oxidative stress
parameters studied, except for erythrocyte glutathi-
one peroxidase activity, since selenium is necessary
for this enzyme activity. Therefore, although
decreased L-carnitine levels were observed in well-
treated PKU patients, we cannot at present establish
that this decrease is mainly responsible for the
oxidative stress found in these patients since other
antioxidants are also decreased due to the restricted
diet. This conclusion is also based on the fact that
oxidative stress parameters were altered in all
patients, whereas L-carnitine levels were reduced
only in well-controlled patients.

Thus, the increased oxidative damage in our
sample of PKU patients is complex and probably
multifactorial, implying that more investigation is
needed to unravel the distinct cooperative mecha-
nisms responsible for this process. On the other hand,
L-carnitine supplementation to these patients fol-
lowed by determination of L-carnitine and oxidative
stress parameters may respond to the question of
whether L-carnitine deficiency is a key feature in this
whole process.

Oxidative stress process can cause damage in
crucial cellular macromolecules (DNA, proteins and
lipids), while the low L-carnitine levels might cause.
in the long-term, energy metabolism impairment
(Halliwell and Gutteridge 2001; Stanley 2004).
Recent findings demonstrated that L-carnitine exerts
antioxidant and neuroprotective effects in quinolinic
acid-induced prooxidant and 3-nitropropionic-
induced deficient metabolic models (Silva-Adaya
et al. 2008). Its neuroprotective effects can be due
to its antioxidant properties or to the facilitation of
long-chain fatty acid transport into the mitochondria
to produce energy through f-oxidation. Since this
latter process is not used in the brain, which depends
nearly exclusively on glucose (glycolysis) for its
energetic needs, rather than on fatty acids, it may be
hypothesized that the antioxidant activities or
L-carnitine are more important to explain its neuro-
protection. Thus, considering the evidence provided
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in the present work that oxidative stress in well-
treated PKU patients is possibly associated to
decreased L-carnitine concentrations, it might be
appropriate to supplement the diet of these patients
with L-carnitine.
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Abstract It is well established that the involvement of
reactive species in the pathophysiology of several neuro-
logical diseases, including phenylketonuria (PKU), a meta-
bolic genetic disorder biochemically characterized by
clevated levels of phenylalanine (Phe). In previous studies,
we verified that PKU patients (treated with a protein-
restricted diet supplemented with a special formula not
containing L-camitine and selenium) presented high lipid
and protein oxidative damage as well as a reduction of
antioxidants when compared to the healthy individuals. Our
goal in the present study was to evaluate the effect of Phe-
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restricted diet supplemented with L-carnitine and selenium,
two well-known antioxidant compounds, on oxidative
damage in PKU patients. We investigated various oxidative
stress parameters in blood of 18 treated PKU patients before
and after 6 months of supplementation with a special for-
mula containing L-carnitine and selenium. It was verified
that treatment with L-camitine and selenium was capable of
reverting the lipid peroxidation, measured by thiobarbituric
acid-reactive species, and the protein oxidative damage,
measured by sulthydryl oxidation, to the levels of controls.
Additionally, the reduced activity of glutathione peroxidase
was normalized by the antioxidant supplementation. It was
also verified a significant inverse correlation between lipid
peroxidation and L-carnitine blood levels as well as a sig-
nificant positive correlation between glutathione peroxidase
activity and blood selenium concentration. In conclusion,
our results suggest that supplementation of L-camitine and
selenium is important for PKU patients since it could help to
correct the oxidative stress process which possibly contrib-
utes, at least in part, to the neurological symptoms found in
phenylketonuric patients.

Keywords Phenylketonuria - Oxidative stress -
L-Carnitine - Selenium

Introduction

The participation of reactive oxygen species (ROS) on the
pathophysiology of a crescent number of pathologies,
including cancer, neurodegenerative disorders, and inher-
ited metabolic diseases is well established (Halliwell and
Gutteridge 2007).

ROS are continuously produced during normal physio-
logic events and are capable of easily initiating deleterious
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cascades inducing peroxidation of membrane lipids. In order
to handle ROS production, organisms possess an efficient
antioxidant system which includes non-enzymatic antioxi-
dant defenses and antioxidant enzymes such as superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxi-
dase (GSH-Px). However, when the balance between the
generation of ROS and the inactivation of ROS by the
antioxidant system is lost, oxidative stress occurs, leading to
oxidative damage to cellular membrane or intracellular
molecules, and causing pathological conditions (Halliwell
and Gutteridge 2007; Chaudiére 1994; German 1999).

Phenylketonuria (PKU) is an inborn error of phenylal-
anine (Phe) metabolism, caused by deficiency of the
enzyme phenylalanine hydroxylase activity, which con-
verts Phe to tyrosine (Tyr). Although Phe is thought to be
neurotoxic in PKU, no single mechanism has been identi-
fied as being responsible for the central nervous system-
related problems, and the pathophysiology of the disecase
still remains unclear (Scriver and Kaufman 2001; Van
Spronsen et al. 2001).

In this context, there is strong evidence that oxidative
stress contributes for the neurological damage in PKU,
especially in untreated patients or in patients who do not
comply with the low-Phe diet. It is presumed that Phe and/or
its metabolites induce excessive production of free radicals
and/or deplete the tissue antioxidant capacity (Colome et al.
2003; Schulpis et al. 2005; Sierra et al. 1998, 2006, 2009a;
Sirtori et al. 2005). In addition, protein-restricted diet for
PKU patients may lead to a decrease of the antioxidants
intake, contributing to the oxidative damage verified in the
disease (Artuch et al. 2004; van Backel et al. 2000).

We previously demonstrated that PKU patients submitted
to a protein-restricted diet presented lipid and protein
oxidative damage and a decrease in the antioxidant status
(Sitta et al. 2006, 2009a). Additionally, we verified in PKU
patients a positive correlation between the plasma antioxi-
dant reactivity and L-carnitine (LC) concentrations and a
negative correlation between malondialdehyde levels and
LC levels, a substance with a potential antioxidant effect that
is found to be reduced in PKU patients under strict diet (Sitta
et al. 2009b). Therefore, in the present work we evaluated
the effect of a long-term supplementation with LC and
selenium (Se) on various oxidative stress parameters in PKIU
patients in order to test for the efficacy of this treatment on
the antioxidant status of phenylketonuric patients.

Methods
Patients and Controls

Eighteen patients (mean age 17.2 + 2.6 years; range
15-22 years-old) with classical PKU under treatment were
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studied. The average blood Phe levels calculated from the
various measurements obtained at every 2 months was
686 &+ 315 pmol/l. The dietary treatment consisted of a
restricted protein diet supplemented with a special formula not
containing LC and Se (PKU 3—Support™). The diet contained
220-450 mg/(kg day) Phe and 2.55-4.00 g/(kg day) Tyr
according to patients’ age. Oxidative stress parameters were
analyzed in blood of PKU patients before and after at least
6 months of supplementation with Se and LC (PKU 3
Advanta—Support®—Se: 31.5 mcg/day; LC: 98 mg/day).
Eighteen healthy children (mean age 19.4 + 3.7 years; range
18-23 years-old) were used as the control group.

The study was approved by the Ethics Committee of the
Hospital de Clinicas de Porto Alegre.

Erythrocyte and Plasma Preparation

Erythrocytes and plasma were prepared from whole blood
samples obtained from fasting individuals (controls and
PKU patients) by venous puncture with heparinized vials.
Fifty microliters of the whole blood was spotted onto
specialized paper cards for posterior analysis of free
L-carnitine. The additional whole blood was centrifuged at
1,000 x g, plasma was removed by aspiration and frozen at
—80°C until determinations. Erythrocytes were washed
three times with cold saline solution (0.153 mol/l sodium
chloride). Lysates were prepared by the addition of 1 ml of
distilled water to 100 pl of washed erythrocytes and frozen
at —80°C until analysis.

Oxidative Stress Parameters

Determination of Thiobarbituric Acid-Reactive Species
(TBARS)

Thiobarbituric acid-reactive species were determined
according to the method described by Esterbauer and
Cheeseman (1990). Briefly, 300 pl of 10% trichloroacetic
acid was added to 150 pl of plasma and centrifuged at
1,000xg for 10 min at 4°C. Three hundred microliters of
the supernatant was transferred to a test tube and incubated
with 300 pl 0.67% thiobarbituric acid (7.1% sodium sul-
fate) at 100°C for 1 h. The resulting pink stained TBARS
were determined at 535 nm wavelength in a spectropho-
tometer. Calibration curve was performed using 1,1,3,
3-tetramethoxypropane subjected to the same treatment as
that for the supernatants. TBARS were calculated as
nanomoles per milligram protein.

Glutathione Peroxidase (GSH-Px)

GSH-Px activity was measured uvsing the RANSEL kit
(Randox Laboratories, UK). The method is based on Paglia
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and Valentine (1967). Glutathione peroxidase catalyses the
oxidation of glutathione by cumene hydroperoxide. In the
presence of glutathione reductase and NADPH, oxidized
glutathione is immediately converted to its reduced form
with a concomitant oxidation of NADPH to NADP™", The
decrease in absorbance at 340 nm is measured. One GSH-
Px unit is defined as 1 pmol of NADPH consumed per
minute and the specific activity was represented as units
per milligram protein.

Determination of Protein Carbonyl Content

Protein carbonyl formation was measured spectrophoto-
metrically according to Reznick and Packer (1994). One
hundred microliters of plasma was treated with 1 ml of
10 mM 2,4-dinitrophenylhidrazine (DNPH) dissolved in
2.5 N HCI or with 2.5 N HCI (blank) and left in the dark
for 90 min. Samples were then precipitated with 500 pl
20% TCA and centrifuged for 5 min at 10,000xg. The
pellet was then washed with 1 ml ethanol:ethyl acetate
(1:1, V/V) and dissolved in 200 pl 6 M guanidine prepared
in 2.5 N HCl at 37°C for 5 min. The difference between
the DNPH-treated and HCl-treated samples (blank) was
used to calculate the carbonyl content determined at
370 nm. The results were calculated as nanomoles of car-
bonyl goups per milligram protein.

Determination of Sulfhydryl Content

This assay is based on the reduction of 5,5'-dithio-bis
(2-nitrobenzoic acid) (DTNB) by thiols, generating a yel-
low derivative (TNB) whose absorption is measured
spectrophotometrically at 412 nm (Aksenov and Markes-
bery 2001). Thirty microliters of plasma was incubated
with an equal volume of DTNB at room temperature for
30 min in a dark room. The sulfhydryl content is inversely
correlated to oxidative damage to proteins. Results were
reported in nanomoles of TNB per milligrams of protein.

Catalase Assay (CAT)

CAT activity was assayed by the method of Aebi (19384)
measuring the absorbance decrease at 240 nm in a reaction
medium containing 20 mM H,0,, 10 mM potassium
phosphate buffer, pH 7.0, and 0.1-0.3 mg protein/ml. One
unit of the enzyme is defined as 1 pmol of HyO; consumed
per minute and the specific activity was reported in units
per milligram of protein.

Superoxide Dismutase (SOD)

SOD activity was determined using the RANSOD kit
(Randox, United Kingdom). The method is based on the

formation of red formazan from the reaction of 2-(4-
iodophenyl)-3-(4-nitrophenol)-5-phenyltetrazolium chlo-
ride and superoxide radical (produced in incubation med-
ium from the xanthine—xanthine oxidase reaction system),
which is assayed spectrophotometrically at 505 nm. The
inhibition of the produced chromogen is proportional to the
activity of the SOD present in the sample. A 50% inhibi-
tion is defined as one unit of SOD and the specific activity
was represented in units per milligram protein.

Free L-Carnitine Determination

Free LC levels were determined in blood spots by liquid
chromatography electrospray tandem mass spectrometry
(LC-MS/MS), using the multiple reaction monitoring
(MRM) mode (Chace et al. 1997). Results were reported in
micromoles/liter.

Selenium Determination

Atomic absorption spectrophotometry with hydride gener-
ation was used for plasma Se determination. Results were
reported in micrograms/liter.

Protein Determination

Erythrocyte protein concentrations were determined by the
method of Lowry et al. (1951), using bovine seum albu-
min as standard. Plasmatic protein concentrations were
determined by the Biuret method using a diagnostic kit
(Labtest Diagndstica, MG, Brazil).

Statistical Analysis

Data were expressed as mean =+ standard deviation, and
were analyzed using repeated measures analysis of vari-
ance. Correlations between variables were calculated using
the Spearmman correlation coefficient. A P value lower than
0.05 was considered significant. All analyses were per-
formed using the Statistical Package for Social Sciences
(SPSS) software in a PC-compatible computer.

Results

Table 1 shows blood Phe, free LC, and Se concentrations
in PKU patients before and after supplementation with LC
and Se and also in controls. Both LC and selenium levels
were significantly reduced in PKU patients before supple-
mentation when compared to controls. It can also be seen
in the table that the antioxidant treatment was capable of
reverting this deficiency and that Phe values were higher
than expected.
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Table 1 Blood phenylalanine, free L-carnitine, and selenium con-
centrations in controls and in PKU patients before and after supple-
mentation with L-carnitine and selenium

Controls PKU patients PKU patients
(n=18) before after
supplementation supplementation
(n = 18) (n = 18)
FPhe (pmol/T) 342 + 12,1 751.6 + 239.3** 598.4 + 208.2%*
Se (ug/l) 339+ 72 2124 55* 304 £ 3.8
Free L-carnitine 444 + 11.8 219 + 5.5*% 38.0+ 9.8
(pmol/T)

* P < 0.05, ** P < 0.01, different from controls
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Fig. 1 Lipid and protein oxidative damage in plasma from PKU
patients (n = 18). a Thiobarbituric acid-reactive species (TBARS).
b Sulfhydryl content. ¢ Carbonyl formation. Data represent

mean + S.D. * P<0.05 ** P<00]1, different from controls
(Analysis of variance for repeated measures)

The evaluation of oxidative damage to lipids (TBARS)
and proteins (sulfhydryl content and carbonyl formation) in
PKU patients and controls is displayed in Fig. 1. TBARS
were significantly increased in PKU patients before anti-
oxidant supplementation, reflecting an elevated amount of
malondialdehyde, an end product of membrane fatty acid
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Fig. 2 Enzymatic antioxidant activities in erythrocytes from PKU
patients and controls (n = 10). a Superoxide dismutase activity (SOD).
b Glutathione peroxidase activity (GSH-Px) ¢ Catalase activity (CAT).
Data represent mean £ S.D. * P < 0,05, ** P < 0,01, different from
controls (Analysis of variance for repeated measures)

peroxidation. The supplementation with Se and LC was
capable of reverting this process. In addition, plasma pro-
tein sulfhydryl groups were significantly reduced while
plasma carbonyl formation was significantly increased in
PKU patients without supplementation of antioxidants
when compared to controls. The administration of Se and
LC comected the oxidation of sulfhydryl groups but no
effect was observed upon carbonyl formation.

Figure 2 shows the enzymatic antioxidant defenses
(SOD, GSH-Px, and CAT) in erythrocytes from PKU
patients and controls. It can be seen that GSH-Px and SOD
activities were significantly reduced in PKU patients before
antioxidant supplementation when compared to controls.
The Se and LC treatment increased GSH-Px activity to the
levels of controls, but did not alter SOD activity. On the
other hand, CAT activity in PKU patients showed no sig-
nificant difference from the controls.

As can be seen in Fig. 3, a significant negative corre-
lation was verified between free L-carnitine levels and lipid
peroxidation (r = —0.560; P < 0.01). On the other hand, a
highly significant positive correlation between plasma
selenium levels and erythrocyte glutathione peroxidase
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activity had been verified in treated PKU patients
(r = 0.945; P < 0.01).

Discussion

PKU is one of the most common inborn errors of metab-
olism (IEM) and is also considered the first successfully
treated IEM (Bickel et al. 1953). Dietary therapy is the
main treatment for PKU patients. To maintain plasma
levels of phenylalanine within nearly normal levels, the
recommended therapy is a low-protein diet poor in animal
products including controlled amounts of cereal, fruit, and
vegetables, in addition to a protein supplementation with
phenylalanine-free synthetic formulas (Start 1998).
Untreated PKU patients usually present with severe mental
retardation, seizures, microcephaly, spasticity, and

developmental problems, whereas a well-controlled diet
prevents these clinical manifestations (Huttenlocher 2000).

Although necessary to avoid mental retardation in PKU
patients, the low ingestion of proteins with a high biologic
value decreases the bioavailability of essential nutrients,
including antioxidant compounds (Acosta 1996). Thus, it
was reported that PKU patients under restricted diet present
low levels of selenium, L-carnitine, and coenzyme Q10
substances that are necessary for a normal antioxidant
capacity (Sitta et al. 2009b; Wilke et al. 1992; Artuch et al.
1999, 2001; Schulpis et al. 1990). In this context, recent
studies carried out in animal models and also in PKU
patients have emphasized the role of oxidative stress in the
pathophysiology of PKU, which represent a disequilibrium
between tissue antioxidant and reactive species formation in
favor of the latter (Sierra et al. 1998; Sirtori et al. 2005; Sitta
et al. 2006, 2009z, b; Ercal et al. 2002; Hagen et al. 2002;
Martinez-Cruz et al. 2002). In this study, we evaluated the
effect of supplementation with a special formula containing
L-carnitine and selenium on various oxidative stress
parameters in patients with classic PKU under treatment.

Initially, we verified that lipid peroxidation was signif-
icantly increased in PKU patients treated with low-protein
diet and Phe-free synthetic formula not containing LC and
Se. Furthermore, the supplementation of antioxidants LC
and Se was capable of correcting this pathological process,
reducing malondialdehyde levels, measured by the thio-
barbituric acid-reactive species assay. Lipid peroxidation
has received special attention since this process may
damage cell structures by altering the integrity, fluidity,
permeability, and functional loss of biomembranes, modi-
fying low density lipoprotein and generating potentially
toxic products (Greenberg et al. 2008) being, therefore,
associated to a crescent number of pathological conditions,
including neurological diseases (Adibhatla and Hatcher
2010). In this context, lipid oxidative damage has been
reported in various neurodegenerative disorders including
various inborn errors of metabolism (Deon et al. 2007;
Ribas et al. 2010; Barschak et al. 2009; Mc Guire et al.
2009). This is probably because brain is particularly vul-
nerable to lipid oxidation since it contains high concen-
trations of polyunsaturated fatty acids and has relatively
low antioxidant capacity compared to other organs (Smith
et al. 2007; Markesbery and Lovell 2007).

Enhanced lipid peroxidation in PKU patients could be
associated to high levels of the toxic metabolites accu-
mulating in the disease, particularly Phe that could lead to
an increased production of free radicals. The increase in
plasma lipid peroxides could also result from a reduction in
enzymatic and non-enzymatic antioxidant defenses, com-
mon in patients under restricted diets.

Our findings showing a marked diminution of plasma
L-carnitine levels and significantly increased TBARS (lipid
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oxidation) in PKU patients that were reestablished with
L-camitine supplementation, as well as a significant inverse
correlation between L-carnitine and malondialdehyde
(MDA) blood levels, indicate that lipid peroxidation in
PKU patients was mainly due to shortage of L-carnitine. In
particular, it is presumed that L-carnitine has a protective
role against ROS by scavenging hydroxyl radicals, formed
in the Fenton reaction system (Pietta 2000; Derin et al.
2004). L-Carnitine can also reduce MDA levels by facili-
tating fatty acid transport thereby lowering the availability
of lipids for peroxidation (Rajasekar et al. 2005).

In addition to lipid peroxidation, high levels of protein
oxidative damage (high levels of carbonyl formation and
reduced levels of sulfhydryl groups) were also observed in
treated PKU patients not receiving LC and Se. Oxidative
damage to proteins, lipids, or DNA may all be deleterious,
however, proteins are the most important targets for ROS
and secondary by-products of oxidative stress when these
are formed in vivo, as they are the major component of most
biological systems and can scavenge 50-75% of reactive
radicals such as hydroxyl (Davies et al. 1999). For this
reason, in the last decade, there has been a considerable
growth in the number of articles reporting increased levels of
protein damage in various human diseases often correlating
well with the progression of the disease (Dalle-Donne et al.
2003). Oxidative damage to proteins is induced either
directly by reactive species or indirectly by reaction of
secondary products of oxidative stress. Some ROS-induced
protein modifications can result in unfolding or alteration of
protein structure, and some are essentially harmless events.
However, not all proteins are equally sensitive to oxidative
damage, and oxidation susceptibility depends on the struc-
ture of the protein (Dalle-Donne et al. 2005).

Furthermore, L-carnitine and selenium treatment
reversed oxidation of thiol groups but did not alter the
increase of carbonyls in PKU patients. This is probably
because thiol groups are easily oxidized and reduced
pending on the redox status of the cell. These groups can be
oxidized by reactive species, especially at protein cysteine
residues that may mediate regulatory processes of protein,
potentially leading to alterations of protein function. In this
context, mild oxidation of cysteines can generate sulfenic
acid, inter- or intra-molecular disulfides, protein-mixed
disulfides with low molecular weight thiols, and S-nitros-
othiols, all reversible modifications (Woo et al. 2003). On
the other hand, carbonylation of proteins, a widespread
indicator of severe oxidative damage and disease-derived
protein dysfunction is irreversible since carbonyls tend to
form high-molecular-weight aggregates that are resistant to
degradation and accumulate as damaged or unfolded pro-
teins (Dalle-Donne et al. 2006).

In our study, we found a decrease of the enzymatic
antioxidant capacity in erythrocytes of PKU patients not
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receiving Se and LC, as verified by a decrease of SOD and
GSH-Px activities. As regard to GSH-Px activity, it is
possible that Se deficiency found in PKU patients could be
responsible for the decrease in this activity, which is
dependent on this micronutrient. In fact, Se supplementa-
tion restored the activity of this enzyme and the concen-
trations of plasma selenium were strongly correlated with
the GSH-Px activity in erythrocytes, which reinforces this
presumption and is in agreement with previous studies
(Sierra et al. 1998; van Backel et al. 2000). On the other
hand, it may be speculated that because of the reduction of
these antioxidant activities, these PKU patients might have
a lower capacity to scavenge hydrogen peroxide and
superoxide reactive species. On the other hand, LC and Se
supplementation did not alter SOD activity, which does not
depend on Se.

We used erythrocytes in the present study because
selenium-dependent glutathione peroxidase is expressed in
these cells and they are highly susceptible to oxidative
stress because their membranes are rich in polyunsaturated
fatty acids and they have a large content of oxygen and iron
(Carmagnol et al. 1983). Furthermore, selenium has a
higher affinity for erythrocyte glutathione peroxidase than
for plasma glutathione peroxidase (Lombeck et al. 1996).

In conclusion, this report corroborates previous studies
showing that PKU patients are susceptible to oxidative stress
caused by an increase in free radical production and a
depletion in antioxidant capacity. More importantly, to the
best of our knowledge this is the first report describing that
the supplementation of a mixture containing selenium and
L-carnitine to PKU patients for a long period was capable of
correcting lipid and protein oxidative damage and restor-
ing the GSH-Px activity. For this reason, selenium and
L-carnitine supplementation might be an adjuvant therapy
for PKU patients consuming artificial low-protein diets.

Acknowledgments This work was supported in part by grants from
FAPERGS, CNPq, and FIPE/HCPA-Brazil.

References

Acosta PB (1996) Nutrition studies in treated infants and children
with phenylketonuria: vitamins, minerals, trace elements. Eur J
Pediatr 155:136-139

Adibhatla RM, Hatcher JF (2010) Lipid oxidation and peroxidation in
CNS health and disease: from molecular mechanisms to
therapeutic opportunities. Antioxid Redox Signal 12:125-169

Aebi H (1984) Catalase in vitro. Methods Enzymol 105:121-126

Alksenov MY, Markesbery WR (2001) Changes in thiol content and
expression of glutathione redox system genes in the hippocam-
pus and cerebellum in Alzheimer’s disease. Neurosci Lett 302:
141-145

Artuch R, Vilaseca MA, Moreno J, Lambruschini N, Cambra FJ,
Campistol J (1999) Decreased serum ubiguinone-10 concentra-
tion in phenylketonuria. Am J Clin Nutr 70:892-895

52



Cell Mol Neurobiol (2011) 31:429-436

435

Artuch R, Colome C, Vilaseca MA, Sierra C, Cambra FJ, Lambrus-
chini N, Campistol J (2001) Plasma phenylalanine is associated
with decreased serum ubiquinone-10 concentrations in phenyl-
ketonuria. J Inherit Metab Dis 24:359-366

Artuch R, Colome C, Sierra C, Brandi N, Lambruschini N, Campistol
J, Ugarte D, Vilaseca MA (2004) A longitudinal study of
antioxidant status in phenylketonuric patients. Clin Biochem
37:198-203

Barschak AG, Sitta A, Deon M, Busanello EN, Coelho DM, Cipriani
F, Dutra-Filho CS, Giugliani R, Wanjer M, Vargas CR (2009)
Amino acids levels and lipid peroxidation in maple syrup urine
disease patients. Clin Biochem 42:462-466

Bickel H, Gerrard J, Hickmans EM (1953) Influence of phenylalanine
intake on phenylketonuria. Lancet 265:812-813

Carmagnol F, Sinet PM, Jerome H (1983) Selenium-dependent and
nonselenium-dependent glutathione peroxidases in human tissue
extracts. Biochim Biophys Acta 759:49-57

Chace DH, Hillman SL, Van Hove JLK, Naylor EW (1997) Rapid
diagnosis of MCAD deficiency: quantitative analysis of octa-
noylcarnitine and other acylcarnitines in newborn blood spots by
tandem mass spectrometry. Clin Chem 43:2106-2113

Chaudiére J (1994) Some chemical and biochemical constraints of
oxidative stress in living cells. In: Riee-Evans CA, Burdon RH
(eds) Free radical damage and its control. Elsevier, Amsterdam,
Pp 25-66

Colome C, Artuch R, Vilaseca MA, Sierra C, Brandi N, Lambruschini
N, Cambra FJ, Campistol J (2003) Lipophilic antioxidants in
patients with phenylketonuria. Am J Clin Nutr 77:185-188

Dalle-Donne I, Rossi R, Giustarini D, Milzani A, Colombo R (2003)
Protein carbonyl groups as biomarkers of oxidative stress. Clin
Chim Acta 329:23-38

Dalle-Donne I, Scaloni A, Giustarini D, Cavarra E, Tell G, Lungarella
G, Colombo R, Rossi R, Milzani A (2005) Proteins as
biomarkers of oxidative/nitrosative stress in diseases: the
contribution of redox proteomics. Mass Spectr Rev 24:55-99

Dalle-Donne I, Aldini G, Carini M, Colombo R, Rossi R, Milzani A
(2006) Protein carbonylation, cellular dysfunction, and disease
progression. J Cell Mol Med 10:389-406

Davies MJ, Fu 8, Wang H, Dean RT (1999) Stable markers of oxidant
damage to proteins and their application in study of human
disease. Free Radic Biol Med 27:1151-1161

Deon M, Sitta A, Barschak AG, Coelho DM, Pigatto M, Schmitt GO,
Jardim LB, Giugliani R, Wajner M, Vargas CR. (2007) Induction
of lipid peroxidation and decrease of antioxidant defenses in
symptomatic and asymptomatic patients with X-linked adreno-
leukodystrophy. Int J Dev Neurosci 25:441-447

Derin N, Izgut-Uysal VN, Agac A, Aliciguzel Y, Demir N (2004)
L-carnitine protects gastric mucosa by decreasing ischemia
reperfusion induced lipid peroxidation. J Physiol Pharmacol
55:595-606

Ercal N, Aykin-Burns N, Gurer-Orhan H, Mcdonald JD (2002)
Oxidative stress in a phenylketonuria animal model. Free Radic
Biol Med 32:906-911

Esterbauer H, Cheeseman KH (1990) Determination of aldehydic
lipid peroxidation products: malonaldehyde and 4-hydroxynon-
enal. Methods Enzymol 186:407-421

German B (1999) Free radical and antioxidant protocols. Humana
Press, Totowa

Greenberg ME, Li XM, Gugiu BG, Gu X, Qin J, Salomon RG, Hazen
SL (2008) The lipid Whisker model of the structure of oxidized
cell membranes. J Biol Chem 283:2385-2396

Hagen MEK, Pederzolli CD, Sgaravatti AM, Bridi R, Wajner M,
‘Wanmacher CMD, Wyse ATS, Dutra-Filho CS (2002) Exper-
imental hyperphenylalaninemia provokes oxidative stress in rat
brain. Biochim Biophys Acta 1586:344-352

Halliwell B, Gutteridge JMC (2007) Oxidative stress: adaptation,
damage, repair and death. In: Halliwell B, Gutteridge JMC (eds)
Free radicals in biology and medicine. Oxford University Press,
Oxford, pp 246-350

Huttenlocher PR (2000) The neuropathology of phenylketonuria:
human and animal studies. Eur J Pediatr 159:102-106

Lombeck I, Jochum F, Terwolbeck K (1996) Selenium status in
infants and children with phenylketonuria and in maternal
phenylketonuria. Eur J Pediatr 155:140-144

Lowry OH, Rosebrough NJ, Lewis-Farr A, Randall RJ (1951) Protein
measurement with the Folin phenol reagent. J Biol Chem
193:265-275

Markesbery WR, Lovell MA (2007) Damage to lipids, proteins,
DNA, and RNA in mild cognitive impairment. Arch Neurol
64:954-956

Martinez-Cruz F, Pozo D, Osuna C, Espinar A, Marchante C,
Guerrero JM (2002) Oxidative stress induced by phenylketonuria
in the rat: prevent by melatonin, vitamin E and vitamin C.
J Neurosci Res 69:550-558

Mc Guire PJ, Parikh A, Diaz GA (2009) Profiling of oxidative stress
in patients with inborn errors of metabolism. Mol Genet Metab
98:173-180

Paglia DE, Valentine WN (1967) Glutathione peroxidase. J Lab Clin
Med 70:158

Pietta PG (2000) Flavonoids as antioxidants. J Nat Prod 63:
1035-1042

Rajasekar P, Kaviarasan S, Anuradha CV (2005) v-carnitine admin-
istration prevents oxidative stress in high fructose-fed insulin
resistant rats. Diab Croat 34:21-28

Reznick AZ, Packer L (1994) Oxidative damage to profeins:
spectrophotometric method for carbonyl assay. Methods Enzy-
mol 233:357-363

Ribas GS, Manfredini V, de Mar JF, Wayhs CY, Vanzin CS,
Biancini GB, Sitta A, Deon M, Wajner M, Vargas CR (2010)
Reduction of lipid and protein damage in patients with disorders
of propionate metabolism under treatment: a possible protective
role of wr-carnitine supplementation. Int J Dev Neurosci
28:127-132

Schulpis KH, Nounopoulos C, Scarpalezou A, Bouloukos A, Missiou-
Tsagarakis S (1990) Serum carnitine level in phenylketonuric
children under dietary control in Greece. Acta Paediatr Scand
79:930-934

Schulpis KH, Tsakiris S, Traeger-Synodinos J, Papassotiriou I (2005)
Low total antioxidant status is implicated with high 8-hydroxy-
2-deoxyguanosine serum concentrations in phenylketonuria. Clin
Biochem 38:239-242

Scriver CR, Kaufman S (2001) Hyperphenylalaninemia: phenylala-
nine hydroxylase deficiency. In: Scriver CR, Beaudet AL, Sly
WS, Valle D (eds) The metabolic and molecular bases of
inherited disease. McGraw-Hill, New York, pp 1667-1724

Sierra C, Vilaseca MA, Moyano D, Brandi N, Campistol J,
Lambruschini N, Cambm FJ, Deulofeu R, Mira A (1998)
Antioxidant stams in hyperphenylalaninemia. Clin Chim Acta
276:1-9

Sirtori LR, Dutra-Filho CS, Fitarelli D, Sitta A, Haeser A, Barschak
AG, Wajner M, Coelho DM, Llesuy S, Bell6-Klein A, Giugliani
R, Deon M, Vargas CR (2005) Oxidative stress in patients with
phenylketonuria. Biochim Biophys Acta 1740:68-73

Sitta A, Barschak AG, Deon M, Terroso T, Pires R, Giugliani R,
Dutra-Filho CS, Wajner M, Vargas CR (2006) Investigation of
oxidative stress parameters in treated phenylketonuric patients.
Metab Brain Dis 21:287-296

Sitta A, Barschak AG, Deon M, Barden AT, Biancini GB, Vargas PR,
de Souza CF, Netto C, Wajner M, Vargas CR (2009a) Effect of
short- and long-term exposition to high phenylalanine blood

@ Springer

53



436

Cell Mol Neurobiol (2011) 31:429-436

levels on oxidative damage in phenylketonuric patients. Int J
Dev Neurosci 27:243-247

Sitta A, Barschak AG, Deon M, De Mari JF, Barden AB, Vanzin C,
Biancini GB, Schwartz IVD, Wajner M, Vargas CR (2009b)
L-Carnitine blood levels and oxidative stress in treated phenyl-
ketonuric patients. Cell Mol Nurobiol 29:211-218

Smith DG, Cappai R, Barnham KJ (2007) The redox chemistry of the
Alzheimer’s disease amyloid-b peptide. Biochim Biophys Acta
1768:1976-1990

Start K (1998) Treating phenylketonuria by a phenylalanine-free diet.
Prof Care Mother Child 8:109-110

van Backel MME, Printzen G, Wermuth B, Wiesmann UN (2000)
Antioxidant and thyroid hormone status in selenium-deficient

@ Springer

phenylketonuric and hyperphenylalaninemic patients. Am J Clin
Nutr 72:976-981

Van Spronsen FJ, Smit PG, Koch R (2001) Phenylketonuria: tyrosine
beyond the phenylalanine-restricted diet. J Inherit Metab Dis
24:1-4

Wilke BC, Vidailhet M, Favier A, Guillemin C, Ducros V, Arnaud J,
Richard MJ (1992) Selenium, glutathione peroxidase (GSH-Px)
and lipid peroxidation products before and after selenium
supplementation. Clin Chim Acta 207:137-142

Woo HA, Chae HZ, Hwang SC, Yang KS, Kang SW, Kim K, Rhee
SG (2003) Reversing the inactivation of peroxiredoxin caused by
cysteine sulfinic acid formation. Science 300:53-656



DISCUSSAO

A PKU é causada pela deficiéncia da PAH, uma enzima hepatica que
promove a hidroxilacdo da Phe a Tyr. Quando a doenca néo é tratada, 0s
pacientes apresentam altas concentracdes de Phe em seus tecidos e liquidos
biologicos, que é sabido relacionar-se com o retardo mental progressivo
(Scriver et al., 2001). Quando a doenca é detectada e tratada precocemente
com uma dieta restrita em Phe, o retardo mental pode ser prevenido, apesar de
alteracdes neurofisiologicas e comportamentais persistirem (Channon et al.,
2004, Huijbregts et al., 2002).

Mesmo apOs varias décadas de investigacdo, seja em pacientes
portadores de PKU, em modelos animais de hiperfenilalaninemia
farmacologicamente induzida e, mais recentemente, em um modelo de
camundongo knockout para a doenca (PAH®™%), o0s mecanismos
fisiopatolégicos envolvidos no dano neuronal presente na PKU permanecem
ainda ndo completamente elucidados (Sierra et al., 1998; Hagen et al., 2002;
Ercal et al., 2002). Cabe salientar que parece ndo se tratar de apenas um
mecanismo neurotoxico, mas um somatorio deles, a causar alteragcdes no SNC
dos pacientes afetados. Na figura 4, estdo apresentados possiveis mecanismos
patolégicos que poderiam contribuir para o dano neurologico que ocorre na
PKU.

O estresse oxidativo vem sendo proposto como um dos mecanismos
causadores do dano cerebral na PKU. Nesse contexto, a acdo deletéria das
espécies reativas ja estd extensivamente documentada como participante da

fisiopatologia de doencas neurodegenerativas. Na PKU acumulam-se
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metabdlitos tdéxicos que potencialmente representam uma fonte produtora de
radicais livres. Por outro lado, as dietas com restricdo protéica as quais 0s
pacientes sdo submetidos poderiam diminuir a disponibilidade de antioxidantes,

reduzindo a sua concentragao no organismo.

(- WATP B Antioxidant
i defenses

Figura 4. Possiveis mecanismos causadores do dano neurolégico na PKU (Adaptado de Ribas
et al., 2011). A Phe impede o transporte de varios aminoacidos neutros (LNAA) para dentro do
cérebro, o que, em conjunto com a reducdo dos niveis de tirosina, reduz a sintese de
neurotransmissores, como a dopamina e a noradrenalina. A Phe também pode inibir enzimas
como a Na+,K+-ATPase, a isoforma mitocondrial da creatina quinase (mit-CK) e a cadeia
mitocondrial de transferéncia de elétrons (METC), importantes para o metabolismo energético.
A Phe (e também seus metabdlitos) pode ainda levar a producdo de espécies reativas de
oxigénio (ROS) e de nitrogénio (RNS) e reduzir as defesas antioxidantes, causando dano
oxidativo a biomoléculas, como proteinas, lipidios e DNA.

Estudos nessa area iniciaram-se com a investigacdo de deficiéncias
nutricionais que levariam a diminuicdo da disponibilidade de antioxidantes. A
dieta restrita em fenilalanina em pacientes fenilcetonuricos leva a reducédo na
concentracdo de selénio eritrocitario, de Q10, do status antioxidante total e da
atividade das enzimas CAT, SOD e GSH-Px (Wilke, 1992; Lombeck, I., Jochum,

F., Terwolbeck, 1996; Van Bakel et al., 2000; Artuch et al.,, 2004). Sierra e
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colaboradores (1998) verificaram que disturbios neurolégicos foram observados
com maior frequéncia em pacientes fenilcetonlricos que apresentavam
diminuicao na atividade da GSH-Px.

Estudos em modelos animais de hiperfenilalaninemia induzida
quimicamente demonstraram que filhotes de ratas fenilcetondricas
apresentavam aumento da lipoperoxidagcédo, que foi revertida pelo tratamento
com melatonina e vitaminas C e E (Martinez-Cruz et al., 2002). Também foi
demonstrado que a fenilalanina tanto in vitro como in vivo aumenta a
quimioluminescéncia (parametro de peroxidacdo lipidica) e reduz o potencial
antioxidante total no tecido cerebral de ratos (Hagen et al., 2002). Em um

modelo de camundongo knockout para a PKU (PAH®"?

), verificou-se que a
lipoperoxidacdo estava aumentada, enquanto o contetdo de tidis (parametro de
oxidacdo a proteinas) estava diminuido (Ercal et al., 2002). Em um trabalho
recente, foi demonstrado que o tratamento com acido lipdico in vitro e in vivo
parece ter papel neuroprotetor ao restaurar a atividade de antioxidantes e
prevenir o dano oxidativo a lipidios em cérebro de ratos (Moraes et al., 2010).
Em um estudo prévio, nosso grupo de pesquisa verificou que pacientes
fenilcetondricos no momento do diagndstico (tardio), apresentavam uma
inducédo da lipoperoxidagdo (medida pela medida das espécies reativas ao
acido tiobarbitarico — TBARS), bem como uma diminuicdo da reatividade
antioxidante total e da atividade da enzima GSH-Px (Sirtori et al., 2005). Em
seguimento a este trabalho, verificou-se que o0s pacientes fenilcetonuricos,

ainda que j4 estivessem sendo tratados, permaneciam com as mesmas

alteracdes na lipoperoxidacdo e na reducdo de antioxidantes, e que estas
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alteracées nao eram relacionadas diretamente com as concentragdes de Phe
séricas (Sitta et al., 2006).

O presente estudo visa ampliar os conhecimentos com relacdo a
participagdo do estresse oxidativo e da diminuicdo do conteudo dos
antioxidantes na PKU e inicia-se com a investigagdao de dano ao DNA em
pacientes fenilcetonudricos in vivo e também aquele produzido pela Phe in vitro,
que foi determinado através do método do ensaio cometa.

O ensaio cometa € uma técnica amplamente utilizada para avaliar dano
ao DNA por se tratar de uma metodologia simples e rapida que verifica quebras
simples e duplas no DNA (Singh et al.,, 1988). As células sanguineas
individualizadas, englobadas em gel e espalhadas sobre uma lamina, sao
submetidas a uma corrente elétrica que proporciona a migracao dos segmentos
de DNA livres, resultantes de quebras, para fora do nucleo. Apés a eletroforese,
as células que apresentam um nucleo redondo séo identificadas como normais,
sem possuir dano detectavel ao DNA. Por outro lado, as células lesadas séo
identificadas por uma espécie de cauda formada pelos fragmentos do DNA,
gerando, ao serem visualizadas em microscopio, a imagem de um cometa, que
d& o nome ao ensaio. A identificagdo do dano ao DNA pode ser realizada de
diversas maneiras, como, por exemplo, pela medida do comprimento da cauda
do cometa com uma ocular de medidas, ou ainda, pela classificagao virtual, em
diferentes niveis de dano, das células analisadas, podendo obter-se um valor
arbitrario que expresse o dano geral sofrido por uma populacdo de células,
método que foi empregado neste estudo.

Foi verificado neste trabalho que a adicdo de concentracdes crescentes

de Phe ao meio de células sanguineas, produziu dano crescente, até a
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concentracdo de 1000 umol/L e que concentracbes de Phe de 250 pmol/L ja
foram capazes de produzir dano significativo ao DNA. E importante salientar
gue uma das mais preconizadas metas a serem atingidas no tratamento da
PKU é a manutencdo dos niveis sanguineos de Phe abaixo de 360 umol/L e,
portanto, conforme verificado no ensaio in vitro, mesmo alcancando nestas
concentragcbes, 0s pacientes ja estariam sofrendo maiores lesbes ao DNA
relativamente a individuos saudéaveis (Phe 100 pmol/L).

Os resultados de dano ao DNA in vivo encontrados em pacientes
fenilcetonuricos corroboram com os resultados encontrados com a Phe in vitro,
uma vez que pacientes com niveis sanguineos de Phe bastante elevados
(acima de 600 pmol/L) apresentaram maior dano do que aqueles pacientes com
um “adequado” controle da Phe, que, por sua vez, ja apresentavam dano
significativo em relagdo aos controles. Desta forma, pode-se inferir que as
concentragfes sanguineas de Phe e, talvez, de seus metabdlitos, estejam
diretamente relacionadas ao dano ao DNA.

Embora o0 ensaio cometa ndo seja uma técnica que determine
especificamente dano oxidativo ao DNA, existe um numero substancial de
evidéncias na literatura indicando que processos oxidativos geralmente lesam o
DNA. Além disso, ja estd bem documentada a ocorréncia de dano oxidativo a
outras biomoléculas, como proteinas e lipidios na PKU. Inclusive, verificamos
uma correlacdo positiva entre a peroxidacéo lipidica (medida através do método
do TBARS) e o dano ao DNA medido pelo ensaio cometa nos pacientes
fenilcetonuricos (dados ndo mostrados) e, portanto, poderiamos inferir que as
quebras ao DNA produzidas na doenca poderiam ser geradas pelo ataque de

espécies reativas.
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Neste particular, o dano oxidativo ao DNA é considerado o mais
significativo dano oriundo do metabolismo celular representando, portanto, um
fator determinante de disfungdo e morte celular. Estima-se que
aproximadamente 2x10* lesdes oxidativas ao DNA ocorram no genoma humano
por dia (Ames e Shigenoga, 1992). Desta maneira, acredita-se que o0 reparo
destas lesbes possua um papel central na prevencao do aumento de mutagbes
nos organismos vivos (Maluf, 2004). Muitas evidéncias sugerem que 0s danos
cumulativos ao DNA causados por espécies reativas contribuem para diversas
situagdes clinicas como o cancer (Palyvoda et al., 2003), a esquizofrenia
(Psimadas et al., 2004) e a doenca de Alzheimer (Migliore et al., 2005).

Assim, com este trabalho, propomos que também na PKU o dano
oxidativo ao DNA possa contribuir para a fisiopatologia da doenca e que
estratégias para minimizar este dano devam ser empregadas, como, por
exemplo, o uso de antioxidantes. Nesse sentido, uma das mais promissoras
aplicacfes do ensaio cometa estd mesmo no ramo da nutricdo, uma vez que a
eficAcia de ensaios clinicos com antioxidantes tem sido testada com o uso
deste método, pela avaliagdo da diminuicdo dos indices de dano ao DNA que
os antioxidantes propiciam (Cemeli, Baumgartner e Anderson, 2009; Collins,
2007).

A PKU talvez seja o erro inato do metabolismo mais estudado,
provavelmente por ser um transtorno de relativamente alta prevaléncia. Além da
elevada prevaléncia, a PKU apresenta possibilidade de diagndstico rapido e um
tratamento efetivo. Por este motivo, a doenca é indicada a fazer parte dos
programas de triagem neonatal, que visam diagnosticar precocemente diversas

doencas congénitas através de exames realizados em massa em recém-
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nascidos. O objetivo de um programa de triagem neonatal, mais conhecido no
Brasil como teste do pezinho, é intervir no curso natural das doencas por meio
do tratamento precoce, evitando, assim, sequelas graves ao desenvolvimento
fisico e mental da crianca (Meirelles, 2002).

De fato, os programas de triagem neonatal iniciaram-se com a PKU,
através dos estudos de Guthrie (1963). No Brasil, o teste do pezinho em sua
versdo mais simples foi introduzido ainda na década de 70, mas somente em
1992, por meio de lei federal, o teste tornou-se obrigatério em todo o pais.
Entretanto, ainda hoje a cobertura do teste nao atinge 100% dos recém-
nascidos e muitos fenilcetonuricos sdo “perdidos” no periodo neonatal. O
diagnostico tardio impede o tratamento precoce, 0 que muitas vezes leva ao
retardo mental, causado pela exposi¢do as altas concentracdes de Phe e seus
metabdlitos por um longo periodo de tempo.

Devido a esta realidade, nosso grupo de pesquisa teve acesso a material
biolégico de pacientes fenilcetondricos (em tratamento) que foram
diagnosticados tanto tardiamente como no periodo neonatal, o que nos motivou
a investigar se havia alguma diferenca entre estes dois grupos, no que se refere
ao estresse oxidativo e as defesas antioxidantes.

Investigou-se inicialmente a capacidade antioxidante enzimatica (GSH-
Px) e ndo enzimética (TAR e GSH). Nenhuma diferenca foi observada entre os
dois grupos de pacientes no que se refere a essas defesas antioxidantes.
Pacientes fenilcetonuricos com diagndstico tardio e com diagndstico precoce
apresentaram, de maneira similar, redugcdo nos antioxidantes, quando
comparados com individuos saudaveis. Estes resultados estdo em

concordancia com estudos prévios que demonstraram que pacientes
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fenilcetonuricos sob dieta restrita apresentam redugdo na concentracdo
sanguinea de diversos antioxidantes, que é atribuida provavelmente a reducéo
do aporte de substancias com capacidade antioxidante pela dieta (Artuch et al.,
2004; Van Bakel et al., 2000; Wilke et al., 1992).

Entretanto, o resultado mais interessante neste trabalho foi encontrado
guando se avaliou dano oxidativo a lipidios (TBARS) e a proteinas (conteudo de
grupamentos carbonilas e sulfidrilas) nos dois grupos de pacientes com
fenilcetondria. Verificamos que apenas o0s pacientes fenilcetonuricos que foram
diagnosticados tardiamente apresentaram oxidagdo destas biomoléculas
significativamente maior em comparacao aos controles. Cabe salientar que os
dois grupos de pacientes utilizados no estudo apresentavam idade e niveis de
fenilalanina sanguinea comparaveis entre si e que estudos prévios do nosso
grupo de pesquisa foram desenvolvidos utilizando-se apenas amostras de
pacientes fenilcetonuricos cujo diagnostico da doencga foi realizado tardiamente
(Sirtori et al., 2005; Sitta et al., 2006).

Podemos inferir com os achados deste estudo, que a exposi¢cdo dos
pacientes fenilcetondricos com diagnéstico tardio, por um periodo longo de
tempo, a altas concentracbes de fenilalanina e seus metabdlitos levou a um
dano oxidativo incapaz de ser completamente prevenido pelos antioxidantes
teciduais, que, por sua vez, estdo sabidamente reduzidos nos pacientes. A
maneira pela qual os metabdlitos acumulados na PKU induzem a oxidacao de
biomoléculas ainda ndo pode ser totalmente esclarecida. Entretanto, € possivel
que esteja relacionada a prépria superproducédo, direta ou indireta, de espécies
reativas ou, entdo, a deplecdo de substancias antioxidantes (Wajner et al.,

2004).
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Como previamente mencionado, o tecido cerebral € bastante suscetivel
ao ataque de espécies reativas que provocam injuria ao SNC. Um aumento na
producdo de ERO e uma reducdo nos niveis de GSH sao frequentemente
observados e associados a processos apoptoticos (Slater et al., 1995; van den
Dobbelsteen et al.,, 1996). Podemos, entdo, especular, que o acumulo de
metabdlitos toxicos na PKU possa mesmo levar a morte celular por apoptose.
Isto poderia explicar, pelo menos parcialmente, as alteracbes neurologicas
apresentadas pelos pacientes expostos a altas concentracbes de Phe por um
periodo prolongado. Ainda, o fato de termos observado dano oxidativo apenas
nos pacientes que nao foram tratados precocemente, que Sa0 0S mais
suscetiveis a desenvolver retardo mental, nos da mais subsidios para sugerir
gue o estresse oxidativo esteja mesmo relacionado com a fisiopatologia da
PKU.

Dando continuidade a este trabalho, passamos a investigar o status
antioxidante nos pacientes fenilcetoniricos e como ele poderia estar
relacionado com o dano neuroldgico presente na PKU.

Para manter a Phe dentro de niveis considerados seguros, 0s pacientes
fenilcetonuricos sdo recomendados a seguir uma dieta especial, com baixa
quantidade de proteina, que exclui, quase que completamente, produtos de
origem animal e inclui quantidades controladas de cereais, frutas e vegetais. A
baixa ingestdo de proteinas com alto valor biolégico diminui, entretanto, a
biodisponibilidade de diversos nutrientes, dentre eles, substancias com acgao
antioxidante, como o selénio, a L-carnitina (LC) e a Q10 (Artuch et al., 1999;

van Bakel et al., 2000; Vilaseca et al., 1993).
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Embora a LC seja sintetizada endogenamente em humanos, o maior
conteudo presente no organismo (75%) € adquirido exogenamente, através da
alimentacao (Bremer, 1983). Uma vez que os alimentos mais ricos em LC sao o
leite e derivados, e também a carne vermelha, pacientes fenilcetondricos em
tratamento com restricdo dietética frequentemente apresentam deficiéncias
neste composto (Schulpis et al., 1990; Vilaseca et al., 1993).

Neste estudo, ao analisar as concentracdes de carnitina total no sangue
dos pacientes fenilcetondricos, verificamos uma diminuicdo significativa deste
composto apenas no grupo de pacientes que seguia estritamente a dieta
prescrita, e que possuia, portanto, niveis de Phe sérica considerados
satisfatorios. Tendo sido encontrada uma correlacdo positiva entre os niveis
sanguineos de LC e os niveis de Phe, a reducdo deste composto pbde ser
atribuida a restricdo protéica a que os pacientes eram submetidos.

Também verificamos uma correlacdo significativa negativa entre o0s
niveis sanguineos de LC e a peroxidacgdo lipidica, bem como uma correlacdo
significativa positiva entre os niveis de LC e a reatividade antioxidante total nos
pacientes com bom controle dietético. E possivel inferir, portanto, que, ao
menos nestes pacientes, a deficiéncia da LC possa estar contribuindo para a
ocorréncia de dano oxidativo a biomoléculas.

Nos ultimos anos, diversos estudos tém investigado o papel da LC (acido
4-n-trimetilamonio-3-hidiroxibutirico) no organismo, sendo que diversas e
importantes fungdes ja foram atribuidas a ela. A LC é uma substancia altamente
polar e hidrofilica, cujo principal papel no metabolismo é o transporte de acidos

graxos de cadeia longa para dentro da matriz mitocondrial, atravessando a
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membrana interna da organela, para que esses acidos graxos possam ser
oxidados para a producao de energia (Bahl e Bressler 1987).

Além disso, a LC possui papel modulatério da funcéo neural por mediar a
transferéncia de grupamentos acetila para a sintese de acetilcolina, bem como
influenciar vias de transducao de sinal e expressédo génica (Nalecz e Nalecz,
1996; Binienda e Ali, 2001). Ela também atua como cofator na oxidacao
peroxissomal de &cidos graxos de cadeia muito longa, estimula a respiracao
celular e a fungdo do peroxissomo e é frequentemente utilizada como um
suplemento alimentar por, supostamente, aumentar o desempenho fisico e
promover a perda de peso. Também tem sido atribuido a LC papel na melhora
das func¢des imunoldgicas e ela tem sido sugerida como um agente terapéutico
para diversas desordens neurodegenerativas (Solarska et al., 2010).

Os efeitos benéficos da LC parecem ser mediados, pelo menos em parte,
por suas propriedades antioxidantes. A LC tem sido descrita como um
“sequestrador” de radicais superoxido (Gulgin, 2006). Por sua vez, os radicais
superoxido desempenham um importante papel na formacédo de outros ROS,
como o peroxido de hidrogénio e os radicais hidroxila, os quais induzem dano
oxidativo a lipidios, proteinas e DNA (Pietta, 2000). Também tem sido descrito
que a LC seria capaz de sequestrar o peréxido de hidrogénio e os radicais
hidroxila (considerados os mais deletérios ao organismo) e também poderia
inibir a producdo dos radicais hidroxila (Derin et al., 2004; Gulgin, 2006;
Reznick, Kagan e Ramsey,1992). Além disso, a LC também apresenta um
efeito antiperoxidativo que esta relacionado a sua acdo como um quelante de
metais que leva a uma diminuicdo na concentracdo de ions metdlicos e,

consequentemente, na geracéo de radicais livres (Muthuswamy et al., 2006).
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A atividade antioxidante da LC também se relaciona ao seu papel de
protecdo aos antioxidantes teciduais, tanto enzimaticos quanto néo-
enzimaticos. Esse papel inclui a regulacdo dos niveis de glutationa e a elevacao
na atividade de enzimas antioxidantes (Tanghasamy et al., 2009; Calabrese et
al., 2006). Assim, os efeitos in vivo da LC podem ser mediados pela acéo direta
da carnitina ou, entdo, pela biossintese de enzimas antioxidantes e outras
proteinas (Solarska et al., 2010).

Estando bem definidas as importantes fungdes que a LC exerce no
organismo, incluindo aquelas de protecdo ao dano oxidativo, e estando descrita
a deficiéncia deste composto em pacientes fenilcetonuricos sob dieta restrita,
nos ultimos anos, diversas formulas sintéticas utilizadas no tratamento dos
pacientes com PKU tém incluido em sua composicéo a LC.

Outra substancia que ja foi descrito estar deficiente em pacientes
fenilcetonuricos sob tratamento é o selénio (Wilke, 1992; Lombeck, I., Jochum,
F., Terwolbeck, 1996; Van Bakel et al., 2000). Por esse motivo, nos ultimos
anos, sua suplementacdo vem sendo recomendada aos pacientes e ele
também vem sendo incorporado as formulas utilizadas na terapia dietética da
fenilcetondria.

O selénio € um micronutriente essencial, que €é adquirido pelo ser
humano através da dieta, principalmente a partir de cereais, peixes e carnes
(Steinbrenner e Sies, 2009). E hoje bem estabelecido que o selénio
desempenha importantes fun¢gBes biolégicas nos organismos Vivos,
principalmente através da sua incorporagcdo em uma familia de proteinas

chamadas selenoproteinas, nas quais o selénio é especificamente incorporado
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ao aminoacido cisteina, resultando na selenocisteina (Patrick, 2004;
Moghadaszadeh e Beggs, 2006).

Até hoje, todas as selenoproteinas cujas fungdes ja sdo conhecidas
desempenham atividade catalitica, sendo que o residuo de Se esta localizado
no sitio catalitico da enzima, onde participa de reagbes redox. As enzimas
contendo residuos de Se podem estar envolvidas em diversas funcbes, como
no desenvolvimento muscular, no sistema imunologico, na fertilidade, na
regulacdo do metabolismo da tireoide e no sistema de defesa antioxidante.
Consequentemente, a quantidade de patologias associadas a defeitos primarios
ou secundérios na atividade de selenoproteinas é bastante grande
(Moghadaszadeh e Beggs, 2006). Além disso, quer em niveis nutricionais, ou
supranutricionais, o selénio € reconhecido tanto como agente de prevencao a
determinados canceres, como por apresentar efeitos antitumorigénicos em
canceres ja iniciados (Patrick, 2004).

Foi verificado no presente trabalho que os pacientes fenilcetonuricos
submetidos & dieta com restricdo protéica e que recebiam suplementagédo com
uma férmula rica em micronutrientes, mas nédo contendo LC e selénio, eram
deficientes nestas substancias. No entanto, a suplementacdo por um periodo
de 6 meses com uma férmula contendo LC (98 mg/dia) e selénio (31,5 pg/dia)
foi capaz de restabelecer os niveis desses compostos no sangue dos pacientes,
a valores comparaveis aos encontrados em individuos controles.

Verificamos também que antes de iniciarem a suplementagdo com LC e
selénio, os pacientes com PKU apresentavam aumento significativo na
oxidacdo a lipidios e proteinas, bem como uma diminuicdo significativa na

atividade das enzimas antioxidantes SOD e GSH-Px. A suplementacdo, no
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entanto, foi capaz de restabelecer a atividade da enzima GSH-Px e também
corrigiu completamente a oxidacao aos lipidios.

Além disso, foi verificada uma correlacdo fortemente positiva entre os
niveis de selénio sérico e a atividade da enzima GSH-Px. Este achado ja era
esperado, visto que a GSH-Px é uma selenoproteina que catalisa a oxidacao da
glutationa reduzida e permite a reducdo do peroxido de hidrogénio a agua,
advindo dai sua acdo antioxidante, por impedir processos peroxidativos, e
protegendo, portanto, o organismo do dano celular.

Adicionalmente a bem documentada funcdo do selénio como
antioxidante, estudos recentes tém demonstrado um papel do selénio na
manutencdo da funcdo cerebral (Zhang et al., 2010). De fato, o selénio é
amplamente distribuido através do corpo, mas € particularmente mantido em
altas concentracdes no cérebro, mesmo quando da sua deficiéncia prolongada
no organismo (Schweizer, Schomberg e Savaskan, 2004). Vérias evidéncias
sugerem que ha uma ligacao entre os niveis de selénio e alteracdes cognitivas,
depressao, ansiedade e hostilidade em humanos (Rayman, 2002). A diminui¢cado
na expressdo de diversas selenoproteinas vem sendo associada a diversas
doencas neurologicas como as doencas de Parkinson, Alzheimer e epilepsia, e
recentes avangos usando modelos animais geneticamente modificados
demonstraram que as selenoproteinas oferecem protecdo contra a
neurodegeneracao, principalmente através da regulacdo redox (Zhang et al.,
2010). Dessa forma, podemos inferir que também na PKU a deficiéncia de
selénio possa contribuir significativamente para os sintomas neuroldgicos

apresentados pelos pacientes e, portanto, deve ser evitada.
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Tendo sido encontrada uma correlacdo negativa significativa entre o0s
niveis de carnitina livre e a peroxidacdo lipidica (medida pelo método do
TBARS) nos pacientes fenilcetonuricos, pudemos inferir que a suplementacao
com LC desempenhe papel fundamental na diminui¢cdo da oxidacdo aos lipidios
verificada neste estudo. De fato, diversos trabalhos vém demonstrando uma
acdo protetora da LC sobre o dano aos lipidios. Isso pode dever-se, pelo
menos parcialmente, a principal atividade biolégica da carnitina que é a de
transportar acidos graxos para dentro da mitocondria para que possam ser
oxidados, diminuindo, dessa forma, a disponibilidade de lipidios para sofrerem
oxidagdo. Deve-se ainda enfatizar que a formagdo de EROs como o anion
superoxido, o peréxido de hidrogénio e o radical hidroxila é também catalisada
pelo ferro livre, através da reacdo de Haber-Weiss. Nesse particular, foi também
demonstrado que a L-carnitina e seus ésteres também s&o capazes de inibir a
peroxidacao lipidica induzida por ferro, através da formacdo de complexos com
o metal (Gulgin, 2006). Este poderia ser, entdo, outro mecanismo importante na
diminuicdo do dano a lipidios proporcionado pela LC e verificado em nossos
pacientes.

E importante salientar que a peroxidacao lipidica causa efeitos deletérios
aos organismos, principalmente por alterar a organizagao e, portanto, a funcao
de membranas, tendo sido, dessa forma, associada a patogénese de diversas
doencas (Niki, 2009). Assim, a administracdo de substancias que inibam a
lipoperoxidacdo, como a L-carnitina, principalmente quando estiverem
deficientes, como no caso de pacientes fenilcetonuricos, deve ser fortemente

recomendada.
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CONCLUSOES

O estresse oxidativo é um processo patoldgico que vem sendo descrito
em um numero crescente de doencas em que ha comprometimento
neuroldgico, incluindo diversos erros inatos do metabolismo.

Neste trabalho, realizado a partir de sangue de pacientes
fenilcetonuricos, confirmamos e agregamos novas evidéncias de que o estresse
oxidativo de fato ocorre na PKU. Verificou-se uma diminuicdo das defesas
antioxidantes, que possivelmente foi causada pela restricido dietética de
compostos com acao antioxidante, como a L-carnitina e o selénio. Além disso,
foi demonstrado um aumento nos biomarcadores que refletem dano a
proteinas, lipidios e DNA, principalmente nos pacientes sem controle adequado
dos niveis sanguineos de Phe. O dano as biomoléculas ocorre, provavelmente,
devido a um aumento na formacao de espécies reativas, a partir do acimulo de
Phe. A deficiéncia nas defesas antioxidantes também poderia resultar em uma
predisposicao maior ao dano oxidativo, como foi observado.

Assim, considerando que os mesmos achados verificados em sangue,
também ocorram no cérebro dos pacientes fenilcetonaricos, podemos presumir
que O estresse oxidativo participa do dano cerebral encontrado na PKU,
possivelmente contribuindo para os sintomas e anormalidades neuroldgicas
caracteristicos da doenca.

Desta forma, sugerimos que a terapia com antioxidantes deva ser cada
vez mais considerada como uma ferramenta auxiliar no tratamento dos
pacientes com PKU, devendo ser associada a terapia ja preconizada baseada

na restricao de alimentos ricos em proteinas na dieta.
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PERSPECTIVAS

Pretendemos dar continuidade a esse trabalho, expandindo nossos

resultados. Desta forma, sdo nossas perspectivas imediatas:

a)

b)

c)

d)

Quantificar os metabdlitos toxicos fenil-lactato, fenilpiruvato e
fenilacetato excretados na urina de pacientes com PKU, a fim de
correlaciona-los a parametros de estresse oxidativo e com as

defesas antioxidantes determinados na urina dos pacientes;

Investigar o efeito dos metabolitos acumulados na PKU (fenil-
lactato, fenilpiruvato e fenilacetato) sobre o dano ao DNA através

da técnica do ensaio cometa;

Avaliar parametros de estresse oxidativo em pacientes com
outras formas clinicas de PKU (forma moderada, forma leve e a
causada pela deficiéncia do cofator tetra-hidrobiopterina)

separadamente;

Correlacionar parametros de estresse oxidativo e quantidade de

antioxidantes com testes cognitivos, por exemplo, o de quociente

de inteligéncia (QI).
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ANEXO 1 - Lista de figuras

Figura 1. Sistema de hidroxilagdo da L-fenilalanina em L-tirosina em

humanos

Figura 2. Rotas alternativas do catabolismo da fenilalanina na

fenilcetondria

Figura 3. Reducéo do oxigénio a agua

Figura 4. Possiveis mecanismos causadores do dano neurolégico na

fenilcetondria
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ANEXO 2 — Parecer da comissao cientifica e comissao
de pesquisa e ética em saude do HCPA

HCPA - HOSPITAL DE CLINICAS DE PORTO ALEGRE
Grupo de Pesquisa e Pés-Graduagao
COMISSAO CIENTIFICA E COMISSAO DE PESQUISA E ETICA EM SAUDE

RESOLUGAO

A Comissdo Cientificae a Comissdo de Pesquisa e Etica em Saude, gue € reconhecida pela Comissdo
Nacional de Etica em Pesquisa (CONEP)/MS como Comité de Etica em Pesquisa do HCPA e pelo Office
For Human Research Protections (OHRP)/USDHHS, como Institucional Review Board (IRB0000921)
analisaram o projeto:

Projeto: 04-080 Verséo do Projeto:  05/05/2004 Versdo do TCLE: 29/06/2004

Pesquisadores:
CARMEN REGLA VARGAS
MOACIR WAJNER
ROBERTO GIUGLIANI
DOUGLAS BONI FITARELLI
ELAVIA VIERO DE ARAUJO

Titulo: ESTRESSE OXIDATIVO EM PACIENTES COM FENILCETONURIA

Este projeto foi Aprovado em seus aspectos éticos e metodoldgicos, inclusive quanto ao seu Termo de
Consentimento Livre e Esclarecido, de acordo com as Diretrizes e Normas Internacionais e Nacionais,
especialmente as Resolugdes 196/96 e complementares do Conselho Nacional de Salide. Os membros do
CEP/HCPA nao participaram do processo de avaliagdo dos projetos onde constam como pesquisadores.
Toda e qualquer alteragdo do Projeto, assim como os eventos adversos graves, deverdo ser comunicados
imediatamente ao CEP/HCPA. Somente poderao ser utilizados os Termos de Consentimento onde conste
a aprovagdo do GPPG/HCPA.

Porto Alegre, 02 de julho de 2004.
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ANEXO 3 — Termo de consentimento livre e esclarecid o
para pacientes

Termo de Consentimento Livre e Esclarecido

Estamos através deste convidando vocé a participar do trabalho de
pesquisa cujo objetivo € verificar os efeitos da acdo dos radicais livres (por
exemplo, radiacdo solar) e de substancias antioxidantes (por exemplo,
vitaminas) em pacientes fenilcetonaricos.

Para participar vocé fara exames de sangue e/ou de urina, que seréo
coletados juntamente com as amostras que VOCé coleta para 0s seus exames
de acompanhamento, solicitados rotineiramente pelo seu médico. N&o sera
realizada nenhuma alteracdo no tratamento prescrito pelo seu médico. Os
dados que virdo com a sua doacédo sdo de importancia cientifica relevante para
o melhor entendimento da fenilcetondria. Os riscos e desconfortos causados
pela coleta de sangue para o estudo sdo semelhantes aos envolvidos na coleta
de sangue para exames de laboratoriais de rotina. O material coletado sera
Gnica e exclusivamente utilizado para fins do projeto de pesquisa, sendo
reservado ao doador acesso as mesmas.

As informacdes individuais levantadas pela pesquisa sdo confidenciais.
Os resultados obtidos serdo agrupados e expressos através de resultados
numéricos, sem qualquer referéncia a elementos que possam identificar as
pessoas que participaram do estudo.

Todas as despesas relacionadas ao custo dos exames laboratoriais
serdo cobertas por verbas do proprio Projeto de Pesquisa, completamente
gratuitas para o paciente.

Caso vocé queira se retirar em definitivo da pesquisa, tera total liberdade
para fazé-lo. O seu material (sangue e /ou urina) coletado sera posteriormente
destruido e os seus dados excluidos do nosso banco de dados.

Os pesquisadores responsaveis pelo estudo estdo a disposicao para o

esclarecimento de qualquer duvida durante todo o andamento da pesquisa.
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Telefone de contato: 51 3359 8011 (Pesquisador Responsavel: Profa. Dra.
Carmen Regla Vargas).

Pela presente, declaro que fui devidamente informado sobre o projeto de
pesquisa, de forma clara e detalhada, da liberdade de ndo participar do estudo

e tive minhas dulvidas esclarecidas.

Data:

Nome:

Nome do responsavel legal:

Assinatura:

Pesquisador responsavel: Profa. Dra. Carmen Regla Vargas (Servico de
Genética Médica/Hospital de Clinicas de Porto Alegre — Fone: 51 3359 8011)

Assinatura do pesquisador:
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