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RESUMO

Fenilcetonuria (PKU) € um erro inato do metabolismo causado pela deficiéncia
da atividade da enzima fenilalanina hidroxilase, levando ao acumulo de
fenilalanina e seus metabdlitos no sangue e tecidos. A hiperfenilalaninemia
(HPA) causa danos importantes no cérebro, provavelmente causados por
aumento de estresse oxidativo e diminuicdo da disponibilidade dos outros
aminoacidos grandes neutros (LNAA), entre outros mecanismos. Pacientes
diagnosticados precocemente também estédo sujeitos a estes desequilibrios. O
objetivo deste trabalho foi verificar em ratos: a) o efeito agudo do modelo de
HPA na concentracdo de aminoacidos em plasma e cérebro total, b) o efeito do
exercicio regular em parametros de estresse oxidativo em cérebro total,
conteudo de catecolaminas em supra-renal e aspectos comportamentais na
HPA crénica. Para o modelo agudo, os ratos foram divididos nos grupos HPA e
Salina (SAL) (n=3). A HPA foi induzida através da administragdo subcutanea
de alfa-metil-fenilalanina e fenilalanina, enquanto o grupo SAL recebeu salina.
Os animais foram mortos 1 h apods a injegcdo, no segundo dia de tratamento.
Para o modelo cronico, os animais foram distribuidos no grupo Sedentario
(Sed) ou Exercicio (Exe), e subdivididos em SAL e HPA. Grupos HPA (n=16-
20) foram submetidos ao modelo durante 17 dias, enquanto os grupos SAL
(n=16-20) receberam salina. Os grupos Exe realizaram duas semanas de
exercicio aerébico com duracido diaria de 20 min. No 17° dia, 1 h apds a
injecdo, 0s animais realizaram a primeira exposi¢cao ao teste de campo aberto
e, 24 h depois, realizaram a segunda sesséo. Apds, os animais foram mortos e
0 cérebro total foi homogeneizado para determinagcdo da lipoperoxidacgéao,
através do conteudo de substancias reativas ao acido tiobarbiturico (TBA-RS),
e atividade das enzimas antioxidantes superéxido dismutase (SOD), catalase
(CAT) e glutationa peroxidase (GPx). As glandulas supra-renais foram
coletadas para analise de conteudo de catecolaminas. O efeito agudo de HPA
causou aumento de fenilalanina e diminuicdo de tirosina em plasma e cérebro,
bem como diminuiu os niveis dos outros LNAA apenas no ceérebro.
Cronicamente, a HPA causou aumento de TBA-RS e SOD, e reducdo de CAT,
GPx e conteudo de catecolaminas. O exercicio foi capaz de reverter todas as
alteragdes encontradas no grupo HPA, exceto para a SOD. Quanto aos
parametros comportamentais, a HPA causou diminuicdo na memoria de
habituagdo e o exercicio regular preveniu esta alteragdo. Nenhuma alteracao
foi encontrada no grupo ExeSAL. Os ratos hiperfenilalaninémicos foram mais
responsivos aos beneficios produzidos pelo exercicio regular. O treinamento
fisico parece ser uma estratégia interessante a ser estudada para a
restauracao do sistema antioxidante e de alteragbes comportamentais que
ocorrem na PKU.

Palavras-chave: Fenilcetonuria, hiperfenilalaninemia, estresse oxidativo,
catecolaminas, exercicio fisico



ABSTRACT

Phenylketonuria (PKU) is an inborn error of metabolism caused by deficiency of
phenylalanine hydroxylase, resulting in accumulation of phenylalanine and its
metabolites in blood and tissues. Hyperphenylalaninemia (HPA) causes serious
damage in the brain probably due to increased oxidative stress and decreased
availability of other large neutral amino acids (LNAA), among other
mechanisms. Patients early diagnosed are also subject to these imbalances.
The objective of this study was to evaluate: a) the effect of acute HPA model on
the concentration of LNAA in plasma and total brain, b) the effect of regular
exercise on parameters of oxidative stress in total brain, catecholamine content
in suprarenal and behavioral aspects in a chronic HPA model. HPA was
induced by subcutaneous administration of alpha-methylphenylalanine and
phenylalanine, while SAL group received saline. For the acute model, rats were
divided into groups Saline (SAL) and HPA (n = 3). Animals were killed 1 h after
last injection, at the second day of treatment. For the chronic model, animals
were divided into sedentary group (Sed) or exercise group (Exe), and
subdivided into SAL (n=16-20) and HPA (n=16-20). Administration continued as
long as 17 days. Exe groups performed two weeks of daily aerobic exercise
lasting 20 min. At the 17th day, 1 h after injection, the animals performed the
first exposure to open field task, and 24 h later, performed the second session.
After that, animals were killed and the whole brain was homogenized to
evaluate lipid peroxidation through the content of thiobarbituric acid reactive
substances (TBA-RS), and activity of antioxidant enzymes superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPXx).
Suprarenal glands were collected for catecholamine content analysis. Acute
HPA increased phenylalanine and decreased tyrosine in plasma and brain as
well as decreased levels of other LNAA in the brain. Chronically, HPA increased
TBA-RS and SOD activity, and reduced CAT and GPx activities in the brain and
reduced catecholamine content into suprarenal. Regular exercise was able to
prevent all the alterations found in HPA group, except for SOD activity.
Regarding the behavioral data, HPA caused a decrease of habituation memory
and regular exercise prevented this change. Exercise per se (ExeSAL group)
produced no changes. HPA rats were more responsive to the benefits produced
by regular exercise. Physical training appears to be an interesting strategy to be
studied for the restoration of the antioxidant system and the behavioral changes
that occur in PKU.

Keywords: Phenylketonuria, hyperphenylalaninemia, oxidative stress,
catecholamine, physical exercise



LISTA DE ABREVIATURAS

CAT — Catalase

ERO — Espécies reativas de oxigénio
Exe — Exercicio

GPx — Glutationa peroxidase

HPA — Hiperfenilalaninemia

LNAA — Grandes aminoacidos neutros
PKU — Fenilcetonuria

SAL — Salina

SOD - Superoxido dismutase

SR — Supra-renais

TBA-RS — Substancias reativas ao acido tiobarbiturico
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INTRODUGAO

1 Erros Inatos do Metabolismo

Os erros inatos do metabolismo sdo doencas metabdlicas
envolvendo sintese, transporte, armazenamento ou degradagdo de substratos
biolégicos causados por defeitos genéticos hereditarios. Este nome foi utilizado
pela primeira vez por Archibald Garrod, em 1908, ao descrever a Alcaptonuria
utilizando os conceitos da hereditariedade Mendeliana (Scriver 2008). A partir
disto, muitos outros problemas de saude sem diagnodstico conclusivo foram
descobertos como sendo decorrentes de erros genéticos que afetavam o
metabolismo.

A sintese defeituosa de uma proteina que tem funcdo de enzima
levara a caréncia de sua atividade, comprometendo a formacgao do produto que
deveria ser formado, e ao acumulo do substrato (Scriver e Kaufman 2001).
Assim, além do desequilibrio gerado pela falta de determinado produto, o
substrato em grande quantidade podera ser téxico e também sofrer
metabolismo secundario, gerando compostos ainda mais prejudiciais ao
sistema. O quadro clinico dos erros inatos € bastante variado, visto as diversas
combinagdes de erros genéticos existentes. Assim, os sujeitos acometidos
podem ser assintomaticos até a fase adulta, ou apresentarem importante
comprometimento mental ja na infancia.

Saudubray e Charpentier (2001) classificam os erros inatos em trés
tipos distintos. Fazem parte do primeiro os disturbios envolvendo sintese ou
catabolismo de macromoléculas. O segundo grupo é composto por desordens
do metabolismo intermediario, como € o caso da fenilcetonuria. Por fim, o

terceiro grupo abriga defeitos na utilizagao e produgao energética.
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Apesar de ndo apresentarem grande incidéncia isoladamente, todos
os erros inatos do metabolismo somados atingem aproximadamente 10% de
todas as doengas genéticas. Atualmente, com o diagndstico mais eficiente, a

frequéncia mundial é de 1:5000 nascidos vivos (Giugliani 1998).

1.1 Fenilcetonuria

A fenilcetonuria foi descrita pela primeira vez em 1934 pelo médico
bioquimico Asbjorn Fdlling, sendo primeiramente intitulada oligofrenia
fenilpiravica. Este médico noruegués observou dois irmaos com retardo mental
que apresentavam odor caracteristico na urina, e excregao aumentada de
acido fenilpiravico e fenilalanina (Nyhan 1984). Anos depois, Penrose e Quastel
(1937) introduziram o termo Fenilcetonuria, que deu origem a sigla PKU (do
inglés Phenylketonuria), mais comumente utilizada.

A PKU é o erro inato do metabolismo dos aminoacidos mais comum,
ocorrendo com a frequéncia de 1:14000 nascidos em populacdes caucasianas
(Walter et al. 2002), sendo extremamente rara em negros (Katz e Menkes
1964). No Brasil, a incidéncia encontrada € de 1:12500 (Jardim et al. 1996),
porém supde-se que muitos casos nao sejam contabilizados devido a caréncia
de diagnéstico em determinadas regides do pais (Monteiro e Candido 2006). A
doencga é causada pelo erro genético no cromossomo 12 (Kohli et al. 2005),
onde esta localizado o gene da enzima fenilalanina hidroxilase (PAH). Esta
enzima esta predominantemente presente no figado, e € responsavel pela
transformacdo do aminoacido essencial fenilalanina em tirosina, utilizando
tetra-hidrobiopterina (BH4) como cofator. O nivel de comprometimento da

atividade da PAH varia de 5% a completa auséncia, que pode ser verificado
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pela concentracao de fenilalanina no plasma (> 1002 uM) (Clark 1992, Guttler e
Guldberg 1996). O nivel de hiperfenilalaninemia (HPA) é utilizado para
classificar a PKU em trés tipos, de acordo com a severidade. Atualmente, ja
foram descritas mais de 250 mutagdes do gene que codifica a enzima PAH
(Guldberg et al. 1996). Esses diferentes gendtipos sao provavelmente
provenientes da mistura étnica, que sao agrupados de acordo com a tolerancia
a ingestdo do aminoacido (Guttler e Guldberg 1996). O portador de PKU
classica tem praticamente nenhuma atividade da PAH, tolerando a ingestao de
250-350 mg de fenilalanina/dia. Este grupo, que é o mais frequente, chega a
apresentar HPA entre 1 e 3 mM (Scriver e Kaufman 2001). A PKU branda a
moderada compreende os pacientes que toleram 350-600 mg fenilalanina/dia,
devido a deficiéncia parcial da enzima. Outro grupo compreende as HPAs
oriundas da deficiéncia de BH4, onde a suplementacao deste cofator mantém
os niveis de fenilalanina dentro dos valores ideais, normalizando a atividade da
PAH (Erlandsen e Stevens 2001).

A caréncia da atividade da PAH faz com que a fenilalanina se
acumula e siga rotas alternativas de metabolismo, formando fenilacetato,
fenilacteto e fenilpiruvato (Figura 1). Esses metabdlitos, somados a prépria
fenilalanina, sao extremamente toéxicos para o sistema nervoso central,
principalmente em sua fase de desenvolvimento, apesar dos mecanismos
ainda nao serem completamente conhecidos (Nyhan 1984). Assim, o estado
neurotdxico causado pela HPA leva a crianga n&o diagnosticada a apresentar
um quadro clinico caracterizado por microcefalia, retardo mental severo e
epilepsia. Ja na fase adulta, entre os 20 e os 30 anos de idade, podera ocorrer

o surgimento ou a progressao de desordem motora (Surtees e Blau 2000).
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O diagnéstico deve ser realizado nos primeiros dias de vida da
crianga, através do “Teste do Pezinho”, inicialmente elaborado em 1962 pelo
médico bacteriologista Robert Guthrie para verificar doengas congénitas
(Lesser 1963). A partir de 1992, o teste de triagem neonatal tornou-se
obrigatério em todo o territério brasileiro (Lei Federal n° 8069), sendo realizado
a partir do terceiro dia de vida do recém-nascido. Assim que diagnosticada, a
criangca deve receber uma dieta restrita em fenilalanina para a manutencao do
seu nivel sanguineo dentro da normalidade. Porém, a necessidade protéica
nao permite sua total eliminacdo da dieta, resultando em oscilacbes na
concentracao da fenilalanina plasmatica.

O correto manejo da dieta durante a fase de desenvolvimento do
sistema nervoso central garante uma vida normal ao paciente. Porém, a
negligéncia do controle alimentar na adolescéncia e na fase adulta € muito

comum (Vilaseca et al. 2010, Cotugno et al. 2011), levando o fenilcetonurico a
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apresentar niveis de fenilalanina acima do normal (Diamond et al. 1997, Artuch
et al. 2004, Schulpis et al. 2004). Esta HPA moderada e continua tem sido
associada ao decréscimo da fungdo cognitiva nestes pacientes precocemente
diagnosticados (Surtees e Blau 2000, Guttler e Lou 1986, Taylor, Hommes e

Stewart 1983, Gassio et al. 2008).

2 Estresse Oxidativo

As espécies reativas de oxigénio (ERO) podem tanto apresentar
elétrons desemparelhados na sua ultima camada de valéncia, sendo também
chamadas de radicais livres, como também apresentar estabilidade de elétrons.
A caracteristica principal dessas substancias €& a facil reatividade com
biomoléculas, alterando suas funcgdes (Halliwell e Gutteridge 2007). Em
condigdes fisioldégicas normais, a respiragao celular utiliza oxigénio molecular,
produzindo agua. Durante este processo, o oxigénio sofre redugao tetravalente
e sao formados intermediarios reativos. A produgcdo das ERO ocorre
normalmente pela respiragdo mitocondrial, e esta envolvida na morte
programada da célula, possivelmente facilitando a sinalizagdo apoptética
(Gabai et al. 1998).

Para lidar com estes danos permanentemente produzidos, as células
apresentam defesas antioxidantes. A estratégia de desintoxicar o meio
fisioloégico pode ser através de compostos que agem como sequestradores de
ERO, ou de enzimas que os convertem em substancias menos agressivas. A
superéxido dismutase (SOD), a catalase (CAT) e a glutationa peroxidase
(GPx), sao importantes enzimas antioxidantes indispensaveis para o combate

as ERO. Quanto as defesas nao-enzimaticas, fazem parte os antioxidantes
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hidrofilicos (glutationa, acido ascorbico, inddis e catecois), e os lipofilicos
(bioflavonoides, carotendides e tocoferois) (Halliwell e Gutteridge 2007).

O controle entre produgdo e remogdo das ERO garante a
homeostase fisiologica. Porém, situagcdes de aumento de produgdo desses
compostos téxicos e/ou diminuigdo de defesas antioxidantes (enzimaticas e
ndo-enzimaticas) acarretam em estresse oxidativo. O aumento das ERO esta
associado a oxidacdo de biomoléculas, resultando em dano celular e
comprometimento da sua fung¢ao (Behl e Moosmann 2002).

O sistema nervoso central € especialmente suscetivel a
lipoperoxidagado, devido ao seu grande consumo de oxigénio, composigao rica
em lipidios insaturados, alta concentragdo de ferro e a escassa defesa

antioxidante (Halliwell e Gutteridge 2007).

3 Sistema Catecolaminérgico

As catecolaminas podem ser denominadas horménios, quando
sintetizados pela medula das supra-renais (SR) e secretadas na corrente
sanguinea, ou serem classificadas como neurotransmissoras, devido a sua
producéao e utilizacao no sistema nervoso central. Estas aminas dotadas de um
grupamento  catecol (o-di-hidroxibenzeno) sdao dopamina  (3,4-di-
hidroxifenilalanina), noradrenalina e adrenalina (Figura 3). Em ambos os
tecidos, sdo sintetizadas preferencialmente a partir do aminoacido tirosina,
seguindo a cascata de reagdes dependendo da atividade e expressao das
enzimas envolvidas. A tirosina hidroxilase é a enzima limitante na producao
dessas substancias, e também pode utilizar fenilalanina como substrato, desde

que esse aminoacido esteja em concentragdo normal (Joseph e Dyer 2003). As
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catecolaminas dificilmente atravessam a barreia hematoencefalica (Kostrzewa
2007), e apresentam fungdes importantes tanto ao nivel cerebral como

periférico.

- H Tirosing ol oo woon  SA-clibidroxifenilalaning o Dopamina
Ho—{ >—CH;—K;‘—OOO' B Q “l (DOPA) descarboxilase mw B-hidroxilase
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oH oH
HO HO L
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Ho : transferase 2 Ha
- —> .
Noradrenalina Adrenalina

Figura 3: Sintese das catecolaminas a partir do aminoacido tirosina (adaptado
de Kandel, Schwartz e Jessel 2003)

3. 1 Catecolaminas Periféricas

As SR também s&o conhecidas como adrenais devido a sua grande
importancia na sintese e secrecdo de adrenalina, uma vez que 0s primeiros
estudos sobre patologias envolvendo o oOrgdo utiizavam a enzima
feniletanolamina-N-metil-transferase, que converte noradrenalina em
adrenalina, como marcador de dano (Wong 2003). Devido a grande excregéo
de adrenalina, as SR expressam todas as enzimas envolvidas na conversao de
tirosina, apresentando grande producdo desse horménio. Secretada em
menores concentragdes, a dopamina apresenta fungdo basicamente
vasomotora (da Poian e Carvalho-Alves 2002), enquanto que a noradrenalina e
a adrenalina atuam nas respostas cardiovasculares e metabolicas (Litwack e
Schmidt 1997). O sistema catecolaminérgico periférico € regulado por nucleos
simpaticos do sistema nervoso central presentes no coértex, hipotalamo e
medula espinhal (de Diego, Gandia e Garcia 2008).

Pacak e colaboradores (2001) definiram quatro categorias de
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estresse que geram aumento da secregédo catecolaminérgica: 1) estressores
fisicos, tais como frio, calor, radiagao, barulho, vibracado, estressores quimicos,
dor e imobilizagdo; 2) estressores psicologicos que afetam processos
emocionais, podendo resultar em desvios comportamentais, como ansiedade,
medo, frustracdo, e manuseio e contengdo em animais; 3) estressores sociais,
refletindo em problemas de interagdo entre individuos, como desemprego,
separagdo conjugal, morte do parceiro, dominancia entre animais; 4)
estressores que desafiam a homeostase cardiovascular e metabdlica, como
exercicio fisico, hipoglicemias, hemorragias. Quanto a duragdo, podem ser
considerados estressores agudos, quando o abalo ocorre uma unica vez ou em
um curto periodo, ou estressores crbénicos, quando o organismo € exposto
continuamente ou por longo periodo de tempo a uma situagao desagradavel.

As SR séo inervadas pelo sistema simpatico que, em situagao de
estresse, liberam adrenalina na circulagdo sanguinea, atingindo os orgaos e
ativando reagbes de luta-e-fuga (Kvetnansky, Sabban e Palkovits 2009). O
estimulo simpatico aumenta a entrada de sédio e calcio na célula, alterando a
permeabilidade da membrana e permitindo a entrada de glicocorticoides
produzidos pelo cortex da SR. Os glicocorticoides estimulam a conversdo
enzimatica de noradrenalina para adrenalina, que s&do exocitadas para a
corrente sanguinea (Litwack e Schmidt 1997).

Atualmente, muitos estudos tem sido conduzidos a fim de avaliar o
papel do sistema simpatoadrenérgico na saude fisica e mental dos individuos.
As SR podem responder negativamente frente a agentes estressores,
diminuindo sua capacidade de sintetizar catecolaminas (Pohorecky et al. 2004,

Schulpis et al. 2004). Em situagcdo de repouso, as catecolaminas circulantes
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sdo importantes agentes controladores da secregédo de adipocinas pelo tecido
adiposo, que tem fungdo na regulagéo energética e nas respostas inflamatéria
e imunologica (Schulpis, Papakonstantinou e Tzamouranis 2000). As
adipocinas mais estudadas sao a leptina e a adiponectina. A primeira tem acgao
no hipotalamo, provocando diminuicdo do apetite e aumento do metabolismo
energético. Sua secregcdo é muito importante para a manutengdo da massa
corporal, uma vez que a mucosa gastrica secreta o horménio grelina, que tem
atividade antagénica a leptina, induzindo o aumento do apetite e diminui¢do da
demanda metabdlica (Nelson e Cox 2008). A adiponectina apresenta acgéo
sistémica, estimulando o gasto energético, bem como reduzindo a glicemia.
Seus niveis plasmaticos elevados estdo associados a diabetes do tipo 1,
anorexia nervosa e insuficiéncia renal crbnica, enquanto que sua caréncia é
relacionada com diabetes do tipo 2, obesidade e doencga coronariana (Diez e
Iglesias 2003). Assim, a correta sintese e secregdo de catecolaminas
periféricas sdo importantes na manutencao indireta de fatores inflamatérios e
no controle do metabolismo energético, que podem ser alterados pela atividade
endodcrina dos adipocitos.

Alguns disturbios do humor podem estar associados a incorreta
secrecao de catecolaminas periféricas. Individuos com sindrome metabdlica,
apresentando reduzida concentragdo de catecolaminas plasmaticas e,
consequentemente, aumento de agentes pro-inflamatorios, parecem estar mais
suscetiveis a depressdo (Zeugmann et al. 2010). Além de afetar o
metabolismo, a adequada secrecdo de catecolaminas periféricas tem sido
recentemente relacionada com parametros comportamentais saudaveis

(Prokopova 2010, Rief et al. 2010).
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3.2 Catecolaminas Cerebrais

O sistema nervoso central tem grande produgdo e utilizagdo de
dopamina e noradrenalina, apresentando baixa expressao da ultima enzima da
cascata de formacgdo de catecolaminas. Os neurdnios dopaminérgicos
cerebrais originam-se na substancia nigra e na area tegmental ventral, sendo
projetados no estriado (nucleo accumbens) (Knab e Lightfoot 2010). Esses
neurdnios interconectam-se com varias areas do cérebro e, portanto,
influenciam diversas fungdes centrais. Respostas comportamentais e cognitivas
como recompensa, aprendizado, motivacdo, memodria e movimento estao
intimamente ligadas com a atividade dopaminérgica no estriado (Martynyuk,
Van Spronsen e Van der Zee 2010). Ja o nucleo coeruleus é o principal local
de projecao dos neurdnios noradrenérgicos, recebendo quase metade de todos
0s neurdnios produtores de noradrenalina do sistema nervoso central (Aston-
Jones et al. 1991).

Danos nas regides do cérebro envolvidas com o0s neurdnios
dopaminérgicos e noradrenérgicos estdo extremamente relacionados com a
Doenca de Parkinson (Isaias et al. 2011). Os disturbios motores importantes
caracteristicos da doenca sdo acompanhados pelo acometimento da funcéo
cognitiva e afetiva (Grossman 1999) e, ainda, muitos pacientes apresentam
depressao (Leentjens 2011). Déficits catecolaminérgicos no cérebro estédo
intimamente ligados aos transtornos do humor, e o tratamento da depressao
profunda é embasado na utilizagdo de inibidores da recaptacdo e da
degradagao de dopamina e noradrenalina na fenda sinaptica (Moret e Briley
2011). Estudos em modelo animal tem encontrados decréscimos importantes

da fungdo exploratoria e cognitiva associados a danos neuronais relativos a
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producdo de catecolaminas (Gaykema e Goehler 2011, Li et al. 2010). Assim,
cresce 0 numero de evidéncias da importancia do sistema catecolaminérgico

para a saude mental dos individuos.

4 Fenilcetonuria e Estresse Oxidativo

A PKU é caracterizada pelos altos niveis de fenilalanina no sangue
e, consequentemente, nos tecidos, gerando danos irreversiveis na crianga nao
tratada precocemente (Surtees e Blau 2000). Os mecanismos precisos da
neurofisiopatologia da doencga ainda nédo estdo completamente esclarecidos,
mas o aumento das ERO e a diminuicao dos agentes antioxidantes tem sido
verificados em pacientes e modelos experimentais de PKU (Wajner et al. 2004,
Moraes et al. 2010, Sitta et al. 2006, Ercal et al. 2002).

O acumulo de fenilalanina, bem como de seus metabdlitos toxicos,
podem promover o desequilibrio oxidativo no cérebro, resultando em
decréscimo da atividade enzimatica antioxidante (Moraes et al. 2010, Hagen et
al. 2002). Com isso, as ERO produzidas ndo sao devidamente convertidas em
compostos atoxicos, podendo reagir com as biomoléculas. O sistema nervoso
central apresenta grande suscetibilidade a dano oxidativo, como encontrado
pelo aumento da lipoperoxidagdao em modelo animal da PKU (Wilke et al. 1992,
Moraes et al. 2010, Martinez-Cruz et al. 2002). Além disso, o estresse oxidativo
instaurado na doenca pode também estar relacionado com o decréscimo
cognitivo de pacientes adultos diagnosticados precocemente (Gassio et al.
2008). Assim como o pobre controle dietético pode prejudicar o status oxidativo
do paciente, a dieta restritiva dificulta a obtencdo de nutrientes importantes

para a atividade adequada de enzimas antioxidantes (Artuch et al. 2004).
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O envolvimento do estresse oxidativo na PKU sugere que novas
terapias antioxidantes devem ser utilizadas. Atualmente, a suplementacao de
compostos antioxidantes como L-carnitina (Sitta et al. 2011), selénio (Wilke et
al. 1992, Sitta et al. 2011) em pacientes, e a administragdo de acido lipoico
(Moraes et al. 2010) em modelo animal, tem se mostrado eficaz na prevencéo

da reducao do estresse oxidativo.

5 Fenilcetonuria e Sistema Catecolaminérgico

O sistema catecolaminérgico tem o aminoacido tirosina como
precursor na sintese de seus hormdnios/neurotransmissores. A deficiéncia da
PAH encontrada em individuos PKU, leva a menor sintese desse aminoacido,
assim como o proprio aumento de fenilalanina prejudica a captagao de tirosina
pelo tecido nervoso (Knudsen et al. 1995) e pelas adrenais (Schulpis et al.
2004). Os aminoacidos neutros, como a fenilalanina e a tirosina, competem
pelos mesmos transportadores de membrana da barreira hematoencefalica
(Surtees e Blau 2000). Na HPA, a fenilalanina apresenta vantagem em relagao
a todos os outros aminoacidos grandes neutros (LNAA), pois estd em maior
concentragao e possui maior afinidade a estas proteinas (Knudsen et al. 1995),
0 que aumenta consideravelmente o seu influxo ao cérebro (Pietz et al. 1999,
Binek-Singer e Johnson 1982). Apesar da tirosina hidroxilase também utilizar
fenilalanina como substrato, altas concentracbes de fenilalanina diminuem
significativamente sua atividade (Pascucci et al. 2008, Joseph e Dyer 2003). A
menor concentragdo de catecolaminas encontrada no plasma (Schulpis et al.
2004) e cérebro (McKean 1972) de pacientes PKU e no cérebro (Puglisi-Allegra

et al. 2000, Joseph e Dyer 2003, Embury et al. 2007) do modelo animal da
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doencga, sugere que a disponibilidade de tirosina seja decisiva na correta
atividade do sistema catecolaminérgico (Tam e Roth 1997, de Groot et al.
2010).

Mesmo em pacientes diagnosticados precocemente, os baixos
niveis catecolaminérgicos acarretam no prejuizo da regulagdo exercida pelas
catecolaminas sobre as adipocinas (Schulpis et al. 2004, Schulpis et al. 2005).
Essas substancias atuam conjuntamente regulando o apetite, e processos
metabodlicos e inflamatdrios, sendo indispensaveis para o funcionamento
adequado do organismo (Diez e Iglesias 2003).

No cérebro, a deficiéncia do sistema dopaminérgico € indicada como
responsavel por disturbios nas fungdes cognitivas dos pacientes, uma vez que
a HPA afeta negativamente o desempenho neurofisiolégico (Gassio et al. 2008,
Krause et al. 1985). A oscilagdo na disponibilidade de tirosina gerada pelo
pobre controle da dieta restrita (Huijbregts et al. 2002) é responsavel pelo
comprometimento neuroldgico resultante da diminuigdo de dopamina (Diamond
et al. 1997). Uma vez que os danos cognitivos sdo possivelmente reversiveis
(Guttler e Lou 1986), estratégias concomitantes a restricdo dietética devem ser
estudadas a fim de encontrar uma alternativa viavel para atenuar este

desequilibrio (Surtees e Blau 2000).

6 Estresse Oxidativo e Exercicio Fisico

O exercicio fisico € um potente agente estressor, responsavel por
desafiar a homeostase de todo o organismo e, consequentemente,
desencadear reacdes sistémicas. Assim, uma sessao de exercicio aumenta a

producdo de ERO através do incremento da demanda metabdlica. A
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necessidade energética dos musculos ativos acarreta aumento da atividade
simpatica, a fim de mobilizar substrato energético de diferentes tecidos. A
sequéncia de reagdes envolvendo o incremento da inervacao
simpatoadrenérgica, o aumento do fluxo sanguineo e o aumento da frequéncia
cardiaca, contribui significativamente para a produgcédo exacerbada de ERO e
instauragcdo do estresse oxidativo em diversos orgaos, incluindo o cérebro
(Radak et al. 2007). Contudo, o exercicio realizado com frequéncia e carga
corretas pode resultar na adaptagao do organismo, aperfeicoando seu sistema
antioxidante através de diferentes mecanismos. Desta maneira, individuos
treinados podem lidar com as injurias causadas pelas ERO de maneira mais
eficiente do que os sedentarios. Além de amplamente descrita para melhorar a
saude em individuos saudaveis (Radak et al. 2007, Aksu et al. 2009), os
beneficios do exercicio fisico regular também tem sido relatados em doencgas
neurodegenerativas (Heesen et al. 2006, Um et al. 2008, White e Castellano
2008) e no envelhecimento (Goto et al. 2007).

O exercicio fisico controlado e sistematico é capaz de melhorar o
estado oxidativo no sistema nervoso central nestas situagbes ja claramente
relacionadas com o estresse oxidativo. Portanto, esta estratégia tem cada vez
mais sido proposta e estudada como neuroprotetora, sendo uma coadjuvante
importante e acessivel no tratamento de enfermidades que acometem o

sistema nervoso central.

7 Sistema Catecolaminérgico e Exercicio Fisico

O sistema simpatico esta intimamente ligado as reagbes de luta-e-

fuga, disponibilizando substrato energético necessario para o individuo entrar
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em atividade fisica (Desgorces et al. 2004, Kvetnansky et al. 2009). O estimulo
simpatico recebido pela medula das SR desencadeia a liberacdo de
noradrenalina e adrenalina para a corrente sanguinea que, por sua vez, agem
em todos os tecidos do corpo. Tanto para individuos sedentarios quanto para
treinados, a intensidade do estresse fisico é imprescindivel para determinar em
que quantidade esses horménios sao liberados, por isso sao verificadas
maiores concentracdes de catecolaminas plasmaticas em reposta a exercicio
de alta intensidade (Ramel, Wagner e Elmadfa 2004, Kraemer et al. 1999).

A medula das SR é capaz de aumentar sua capacidade de estocar e
secretar catecolaminas em resposta crénica ao treinamento fisico (Tumer et al.
1999). O exercicio regular gera hipertrofia das SR (Kjaer 1998) e aumento da
expressdo da enzima tirosina hidroxilase (Tumer et al. 2001). A necessidade
catecolaminérgica de cada sessao de treino gera adaptagdes positivas na sua
glandula produtora.

O exercicio regular tem demonstrado ser util na adequada fungao
catecolaminérgica no sistema nervoso central. A disfungdo comportamental
provocada por lesdo dos neurbnios dopaminérgicos pode ser restaurada
através do treinamento fisico (Fisher et al. 2004, Smith, Goldberg e Meshul
2011). Apesar dos mecanismos ainda ndo serem completamente elucidados, o
aumento dos neurdnios da substancia nigra promovido pelo exercicio regular
possivelmente esteja relacionado ao melhor desempenho nas tarefas
comportamentais (Smith et al. 2011). Os efeitos benéficos do treinamento
também tem sido encontrados na Doenga de Parkinson, através do
fortalecimento do sistema catecolaminérgico cerebral (Sasco et al. 1992,

Dibble, Addison e Papa 2009).
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Repetidas sessdes de exercicio fisico se mostram uteis no manejo
catecolaminérgico periférico e central. Em condigbes normais e patologicas, o
exercicio regular tem ganhado espago, sendo comprovadamente benéfico até
mesmo no sistema nervoso central. A necessidade de estratégias
concomitantes as ja utilizadas intervengbes farmacologicas, aumenta ainda
mais o interesse de estudar as relagdes dos hormdnios e neurotransmissores

com o exercicio fisico.
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OBJETIVOS

Objetivo Geral

Verificar o efeito do exercicio regular sobre parametros de estresse

oxidativo e do sistema catecolaminérgico em ratos submetidos ao modelo HPA.

Objetivos Especificos

a) Avaliar o efeito do exercicio regular aerdbico na lipoperoxidagdo e nas
defesas antioxidante enzimaticas, através do contetdo de TBA-RS e da
atividade da SOD, CAT e GPx em cérebro total de ratos submetidos a

HPA cronica;

b) Avaliar o efeito do exercicio regular aerdbico no conteudo de

catecolaminas em SR e desempenho em tarefa comportamental de

campo aberto em ratos submetidos a HPA cronica;

c) Avaliar agudamente o efeito do modelo de HPA utilizado, quantificando a

concentracdo de LNAA em plasma e cérebro total.
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Abstract

Phenylketonuria (PKU) is caused by deficiency of phenylalanine hydroxylase, leading
to accumulation of phenylalanine and its metabolites. Clinical features of PKU patients
include mental retardation, microcephaly, and seizures. Oxidative stress has been found
in these patients, and is possibly related to neurophysiopatology of PKU. Regular
exercise can leads to adaptation of antioxidant system, improving its capacity to
detoxification reactive species. The aim of this study was to verify the effects of regular
exercise on oxidative stress parameters in the brain of hyperphenylalaninemic rats.
Animals were divided into sedentary (Sed) and exercise (Exe) groups, and subdivided
into saline (SAL) and hyperphenylalaninemia (HPA). HPA groups were induced HPA
through administration of alpha-methylphenylalanine and phenylalanine for 17 days,
while SAL groups (n=16-20) received saline. Exe groups conducted 2-week aerobic
exercise for 20 min/day. At 18th day, animals were killed and the brain was
homogenized to determine thiobarbituric acid reactives substances (TBA-RS) content,
superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPx)
activities. Soleus muscles were collected to determine glycogen content as a marker of
oxidative adaptation. Exe groups showed enhanced glycogen content. HPA condition
caused an increase in TBA-RS and SOD, and reduces CAT and GPx. Exercise was able
to prevent all changes seen in the HPA group, reaching control values, except for SOD
activity. No changes were found in the ExeSAL group compared to SedSAL.
Hyperphenylalaninemic rats were more responsive to the benefits provided by regular
exercise. Physical training may be an interesting strategy to restore the antioxidant

system in HPA.

Keywords: Phenylketonuria, hyperphenylalaninemia, oxidative stress, physical exercise
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Introduction

Phenylketonuria (PKU) is the most common inborn error of the amino acid metabolism,
presenting a frequency of 1:14,000 births (Walter et al. 2002). In these patients,
mutations in the gene that express phenylalanine hydroxylase, located in the
chromosome 12 (Kohli et al. 2005), leads to deficiency of this enzymatic activity which
impairs the conversion of phenylalanine to tyrosine. So, phenylalanine accumulates and
follows alternatives metabolic pathways producing phenylpyruvate, phenyllactate and
phenylacetate. Increased concentrations of phenylalanine and its metabolites in the
blood and other tissues, including central nervous system, provokes impairments of
brain function by mechanisms not yet completely understood (Perez-Duenas et al. 2006;
Gassio et al. 2008) and untreated patients present microcephaly, mental retardation and
seizures (Surtees and Blau 2000) among other neurological features. To avoid brain
damage, it is important to early diagnose and treat these children subjecting them to a
special phenylalanine-restricted diet. However, adherence of the dietary treatment is
difficult to achieve and previous studies have been shown that even in early diagnosed
patients, phenylalanine levels can oscillate above the adequate values (Diamond et al.
1997; Artuch et al. 2004; Schulpis et al. 2004). Recently, our group and other
researchers have reported that hyperphenylalaninemia (HPA) can produce oxidative
stress in rat brain (Hagen et al. 2002; Ercal et al. 2002) which may contribute to the
pathophysiological mechanisms of PKU. Indeed, alterations of several oxidative stress
parameters have already been observed in PKU patients as well (Sierra et al. 1998;
Artuch et al. 2004; Sirtori et al. 2005; Sitta et al. 2006). Cell respiration normally
produces free radicals and reactive species of oxygen and nitrogen, which are

neutralized by the antioxidant defenses. In normal condition, these species are useful for
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activation of gene expression of various proteins like enzymes and other repair proteins
and inflammation-related proteins Radak et al. 2007). Oxidative stress is characterized
by an imbalance in production and/or removal of these substances, favoring the
accumulation of reactive species (Halliwell and Gutteridge 2007). The central nervous
system is especially sensitive to oxidative stress due to its high oxygen consumption,
low activity of the antioxidant system, lipid constitution (specially polyunsatured fatty
acids) and high iron content (Halliwell and Gutteridge 2007).

The physical exercise can exacerbate the production of reactive species by increasing
metabolic demand. The need for fuel by the exercised muscles leads to entire body
stimulus and responses. Increased blood flow, provided by enhanced sympathetic
stimulus and heart rate, contribute significantly to produce oxidative stress to several
systems, including the brain Radak et al. 2007). However, exercise performed in a
correct load and frequency can lead to adaptation of the organism, increasing its
antioxidant system through different mechanisms. Thus, trained subjects can manage
better than sedentary ones the injuries caused by reactive species of oxygen. Besides
widely described to improve health in normal subjects (Radak et al. 2007; Aksu et al.
2009), the benefits of regular exercise have also been reported in neurodegenerative
diseases (Heesen et al. 2006; Um et al. 2008; White and Castellano 2008) and aging
(Goto et al. 2007). Considering the impairment of the antioxidant system in HPA,
regular exercise may be useful in the PKU condition. So, the objective of this study was
to verify the effects of regular exercise on oxidative stress markers in the brain of an

animal model of HPA.

Materials and Methods
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Reagents and equipments

All chemicals were purchased from Sigma/Aldrich (St. Louis, MO, USA). For
centrifugation procedures, an Eppendorf 5417R (refrigerated version) and Eppendorf
5403 were used. A spectrophotometer Beckman DU®S800 (Beckman Coulter, Inc.,
Fullerton, CA, USA), and a SpectraMax MS5/M5 Microplate Reader (Molecular
Devices, MDS Analytical Technologies, Sunnyvale, CA, USA) were used for the

measurements.

Animals

Fifteen day-old Wistar rats bred in the Department of Biochemistry, UFRGS, were used
according to sample size calculation with 80% power at the 0.05 level of significance
(MiniTab"™). We used both male and female rats since they have not yet developed
secondary sexual characteristics at the age of the experiments. Rats stayed with theirs
dams until weaning at the 21 days of life. The dams and puppies had free access to
water and to a standard commercial chow (Germani, Porto Alegre, RS, Brazil).
Temperature was maintained at 24+1°C, with a 12:12 h light/dark cycle. The Principles
of Laboratory Animal Care (NIH publication #85-23, revised 1985) were followed in all
the experiments. Animals were equally divided by sex into the groups Sedentary (Sed)
and Exercise (Exe), and then subdivided in Saline (SAL) and Hyperphenylalaninemia

(HPA).

Chemically induced HPA
HPA was induced in rats as described by Hagen et al. (2002). Suckling animals received

subcutaneous injections of 2.1 pmol Phe plus 1.6 umol MePhe per gram body weight.
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The substances were dissolved in saline by heating. Controls (SAL groups) received
equivalent volumes of saline. The model consisted of seventeen injections of MePhe
from 15th to 35th day of life. MePhe was administered once a day and Phe two times

daily (with a 9 h interval). Rats were killed 14 h after the last injection of Phe.

Exercise protocol

At the first 3 days of injections, animals of Exe groups (n=16-20 in each group) were
habituated with the treadmill apparatus to minimize novelty stress. Only two rats
refused to run and so they were placed in the Sed group. In the 4™ day, the Exe groups
performed the exercise protocol of 14 days of 20 min sessions, between 5:00 and 7:00
p.m. on a motorized rodent treadmill (INBRAMED TK 01, Porto Alegre, Brazil) at
aerobic intensity of 12 m/min (Meeusen et al. 1996). The non-exercised groups (Sed)

were kept into their cages while the Exe groups were running.

Tissue preparation

Animals were killed by decapitation without anesthesia and the brain was immediately
removed. The olfactory bulbs and pons/medulla were discarded. The rest of the brain
(forebrain or cerebrum) was weighted and kept chilled until homogenization. The brain
was homogenized and centrifuged at 1,000 g for 10 min at 4°C, and the supernatant was
used for the measurements. Both soleus muscles were also removed, weighted and

glycogen measurements were immediately performed.

Glycogen content
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To measure glycogen, soleus muscles were boiled for 20 min into 1 ml of 30% KOH.
After washed with alcohol 70° an aliquot was collected and added to the color reagent

iodine to be read at 460 nm in a spectrophotometer (Krisman 1962).

Thiobarbituric acid-reactive substances (TBA-RS)

TBA-RS was measured according to Ohkawa et al. (1979). Briefly, to glass tubes
samples and reagents were added in the following order: 500 pL of tissue supernatant;
50 puL of SDS 8.1%; 1500 pL of 20% acetic acid in aqueous solution (v/v) pH 3.5; 1500
pL of 0.8% thiobarbituric acid; and 700 uL of distilled water. The mixture was vortexed
and the reaction was carried out in a boiling water bath for 1 h. The mixture was
allowed to cool on water for 5 min, and was centrifuged at 750 g for 10 min. The
resulting pink stained TBA-RS were determined spectrophotometrically at 532 nm.

TBA-RS were calculated as nmol TBA-RS/mg protein.

Superoxide dismutase (SOD) activity assay

The assay of SOD activity was carried out as previous described (Marklund 1985).
Cerebral tissue was homogenized 1:10 (w/v) in 50 mM Tris—HCI buffer containing 1
mM EDTA (pH 8.2). This method is based on capacity of pyrogallol to autoxidize, a
process highly dependent on superoxide radical. The inhibition of autoxidation of this
compound occurs in the presence of SOD, whose activity can be indirectly assayed
spectrophotometrically at 420 nm, using a double-beam spectrophotometer with
temperature control (Hitachi U-2001). A calibration curve was performed with purified
SOD as standard. A 50% inhibition of pyrogallol autoxidation is defined as one unit of

SOD and the specific activity is represented as units per mg protein.
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Catalase (CAT) activity assay

CAT activity was assayed using a double-beam spectrophotometer with temperature
control (Hitachi U-2001). This method is based on the disappearance of H,O, at 240 nm
in a reaction medium containing 20 mM H,0,, 0.1% Triton X-100, 10 mM potassium
phosphate buffer pH 7.0, and 0.1-0.3 mg protein/mL (Aebi 1984). One CAT unit is
defined as 1 pumol of hydrogen peroxide consumed/min and the specific activity is

calculated as CAT units/mg protein.

Glutathione peroxidase (GPx) activity assay

GPx activity was measured using tert-butyl-hydroperoxide as substrate (Wendel 1981).
NADPH disappearance was monitored at 340 nm wusing a double-beam
spectrophotometer with temperature control (Hitachi U-2001). The medium contained 2
mM glutathione, 0.15 U/mL glutathione reductase, 0.4 mM azide, 0.5 mM tert-butyl-
hydroperoxide and 0.1 mM NADPH. One GPx unit is defined as 1 pmol of NADPH

consumed/min and the specific activity is represented as GPx units/ mg protein.

Protein level determination
Protein was measured by the method of Lowry et al. (1951) using bovine serum

albumin as standard.

Statistical analysis
After confirmation of normality of data and homogeneity of variances, the statistical
analyses were performed by Student’s #-test or two-way ANOVA followed by the

Tukey test for multiple comparisons using the Statistical Package for the Social
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Sciences (SPSS) software in a PC-compatible computer. A value of p<0.05 was

considered to be statistically significant.

Results

We measured the glycogen content of soleus muscles to verify if 14-day regular
exercise was effective, in other words, to check the oxidative impact of the training
conducted. The exercised groups showed increased levels of muscle glycogen content
(t38=4.78; p<0.001; n=20 per group) comparing to the sedentary groups (Sed 1.57 +
0.34 mg/g tissue; and Exe 2.22 + 0.47 mg/g tissue), showing a peripheral adaptation
caused by the aerobic exercise, as was expected. The measurement of lipid peroxidation
and antioxidant enzyme activities were carried out to verify oxidative stress parameters
in the brain of rats subjected to HPA model under regular exercise. Representing the
products of lipid peroxidation, TBA-RS content (Figure 1) was increased by the HPA
condition and this oxidative change was prevented by the regular exercise (F 3 36=10.46,
p<0.001). Regarding antioxidant enzymatic defense, we measured the activities of SOD,
CAT and GPx, three important enzymes that act in detoxification of superoxide and
hydrogen peroxide. Figure 2 shows that SOD activity was increased by HPA model,
while regular exercise was able to avoid this alteration (F336=12.35, p<0.001). CAT
(Figure 3) and GPx (Figure 4) activities were reduced by HPA and these activities were
restored in the regular exercised group (F(328=9.18, p<0.001 and F 3 23=8.59, p<0.001,
respectively). No statistical differences were found comparing ExeSAL groups to

control values (SedSAL group) for all oxidative stress parameters analyzed.
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Discussion

HPA has been associated to oxidative stress (Sierra et al. 1998; Hagen et al. 2002;
Artuch et al. 2004; Moraes et al. 2010), although its mechanisms are not completely
understood. The moderate but continuous increase of phenylalanine levels appears to be
harmful even after maturation of the central nervous system of PKU patients
(Huijbregts et al. 2002; Sitta et al. 2009), highlighting the need for concomitants
strategies additionally to the restricted dietary treatment. Animal studies of HPA (Hagen
et al. 2002; Moraes et al. 2010) have shown increased oxidative stress due to decreased
activity of enzymes responsible for detoxifying reactive substances in cells. Similar
results were also observed in PKU patients and may be related with the impairments of
mental health reported (Gassio et al. 2008).

Free radicals and reactive species are normally produced by cell respiration,
mainly in the mitochondria, by process of oxidative phosphorylation, but also by
various cytosolic enzymes (Balaban et al. 2005). The exercise is certainly a great
stressor, increasing the production of free radicals and reactive species in whole body.
Sympathoadrenal stimulation triggers a series of reactions to provide energy substrate to
active muscles, increasing energy demand and cellular respiration. However, regular
and systematic physical exercise can leads to adaptation of the organism, improving
peripheral (Pinho et al. 2006) and central aspects (Warburton et al. 2006; Salim et al.
2010). Daily physical training in a treadmill for 14 days has already been described as
neuroprotector in rats (Scopel et al. 2006; Cechetti et al. 2008). In addition, this protocol
was effective to increase the peripheral oxidative metabolism, as suggested by the

highest levels of muscle glycogen content of the exercised rats (Pinho et al. 2006).
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Scopel et al. (2006) reported that regular exercise, at correct intensity and load that can
provide adaptations, enables the achievement of favorable effects including
improvement of the antioxidant system after training. Reactive species formed
repeatedly at each exercise session are capable of generating positive adaptations in the
antioxidant system of these individuals, facilitating the handling of reactive species at
rest and submaximal activities (Powers and Jackson 2008). Thus, individuals who
exercise regularly will be able to deal better with the reactive species normally
produced.

TBA-RS are a known marker of lipid peroxidation, assessing the products of this
process such as malondialdehyde. Concerning PKU model, the findings of this study
showed increase damage to lipids in the brain related to high phenylalanine levels, as
was expected (Martinez-Cruz et al. 2002; Moraes et al. 2010).

Moreover, regular exercise prevented the increase of TBA-RS in the HPA group.
Interestingly, while some authors have found decreased levels of lipid peroxidation in
total brain (Coelho et al. 2010) and specific brain areas (Husain and Somani 1998),
Aksu et al. (2009) did not find any change in this parameter analyzing different brain
areas. All these previous studies were conducted with healthy animals that had
exercised for about two months, but using distinct intensities. It seems that the protocol
chosen for training influences the adaptation obtained, thus, it is necessary to generate a
particular stimuli to achieve a specific adaptation. Hence, the protocol may be
responsible for some different results that have been showed in the literature about
exercise effects (Radak et al. 2007).

The activity of SOD was increased only in sedentary HPA group comparing to
control, which probably may represent an adaptation to enhanced levels of superoxide.

Physical exercise did not alter this activity in both exercised groups, probably keeping
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the consumption capacity of superoxide. Some authors (Somani et al. 1995; Coelho et
al. 2010) found increased activity of SOD in response to physical training in healthy
animals, depending of brain areas. Gomez-Cabrera et al. (2008) also found an increase
in the expression of SOD in response to physical training achieved by exercising at
moderate intensity but not by exhaustive sessions of exercise. Although SOD is an
antioxidant enzyme, which represents an important protection of the cells from damage
caused by superoxide anion, its increased activity produces hydrogen peroxide, another
reactive species that has to be handled by CAT and GPx.

The reduction in activities of CAT and GPx caused by HPA has already been
demonstrated (Hagen et al. 2002; Moraes et al. 2010), although the mechanisms are not
yet completely clear. These enzymes act converting the hydrogen peroxide, which was
probably increased by the increased SOD activity, in water and oxygen. CAT and GPx
are especially important for the maintenance of hydrogen peroxide degradation, once
this toxic metabolite is one of the main reactive species that leads to imbalance in
oxidative system (Halliwell and Gutteridge 2007). In addition, Baud et al. (2004) found
that these enzymes act together in a cooperative way in the central nervous system,
avoiding the increase of their shared harmful substrate.

Taking together, the increase of SOD activity along with the decrease of CAT and
GPx activities observed in sedentary HPA rats was prevented in exercised HPA group
(Figure 5). Thus, we can speculate that exercise may avoid the destination of hydrogen
peroxide producing hydroxyl radical, which would react with lipids of cell membranes
and myelin sheath, as observed in the reduced levels of TBA-RS found when the HPA
rats were exercised comparing to sedentary group.

In this study, the stimuli provided by a 14-day aerobic training were not able to

change any oxidative stress parameter which can be seen comparing exercised saline
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group (ExeSAL) to values of sedentary rats (SedSAL). Although muscle glycogen
content was increased, the stimulus of the physical exercise per se was not sufficient to
modify the antioxidant system in the brain of healthy rats. On the other hand, the
alterations on oxidative stress parameters observed in HPA sedentary rats were
prevented by exercise. It can be hypothesized that regular exercise of only 14 days was
not able to improve the antioxidant system above the normal condition, but can avoid
the decrease found in a pathological condition, as HPA. We cannot rule out that other
parameters of oxidative stress not measured in this work were improved by exercise and
so helped to maintain oxidative status at normal levels in HPA rats. In addition, these
effects may depend on individual characteristics, resulting in different optimal doses of
exercise for each subject. Thereby, the HPA condition showed a greater responsiveness
to the benefits provided by regular exercise than healthy rats (saline groups).

The study of new therapeutic strategies additionally to the dietary approach may
be very helpful for the PKU patient. This study has shown that regular exercise was
effective to prevent alterations of some parameters of oxidative stress found in the HPA
condition in rats. More studies are necessary to verify the effects of exercise in this
pathological condition and the possible benefits using this strategy to contribute to

prevent the oxidative stress status in PKU.
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Fig.1 Effect of regular exercise on the production of thiobarbituric acid-reactive
substances (TBA-RS) in the brain from rats subjected to HPA condition. Results are
mean £+ SD (n=10). * p<0.001 compared to SedSAL; # p=0.004 compared to SedHPA

(Tukey test).
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Fig.2 Effect of regular exercise on superoxide dismutase (SOD) activity in the brain
from rats subjected to HPA condition. Results are mean £ SD (n=10). * p<0.002

compared to SedSAL (Tukey test).
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Fig.3 Effect of regular exercise on catalase (CAT) activity in the brain from rats
subjected to HPA condition. Results are mean + SD (n=8). * p=0.004 compared to

SedSAL; # p=0.001 compared to SedHPA (Tukey test).
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Fig.4 Effect of regular exercise on glutathione peroxidase (GPx) activity in the brain
from rats subjected to HPA condition. Results are mean + SD (n=8). * p=0.001

compared to SedSAL; # p=0.011 compared to SedHPA (Tukey test).
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Fig.5 Detoxification pathways of the free radical superoxide anion, provided by tissue
metabolism, and the reactive species hydrogen peroxide, forming other less toxic
compounds. The effects of HPA on increase or decrease enzymatic activities are
showed by cycled + and -, respectively. Regular exercise in HPA rats maintain normal
values of catalase and glutathione peroxidase activities (boxed = ). These reactions are

considered the main enzymatic antioxidant system essential to avoid oxidative stress.

53



CAPITULO Il

Artigo a ser submetido

REGULAR EXERCISE PREVENTS DECREASED
SUPRARENAL CATECHOLAMINE AND MEMORY
DEFICIT IN HYPERPHENYLALANINEMIC RATS

Journal of Inherited Metabolic Disease
Manuscript draft

Previsdo de submissio: Outubro de 2011

54



Regular exercise prevents decreased suprarenal catecholamine and

memory deficit in hyperphenylalaninemic rats

Priscila Nicolao Mazzolaz, Marcelo Cortesz, Carlos J acquesl, Melaine Terral, Fernanda
Bitencourtl, Laila Souzal, Bruna Piccolil, Julia Silval, Caroline Mesckaz, Andrea Rosaz,

Tarsila Moraesz, Emerson Casalil, Carlos Severo Dutra-Filho'*

1Departamento de Bioquimica, ICBS, Universidade Federal do Rio Grande do Sul, Porto Alegre,
RS, Brazil
*Programa de Pods-Graduacdo em Ciéncias Bioldgicas: Bioquimica, Universidade Federal do Rio

Grande do Sul, Porto Alegre, RS, Brazil

* Corresponding author:

Carlos Severo Dutra-Filho

Departamento de Bioquimica

Instituto de Ciéncias Bésicas da Saude
Universidade Federal do Rio Grande do Sul
Rua Ramiro Barcelos, 2600 anexo
90035-003, Porto Alegre, RS, Brasil.
Telephone number: +55 51 33085575

Fax number: +55 51 33085535

E-mail: dutra@ufrgs.br

55



Abstract

Hyperphenylalaninemia (HPA) causes imbalance of large neutral amino acids (LNAA)
uptake into brain and suprarenal glands (SR), reducing neurotransmitters and hormones
production. Even early-treated PKU patients show reduced levels of peripheral and
brain catecholamine. Regular exercise improves catecholamine production and storage
in SR, and dopaminergic system in brain. This study assessed free amino acid levels in
blood and brain in an acute HPA animal model, and evaluated the effects of regular
exercise in SR catecholamine content, and behavioral performance in chronic HPA.
Rats were divided into the following groups: sedentary saline (SedSAL), SedHPA,
exercise saline (ExeSAL) and ExeHPA. HPA were induced through administration of
alpha-methylphenylalanine plus phenylalanine for 17 days, while SAL groups received
saline. Exe groups conducted 14-day aerobic exercise for 20 min/day. At 17" day,
animals performed the first exposure to the open field test and, 24 hours after, the re-
exposure. After this, rats were killed and SR was collected to quantify
catecholaminergic content. Amino acids were quantified 1 hour after the injection.
Acute HPA model increased phenylalanine and decreased tyrosine in blood and brain,
reducing LNAA in the brain. Chronically, HPA reduced SR catecholamine, and impairs
habituation memory. Regular exercise prevented catecholamine decrease, and
normalized the number of rearing in HPA. Central and peripheral catecholamine
impairments can be harmful to health, and 14-day exercise was enough to prevent
peripheral decrease, indicating some improve in habitual memory. Regular exercise can
be a strategy to restore catecholamine levels in HPA, and these findings highlight the
importance to continue evaluating exercise effects in this condition.

Keywords: Phenylketonuria, hyperphenylalaninemia, catecholamine, dopaminergic

system, physical exercise
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Introduction

The increased levels of phenylalanine found in phenylketonuria (PKU) is
described as causing the clinical features of the disease, which is the more frequent error
of amino acid metabolism (Walter et al. 2002). Early diagnosis and treatment can avoid
the important sequelaes of PKU, such as microcephaly, mental retardation, and seizures
(Surtees and Blau 2000). Hence, patients have to follow a phenylalanine-restricted diet
trying to keep this amino acid near normal levels. Since this diet is so hard to adhere,
several patients maintain a poor control of phenylalanine ingestion in the adulthood,
which may produce psychological (Gassio et al. 2008) and hormonal (Schulpis et al.
2004) disturbances. Hyperphenylalaninemia (HPA) leads to an imbalance in
concentration of the other large neutral amino acids (LNAA) in the brain (Surtees and
Blau 2000) and other tissues (Herrero et al. 1983) of PKU patients, even when they are
early diagnosed and continuous treated. So, high phenylalanine levels can be
responsible for the less uptake of tyrosine by the medullae of suprarenal glands
(Schulpis et al. 2005; Fernstrom and Fernstrom 2007), reducing the production of
catecholamine due to less availability of its precursor. The same occurs in the brain,
where phenylalanine crosses the blood-brain barrier with a more favorable
concentration related to tyrosine and so reducing dopamine production (Surtees and
Blau 2000; Fernstrom and Fernstrom 2007) which may be related to alterations of
cognitive functions (Huijbregts et al. 2002; Prokopova 2010).

Epinephrine and norepinephrine are the main hormones secreted by the
adrenals that act in whole body tissues. During an aerobic exercise, these hormones are
responsible mainly for lipids mobilization and adequate blood supply for active
muscles, producing an increase in metabolic demand, being elevated in peripheral

tissues (Smilios et al. 2003) and in the central nervous system (Kitaoka et al. 2010).
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Regular exercise can improve the capacity of production and secretion of epinephrine
and norepinephrine by adrenal glands (Kjaer et al. 1985; Kjaer and Galbo 1988S;
Levenson and Moore 1998; Erdem et al. 2002; Desgorces et al. 2004). The brain can
also benefit from chronic exercise since a stimulus of production and utilization of
dopamine (Fisher et al. 2004; Smith et al. 2011) have been reported in Parkinson
disease (Sasco et al. 1992; Dibble et al. 2009). Considering that regular exercise may be
a good strategy to restore catecholamine levels in adrenal glands and into the brain, it
may also be useful in HPA condition. So, the objective of this study was to verify the
effects of regular exercise on suprarenal catecholaminergic content and behavioral
performance in the open field test of rats subjected to a chronic model of HPA. We also
measure levels of tyrosine and other LNAA in plasma and brain to show the effect of

HPA model on these substances.

Materials and Methods

Reagents and equipments

All chemicals were purchased from Sigma/Aldrich (St. Louis, MO, USA). For
centrifugation procedures, an Eppendorf 5417R (refrigerated version) and Eppendorf
5403 were used. A spectrophotometer Beckman DU®S800 (Beckman Coulter, Inc.,
Fullerton, CA, USA), and a SpectraMax MS5/M5 Microplate Reader (Molecular
Devices, MDS Analytical Technologies, Sunnyvale, CA, USA) were used for the

measurements.

Animals
Fifteen and thirty day-old Wistar rats bred in the Department of Biochemistry, UFRGS,

were used according to sample size calculation with 80% power at the 0.05 level of
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significance (MiniTab"). Rats stayed with theirs dams until weaning at 21 days of life.
Animals had free access to water and to a standard commercial chow (Germani, Porto
Alegre, RS, Brazil). Temperature was maintained at 24+1°C, with a 12:12 h light/dark
cycle. The Principles of Laboratory Animal Care (NIH publication #85-23, revised

1985) were followed in all the experiments.

Chemically induced HPA

We induced HPA in rats as described by Hagen et al. (2002). Suckling animals received
subcutaneous injections of 2.1 umol phenylalanine plus 1.6 pmol alpha-
methylphenylalanine (phenylalanine hydroxylase inhibitor) per gram body weight. The
substances were dissolved in saline by heating. Alpha-methylphenylalanine was
administered once a day and phenylalanine two times daily (with a 9-h interval).
Controls received equivalent volumes of saline. Chronic model consisted of seventeen
days of injections (15™ to 31" day of life), and killed 14 h after the last injection of
phenylalanine. Acute model consisted of two days of administrations and rats were

killed an hour after last injection.

Exercise protocol

At the first 3 days of injections, the animals of Exe groups (n=14-20 in each group)
were habituated with the treadmill apparatus to minimize novelty stress. In the 4™ day,
Exe groups performed the exercise protocol of 14 days of 20 min sessions (Scopel et al.
20006; Cechetti et al. 2008), between 5:00 and 7:00 p.m., on a motorized rodent treadmill
(INBRAMED TK 01, Porto Alegre, Brazil) at aerobic intensity of 12 m/min (Meeusen

et al. 1996). This protocol was effective to improve muscle glycogen content (Mazzola
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et al. 2011) which was in accordance to an aerobic exercise training. Non-exercised

groups (Sed) were kept on their cages while Exe groups were running.

Behavioral task (Open field)

At the morning of the last day of exercise training, rats were introduced to the open field
task for anxiety-like behavior and locomotor activity. Rats were placed at the same
place of a black cylinder with 120 cm diameter and allowed to freely explore it for 3
min. Next day (about 24 h later), animals were re-exposed to the task at the same
conditions to evaluate the habituation memory (Thiel et al. 1998). The cylinder was
virtually demarcated by the software Any-Maze® into an inner and outer zone, which
was subdivided in more four spaces zones. Distance traveled, number of line crossing,
and rearing actions were measured by videotape analyses by the software Any-Maze®

version 4.63.

Catecholamine content

Total catecholamine content (adrenaline and noradrenaline) in the adrenal glands was
carried out using the trihydroxyindole fluorescence method (Kelner et al. 1985;
Scomparin et al. 2009). Both adrenal glands were removed and homogenized in 350 pl
10% acetic acid and centrifuged at 10,000 g for 1 min. Fifty microliters of the
supernatant fraction were mixed with 250 pl 0.5 M phosphate buffer (pH 7.0) and 25 pl
potassium ferricyanate 0.5%, followed by 20 min incubation. The reaction was stopped
with 500 pl ascorbic acid dissolved in NaOH. A standard curve of adrenaline was used
to calculate catecholamine content of the samples in a spectrofluorometer (420 nm
excitation and 510 nm emission). Data were expressed as pug of catecholamine per

gland.
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Amino acids assay

The concentration of free amino acid levels in plasma and brain deproteinized
supernatants was determined by HPLC according to Joseph and Marsden (1986). The
analysis was performed by reverse-phase high performance liquid chromatography
(HPLC) and fluorescent detection using orthophtaldialdehyde plus mercaptoethanol
(HPLC Shimadzu and fluorescence detector Shimadzu RF-535). The flow rate was 1.4
mL/min in a gradient of the mobile phase (methanol and phosphate buffer: buffer A,
20% methanol; buffer B, 80% methanol), and the duration of each analysis was 50 min.
The LNAA: phenylalanine, tyrosine, valine, methionine, isoleucine, leucine, histidine,
and tryptophan were quantitatively determined by calculating their chromatographic
peak areas related to those obtained for a known standard mixture and to that of the

internal standard homocysteic acid. Data were expressed as uM.

Statistical analysis

After tested proof of normality of data and homogeneity of variances, the statistical
analysis was chosen accordingly. Student’s t-test, paired t-test, simple linear regression
and 2-way ANOVA with Tukey posthoc were performed. The Statistical Package for
the Social Sciences (SPSS) software was employed in a PC-compatible computer. A

value of p<0.05 was considered to be statistically significant.

Results

Regarding the behavioral analysis, the exploratory parameters named
distance traveled (Figure 1A), number of line crossing (Figure 1B), and rearing (Figure
1C) and showed similar results for all groups in the first exposure (F(3,36)=0.73;

p=0.543; F(3,36)=1.41; p=0.255, and F(3,32)=2.53; p=0.075 respectively). Distance
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traveled, number of line crossings and rearing were diminished in re-exposure for
SedSAL (t(9)=5.51; p<0.001; t(9)=3.80; p=0.004; t(9)=8.35; p<0.001, respectively) and
ExeSAL (t(9)=7.95; p<0.001; t(9)=5.12; p=0.001; t(9)=8.49; p<0.001, respectively).
SedHPA group had no difference between trials (t(9)=1.40; p=0.194; t(9)=0.91;
p=0.385; t(9)=1.20; p=0.262). ExeHPA group showed diminished number of rearing in
re-exposure (t(5)=3.48; p=0.018), and no difference in distance traveled (t(9)=1.35;
p=0.210), and in number of line crossing (t(9)=1.42; p=0.188). In general, the activity
was diminished at the re-exposure to the open field test comparing to the first exposure
in the control groups (SedSAL and ExeSAL) which demonstrates that rats presented
adequate memory habituation. On the other hand, SedHPA group presented no
difference comparing re-exposure to first exposure session on all parameters measured.
Exercise prevented memory habituation deficit in HPA since rats of ExeHPA group
reduced rearing behavior at re-exposure in a similar way to that observed in control
groups.

Total catecholamine content of SR glands was altered by the treatments
[F(3,24)=8.97; p<0.001]. Figure 2 shows that sedentary HPA rats presented low levels
of catecholamine into SR glands comparing to controls (SedSAL) while exercised HPA
group had catecholamine content of SR glands significant elevated comparing to
SedHPA rats and these levels were not different from control values (SedSAL and
ExeSAL).

Furthermore, we evaluated the acute effect of HPA model on phenylalanine
(Figure 3A) and tyrosine (Figure 3B) levels in plasma and brain 1 h after the last
administration. Phenylalanine level was increased in plasma [t(4)=10.84; p<0.001] and
in the brain [t(4)=5.96; p=0.004] of HPA rats. Tyrosine level was decreased in plasma

(t(4)=4.33; p=0.012) and in the brain (t(4)=7.81; p=0.001) in the same animals. A
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negative correlation was found in phenylalanine by tyrosine levels in plasma (r=-0.81;
p=0.015) and brain (r=-0.83; p=0.011), as shown in Figure 3C. The sum of
concentrations of the other LNAA showed no difference in plasma (Figure 4A)
[t(4)=1.15; p=0.314] comparing to control group but was decreased in the brain (Figure

4B) [t(4)=4.89; p=0.008] of HPA group.

Discussion

Even in early-treated PKU patients, a poor control of the diet can leads to
impairments of brain function (Hoeksma et al. 2009). HPA causes disturbance in
neurotransmitter and hormone synthesis that have neutral amino acids as precursors
since high levels of phenylalanine impair their absorption into tissues. The low uptake
of tyrosine into the brain (Knudsen et al. 1995) and adrenal glands (Schulpis et al. 2004)
can result in reduced synthesis of dopamine, norepinephrine and epinephrine (Tam and
Roth 1997; de Groot et al. 2010). Studies have been demonstrated the importance of an
adequate production and release of peripheral catecholamine to health by maintaining
adequate levels of inflammatory substances (Schulpis et al. 2005) as well as for mood
control, which is related to its peripheral secretion (Zeugmann et al. 2010). The adrenal
glands are the main source of peripheral catecholamine and their correct function is
indispensable to prevent these system disorders, which affect the PKU patients
(Huijbregts et al. 2002; Schulpis et al. 2004; De Grandis et al. 2010; de Groot et al.
2010).

In accordance with previous postmortem studies of PKU patients (McKean
1972) and in genetic PKU mice (Smith and Kang 2000), our animal HPA model showed
increased phenylalanine and decreased tyrosine concentrations in plasma and brain.

Other LNAA were decreased only in the brain, probably due to the hampered
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competition by the blood-brain barrier transporters. The recurrent injections of the
phenylalanine hydroxylase inhibitor plus the own phenylalanine, has simulated the
chronic HPA. Thereby, deficient enzymatic activity to convert phenylalanine into
tyrosine leads to diminished tyrosine levels in blood which disfavor its entry into the
brain (Binek-Singer and Johnson 1982; Pietz et al. 1999; Surtees and Blau 2000). Due
to its high concentration and high affinity to protein transporters of blood-brain barrier
(Knudsen et al. 1995), phenylalanine impairs the other LNAA uptake by the brain as
shown by the negative correlation of tyrosine and other LNAA concentration to
phenylalanine in the brain of HPA rats. Paans et al. (1996) evaluated tyrosine uptake by
the brain in early-treated PKU patients, using a labeled tyrosine. These patients showed
decreased levels of tyrosine, suggesting that poor precursor availability can hinder
catecholamine synthesis in the central nervous system.

Indeed, some authors have been showed decreased plasma catecholamine in
PKU patients (Schulpis et al. 2004) and brain catecholamine in animal models (Puglisi-
Allegra et al. 2000; Joseph and Dyer 2003; Embury et al. 2007), but the hormone
content in its major secretory tissue has not already evaluated. Therefore, with less
tyrosine availability, we found decreased catecholamine content in adrenal glands of
HPA rats and regular exercise was able to prevent the decreased catecholamine content
in adrenal glands. Tumer et al. (1999) reported that, although without a full
understanding of the mechanism, an increase in sympathetic activity and consequent
increased release of acetylcholine at the endings of the sympathetic chromaffin cells of
adrenal medulla eventually increased activity and expression of tyrosine hydroxylase,
which is the first enzyme in catecholamine synthesis. In addition, the same researchers
(Tumer et al. 2001) analyzed the expression of tyrosine hydroxylase under the influence

of physical exercise in rats and found that the mRNA of this enzyme was increased.
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Moreover, it is known that rats exposed to chronic mild stress showed hypertrophy of
the adrenal medulla, which could be due to an increased production of catecholamines
(Ulrich-Lai et al. 2006). As an example of stress, the exercise protocol of 14 days used
in this work could also enable this adaptation of the adrenal tissue. Kjaer (1998) found
that chronic exercise in rats results a higher concentration of catecholamines into SR
glands. Whereas some works (Prokopova 2010; Rief et al. 2010) have been
demonstrated that correct levels of peripheral catecholamines are related to behavioral
aspects, the present results showing prevention of catecholamines decrease by exercise
in HPA could improve behavioral aspects in this condition.

Exploratory behavior can be evaluated by the first exposure of animals to the
open field test. These parameters were not modified by neither HPA condition nor
regular exercise, demonstrating no anxiety alteration by these treatments (Prut and
Belzung 2003). The 24 h re-exposure to the same open field apparatus is related to the
habituation memory (Thiel et al. 1998). The habituation is a form of nonassociative
memory, which is characterized by decrease of exploration face to a stimulus given in
continuous or repeated times, without relation to muscle fatigue or motor impairment
(Thompson and Spencer 1966; Grissom and Bhatnagar 2009). This kind of memory is
part of the procedural or habit learning and memory system, which is controlled by
striatum (Izquierdo et al. 2006). Martynyuk et al. (2010) highlights that this structure
receives dopaminergic projections from substantia nigra, which is important for
maintenance of accurate behavior flexibility. Therefore, cognition impairments found in
patients and animal models of PKU may be related to abnormal activity of
dopaminergic system. Regarding the rate of catecholamine utilization in striatum,
Landvogt et al. (2008) analyzed a marked 3,4-dihydroxyphenylalanine (L-DOPA) in

brain of early-treated PKU patients. They found a 41% reduction in the rate of
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decarboxylation of L-DOPA. This impairment is found in Parkinson disease and, once
PKU patients are asymptomatic, others mechanisms might be involved to maintenance
of correct motor function. In a model of schizophrenia, the destruction of dopaminergic
neurons led to impairments in behavioral tests (Li et al. 2010), demonstrating the
importance of this system for the cognitive function. Kaplan et al. (1981) investigated
the effects of a rat model of PKU on behavioral parameters. They found that PKU
model led to hipoactivity and learning deficits. Studies that used the genetic model of
PKU (Pah®™? mice), have found flawed latent memory (Tang et al. 1999), short-term
and reference memory, habit learning, and memory for a visual stimulus (Zagreda et al.
1999; Sarkissian et al. 2000). Our results corroborate with previous studies that HPA
leads to impairments in cognitive function (Smith et al. 1988; Banerjee et al. 2011)
(Pietz et al. 1997; ten Hoedt et al. 2011), and impairments of catecholamine system may
probably be involved. Furthermore, regular exercise was able to prevent habituation
memory impairment of HPA rats, observed by rearing response in behavioral test. This
exploratory parameter is especially useful to evaluate memory habituation due to its
importance in information-gathering in environmental novelty (Lever et al. 2006).
Regular exercise has been widely studied due to its benefits observed for
normal and special population. We demonstrated that regular exercise was able to
prevent the decreased content of catecholamine in its main secretory tissue and
improving habituation memory in a HPA animal model. If the present results were also
observed in humans, patients with PKU can take advantage of this strategy as a
complementary therapy to the restrictive diet. These results reinforce the interest to

extend the evaluation of the effects of exercise in hyperphenylalaninemia.
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Figure 1 Effect of Hyperphenylalaninemia (HPA) and regular exercise (Exe) on (A)
distance traveled, (B) number of line crossing and (C) rearing of first exposure and re-
exposure in the open field test. Data are expressed as mean + S.E.M. (n=6-10). * p<0.05

compared to the first exposure (paired t-test).
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Figure 2 Effect of chronic HPA and regular exercise on catecholamine content in the
suprarenal glands. Data are expressed by mean = S.E.M. (n=7), * p<0.01 compared to
Sedentary Saline (SedSAL); * p<0.01 compared to Sedentary Hyperphenylalaninemia
(SedHPA) (Tukey test).
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methionine, isoleucine, leucine, histidine, and triptophan (uM). Data are expressed by

mean = S.E.M. (n=3), * p<0.01 compared to Saline (SAL).
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DISCUSSAO

O estado hiperfenilalaninémico, caracteristico da PKU, gera
desequilibrios no sistema oxidativo e na captagdo de aminoacidos pelos
tecidos. O estresse oxidativo, encontrado nesta condigao, sugere que a maior
producao de ERO e a diminuigdo dos agentes antioxidantes estejam envolvidas
na fisiopatologia da doenca (Wajner et al. 2004). Além disso, o aumento da
fenilalanina prejudica a concentragao relativa dos outros LNAA em plasma e
cérebro, diminuindo a sua captacdo para sintese de hormbnios e
neurotransmissores (Tam e Roth 1997).

Estudos anteriores em nosso laboratério ja demonstraram que o
modelo de PKU utilizado resulta em aumento dos parametros de estresse
oxidativo em cérebro de ratos (Moraes et al. 2010, Hagen et al. 2002). Em
pacientes, sdo encontrados decréscimos antioxidantes enzimaticos e néo
enzimaticos em plasma e eritrécitos (Artuch et al. 2004, Sierra et al. 1998,
Sirtori et al. 2005, Sitta et al. 2006). As ERO s&o normalmente produzidas pela
respiracdo celular, principalmente nas mitocondrias, pelo processo de
fosforilagao oxidativa, mas também por varias enzimas citosdlicas (Balaban,
Nemoto e Finkel 2005). O exercicio é certamente um grande estressor,
aumentando a producdo de ERO em todos os tecidos e sistemas. O estimulo
simpatico desencadeia uma série de reacbes para fornecer substrato
energético para os musculos ativos, aumentando a demanda energética e a
respiragao celular. No entanto, a pratica regular e sistematica de exercicios
fisicos pode levar a adaptacao do organismo, aprimorando aspectos periféricos
(Pinho et al. 2006) e centrais (Warburton, Nicol e Bredin 2006, Salim et al.

2010). Em ratos, o treinamento fisico diario em esteira por 14 dias ja foi
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descrito como neuroprotetor (Scopel et al. 2006, Cechetti et al. 2008). Além
disto, este protocolo foi eficaz para aumentar o metabolismo oxidativo
periférico, como sugerido pelos altos niveis de glicogénio muscular dos ratos
exercitados, corroborando achados anteriores (Pinho et al. 2006). Scopel e
colaboradores (2006) relataram que o exercicio regular, na intensidade correta,
pode proporcionar adaptacdes favoraveis, como a melhoria do sistema
antioxidante apés o treinamento. A exposicéo repetida a grande quantidade de
ERO formadas em cada sessido de treino € capaz de aumentar o sistema
antioxidante desses individuos, facilitando o manejo destes compostos toxicos
em repouso e em atividades submaximas (Powers e Jackson 2008). Assim, os
individuos que regularmente se exercitam sdo capazes de lidar melhor com as
ERO produzidas normalmente.

O conteudo de TBA-RS ¢é um conhecido marcador de
lipoperoxidagdo, permitindo avaliar produtos deste processo, tais como o
malondialdeido. Acerca do modelo PKU, os resultados deste estudo mostraram
aumento de dano a lipidios no cérebro relacionados com altos niveis de
fenilalanina, como ja era esperado (Martinez-Cruz et al. 2002, Moraes et al.
2010). Além disto, o exercicio regular impediu o aumento de TBA-RS no grupo
HPA. Curiosamente, enquanto alguns autores encontraram diminuicdo dos
niveis de lipoperoxidacdo no cérebro total (Coelho et al. 2010) e em areas
especificas do cérebro (Husain e Somani 1998), Aksu e colaboradores (2009)
nao encontraram qualquer mudanga nesse parametro ao analisar diferentes
areas cerebrais. Todos estes estudos anteriores foram realizados com animais
saudaveis que se exercitaram por cerca de dois meses, porém utilizando

intensidades distintas. O protocolo escolhido para o treinamento parece
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influenciar a adaptagdo obtida e, portanto, é necessario gerar um estimulo
especifico para se alcancar uma adaptacdo especifica. Deste modo, o
protocolo pode ser responsavel por alguns resultados diferentes que sao
encontrados na literatura sobre os efeitos do exercicio regular (Radak et al.
2007).

A atividade da SOD foi aumentada apenas nos grupos HPA, o que
provavelmente pode representar uma adaptacado a niveis elevados de anion
superoxido. O treinamento fisico ndo alterou a atividade dessa enzima em
ambos o0s grupos exercitados, provavelmente mantendo a capacidade de
consumo de superoxido. Alguns autores (Somani, Ravi e Rybak 1995, Coelho
et al. 2010) encontraram aumento da atividade da SOD em resposta ao
exercicio regular em animais saudaveis, dependendo da area do cérebro
investigada. Ademais, Gomez-Cabrera e colaboradores (2008) encontraram
aumento na expressdo da SOD em resposta ao treinamento fisico de
intensidade moderada, o que ndo ocorreu quando o0s animais foram
submetidos a sessdes exaustivas de treino. Apesar de ser uma enzima
antioxidante, o que representa uma importante protecdo celular a danos
provocados pelo superéxido, a atividade aumentada da SOD produz peroxido
de hidrogénio, outra ERO que deve ser convertida pela CAT ou GPx a produtos
menos téxicos.

A redugédo nas atividades da CAT e da GPx causada pela HPA ja foi
demonstrada anteriormente (Hagen et al. 2002, Moraes et al. 2010), apesar
dos mecanismos ainda nao serem completamente conhecidos. Essas enzimas
agem convertendo o peroxido de hidrogénio, que estava provavelmente

aumentado devido a intensa atividade da SOD, em agua e oxigénio. A CAT e a
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GPx s&o especialmente importantes para a manutengdo da degradagédo de
peréxido de hidrogénio, uma vez que este metabdlito toxico € uma das
principais espécies reativas que leva a um desequilibrio no sistema oxidativo
(Halliwell e Gutteridge 2007). Aléem disto, Baud e colaboradores (2004)
relataram que essas enzimas agem em conjunto de forma cooperativa no
sistema nervoso central, evitando o aumento prejudicial de seu substrato
comum.

A diminuicao das atividades da CAT e da GPx, observadas nos ratos
SedHPA, foram prevenidas no grupo exercitado (ExeHPA). Portanto, podemos
especular que o exercicio evitou que o peréxido de hidrogénio reagisse com o0s
lipidios das membranas celulares e da bainha de mielina, como observado na
reducdo dos niveis de TBA-RS encontrados quando os ratos HPA foram
exercitados, em comparag¢ao ao grupo sedentario.

Neste estudo, os estimulos fornecidos pelo treinamento aerdbico de
14 dias nao foram capazes de alterar nenhum parametro de estresse oxidativo
entre os animais controles, que pode ser verificado comparando o grupo
exercitado (ExeSAL) aos valores do seu respectivo sedentario (SedSAL).
Apesar do aumento no conteudo de glicogénio muscular, o estimulo do
exercicio fisico em si ndo foi suficiente para modificar o sistema antioxidante no
cérebro de ratos saudaveis. Por outro lado, as alteragdes nos parametros de
estresse oxidativo observadas em ratos SedHPA foram prevenidas pelo
exercicio. Assim, a condicdo HPA mostrou uma maior susceptibilidade aos
beneficios fornecidos pelo exercicio regular do que os ratos saudaveis (grupos

salina).
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Além dos parametros de estresse oxidativo alterados, a PKU é
caracterizada por déficits cognitivos relacionados com prejuizos do sistema
catecolaminérgico (Huijbregts et al. 2002). A HPA causa disturbios na sintese
de hormbnios e neurotransmissores que possuem LNAA como precursores,
uma vez que o alto nivel de fenilalanina prejudica a sua absorgao nos tecidos.
Mesmo em pacientes precocemente tratados, o descuido na dieta pode levar a
deficiéncia da fungao cognitiva (Hoeksma et al. 2009). A menor captagao de
tirosina pelo sistema dopaminérgico no cérebro (Knudsen et al. 1995), bem
como nas glandulas adrenais (Schulpis et al. 2004) pode resultar em redugéo
da sintese de dopamina, noradrenalina e adrenalina (Tam e Roth 1997, de
Groot et al. 2010). Alguns pesquisadores tem demonstrado a importancia da
produ¢do adequada das catecolaminas periféricas para a saude, tanto pela
manutengao dos niveis de substancias relacionadas a processos inflamatérios
(Schulpis et al. 2005), como para o controle de humor (Zeugmann et al. 2010).
As SR s&o a principal fonte de catecolaminas periféricas e seu correto
funcionamento € indispensavel para evitar esses disturbios sistémicos, que
afetam os pacientes de PKU (Huijbregts et al. 2002, Schulpis et al. 2004, De
Grandis et al. 2010, de Groot et al. 2010).

Assim como em estudos anteriores postmortem em pacientes de
PKU (McKean 1972) e em camundongos geneticamente modificados para a
doenca (Smith e Kang 2000), o nosso modelo animal de HPA levou ao
aumento da concentragao de fenilalanina no plasma e no cérebro, ao passo
que diminuiu a de tirosina em ambas as amostras analisadas uma hora apés a
administracao da injecdo. Os outros LNAA foram reduzidos apenas no cérebro,

provavelmente devido a desfavoravel concorréncia na  barreira
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hematoencefalica. As inje¢des recorrentes do inibidor da PAH juntamente com
a propria fenilalanina, simularam a HPA crénica. Assim, a caréncia na atividade
enzimatica para converter fenilalanina em tirosina, levou ao menor nivel de
tirosina no sangue e, provavelmente, prejudicou sua entrada no cérebro (Binek-
Singer e Johnson 1982, Pietz et al. 1999, Surtees e Blau 2000). Em maior
concentracdo e com mais afinidade aos transportadores de proteina da barreira
hematoencefalica (Knudsen et al. 1995), a fenilalanina prejudica a absorgéo
dos outros LNAA, como verificado na correlagdo negativa com tirosina e outros
LNAA no cérebro dos ratos com HPA aguda. A fim de verificar as causas da
menor produgdo de catecolaminas, Paans e colaboradores (1996) avaliaram a
captacdo de tirosina pelo cérebro em pacientes de PKU tratados
precocemente, usando o aminoacido marcado. Estes individuos apresentaram
diminui¢cdo dos niveis de tirosina, provando que a disponibilidade do precursor
pode levar a menor sintese de catecolaminas no sistema nervoso central.
Deste modo, com a menor disponibilidade de tirosina, encontramos
um menor conteudo de catecolaminas nas SR dos ratos hiperfenilalaniémicos.
Alguns autores tem encontrado menores niveis de catecolaminas plasmaticas
em pacientes de PKU (Schulpis et al. 2004) e catecolaminas no cérebro em
modelos animais da doencga (Puglisi-Allegra et al. 2000, Joseph e Dyer 2003,
Embury et al. 2007), porém nenhum estudo ainda havia avaliado o conteudo
deste horménio em seu 6rgdo secretor principal. O exercicio fisico regular foi
capaz de impedir a reducdo do conteudo de catecolaminas nas SR. Tumer e
colaboradores (1999) relataram que, mesmo sem um entendimento completo
do mecanismo responsavel, o aumento da atividade simpatica e o consequente

aumento na liberagdo de acetilcolina nas terminagdes nervosas simpaticas nas
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células cromafins das SR, parece aumentar a atividade e a expressao da
tirosina hidroxilase. Esta é a primeira enzima da cascata de sintese de
catecolaminas, e pode utilizar fenilalanina como substrato, desde que esta
esteja em niveis adequados (Joseph e Dyer 2003). Anos mais tarde, estes
mesmos pesquisadores (Tumer et al. 2001) analisaram a expressao da tirosina
hidroxilase sob a influéncia do exercicio fisico em ratos, encontrando um
aumento no mMRNA desta enzima nas SR. Além disso, sabe-se que ratos
expostos ao estresse cronico leve por 14 dias apresentaram hipertrofia da
medula das SR, o que poderia ser devido a um aumento da producdo de
catecolaminas (Ulrich-Lai et al. 2006). Como um exemplo de estresse, o
protocolo de exercicio de 14 dias foi capaz de proporcionar a adaptacédo deste
tecido. Kjaer (1998) verificou que o exercicio crénico em ratos resulta em maior
concentragdo de catecolaminas nas SR. Ao passo que alguns estudos
(Prokopova 2010, Rief et al. 2010) tem demonstrado que as catecolaminas
periféricas estdo relacionadas a aspectos comportamentais, a prevencédo do
seu decréscimo proporcionado pelo exercicio na HPA poderia melhorar
parametros comportamentais nesta condigao.

Na primeira exposicdo a tarefa de campo aberto (open field, em
inglés) é possivel avaliar o desempenho motor dos animais (Prut e Belzung
2003). Esse parametro nao foi alterado pela condicdo HPA nem pelo exercicio
regular, demonstrando que nenhum dos tratamentos prejudicou a deambulacéo
dos ratos. A re-exposicao a mesma tarefa, aparelho e horario do dia, com 24 h
de intervalo, esta relacionada com a memdria de habituagdo (Thiel, Huston e
Schwarting 1998). A habituacado é uma forma de memoria ndo-associativa, que

se caracteriza pela diminuicdo da atividade exploratoria frente a um
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determinado estimulo dado continuamente ou repetidamente, sem relagédo com
fadiga muscular ou déficit motor (Thompson e Spencer 1966, Grissom e
Bhatnagar 2009). Este tipo de memoria faz parte do sistema de aprendizado e
memoria processual (ou de habito), que é controlado pelo estriado (Izquierdo et
al. 2006). Martynyuk e colaboradores (2010) destacam que esta estrutura
recebe proje¢cdes dopaminérgicas da substancia nigra, sendo importante para a
manutencdo dos padrdes comportamentais normais. Portanto, as diferentes
deficiéncias encontradas na cognigdo de pacientes e em modelos animais de
PKU podem estar relacionadas com a atividade anormal do sistema
dopaminérgico. Quanto a taxa de utilizagdo de catecolaminas no estriado,
Landvogt e colaboradores (2008) analisaram a 3,4-di-hidroxifenilalanina (L-
DOPA) marcada no cérebro de pacientes de PKU tratados precocemente. Eles
encontraram uma reducdo de 41% na taxa de descarboxilagdo de L-DOPA.
Este comprometimento é encontrado na Doenga de Parkinson e, uma vez que
os pacientes de PKU nao apresentam parkinsonismo, outros mecanismos
podem estar envolvidos para a manutencao da correta fungdo motora. Em um
modelo de esquizofrenia, a destruicdo dos neurdnios dopaminérgicos levou a
deficiéncias nas tarefas comportamentais (Li et al. 2010), demonstrando a
importancia deste sistema para a fungdo cognitiva. Kaplan e colaboradores
(1981) investigaram os efeitos de um modelo animal de PKU e os metabdlitos
da fenilalanina isoladamente sobre os parametros comportamentais. Eles
encontraram que o modelo de PKU levou a hipoatividade e ao déficit de
memoria, enquanto que os metabdlitos isolados n&o acarretaram na mesma
diminuicdo. Os estudos que utilizaram o modelo genético de PKU

(camundongos Pah®"?), encontraram decréscimo na memodria latente (Tang et
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al. 1999), na memoéria de curto prazo e de referéncia, na memoria de
habituagcdo, e memoaria de estimulo visual (Zagreda et al. 1999, Sarkissian et al.
2000). Tem sido descrito que pacientes de PKU tratados precocemente
apresentam deficiéncias cognitivas desde a infancia (Smith et al. 1988,
Banerjee et al. 2011) até a idade adulta (Pietz et al. 1997, ten Hoedt et al.
2011). O exercicio regular tem se mostrado eficiente na restauragdo dos niveis
dopaminérgicos no sistema nervoso central, refletindo em melhoras
comportamentais. Em modelo animal de lesdo dos neurénios dopaminérgicos,
o treinamento fisico foi capaz de restaurar os padrbes comportamentais sadios,
devido ao incremento da atividade catecolaminérgica (Fisher et al. 2004). A
pratica regular de exercicios esta associada a prevengcdo da Doenga de
Parkinson, possivelmente pela protecdo ao sistema catecolaminérgico no
cérebro, que € o mais afetado na doenga (Sasco et al. 1992, Dibble et al.
2009).

Os resultados deste estudo corroboram achados anteriores que
verificaram prejuizos na memoria causada pela HPA, provavelmente por
deficiéncias do sistema catecolaminérgico. Além disso, o exercicio regular
nesta condigao foi efetivo ao diminuir o nUmero de rearings na re-exposi¢ao ao
teste de campo aberto, demonstrando melhora na memoria de habituagao
desses animais. Este parametro € especialmente util para avaliar memoria de
habituagdo devido a sua importancia na coleta de informagcdées em ambientes
desconhecidos (Lever et al. 2006). Assim, o exercicio regular mostrou
perspectivas positivas para a prevencao de déficit na memaria de habituagao.

O exercicio fisico regular tem sido amplamente estudado devido aos

seus beneficios observados para a populacdo comum e especial. A utilizagcéo
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de uma estratégia relativamente barata, concomitante a dieta restritiva de dificil
aderéncia (Bilginsoy et al. 2005, Cotugno et al. 2011), pode ser muito vantajoso
na HPA. O estimulo de apenas 14 dias foi capaz de prevenir o estresse
oxidativo e impedir a diminui¢do do conteudo de catecolaminas em seu 6rgéo
secretor, melhorando um parametro de memoria de habituagdo. Estes
resultados estendem o interesse na continuidade da avaliagdo dos efeitos do

exercicio na HPA.
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CONCLUSOES

O estudo de novas estratégias terapéuticas, adicionalmente com a
abordagem dietética, pode ser muito util para os pacientes PKU. Este estudo
concluiu que o exercicio regular foi capaz de prevenir danos importantes

associados a condicdo HPA, como:

a) Capitulo I: Artigo aceito
e preveniu importantes alteragdes de parametros de estresse oxidativo

relacionados a hiperfenilalaninemia;

b) Capitulo II: Artigo a ser submetido
e preveniu a redugao no conteudo de catecolaminas nas supra-renais, ao
mesmo tempo que melhorou a memodria de habituacdo dos ratos

hiperfenilalaninémicos.

Este trabalho mostrou que o exercicio regular foi eficaz ao evitar
importantes alteragbes prejudiciais periféricas e centrais causadas pela
hiperfenilalaninemia. Mais estudos sdo necessarios para verificar os efeitos do
exercicio nesta condi¢cao patolégica e os possiveis beneficios desta estratégia

em pacientes de PKU.
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PERSPECTIVAS

a) Avaliar outros parametros comportamentais em ratos exercitados com

HPA,;

b) Verificar niveis de catecolaminas em plasma, liquor e cérebro de animais

exercitados com HPA;

¢) Analisar as respostas metabdlicas frente a exercicio agudo e crénico em

pacientes fenilcetonuricos.
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